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The signaling role of tryptophan and its catabolites is well known. However, their effects on the potential microbiota metabolic activity is still poorly understood. The
study was aimed to assess concordance between changes in the predicted gut microbiome enzyme-encoding gene abundance and the tryptophan catabolites.
The study involved 109 healthy volunteers and 114 obese patients. Quantification of tryptophan catabolites in the feces was performed by HPLC. Bacterial DNA was
extracted from fecal samples, and the 16S rRNA gene V3-V4 region was sequenced. Primary processing of the sequencing data was performed using the QIME
v.1.9.1 tool. The alleged metabolic role of microbiota members was explored via reconstruction of unobservable states using PICRUSt. The maximum number of
significant correlations between the unobservable states and the predicted gut microbiome enzyme-encoding gene abundance in obese individuals was reported
for indole-3-lactate. A significant correlation between indole-3-lactate and the abundance of genes encoding the enzymes involved in metabolism of fructose, amino
sugars, nucleotides, amino acids, polyamines, and sulfosaccharides was revealed. It has been found that obese patients show a threefold increase in the indole-3-
lactate-producing microbiota. It has been shown that in obese individuals microbial population of the intestine is represented by the totally different genera and species
of microorganisms. It is concluded that indole-3-lactate has a significant effect on the predicted gut microbiome enzyme-encoding gene abundance in obese patients.
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O6Len3BecTHa CUrHasibHas posib TpmnTodaHa 1 ero katabonmtos. OaHaKO A0 CYX MOP HE U3YHeHO VX BAVSHE Ha MOTEHLMabHYIO METAOONMHECKYHO akTUBHOCTb
MMKPOBMOTBI. Liensto nccnenosaHns 66110 MPOBECTY aHANM3 COMTAaCOBAHHOCTU N3MEHEHI MPOrHOCTUHECKON NMPEACTaBNEHHOCTV MeHOB (DEPMEHTOB MVKPOOVoMa
KMLIeYHNKa 1 katabonntoB TpunTodara. B nccneposaHun npuHsnm yqactve 109 300poBbix 406poBOsbLEB 1 114 60MbHbIX C OXXUpPeHreM. KonmyecTBeHHbIN
aHam3 katabonmToB obmeHa TpunTodaHa B Kane nposoannm metogoM BOXKX. VI3 obpasuos dexkanmin Bblgenanm HaktepuansHyto OHK v nposognnm
cekBeHvpoBaHune (V3-V4 pervioHa) reHa 16S pPHK. MNepsr4Hyto 06paboTky AaHHbIX CEKBEHMPOBaHWSA OCyLLeCTBNAMM B nporpamme «QIIME v.1.9.1». AHanna
NPEAnoNOXKUTENBHOM METABOIMHECKOM POV YHaCTHUKOB MMKPOOWOTLI MPOBOAVIN MyTEM PEKOHCTPYKLIMM HeHabntoaaemMbIX COCTOsSIHMIA NMpu nomoLun PICRUSE.
MakcumManbHoOe KOMMHYeCTBO CTATUCTUHECKN 3HAYVMBbIX B3AUMOCBSA3e Mexay kKatabonutamu TpuntodaHa v NPOrHOCTUHECKOW MPEACTaBNEHHOCTLIO reHOB
(hEePMEHTOB MNKPOBMOMA Y MWL, C OXKUPEHNEM ObINO YCTaHOBNEHO ANs MHAON-3-NakTata. MNokasaHa CTaTCTUHECKM 3Ha4vMas B3aMMOCBS3b MHOOS-3-NnaKTara
1 NPeAcTaBNeHHOCTN reHoB (hepMeHTOB 0BMeHa (hpyKTO3bl, aMMHOCAxXapoB, HYKNEOTAO0B, aMUHOKVICAOT, MOMaMMHOB 1 CynbdocaxapoB. YCTaHOBNEHO, YTO
y B0MbHBIX OXKMPEHNEM MPOUCXOAUT TPEXKPATHOE YBENMHEHWE NHAON-3-NaKTaT-NPoAyLIMPYIOLLEN MUKPOOMOTbI. NokadaHo, YTo MUKPOBUOTMYECKas MOMyNALS
KULLEYHMKa NPEACTaBeHa COBEPLLEHHO APYrMMI POAAMU 1 BUOAMM MUKPOOPIaHN3MOB Y JLL, UMEOLLIMX OXupeHne. CaenaH BbIBOA, YTO MPU OXMPEHWN MHAON-
3-naKTaT 3Ha4MO BIMSIET Ha MPOrHOCTUHECKYIO MPEACTABNEHHOCTb FEHOB (DEPMEHTOB MUKPOBMOMA KULLIEYHUKA.
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In the last decade, the research aimed at understanding
hologenome has reached a new level due to advances in high-
throughput next generation sequencing (NGS) allowing one
to accurately identify microbial species and related metabolic
pathways. A hologenome is a sum of the host genes and
symbiotic/mutualistic microbial genes [1]. There are numerous
reports of the studies focused on assessing the taxonomic gut
microbiota composition associated with various physiological
states and disorders. Many researchers pay close attention to
studying the role of dysbiosis in obesity and diabetes mellitus
[2], non-specific ulcerative colitis [3] and other gastrointestinal
tract disorders [4-6]. There is no doubt, that gut microbiota
is a major player in metabolic disorders and the so-called
“metabolic inflammation” [7]. It is well known that metabolites
produced by microbiota act as signaling molecules [8]. It has
been found that indole-3-ethanol, indole-3-pyruvate, and
indole-3-aldehyde regulate the apical junctional complex
integrity and ensure normal intestinal barrier permeability
via the aryl hydrocarbon receptors (AhR) of enterocytes
[9, 10]. Thus, microbial tryptophan catabolites (MICT) modulate
both intestinal barrier function and resistance to intestinal
pathogens [11]. However, there is still little data on regulation
of gut microbiota enzymes by tryptophan derivatives. That is
why one of the objectives of our study was to explore the
relationship between the predicted gut microbiome enzyme-
encoding gene abundance and the levels of tryptophan
catabolites.

Many researchers analyze the features of gut microbiota
taxonomic composition in healthy individuals and individuals
with various disorders [12, 13], such as obesity, or assess
fecal levels of tryptophan catabolites that are more likely to be
produced by microbiota only [8]. However, all this has yet to
be proven, since microbiota composition in obese patients is
still poorly understood [12]. Some authors believe that indole-
3-acetate is the entirely microbiota-derived metabolite [13],
however, an enzyme is expressed in humans that is potentially
capable of producing this metabolite. This enzyme, aldehyde
dehydrogenase (EC: 1.2.1.3), converts indole-3-acetaldehyde
to indole-3-acetate [14]. That is why the second objective of
our study was to estimate concordance between changes in
the levels of tryptophan metabolites and enzymes that could
potentially be involved in tryptophan metabolite production.
Today, it is believed that MICT include indole, tryptamine,
skatole, indole-3-pyruvate, indole-3-lactate, indole-3-acrylate,
indole-3-propionate, indole-3-acetamide, indole-3-ethanal,
indole-3-aldehyde, and indole-3-acetaldehyde [8]. It should
be noted that among all MICT the highest intestinal levels
have been reported for indole, which represents both quorum
sensing (QS) microbiota molecule and signaling molecule in
the human body [15]. It is generally accepted that the main
MICT also include indole-3-acetate and indole-3-lactate [16].
Tryptophan acquired from food can be metabolized into
indole-3-acetate by gut microbiota via the indole-3-acetamide
pathway catalyzed by tryptophan monooxygenase
(EC: 1.18.12.3) and indole-3-acetamide hydrolase (EC: 3.5.1.4).
Indole-3-lactate is derived from indole-3-pyruvate as a result
of the reduction reaction catalyzed by aromatic 2-oxoacid
reductase (EC: 1.1.1.110), while indole-3-pyruvate is formed
due to three enzymes: tryptophan transaminase (EC: 2.6.1.27),
L-tryptophan-pyruvate aminotransferase (EC: 2.6.1.99),
and L-amino acid oxidase (EC: 1.4.2.2). Indole-3-lactate
can be further converted to indole-3-acrylate by 3-(aryl)acryloyl-
CoA:(R)-3-(aryl)lactate CoA-transferase (EC: 2.8.3.17) [17]. It
should be noted that metabolite derived from indole-3-lactate
(indole-3-acrylate) activates indole pyruvate decarboxylase

(EC: 4.1.1.74) involved in indole-3-pyruvate conversion via the
indole-3-acetate pathway [17] (Fig. 1).

The studies focused on exploring obesity have revealed
elevated blood levels of indole-3-acetate, indole-3-lactate,
and indole in affected individuals [8, 18]. At the same time
many authors report impoverishment of microbiota taxonomic
composition in obese patients [19, 20]. The role of indole-3-
acetate and indole-3-propionate in suppression of inflammation
contributing to adipose tissue remodeling and insulin resistance
has been proven [21]. There is no doubt that correction of
the diet results in significant changes of the gut microbiota
taxonomic composition. However, it is difficult to say whether
these changes will be persistent and how long it will take to
return to the dysbiosis phenotype typical for obesity. These
indicators will often be specific for each particular patient [22].

Thus, this leaves open the question of the composition of
certain tryptophan metabolite producers, homeostatic stability
of this composition in healthy and obese individuals, as well
as the place these metabolites occupy in the overall metabolic
profile of the gut microbial community and theirimpact on the gut
microbiome enzymatic landscape. The “enzymatic landscape”
(@bundance of enzyme-encoding genes) is the presence and
content (in arbitrary units) of genes encoding various enzymes,
i.e. the possible presence of enzymes corresponding to the
abundance of microbial DNAs potentially capable of expressing
certain enzymes.

The study was aimed to assess the levels of tryptophan
metabolites in fecal extracts and their correlation with the
predicted gut microbiome enzyme-encoding gene abundance
in obese patients.

METHODS
Trial arm

A total of 223 patients with an average age of 39.9 + 4.2 years
were surveyed. Two clinical groups were formed. Group 1
(n = 109): control group of healthy volunteers with no obesity
and/or metabolic syndrome, average body mass index (BMI)
of 19.8 [18.5-22.0] kg/m? and waist circumference (WC) of
73.0 [68.0-74.5] cm. Inclusion criteria for group 1: age 30-50
years, BMI < 25 kg/m?, WC < 80 cm for females and < 94 cm
for males; taking no antibiotics, prebiotics or probiotics within
three months before enrollment; submitted informed consent
to study participation. Exclusion criteria for group 1: pregnancy
and lactation, decompensated chronic disease, cancer,
history of congenital tryptophan metabolism disorder, acute
viral respiratory infection; any gastrointestinal tract disorder
(including non-specific ulcerative colitis, Crohn's disease,
irritable bowel syndrome); depression; alcoholism, and no
obesity and/or metabolic syndrome. Group 2 (n = 114): study
group with obesity and/or metabolic syndrome, average BMI
of 33.0 [31.0-36.0] kg/m? and WC of 90.0 [96.0-105.0] cm.
Inclusion criteria for group 2: age 30-50 years, BMI 30-34.9 kg/m?,
WC > 80 cm for females and > 94 cm for males; taking no
antibiotics, prebiotics or probiotics within three months before
enrollment; submitted informed consent to study participation.
Exclusion criteria for group 2: pregnancy and lactation,
decompensated chronic disease, cancer, history of congenital
tryptophan metabolism disorder, acute viral respiratory infection;
any gastrointestinal tract disorder (including non-specific
ulcerative colitis, Crohn's disease, irritable bowel syndrome);
depression; alcoholism. Patients of the study groups did not
follow any diet. A stool (feces) sample was obtained from each
study participant. Individuals living in the same area (Rostov

BECTHVIK PIMY | 4, 2023 | VESTNIKRGMU.RU



Trp
e

Indole-3-pyruvate

! ~d

Indole-3-acetate

It |

Indole-3-acetaldehyde

Indole
Tryptamine

Indole-3-lactate

Indole-3-acrylate

|

Indole-3-propionate

ORIGINAL RESEARCH | ENDOCRINOLOGY

Fig. 1. MICT formation and role in human organism: indole-3-acetate and indole-3-propionate regulate hepatic lipogenesis and prevent fatty degeneration of the liver (1);
indole-3-propionate has a neuroprotective effect; indole-3-lactate is responsible for axonal growth and cognitive ability (2); indole-3-propionate regulates permeability
of the mucosal barrier, it increases the synthesis of tight junction proteins, reduces production of tumor necrosis factor-a (TNF-a) and possesses antioxidant activity
(8); in the pancreas, MICT suppress autoimmune inflammation and prevent type 1 diabetes mellitus; furthermore, it has been shown that indole-3-acetate suppresses
tumor cell proliferation in the pancreas (4); indole-3-acetate reduces production of pro-inflammatory cytokines by macrophages; indole-3-acetaldehyde increases
production of interleukin 22 (IL-22) in immune cells, including intestinal cells (5); in adipose tissue, indole-3-acetate and indole-3-propionate have an anti-inflammatory

effect, thereby preventing insulin resistance (6)

Region and the city of Rostov-on-Don) in summer and autumn
were enrolled in order to minimize the effects of climate, diet
and ethnic factors on the gut microbiome.

Chromatographic analysis

Stool samples were obtained from all study participants
in accordance with the study protocol. The samples were
transported and stored in accordance with the cold chain
protocol at a temperature not exceeding —40 °C.

The tryptophan metabolites were quantified in the
feces by high-performance liquid chromatography-mass
spectrometry (HPLC-MS/MS). Analysis was performed using
the Agilent 1290 LC system (Agilent Inc.; USA) equipped
with autosampler, thermostatted column compartment, and
degasser. During fecal sample preparation, the sample was
lyophilized to dryness, then a portion with the weight of about
5 mg was subjected to extraction in 50% aqueous methanol
solution supplemented with internal standard and ascorbic
acid. After centrifugation the sample was analyzed by HPLC-
MS/MS.

Chromatographic separation was performed using the
Discovery PFP HS F5 column (2.1 x 150 mm; 3 um, Supelco
Inc, St. Louis, Missouri, USA). Detection was carried out in the
Agilent 6470 triple quadrupole mass spectrometer (Agilent Inc.;
USA) coupled to MRM and electrospray ionisation. The parent
and daughter ions that were characteristic of each compound
in the MRM mode, as well as ionization and dissociation
parameters were optimized using standards for the studied
metabolites. The signal received was processed using the
Masshunter software (Agilent Inc.; USA).

The column temperature and flow rate were set at 40 °C
and 0.4 mL/min, respectively. The mobile phases consisted of
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0.1% aqueous formic acid solution (phase A) and acetonitrile
(phase B). The gradient program was as follows: 0 min — 1% B;
4 min — 10% B; 9 min — 90% B; 10 min — 90% B; 10.1 —
1% B; 12 min — 1% B. The positive ion electrospray ionization
was used. The main MS parameters were as following: gas
temperature — 300 °C; gas consumption — 8 L/min; nebulizer
gas — 20 pounds per square inch; inert gas heater — 300; inert
gas consumption — 10 L/min; capillary voltage — 3500 kV.

Metabolite concentrations were calculated by the internal
standard (2-hydroxynicotinic acid) method. The standards for
analytes were prepared using artificial matrix containing bovine
serum albumin and sodium chloride. The studied metabolites
were added to the matrix, and preparation was performed in
accordance with the assessment method.

The method was validated based on selectivity, linearity,
accuracy, reproducibility, matrix effect, and analyte stability.
Validation was performed in accordance with the FDA guidelines
on validation of bioanalytical techniques. Fecal samples were
lyophilized to dryness, them the sample with the weight of
about 5 mg was subjected to extraction in 50% aqueous
methanol solution supplemented with internal standard
and ascorbic acid. Sample preparation was performed as
follows: 100 pL of methanolic fecal extracts (calibrators or
QC) were mixed with the internal standard solution, 10 pL
of the source solution, 10 pg/mL of the 2-hydroxynicotinic
acid solution, and 400 pL of acetonitrile. Then the mixture
was shaken, centrifuged for 10 min at 13,000 rpm, and
evaporated to dryness in the vacuum centrifugal evaporator
at 37 °C. After that the residue was retrieved with 100 pL of
0.02% ascorbic acid solution in 10% methanol, centrifuged,
and transferred to the tube for LC-MS. The extract (5 pL)
was introduced into the liquid chromatography system for
further analysis by HPLC-MS/MS.
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Table 1. Fecal levels of tryptophan metabolites in adults, nmol/g

Metabolite Hezit:y1 ?)3;1“3 Okzss:e 1a1d 4L)"ts
Indole 464 + 462 389 + 361
Indole-3-lactate 454 + 18.6 101 + 218*
Indole-3-acetate 21.9 +40.6 21.9+429
Indole-3-propionate 21.51 +29.9 8.28 + 11.3*
Kynurenic acid 7.68 +9.15 5.59 + 9.71
Indole-3-carboxaldehyde 5.14 + 4.31 2.60 + 2.24*
Quinolinic acid 5.13 £ 4.71 2.23 +2.26"
Tryptamine 2.59 +7.42 2.11 £ 8.52
Xanthurenic acid 2.36 +4.18 1.06 + 2.22*
3-hydroxyindole-acetoacetic acid 2.35+4.28 1.45+2.13"
Kynurenine 0.651 + 0.961 0.551 + 0.571
Anthranilic acid 0.321 + 0.231 0.191 + 0.261*
Indole-3-acrylate 0.161 £ 0.211 0.051 £ 0.081*

Note: * — the difference is significant at p < 0.05.

16S rRNA gene V3-V4 region sequencing

Bacterial DNA was extracted from fecal samples using the
QlAamp Fast DNA Stool Mini Kit (QIAGEN GmbH; Germany).
The resulting microbial DNA was amplified using primers
specific for the 16S rRNA gene V3-V4 variable region. After
the AMPure XP (Beckman Coulter; USA) paramagnetic beads
purification of the mixture, the PCR products were indexed
using the Nextera XT Index Kit (lllumina, Inc.; USA). The mixture
was purified using paramagnetic beads again, and the resulting
libraries were sequenced using the MiSeq plarform (lllumina,
Inc.; USA) in accordance with the manufacturer’s protocol.

Technical processing of sequencing results

Quality control of the resulting reads was performed using the
fastQC tool in accordance with the following criteria: 1) base
quality distribution — at least 90% with the quality > 25;
2) base length distribution — at least 90% of reads reach
a length of 300 nucleotides; 3) maximum percentage of
undefined bases — 1.

The gene sequences obtained were assessed using
the QIIME v.1.9.1 tool and the Greengenes v.13.8 reference
database with the 97% similarity threshold. The data on the
bacterial taxa abundance in the overall pool of reads were
obtained as proportions (0—1) calculated based on the number
of mapped reads per taxon. The total number of observed
operational taxonomic units (Observed OTUs) was calculated
in order to characterize the gut microbiome alpha diversity. An
operational taxonomic unit is a surrogate taxonomic level, the
result of bacterial 16s RNA gene sequencing data clustering.

Bioinformatics analysis

Primary processing of the sequencing results and compilation
of the list of OTUs was performed in QIIME v.1.9.1 [23]. The
second phase involved analysis of the microbiota members’
probable metabolic role by reconstructing unobservable states
with PICRUSH [24].

The predicted enzyme-encoding gene abundance was
assessed using bioinformatics analysis involving matching
of metagenomic sequencing data with the KEGG Enzyme
database using PICRUS [24]. The resulting predicted enzyme-
encoding gene abundance data specified in relative units could

be compared between samples and cohorts of the studied
groups within a project.

Statistical analysis of the study results was performed using
the STATISTICA 12.0 software package (StatSoft Inc; USA).
All the data sets obtained were tested for normality using the
Shapiro-Wilk test. The distribution was normal, and the data
were presented as mean and standard deviation.

Spearman's rank correlation coefficients are provided
in tables. The correlation analysis involved assessment of
the correlation coefficient significance. The differences were
considered significant at p < 0.05.

RESULTS
Fecal levels of tryptophan catabolites

Assessment of the tryptophan catabolite fecal levels has shown
that indole and indole-3-lactate are dominant MICT (Table 1).
The fecal levels of eight tryptophan metabolites were
significantly lower in adult obese patients than in healthy
donors: indole-3-lactate, quinolinic acid, 3-hydroxyindole-
acetoacetic acid, anthranilic acid, xanthurenic acid, indole-3-
carboxaldehyde, indole-3-acrylate, and indole-3-propionate.
[t should be noted that obese patients have dramatically
reduced fecal levels of indole-3-lactate: the average level of this
tryptophan metabolite is 78% lower compared to normal (Table 1).

Correlation of the fecal tryptophan catabolite levels with
the predicted abundance of the gut microbiome
enzyme-encoding genes

We used PICRUSt analysis of the microbiome taxonomic
diversity to quantify the predicted abundance of various
enzyme-encoding genes based on the abundance of DNA
of various intestinal microorganisms in healthy and obese
individuals, then we performed the correlation analysis of the
predicted gut microbiome enzyme abundance and the fecal
levels of tryptophan catabolites.

[t was found that obese individuals had a stronger link
between the abundance of the gut microbiota enzyme-encoding
genes and the tryptophan metabolites. Thus, we have found 251
significant correlations (significance level = 3, p < 0.001) in healthy
subjects, while among obese individuals there are 479 significant
correlations with the same significance level (Fig. 2).
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Fig. 2. Quantitative analysis of the correlations “tryptophan catabolite — predicted gut microbiome enzyme-encoding gene abundance”. In healthy individuals,
anthranilic acid and indole-3-acrylate are the key catabolites that are closely linked to the predicted gut microbiome enzyme-encoding gene abundance. In obese
individuals, indole, indole-3-lactate, kynurenic and quinolinic acids are correlated to the predicted gut microbiome enzyme-encoding gene abundance

It was found that there were no significant changes in
the fecal indole levels of obese individuals (Table 1), while the
predicted gut microbiome enzyme-encoding gene abundance
correlated to the indole levels increased tenfold (Fig. 2).

A significant decrease in fecal levels associated with
obesity was found for the second dominant intestinal
tryptophan catabolite, indole-3-lactate (Table 1). However,
the number of significant correlation pairs for indole-3-lactate
and the predicted abundance of genes encoding various gut
microbiome enzymes increased from five pairs we had found
in healthy individuals to 214 pairs in obese individuals (Fig. 2).

In was found that in obese patients the potential key
signaling tryptophan metabolites correlated to the predicted
gut microbiome enzyme-encoding gene abundance were
as follows: indole, indole-3-lactate, kynurenic and quinolinic
acids. In non-obese individuals, these key signaling molecules
included indole-3-acrylate and anthranilic acid (Fig. 2).

Further analysis revealed enzymes, the predicted
abundance of genes encoding which was more strongly
correlated (Spearman's rank correlation coefficient 0.407-0.340)
to the fecal levels of indole-3-lactate (Table 2).

Among microbiome enzymes, the predicted abundance of
genes which is correlated to the intestinal levels of indole-3-
lactate in obese patients, the enzymes involved in metabolism
of carbohydrates, amino acids, polyamines, nucleotides
and sulfosaccharides were identified (Table 2). It was also
found that fecal levels of indole-3-lactate correlated with the
predicted abundance of genes encoding enzymes involved
in metabolism of amino acids: arginine, glutamate and
glutamine.

Correlation of the gut microorganism taxonomic
abundance with the fecal levels of indole-3-lactate

Analysis of the bacterial and archaeal abundance at the family
(f), genus (g) and species (s) levels in healthy subjects showed
that there was a significant correlation between the fecal levels
of indole-3-lactate and the abundance of the following families
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of microorganisms: Ruminococcaceae, Lachnospiraceae,
Akkermansiaceae, Barnesiellaceae (Appendix 1).

At the same time it was found that in obese patients other
members of gut microbiota, such as Enterobacteriaceae and
Pseudomonadaceae, were significantly correlated to fecal
levels of indole-3-lactate (Appendix 2). It is important to note
that in obese individuals microorganisms, the content of which
was correlated to intestinal levels of indole-3-lactate, were
different from normal. Whereas in healthy individuals a total of
54 significant correlations between various microbial species in
the intestine and indole-3-lactate were found, there were three
times more significant correlations in obese patients (154 pairs).

Our analysis revealed no significant correlations
between indole-3-lactate and the abundance of Klebsiella,
Pseudomonas, Escherichia-Shigella in the intestine of
individuals with normal weight. It is obvious that in obese
individuals indole-3-lactate is produced mainly by the family
Enterobacteriaceae. It is important to note that, according to
the literature, obesity results in the gut microbiota taxonomic
composition impoverishment [19]. However, our study has
shown that obesity instead results in enrichment of taxonomic
abundance of the gut microbiota being a potential producer of
indole-3-lactate.

DISCUSSION

It is interesting to note, that obese individuals show a decrease
in the fecal levels of tryptophan catabolites, and the maximum
decrease has been determined for indole-3-lactate. Meanwhile,
this specific metabolite is a dominant in both healthy and
obese individuals. However, we have found that indole-3-
lactate plays a key role as a potential regulator of the predicted
gut microbiome enzyme-encoding gene abundance only in
obese individuals. We have identified 214 various enzymes,
the predicted abundance of which is potentially dependent on
indole-3-lactate.

We believe that the predicted abundances we have
determined for the enzymes involved in polyamine metabolism
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Table 2. Correlation “fecal levels of indole-3-lactate — predicted gut microbiome enzyme-encoding gene abundance” in obese patients

Spearman's
Enzymes rank correlation Metabolic pathways

coefficient
Allosakinase EC: 2.7.1.55 0.407 Fructose and monose metabolism
UDP-4-amino-4-deoxy-L-arabinose formyltransferase EC: 2.1.2.13 0.372 Amino sugar and nucleotide sugar metabolism
UDP-glucuronic acid dehydrogenase EC: 1.1.1.305 0.372 Amino sugar and nucleotide sugar metabolism
UDP-4-amino-4-deoxy-L-arabinose aminotransferase EC: 2.6.1.87 0.371 Amino sugar and nucleotide sugar metabolism
Sulfoquinovose isomerase EC: 5.3.1.31 0.370 Sulfoquinovose breakdown (sulfoglycolysis)
Oxalyl-CoA decarboxylase EC: 4.1.1.8 0.363 Glyoxylate and dicarboxylate metabolism
Glucose-1-phosphatase EC: 3.1.3.10 0.358 Gluconeogenesis
1,4-dihydroxy-2-naphthoyl-CoA hydrolase EC: 3.1.2.28 0.351 Vitamin K metabolism. Biosynthesis of secondary metabolites
N-hydroxyarylamine O-acetyltransferase EC: 2.3.1.118 0.351 N-acetylation of arylamines and acetylation of aryl hydroxamates
Dodecenoyl-CoA isomerase EC: 5.3.3.8 0.350 Lipid metabolism
Sulfofructose kinase EC: 2.7.1.184 0.349 Sulfoquinovose breakdown (sulfoglycolysis)
Formate dehydrogenase EC: 1.1.5.6 0.347 Sulfoquinovose breakdown (sulfoglycolysis)
Succinylornithine transaminase EC: 2.6.1.81 0.347 Arginine and polyamine metabolism
Enterobacter ribonuclease EC: 3.1.27.6 0.346 Two-step endonucleolytic cleavage producing 3'-nucleotides
Sulfofructosephosphate aldolase EC: 4.1.2.57 0.346 Sulfoquinovose breakdown (sulfoglycolysis)
Ferric-chelate reductase (NADPH) EC: 1.16.1.9 0.345 Reduction of ferric "O'ZS?;;';‘:”:Z;S")*&”“V of iron chefators
Succinic semialdehyde dehydrogenase (NAD(+) EC: 1.2.1.24 0.344 Glutamine glutamate metabolism
(d)CTP diphosphatase EC: 3.6.1.65 0.343 Pyrimidine nucleotide metabolism
dTl?P-4-amino-4,6-dideoxy-D-gaIactose acyltransferase 0.343 Biosynthesis of nucleotide sugars
EC:2.3.1.210
Inosine kinase EC: 2.7.1.73 0.343 Purine nucleotide metabolism
‘IIE'chl.:‘éNll-a;cse;)gfucosamine: lipid Il N-acetylfucosaminyltransferase 0.343 Enterobacterial common antigen biosynthesis
Kdo2-lipid IVA palmitoleoyltransferase EC: 2.3.1.242 0.342 Lipid A, lipopolysaccharide biosynthesis
Gluconate 2-dehydrogenase EC: 1.1.1.215 0.342 Ketogluconate metabolism, pentose phosphate pathway
Sulfolactaldehyde 3-reductase EC: 1.1.1.373 0.341 Sulfoquinovose breakdown (sulfoglycolysis)
Elg?gl-?ér.ié);)se 1-methylphosphonate 5-triphosphate synthase 0.340 Phosphonate and phosphinate metabolism

constitute an important target of indole-3-lactate in the
pathogenesis of obesity. It is well known that gut microbiota
synthesizes polyamines from arginine and its product, ornithine
[20]. Polyamine metabolism plays a pivotal role in regulation
of the systemic and mucosal adaptive immunity. Arginine, for
its part, is an important modulator of the macrophage and T
cell metabolism capable of affecting the effector functions of
these cells. Furthermore, polyamines inhibit production of pro-
inflammatory cytokines and possess antioxidant effect [25].
In the intestine, polyamines can reduce the cytokine release,
thereby promoting reparation of damaged epithelium and
restoration of normal barrier function. Spermine (polyamine)
inhibits activation of inflammasome, which is a protein complex
expressed by epithelial cells that is capable of regulating the
IL18 secretion [25]. It has been also shown that the presence
of the Bifidobacterium animalis probiotic strain can induce
resistance to oxidative stress and contribute to the increase
in life expectancy depending on the increased microbial
synthesis of polyamines [26]. According to the literature,
the elevated polyamine levels in white adipose tissue, liver
or skeletal muscles can stimulate energy metabolism and
protection from alimentary obesity [27]. It is also known that
polyamine metabolites are involved in adipogenesis [28].
It has been shown that treatment with exogenic spermine
effectively reduces body weight and fasting glucose levels,
it also improves glucose tolerance in mice with obesity caused
by diet [29]. Furthermore, spermine affects insulin receptors

and insulin sensitivity [30]. Thus, immunological and metabolic
effects of polyamines are largely congruent with the effects of
the indole AhR signaling. The correlations we have identified
may be indicative of the involvement of both indole-3-lactate
and polyamines in the mechanisms underlying tolerogenicity
(or their impairment) in obese patients; a simultaneous decrease
in these two tolerogenicity mechanisms associated with obesity
might cause the increase in the intestinal barrier permeability.
The relationship between the fecal levels of indole-3-
lactate and the predicted abundance of genes encoding the
gut microbiome enzymes involved in sulfoglycolysis is poorly
understood. The sulfoquinose (SQ) sulfosaccharide is produced
by almost all photosynthetic organisms on the Earth and is
metabolized by bacteria via sulfoglycolysis. The Embden—
Meyerhof-Parnas sulfoglycolytic pathway metabolizes SQ
to produce dihydroxyacetone phosphate and sulpholactate
aldehyde, it is similar to conventional glycolysis pathway [31, 32].
The literature reports studies focused on identification of
microorganisms involved in sulfoglycolysis [33]. However, there
are no studies aimed at assessing the relationship between the
sulfoglycolysis metabolites and the levels of indole tryptophan
metabolites. We have found significant correlations between the
predicted abundance of genes encoding the gut microbiome
enzymes involved in sulfoglycolysis and the fecal levels of
indole-3-lactate in obese individuals (Fig. 3). It should be noted
that sulfosaccharides represent a reservoir of sulfate that can
potentially be used for synthesis of glycosaminoglycans and
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Fig. 3. Obesity is associated with significant deviations of the link between the indole-3-lactate levels and the predicted gut microbiome enzyme-encoding gene
abundance. In healthy donors, a total of five significant correlation pairs between indole-3-lactate and the predicted gut microbiome enzyme-encoding gene abundance
were identified, while obese individuals showed a significant microbiome enrichment having significant correlation pairs for the fecal levels of indole-3-lactate and the
predicted abundance of genes encoding the enzymes involved in various metabolic pathways. § — decrease in the concentration of MICT in fecal samples; 1 —
indole-3-pyruvate affects cells of the intestine (via AhR) and determines the tight junction integrity; 2 — indole-3-acetate, indole-3-propionate, and indole-3-lactate
affect immune cells of the intestine (via AhR), increase the pathogen resistance and decrease the intestinal barrier permeability; 3 — interspecies-specific molecule

QS — indole having a constant concentration

remodeling of extracellular matrix, which is important for both
development of chronic sluggish inflammation associated with
obesity and formation of pro-tumorigenic phenotype typical for
obese individuals [21].

[t is important to note that we have found no significant
correlations between the fecal levels of tryptophan catabolites
and the abundance of genes encoding the gut microbiome
enzymes involved in their production.

Obesity is associated with alteration of the gut microbiota
genotype and possibly phenotype: the number of taxa that
might supply indole-3-lactate increases three times. Meanwhile,
a significant increase in fecal levels of indole-3-lactate can be
indicative of severe bacterial colonization of the intestine and
increased uptake of this tryptophan catabolite by appropriate
microbiota, the taxa typical for obese patients. It is fecal
levels of indole-3-lactate for which the number of significant
correlations with the predicted abundance of genes encoding
the enzymes involved in carbohydrate, lipid, nucleotide and
amino acid metabolism, as well as sulfoglycolysis, is increased.
Microbiota, including gut microbiota, is believed to be stable
and evolutionarily selected at the population level. However,
commensal microbiota can be qualitatively and quantitatively
modulated [19] by the diet, various signaling molecules and
cytokines. Perhaps, enrichment of the indole-3-lactate-
producing taxa is of a compensatory nature and occurs to
suppress production of pro-inflammatory cytokines that is
usually found in obese patients. Thus, itis well known that indole-
3-lactate has a profound anti-inflammatory effect: it is involved
in induction of immunoregulatory T cells and suppression of
inflammatory T cells [34]. The recent research has shown
that indole-3-lactate is a dominant tryptophan catabolite for
Bifidobacterium (B. longum subsp. infantis). Furthermore,
rather high levels of indole-3-lactate are found in human breast
milk [34]. We have shown that fecal levels of indole-3-lactate in
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obese patients might depend on the family Enterobacteriaceae
taxonomic abundance. Reduction of the share of this family in
gut microbiota is correlated to the decrease in indole-3-lactate
levels of obese individuals. However, taking into account the
increase in serum levels of indole-3-lactate in obese individuals
we have revealed earlier [18], it is likely that production of this
MICT in the intestine is stable or even increased, while transport
of indole-3-lactate from the intestine into blood in obese
patients can be intensified. The answer remains to be seen,
since not only gut microbiota can be the source of indole-3-
lactate, but also microbiota occupying other ecological niches
in the human body.

CONCLUSIONS

Indole and indole-3-lactate are dominant tryptophan catabolites
in both healthy and obese individuals. Obese patients show a
significant decrease in fecal levels of indole-3-lactate, quinaolinic
acid, 3-hydroxyindole-acetoacetic acid, anthranilic acid,
xanthurenic acid, indole-3-carboxaldehyde, indole-3-acrylate,
and indole-3-propionate. The maximum decrease is reported
specifically for indole-3-lactate. Obese individuals show a
stronger link between the predicted gut microbiome enzyme-
encoding gene abundance and MICT. In the group of healthy
subjects, the abundance of gut microbiome enzyme-encoding
genes is correlated to the levels of indole-3-acrylate and
anthranilic acid, while in obese individuals other MICT (indole
and indole-3-lactate) together with quinolinic and kynurenic
acids define the gut microbiome “enzymatic landscape”. The
more close correlations between the predicted gut microbiome
enzyme-encoding gene abundance and MICT have been
revealed specifically for indole-3-lactate. It has been
found that the fecal levels of indole-3-lactate are correlated
to the predicted abundance of genes encoding the gut
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microbiome enzymes, including those involved in metabolism of
carbohydrates, nucleotides, amino acids, polyamines, and
sulfosaccharides. No significant correlations between the
levels of tryptophan catabolites and the predicted abundance of
genes encoding the enzymes involved in tryptophan catabolite
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