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ABSTRACT: Human gut bacterial Na(+)-transporting NADH:ubiquinone reductase (NQR) sequence is associated with Alzheimer disease (AD).
Here, Alzheimer disease-associated sequence (ADAS) is further characterized in cultured spore-forming Clostridium sp. Tryptophan and NQR
substrate ubiquinone have common precursor chorismate in microbial shikimate pathway. Tryptophan-derived tryptamine presents in human
diet and gut microbiome. Tryptamine inhibits tryptophanyl-tRNA synthetase (TrpRS) with consequent neurodegeneration in cell and animal
models. Tryptophanyl-tRNA synthetase inhibition causes protein biosynthesis impairment similar to that revealed in AD. Tryptamine-induced
TrpRS gene-dose reduction is associated with TrpRS protein deficiency and cell death. In animals, tryptamine treatment results in toxicity, weight
gain, and prediabetes-related hypoglycemia. Sequence analysis of gut microbiome database reveals 89% to 100% ADAS nucleotide identity
in American Indian (Cheyenne and Arapaho [C&A]) Oklahomans, of which ~93% being overweight or obese and 50% self-reporting type 2
diabetes (T2D). Alzheimer disease-associated sequence occurs in 10.8% of C&A vs 1.3% of healthy American population. This observation is
of considerable interest because T2D links to AD and obesity. Alzheimer disease-associated sequence prevails in gut microbiome of colorectal
cancer, which linked to AD. Metabolomics revealed that tryptamine, chorismate precursor quinate, and chorismate product 4-hydroxybenzoate
(ubiquinone precursor) are significantly higher, while tryptophan-containing dipeptides are lower due to tRNA aminoacylation deficiency in C&A
compared with non-native Oklahoman who showed no ADAS. Thus, gut microbial tryptamine overproduction correlates with ADAS occurrence.
Antibiotic and diet additives induce ADAS and tryptamine. Mitogenic/cytotoxic tryptamine cause microbial and human cell death, gut dysbiosis,
and consequent disruption of host-microbe homeostasis. Present analysis of 1246 participants from 17 human gut metagenomics studies
revealed ADAS in cell death diseases.
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Introduction
Gut microbiota has received attention in recent research of
Alzheimer disease (AD).»3 This study links neurodegenera-
tion and cell death induced by tryptophan (Trp)-derived
tryptamine with the presence of gut bacterial Na(+)-
transporting NADH:ubiquinone reductase (NQR) sequence
associated with AD (ADAS) in different human populations.
The tryptamine precursor Trp and an NQR substrate ubiqui-
none (Q) are shikimate pathway (SP) products synthesized
from a common precursor chorismate in human gut. Here,
ADAS is further characterized with updated National Center
for Biotechnology Information (NCBI) database search. No
data on human gut metagenomics and metabolomics are avail-
able for AD to date. The results of BLAST (Basic Local
Alignment Search Tool) search for high similarity to ADAS in
gut metagenomic databases are presented here. A high nucleo-
tide sequence identity to ADAS prompted a discovery of AD
link to associated diseases and gut bacteria. Here, a crosstalk
between Trp-tryptamine pathway and ADAS analyzed in dif-
ferent gut metagenomics and metabolomics studies.

Our report of 1991 describes the cytotoxicity and formation
of tangles of filaments in mammalian kidney cells induced by
Trp-decarboxylated metabolites tryptamine and tryptophanol

at the concentrations inhibiting enzyme of protein biosynthe-
sis tryptophanyl-tRNA synthetase (TrpRS).** The assumption
was that cells resistant to TrpRS inhibitors competitive to sub-
strate Trp would survive via TrpRS gene (WARS) amplifica-
tion and increase in TrpRS enzymatic activity. The human
pancreatic cancer cells overexpress TrpRS due to duplication/
multiplication of chromosome 14, in which WARS is located.®
In HeLa cells treated with tryptamine, TrpRS had longer half-
life than in control cells.” The tryptamine-treated neuroblasts
recovered growth or transdifferentiated after being transferred
to new tryptamine-free culture media.® Tryptamine elicited a
concentration-dependent mitogenic response.” Therefore,
tryptamine can induce dose- and cell type-dependent cell
death, transdifferentiation, and division. Such combination was
observed in about 80% of pancreatic cancer patients having
glucose intolerance or frank diabetes,'” thus joining together
the disease of accelerated cell division (cancer) with a cell death
disease (diabetes with death of B-cells in Langerhans islets) in
the same organ. Moreover, diabetes can be reversed after gastric
bypass surgery in morbidly obese patients,!! probably due to
transdifferentiation associated with altered metabolic produc-
tion by gut microbiota. Neuronal human cell model of
tryptamine-induced cell death and formation of neurofibrillary
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tangles of filaments (NFT) similar to manifestations in AD
brain was discovered (Paley, US Patent 6,221,662; 2001). In
our study, tryptamine induces neuronal loss and NF'T forma-
tion in mouse brain.!2

We also reported that treatment of human cancer cervical
cells HeLa; Chinese hamster SV40-transformed embryonic
631 cells; Djungarian hamster DM15 fibroblasts; Madin-
Darby bovine kidney (MDBK) cells; and human neuroblas-
toma SH-SY5Y cell variants by tryptamine induce a cell
density-dependent cytotoxicity. 71214 Tryptamine cytotoxicity
was shown by other authors on human Jurkat T leukemia
cells’S; HT22 mouse, SK-N-SH human neuronal cell lines,
primary cultures of astrocytes from rat brain'®; and on human
monocytic cell line MonoMac6.1” Tryptamine acute toxicity
was demonstrated in mice!® and rats.!® In addition, tryptamine
is toxic for bacteria, yeast, and plant. Tryptamine <20 pg/mL
prevents growth of most cyanobacteria and eukaryotic microal-
gae. However, most algae recovered growth after being trans-
ferred to tryptamine-free culture media, while most
cyanobacteria showed no growth recovery.?® Tryptamine was
used in affinity chromatography on agarose hexyl-adenosine-
5'-phosphate gel to purify Escherichia coli TrpRS.2! This affirms
the specific binding of tryptamine to bacterial TrpRS.
Tryptamine at the concentration of 1.6 mM leads to 50%
reduction in the initial rate of Trp-dependent [*?PPi]-
adenosine triphosphate (ATP) exchange reaction catalyzed by
E coli TrpRS in the presence of 2 mM Trp.?! Both cyanobacte-
ria and E co/i present in human gut microbiome. Hence,
tryptamine under concentration lower than Trp leads to tryp-
tophanyl-tRNA deficiency with consequent decrease in pro-
tein translation in gut bacteria. Tryptamine binds with high
affinity to surfaces of pathogenic microorganisms E co/i, fungus
Candida albicans, and Pseudomonas aeruginosa.* Tryptamine
stimulates internalization and adherence of staphylococci in
human colon adenocarcinoma cell line HT29.17 Staphylococcal
strains produce tryptamine and other biogenic amines (BA),
tyramine, and phenethylamine (PEA) through the activity of
aromatic amino acid decarboxylase (AAAD) under aerobic and
anaerobic conditions.!” Staphylococci producing tryptamine
were isolated from the human gut. The scattered distribution
of BA suggests that the corresponding gene(s) was probably
acquired by horizontal gene transfer, and that in one given spe-
cies, not necessarily all members were positive or negative, as
shown for Staphylococcus epidermidis.*®

Most yeast strains isolated from cow’s milk cheeses are
tryptamine producers.?? Tryptamine affects growth parameters
in 16 different wine yeasts.’* The concentration-dependent
tryptamine toxic effect is yeast strain-dependent. Tryptamine
influenced differently the growth of yeast strains demonstrating
inhibition at 100 to 1000 mg/L or no inhibitory effects or even
growth stimulatory effect in some strains. Tryptamine produced
by fungus Penicillium sp. from marine tunicate Didemnum sp.,
which was collected at a depth of 1-2m.? Tryptamine content
can be high in human diet, especially in fermented food

reaching 2400 mg/kg in Austrian report of 2017.526 In the study
of 1973 conducted in the United States, the highest tryptamine
concentration (1.1 mg/g) was detected in Blue cheese.?’

Tryptophan-auxotroph Chlamydia pneumoniae responds to
Trp starvation by globally increasing transcription while glob-
ally decreasing translation.?® Similarly, ribosome stalling on
Trp codons due to competitive TrpRS inhibition resulted from
increased tryptamine/Trp ratio causes globally decreasing
translation with a consequent cell death in human organs and
in human-associated microbiome.

This study provides evidence for direct link between the
presence of ADAS! and Trp metabolic aberrations in American
Indian C&A population with a high prevalence of obesity and
type 2 diabetes (T2D)? and in other diseases of cell death and
uncontrolled cell division. The C&A participants character-
ized by a reduced abundance of the anti-inflammatory bacte-
rial genus Faecalibacterium, along with a fecal metabolite profile
similar to dysbiotic states described for metabolic disorders.
American Indians are known to be at elevated risk for meta-

bolic disorders.??

Materials and Methods

Metabolomic analysis

An analysis of crude data for human fecal metabolite profiles
obtained by liquid chromatography-/gas chromatography-
mass spectrometry (LC-MS/GC-MS; Metabolon, http://
www.metabolon.com/) was conducted. The values analyzed are
for Trp metabolites—tryptamine, indole-3-acetic acid (IAA),
indolepropionic acid (IPA), kynurenate (Kyn), skatole, and
indole-3-carboxylic acid (ICA); AAA—Trp, tyrosine (Tyr),
and phenylalanine (Phe); BA—tyramine and PEA; metabo-
lites of SP; and selected dipeptides and tripeptides. The present
metabolomic analysis was conducted following discovery of a
high identity to ADAS (87%-100%) in the nucleotide
sequences from NCBI databases.”> Here, a high identity to
ADAS was found in the gut microbiome study of American
Indian communities, members of the C&A Tribes. The present
analysis of metadata from Oklahoma study? (C&A and non-
native individual [NNI] populations) originates from the
BLAST search of the NCBI databases with a usage of ADAS
sequence as a nucleotide query. Stool samples were collected in
Oklahoma for metabolite profiling from 38 C&A adult indi-
viduals and 23 NNI (20 adults, 3 children).2939 The research
was an interdisciplinary campus-community partnership

between the University of Oklahoma and the C&A Tribes.

Statistical analyses

Statistical analyses of ADAS detection were performed
with Prism 7.02 software (GraphPad, San Diego, CA).
Data were expressed as mean = SD. The groups were com-
pared using unpaired two-tailed s-test. P-values less
than .05 were considered significant. The abundance pro-
files of metabolites (tyramine and cysteine) from fecal
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metabolomics were compared between the sample groups
using the non-parametric Kruskal-Wallis test, in which
P-value less than .05 indicated a significant difference. The
significantly different metabolites were visualized in box-
plot. The data showing outliner effects (major outliers)
removed from some evaluations. The outlier is an extreme
value in a set of data, which is much higher or lower than
the other numbers. In this study, the examples of minor and
major outliners are shown in Figure 1 for tryptamine. It was
determined on a case-by-case basis what the effect of the
outliers was (Figure 1A) and from there, it was decided
whether we want to remove or keep the outlier values.
Here, for some metabolites, a T2D C&A subgroup was
used for comparison with NNI, which contains no T2D. The
current statistical analysis of the metabolites presented here
was conducted using unpaired two-tailed P-value parametric
(Gaussian distribution) linear regression “do not assume equal”
SD #test with Welch correction (Welch test) of the GraphPad
Prism 7.04 software. The data between NNI and C&A were
considered significantly different at P-value less than .05.

Trypmmine cytotoxicity

A human cervical carcinoma cell line HelLa; SV40-transformed
embryonic Chinese hamster 631 cells; and their tryptamine-
treated sublines were cultivated as a monolayer in RPMI-1640
medium (Trp at 5mg/mL) under 5% CO, at 37°C in plastic
flasks (Nunc). The 10% fetal calf serum (FCS), 1 mM glu-
tamine, and antibiotics (100 U/mL penicillin, 100 mg/mL
streptomycin, and 0.3 mg/mL amphotericin B) were added to
the medium. Sublines surviving tryptamine were selected
through stepwise raise in tryptamine concentrations (25, 50,
100, 150, 200, and 250 pg/mL). Note that the possible varia-
tions in tryptamine cytotoxic doses could be due to uncontrolled
Trp concentrations in FCS used for cell cultivation. The level of
free Trp in the medium can be increased by proteolytic enzyme
trypsin depending on the cell trypsinization protocol. In addi-
tion, the tryptamine cytotoxicity is cell-density dependent. Cell
viability was examined by Trypan blue dye exclusion. Cells were
plated at 1.8 X 10° per 50mm plastic Petri dishes containing
4.5 mL of medium, with or without various tryptamine concen-
trations, and incubated at 37°C under 5% CO, for 4days. The
non-adherent presumably non-viable cells were washed off,
while the adherent cells were trypsinized and suspended in the
fresh medium with Trypan blue. The viable cells were counted
in a hemocytometer for each tryptamine concentration.

DNA dot-blot hybridization of WARS gene

The slot blot analysis was performed with DNA from control
and tryptamine-treated HeLa and 631 sublines as described.3?
The 2 X 10° cells were loaded into each slot. DNA from cell
lysates was denatured in saturated Nal solution at 90°C, immo-
bilized onto nitrocellulose filters and hybridized with a

32P-labeled human TrpRS cDNA probe. The cDNA clones 5
and 9 specific to human TrpRS were used for hybridization.

Immunoprecipitation of steady-state [°S]-labeled
TrpRS

For metabolic labeling, the control or tryptamine-treated HeLa
cells were plated as for cytotoxicity assay. Following 5 days, the
cells were starved in methionine-free Dulbecco’s modified
Eagle medium (DMEM) with the addition of 10% dialyzed
FCS for 2.5h. The cells were then steady state labeled for 17
hours in methionine-free DMEM with 22 pCi/mL [3°S]
methionine (3 mL/plate; specific activity 1000 Ci/mmol;
Amersham Corp.) and 10% dialyzed FCS. The post-mito-
chondrial cell extracts were prepared after labeling. The labeled
cells were washed twice with ice-cold phosphate-buftered
saline (PBS) and then removed from plates with a plastic cell
scraper (Costar). Cell extraction was done with 0.5 mL of ice-
cold PBS and 5 mM phenylmethylsulfonyl fluoride (PMSF) in
a glass homogenizer using 40 strokes of a Teflon pestle. The
extracts spun for 15 minutes at 14 000r/min (Eppendorf cen-
trifuge 5415C) at 4°C. Approximately equal amounts of
trichloroacetic acid (TCA)-insoluble radioactive post-mito-
chondrial supernatants (each sample contained 1.4 X 10° cpm
in 0.7 mL) were pretreated with 50 pL of 10% protein
A-insoluble Szaphylococcus aureus suspension.* Supernatants
were incubated with polyclonal rabbit antiserum to bovine
TrpRS or with control non-immune rabbit serum for 1hour at
room temperature. Thereafter, the immune complexes were
precipitated by the addition of § aureus suspension for 30 min-
utes at room temperature. The pallets were washed once as
above and twice with buffer containing 10 mM Tris-HCI, pH
8.6,150 mM NaCl, 1% sodium deoxycholate, 1% Triton X-100,
0.1% sodium dodecyl sulfate (SDS), and 1 mM PMSF; once
with 10 mM Tris-HCI, pH 7.5, 0.1% SDS, and eluted by boil-
ing with SDS sample buffer for 5minutes. The [3°S]-labeled
proteins were separated by 12.5% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and visualized
using Amplify (Amersham Corp.). The dried gel was exposed
to AGFA film at -80°C.

Immunoblotting of TrpRS from human neoblastic
SH-SY5Ycells

Cell treatment for detergent-soluble cell extracts was performed
with 20 pg/mL of tryptamine for 1 month and for total extracts
with 40 wg/mL for 4days followed by treatment with 20 pg/
mL for 2 days. For SDS extraction, the control and tryptamine-
treated epithelial-like cells were washed with PBS, solubilized
in situ in buffer containing 2% SDS, 100 mM dithiothreitol
(DTT), 50 mM Tris-HC], and pH 6.8 (100 L of buffer per
5cm plate), collected, and boiled for 5minutes. For Triton
extraction, the epithelial-like cells were lysed in 0.1 M HEPES;
pH 6.9; 0.5% Triton X-100; 1 mM MgClL; 0.1 mM EDTA; 2
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Figure 1. Comparative meta-analysis of crude data for selected metabolites in stool samples of Native American Indian (C&A) and non-native individual
(NNI) participants. Figures depicting metabolites show significant differences (P <.05) between C&A and NNI populations. Raw metabolite data are
provided in the earlier reported Supplemental Table S4.2° Here, microbiome gut metabolite comparison (Welch test) between C&A and NNI participants is
shown as mean =+ standard error of the mean (SEM). (A) Using Microsoft Excel software, the tryptamine values were depicted as a scatter chart with
determined cut-off line. The table shows tryptamine values above the cut-off level and characteristic values for C&A (CA) individuals. The tryptamine
cut-off value of 44 000 units was determined in the graphic of Microsoft Excel software. The major outliers (highest values) are not included in the
tryptamine cut-off graphic since the highest values are not directly comparable in the same graphic with essentially smaller values. Meta-analysis of

Trp- and Met-containing dipeptides includes the crude data for C&A T2D subgroup. For statistical analyses and data display, any missing values were
assumed to be below the limits of detection. The current analysis was restricted to the selected tryptamine pathway-related compounds. The statistical
analysis of metabolites was conducted using unpaired two-tailed P-value parametric (Gaussian distribution) linear regression “do not assume equal” SD
t-test with Welch correction (Welch test) of the GraphPad Prism 7.04 software. The original quantitative abundance non-targeted profiles for a total of 535
fecal metabolites were obtained from Metabolon, Inc. Compounds were identified by automated comparison to reference chemical library entries with
subsequent visual inspection for quality control as previously described.3' Human fecal metabolite profiles were obtained by LC-MS/GC-MS. Peaks were
quantified using area under the curve. Values in the vertical axis (Y axis) of graphics correspond to peak areas. Welch test (P-values and significance®):
(B) tryptamine (**P = .001); (C) IAA (*P = .02); (D) kynurenate (****P = .0001); (E) skatole (*P = .048); (F) IPA (P = .14, ns); (G) quinate (****P <.0001);
(H) benzoate/4-HBA (****P <.0001 for NNI and C&A); (I): Trp-Val (***P = .0008); (J) Trp-Pro (***P = .0002); (K) Met-Val (*P = .016); (L) tryptophan (P =
4483, NNI/C&A=1.14); (M) PEA (*P = .0152); and (N) tyramine (****P <.0001).

mM EGTA; 1 mM DTT; 1 mM PMSF; 0.4 mg/mL aprotinin; sodium fluoride in situ (I1mL of buffer per 8cm plate) for
0.1mg/mL antipain, leupeptin, pepstatin, and hemastatin; 0.1 20 minutes at room temperature. The equal amounts of proteins
wM okadaic acid, 10 mM sodium orthovanadate; and 50 mM (80 pg/lane) of the epithelial-enriched extracts from control
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Table 1. Occurrence of nucleotide sequence ADAS in C&A,
Oklahoma, Texas (TX), and Missouri (MO) populations of the United
States.

HEALTHY C&A

CONTROL, TRIBES

TX/MO

(DBGAP)
Participants, N 300 37
Identity to ADAS (89%), N 4 2
Identity to ADAS (100%), N 0 2
Identity to ADAS (89% + 100%), N 4 4
ADAS in population (89%-100%) 1.3 10.8
% obesity in population 0 93
% diabetes (T2D) in population 0 50

Abbreviations: ADAS, Alzheimer disease-associated sequence; C&A, Cheyenne
and Arapaho; dbGaP, database of Genotypes and Phenotypes; N, number of
individuals; T2D, type 2 diabetes.

Here, 89%-100% nucleotide identity corresponds to 97%-100% amino acid
identity.

and tryptamine-treated cells were separated by SDS-PAGE.
The blots were incubated with monoclonal antibodies (mAb)
6C10 to TrpRS,? washed, incubated with anti-mouse IgG con-
jugated with horseradish peroxidase, and developed with
enhanced chemiluminescence (ECL).

Immunostaining of cerebral blood vessels in AD
brain with mAb to TrpRS

The histological AD brain sections were treated and immu-
nostained as described®!433 with anti-TrpRS mAb 9D7 char-

acterized with epitope-mapping.3?

Treatment of mice: glucose and weight detection,
and positron emission tomography

Male mice (8 weeks of age, body weight = 23-26 g) were pur-
chased from the Charles River Laboratories (Wilmington,
MA). The mice treatment is described in details elsewhere.!!

Results and Discussion

Alzheimer disease-associated sequence in human gut

BLAST search for the sequence identity to ADAS! was per-
formed in the most recently updated NCBI databases. The
four C&A participants (10.8%) with obesity or T2D or obe-
sity/T2D show high nucleotide sequence (kilobase pairs [kbp])
identity to ADAS with 100% identity (~40 and 60kbp, two
individuals) and 89% identity (~40 and ~140kbp, two individ-
uals) in whole-genome shotgun contigs (wgs) of human gut
metagenome. Meta-analysis reveals that obesity and diabetes
significantly and independently increase the risk for AD.3* No
ADAS was revealed in the gut metagenome of the control

NNI group from Oklahoma. Alzheimer disease-associated
sequence presents at 100% nucleotide identity in six individu-
als possessing near identical ADAS+ fragments (sequence
contigs): two C&A, two morbidly obese (Denmark), one con-
trol of Washington, DC study, and one patient with ankylosing
spondylitis (AS) from China of the entire NCBI database col-
lection (Table 1; Supplemental Table S1). The C&A
ADAS+ 60kbp sequence contig used as a search query reveals
a seventh individual possessing fecal DNA with 100% nucleo-
tide identity to ADAS in control healthy subject of China
colorectal cancer (CRC) study.® Nucleotide sequence of 89%
identity to ADAS is more frequent and presents in ~60 indi-
viduals with ADAS+ contigs of 99% to 100% identity to each
other. Metabolomic profiling is available for three of four C&A
individuals with a high identity to ADAS.

The C&A population were compared with the control
healthy population in terms of ADAS identity. The four stool
samples with 87% nucleotide identity (equal to 97% amino acid
identity) to ADAS were found in NCBI dataset of 300 men
and women of 18 to 40years of age from the control healthy
population of Houston, TX and St. Louis, MO (Table 1). This
population-based control set (database of Genotypes and
Phenotypes [dbGaP] study) of the Human Microbiome Project
(HMP) addresses whether individuals share a core microbiome.
It involves microbiota found in five anatomical sites: the oral
cavity, skin, nasal cavity, gastrointestinal tract, and vagina. A
high identity to ADAS was found only in stool samples of
dbGaP dataset (embargo release February 8, 2018). Therefore,
the 1.3% of the healthy US population possesses gut bacterial
sequence of 97% amino acid identity to ADAS (Table 1).

Meta-analysis of tryptamine-related human fecal
metabolites from NNI and CA

Most patients with T2D are obese, and the global epidemic of
obesity largely explains the dramatic increase in the incidence
and prevalence of T2D over the past 20years. Currently, over
one-third (34%) of US adults are obese and over 11% of people
aged =20years have diabetes. Nevertheless, a prevalence of
obesity and T2D in C&A is significantly higher than in the
general US population. Here, metabolites of C&A individuals
with a high proportion of overweight/obese (~93%), obese
(~73%), and T2D (~50%) are compared with NNI with 10% of
obese, 23% of overweight, and no T2D.? The 13 of 41 C&A
participants (31%) in metabolomics used unknown antibiotics.
I analyzed the crude metadata from Oklahoma study using
Welch test for the following: Trp metabolites tryptamine, IAA,
Kyn, skatole, IPA, and ICA; AAA Trp, Phe, and Tyr; SP
metabolites; BA tyramine and PEA; and di- and tripeptides
(Figure 1; Table 2). Table 2 includes the statistical analysis of
20 metabolic compounds. The statistically significant differ-
ences between the levels of C&A and NNI fecal metabolites
indicate that ADAS occurrence in C&A population correlates
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Table 2. Linear regression statistical analyses of mean differences in
metabolites of C&A vs NNI in Welch test.

METABOLITE SIGNIFICANTLY C&A VS NNI
DIFFERENT* MEAN, FOLD
Benzoate/4-HBA Yes, two-tailed -1.31
Tryptamine Yes, two-tailed +3
IAA Yes, one-tailed 11.47
Kynurenate Yes, one-tailed +1.65
Skatole Yes, one-tailed -1.4
4-HBA Yes, two-tailed +1.29
Quinate Yes, one-tailed +1.77
Trp-Pro Yes, two-tailed -1.8
Trp-Val Yes, one-tailed -1
Trp Yes, two-tailed -1
Tyramine Yes, two-tailed +4
PEA Yes, two-tailed +1.86
Tyrosine Yes, one-tailed -1.23
Phenylalanine Yes, two-tailed -1.2
Indolepropionate Yes, two-tailed -1.23
3-HBA Yes, one-tailed -1.04
Leu-Leu-Leu Yes, one-tailed 42
Leu-Gly Yes, one-tailed +1.3
Met-Val Yes, one-tailed -1.2
ICA= +1.81

Abbreviations: C&A, Cheyenne and Arapaho Tribes; IAA, indole-3-acetic acid;
ICA, indole-3-carboxylic acid; NNI, non-native individuals; PEA, phenethylamine;
Trp, tryptophan; 4-HBA, 4-hydroxybenzoate.

a|CA detected in 17.4% of NNI and 31.6% of C&A.

*P <.05 indicated a significant difference.

with perturbations in tryptamine-related pathways, which may
underlay the tryptamine-induced neurodegeneration and cell
death in human. Significantly higher tyramine and cysteine in
C&A than in NNI estimated here correlate with those reported
earlier using different tests (non-parametric Kruskal-Wallis
test). Statistical analyses of metabolites are presented here for
the first time (Table 2).

Shikimate pathway: 4-hydroxybenzoate,
3-hydroxybenzoate, benzoate, and quinate

The 3-hydroxybenzoate (3-HBA) and 4-hydroxybenzoate
(4-HBA) were detected in stool samples of NNI and C&A.
Both 3-HBA and 4-HBA are products of chorismate in SP, in
which 4-HBA is a Q_precursor. Here, the 4-HBA values are
significantly higher (1.29-fold) in C&A compared with NNI,

while 3-HBA values show small or no difference between the
two populations. The 4-HBA synthesized directly from choris-
mate by the chorismate pyruvate-lyase reaction in bacteria, or
from L-tyrosine, similar to higher eukaryotes. Statistically sig-
nificant mean difference (P <.0001) in benzoate/4-HBA ratio
(Figure 1; Table 2) was found between NNI (~5-fold) and C&A
(~3.8-fold). In Streptomyces sp., benzoate forms directly from
shikimate, a precursor for chorismate. Benzoate is widely used
by the food industry to prevent spoilage and to inhibit the
growth of pathogenic micro-organisms.® Sodium benzoate
therapy improved symptomatology of patients with schizophre-
nia.3” Zinc benzoate, which is commonly used in food and food
additives, inhibits monoamine oxidase A (MAO-A) activity.®
The secondary metabolite of SP quinate is 1.77-fold higher in
C&A compared with NNI. Quinate and IAA were found to be
correlated with taxa Actinobacteria Atopobium associated with
CRC by case-control status.3” Metabolic crosstalk between the
catabolic quinate/SP and the biosynthetic SP produces choris-
mate. Chorismate is a starting metabolite of branched pathways
leading to biosynthesis of AAA and Q. Additional data related
to Q_are included in Supplemental File 1.

Aromatic amino acid (AAA) and aromatic amino
acid/biogenic amines ratio

Tryptophan values (23 NNI and 35 C&A) showed statistically
significant lower levels in C&A compared with NNI (-1.1x) in
the estimations of Trp/tryptamine ratio (Table 2). Statistically
significant difference was found in Trp/tryptamine ratio
between NNI and C&A populations. The total Trp levels are
significantly higher than tryptamine values in NNI (~100-
fold) and C&A (30-fold). The maximal ratio for free Trp/total
Trp is =<0.005 in human breast milk.*’ Based on this recently
reported ratio, the tryptamine mean values are higher than free
Trp values in C&A population under the assumption that Trp
total/Trp free ratio is 200. The free Trp/tryptamine ratio in
C&A population is potentially toxic and sufficient to inhibit
TrpRS considering the tryptamine Ki/Trp Km ratio (6-fold)
for mammalian TrpRS.* The three individuals with a high
identity to ADAS express high, medium, and low Trp. A low
Trp is detected in obese/T2D individual. The lower trends
revealed for other AAA—Tyr (-1.23-fold) and Phe (-1.2-fold)
in C&A vs NNI (Table 2). Significant difference in Tyr/
tyramine is 36-fold for NNI (2<.0001) and 7.4-fold for C&A
(P<<.0001). Significant difference (P<<.0001) in Phe/PEA is
231-fold for NNI and ~100-fold for C&A.

Biogenic amines: tryptamine, tyramine, and

phenethylamine

Present meta-analysis (Figure 1; Table 2) reveals significantly
higher (3-fold) tryptamine in C&A participants compared
with NNI. Apparently, the determination of tryptamine in
human stool samples is the case of tests with continuous results
obtained in different studies (Supplemental Figure S1 in this
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study?®#1). Therefore, the most appropriate test cut-off value
can be determined. For determining the cut-off value, we need
to know the pretest probability of the disease of interest. This
means that even for a certain diagnostic test, the cut-off value
is not universal and should be determined for each method and
for each disease condition. Mostly based on receiver operating
characteristic (ROC) curve analysis, there are various methods
to determine the test cut-off value.*? The most common crite-
ria are the point on ROC curve where the sensitivity and speci-
ficity of the test are equal. In the present analysis of MS
metabolomics, the majority of the control group NNI (64%)
and minority of C&A participants (26%) showed values less
than 44 000 units. Here, the proposed cut-oft value of 44 000
units derived from the quantitative abundance profiles for fecal
metabolites is higher in places where the metabolic disease is
less prevalent.

The major outliers (highest values) are not included in
Figure 1 (tryptamine cut-off in Microsoft Excel software)
because the highest values are not directly comparable in the
same graphic with essentially smaller values. In three individu-
als with a high identity to ADAS, the tryptamine values are
above the cut-off level. The three individuals with a high and
highest tryptamine used antibiotics. Some participants who
used antibiotics showed a low tryptamine. We reported a sen-
sitivity of ADAST*bacteria to a particular antibiotic.!
Tryptamine, tyramine, and PEA can be produced in C&A gut
micro-organisms via AAAD encoded by a single genel®
because values are higher for tyramine (4-fold) and PEA (1.86-
fold) in C&A compared with NNI (Table 2; Figure 1). Obese
C&A individual using antibiotics showed a high tyramine,
PEA, and ADAS.

Indole-3-acetic acid

Indole-3-acetic acid is a product of tryptamine degradation
catalyzed by MAOs. Even though scattering of two popula-
tions (23 NNI and 34 C&A) is in some ways similar, the IAA
is at a higher trend (1.47-fold) in C&A compared with NNI.
In three individuals with a high identity to ADAS, the IAA
values range within NNI values with a lowest value for C&A
obese/T2D individual. Urinary IAA is significantly higher
(~2-fold) in autistic children (30 children) compared with 30
matched controls (age range = 2-7).4

Kynurenate

Significantly higher Kyn (1.65-fold) was detected in 25 C&A
individuals (66%) compared with 19 NNI (82%). Kynurenate
values for two individuals with a high identity to ADAS are
available: one is high and another is low. A highest Kyn value
was detected in obese/T2D individual (+antibiotics).
Significantly higher tryptophan 2,3-dioxygenase (TDO; 4.5-
fold, P<.0001) and indoleamine 2,3-dioxygenase (IDO) 1
immunoreactivity (2.9-fold, P<<.0001) were observed in the

hippocampus of AD patients.* TDO and IDO catalyze Trp
degradation to kynurenine metabolites. In metabolomics, Trp
was lower (1.33-fold) in plasma of AD patients compared with
cognitively normal (CN) individuals.#* High TDO and IDO
likely reduce Trp level resulting in increase of tryptamine/Trp
ratio in hippocampus.

Skatole

A lower mean level of skatole (1.4-fold) is detected for C&A
compared with NNI. In C&A, a highest skatole value is
detected in obese/T2D individual (+antibiotics) and a lowest
is for a less obese individual with T2D (-antibiotics).

Indolepropionic acid

Indolepropionic acid show lower (1.23-fold) levels in C&A
(34 samples) compared with NNI (22 samples). Statistically
significant difference in Trp/IPA ratio (P<<.0001) was found
between NNI (6.1-fold) and C&A (6.8-fold). The values for
three individuals with a high identity to ADAS are in the lower
50% of IPA values in both populations. Indolepropionic acid
protected the primary neurons and neuroblastoma cells against
oxidative damage and death caused by exposure to amyloid 3.46

Indole-3~carboxylic acid

Indole-3-carboxylic acid was detected in 4 of 23 NNI samples
(17.39%) and 12 of 38 C&A samples (31.58%). Two high ICA
values were detected for C&A obese/T2D, while one of two
has a high identity to ADAS. The significantly lower ICA val-
ues (3.7-fold, two-tailed P-values) were found in C&A popu-
lation (10 participants) compared with three of four NNI.
Indole-3-carboxylic acid has been detected in bacteria, yeast,*
and pathogenic fungus.*® Indole-3-carboxylic acid was detected
in uremic patients* and has been found elevated in patients
with liver diseases. Indole-3-carboxylic acid is a mediator of
priming against plant necrotrophic pathogenic fungus

Plectosphaerella cucumerina.>0

Peptides altered in C&GA vs NNI

The Cheyenne and Arapaho values for tripeptide Leu-Leu-
Leu and dipeptide Leu-Gly show a higher level (2-fold and
1.3-fold, respectively) compared with NNI (Table 2). A higher
level of dipeptides may indicate a higher proteolysis in C&A.
Since NNI group includes no T2D, the C&A T2D subgroup
is compared with NNI. Tryptophan- and methionine- (Met)
dipeptides (Table 2; Figure 1) show lower levels in C&A com-
pared with NNI: Trp-Pro (1.8 fold), Trp-Val (-1.1 fold), and
Met-Val (-1.2 fold). Most probably, the aminoacyl-tRNA defi-
ciency resulted in the dipeptide decrease. Inhibition of tRNA
aminoacylation in gut microbes can lead to dysbiosis (Figure
4). Present meta-analysis detects a trend toward the reduction
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in presumably rare Trp-and Met-containing dipeptides and
elevation of Leu-dipeptides in C&A compared with NNI. A
critical role of tRNA aminoacylation deficiency with conse-
quent protein biosynthesis impairment is supported by decrease
in the levels of di- and tripeptides in AD plasma compared
with mild cognitive impairment (82.8-fold decrease of Met-
His-Lys in AD) and CN.* The present meta-analysis indi-
cates that tRNA aminoacylation impaired in gut microbiome
of a group with a high prevalence of AD-associated diseases.

Alzheimer  disease-associated sequence in morbidly obese
(Denmark); obese with non-alcoholic fatty liver disease (NAFLD)
and inulin diet (Germany); atherosclerosis (Sweden); Western and
Korean diet (Australia); Parkinson disease (PD, Germany); bacte-
rial strain (healthy, UK); inflammatory bowel disease (IBD); and
fecal transplantation

Denmark. Alzheimer disease-associated sequence was found
in stool samples from 3 out of 13 morbidly obese patients at
100%, 97%, and 89% nucleotide identity. Study participants
were recruited at Hvidovre Hospital, Denmark, as a part of the
bariatric surgery program.’! Danish criteria for bariatric sur-
gery are as follows: (1) >20years of age and (2) either body
mass index (BMI) >40kg/m? or >35 kg/m? with T2D/hyper-
tension. In an Austrian study of 22 morbidly obese individuals
and 20 normal-weight volunteers, the serum Trp levels were
significantly lower in morbidly obese patients (preoperative:
51.5%9.2 pmol L1 and postoperatively, bariatric surgery:
46.9 7.6 pmol L-1) when compared with those of normal-
weight controls (64.8 = 9.5 pmol L1, P<<.001).°? In the US
study of serum metabolites in obese patients,”® IAA (0.51-
fold), IPA (0.38-fold), Trp (0.63-fold), Tyr (0.62-fold), and
Phe (0.69-fold) are significantly lower in obese patients with
T2D compared with baseline.

Germany (inulin diet). Alzheimer disease-associated sequence
was found at 88% nucleotide identity in 3 of 16 patients
(18.7%) in the study conducted by the University of Hohen-
heim, Germany (NCBI accession no. PRINA290729). To gain
insight into connection between microbiota, obesity, and diet,
the gut metagenome of 16 patients was analyzed following a
weight-loss program based on a very low-calorie inulin-
enriched formula diet. Alzheimer disease-associated sequence
was found in stool samples of three patients only after the inu-
lin diet. An increase was observed in the fecal concentrations of
tryptamine (2.5-fold, P<<.05) and tyramine (2-fold, P<.05)
following the inclusion of inulin (3g/kg of body weight per
day) in the equine diet.* All three obese patients with ADAS
have NAFLD. It is well established that advanced forms of
liver disease are frequently accompanied by overt and global
cognitive deficits in hepatic encephalopathy (HE).>> Findings
of decreased densities of [3H]tryptamine binding sites in brain
tissue from cirrhotic patients with HE taken in conjunction
with reports of increased cerebrospinal fluid and brain

tryptamine concentrations in HE suggest a pathogenic role for
tryptamine in HE resulting from chronic liver failure.’® Hepa-
tocellular death is present in almost all types of human liver
disease and used as a sensitive parameter for the detection of
acute and chronic liver disease. Clinical data and animal mod-
els suggest that hepatocyte death is the key trigger of liver dis-
ease progression.’’ Electroencephalographic rhythms reveal
larger spatial-frequency abnormalities in liver cirrhosis patients
with a cognitive impairment due the covert and diffused HE
compared with AD.>® A cerebellum of patients with steato-
hepatitis, a type of fatty liver disease, shows loss of Purkinje and
granular neurons.”

Sweden. Alzheimer disease-associated sequence at 89% nucle-
otide identity was found in 2 of 12 patients with atherosclerosis
and in 1 of 13 controls. The patient stool samples were from
the Goteborg Atheroma Study Group Biobank, which includes
samples from patients who had undergone surgery to excise an
atherosclerotic plaque.®

Australia. Alzheimer disease-associated sequence was found at
89% nucleotide identity in 3 (fecal microbiota study EKmeta)
of 12 participants at two time-points of the two diets—Korean
and Western. Each group included six individuals, half of
which loose high weight and half of which loose little weight.
Fecal samples were collected before and after diet (3 months).
Alzheimer disease-associated sequence was found in two indi-
viduals only before Western diet/high weight loss and in one
only after Western diet/high weight loss.

Germany (Parkinson disease). The 72% to 75% nucleotide
sequence identity to ADAS was observed in 8 of 31 early-
stage, L-3,4-dihydroxyphenylalanine (DOPA)-naive PD sub-
jects and in 3 of 28 control individuals of gut microbiome study
conducted in Germany.®! Nucleotide sequences with a high
identity (89%-99%) to the nucleotide sequence prevailed in
PD are frequent in the control dbGaP study (100 of 300). Alz-
heimer disease-associated sequence at 88% nucleotide identity
revealed in one control stool sample of this PD study (Supple-
mental Table S1). Therefore, no high identity to ADAS reveled
in stool samples of PD patients.

Inflammatory bowel disease, irritable bowel
syndrome, and fecal transplantation

Here, the 89% nucleotide sequence identity to ADAS was
found in donor fecal transplant for treatment of recurrent
Clostridium difficile infections®? and in stool sample of
active Crohn disease (CD) patient following fecal trans-
plantation.®® The 89% identity to ADAS was also tracked
in other CD and ulcerative colitis (UC) patients with IBD
in the United States with no fecal transplantation. In a
Korean study, tryptamine (3X, P = .01) is among the sig-
nificantly different fecal metabolites between irritable
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Table 3. Blood glucose level, weight progression, and positron emission tomography studies of glucose utilization (standardized unit values) in

control and tryptamine-treated mice.'?

VALUES CONTROL ANIMALS (N=6)
Blood glucose (mg/dL) 138 +19

Weight progression (%) 11.4+45

Glucose utilization

Whole brain 0.94 0.1

Cerebellum 0.72+0.12

Cingulate 1.29+0.10

Hippocampus 1.24+0.11

Olfactory area 1.43x0.21

Striatum 1.21£0.12

TRYPTAMINE TREATED (N=6)
12919

20.8*3.8

0.95+0.18
0.68+0.07
1.27+0.13
117017
1.36+0.13

1.17*=0.16

Table modified from Paley et al.™ Tryptamine-treated mice: after tryptamine administration of 200-400 pug per mouse through intraperitoneal injections during 63 days’2.

bowel syndrome (IBS) patients and non-IBS controls iden-
tified by GC-MS.%* Serum levels of Trp were significantly
lower in patients with IBD than in controls.® The IBD
pathology likely includes the recently demonstrated activa-
tion of epithelial G-protein-coupled receptor by gut micro-
biota-produced
secretion.6®

tryptamine that increases colonic

Alzheimer disease-associated sequence-containing
bacteria in healthy subjects: United Kingdom,
Canada (antibiotics), and the United States

Alzheimer disease-associated sequence at 89% identity was
found in nucleotide sequence (~40kbp) of the cultured spore-
forming unclassified bacteria (SFB) from the gut microbiome
UK study of six healthy individuals.®” Spore-forming bacteria
at 99% nucleotide identity presents in nucleotide fragments
from three healthy subjects (~5.8, 3.5, and 2.3kbp length,
respectively) of Canadian study®® after treatment with antibi-
otic (Supplemental Table S1). In this study (24 subjects), stool
samples gathered before antibiotic exposure, at the end of the
treatment and 3 months later, were analyzed using shotgun
metagenomic sequencing. The spore-forming bacteria appeared
only at 3months after the treatment in all three subjects. The
99% nucleotide identity to SFB was detected in ~1000 to
7500bp fragments from 4 subjects out of 300 healthy individu-
als (dbGaP study). Shorter nucleotide sequences (200-600bp)
with 99% identity to SFB are more frequent (8 subjects) in
dbGaP. Genome assembly is typically a two-stage process: con-
tig assembly followed by the use of paired sequencing reads to
join contigs into the scaffolds at the last step, the gap-filling
stage. In the eight subjects, scaffolds for ADAS™ SFB are short.
Spore-forming bacteria with a considerable sequence length

presents in 1 of 300 from dbGaP study. Spore-forming bacteria

show 99% nucleotide identity (E = 0.0) to uncultured
ADAS+ Clostridium sp. from stool sample of obese person.!

Tryptamine in weight progression and glucose
metabolism in mice

We demonstrated that a 2-month tryptamine treatment
through intraperitoneal injections induces weight progression
in mice. The 2-fold higher weight progression was detected in
six tryptamine-treated mice compared with six control mice
similarly treated with placebo. Weight progression (%) was
detected at 11.4 = 4.5 in control mice vs 20.8 * 3.8 following
tryptamine treatment. In addition, tryptamine alters glucose
concentrations in blood and brain including hippocampus
(Table 3) monitored by 18 F-fluorodeoxyglucose (18 F-FDG)
positron emission tomography (PET).M Blood glucose (mg/
dL) was detected at 138 * 19 in control mice and at 129 =19
in tryptamine-treated mice.!! Hypoglycemia most likely occurs
in people with pre-diabetes. PET studies show 18 F-FDG uti-
lization difference in hippocampus at 1.24 £ 0.11 in control vs
1.17+0.17 in tryptamine-treated mice.”> PET imaging of
18-FDG reduced glucose metabolism in hippocampus has

been successfully used for AD monitoring.

Tryptamine induce WARS gene-dose dependent
effects

Tryptamine (50 pg/mL) is cytotoxic for HeLa cells with LD,
at 100 pg/mL (Figure 2). Tryptamine treatment significantly
reduced the TrpRS gene (WARS) hybridization of DNA from
human Hela and hamster 631 cells.” These data indicate that
tryptamine affects HeLa and 631 cells in a gene-dose depend-
ent manner (Figure 2). Similarly, the reduced TrpRS gene copy

number results from the inhibition of DNA polymerase protein
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Figure 2. Tryptamine induces the WARS gene-dose dependent effects. DNA—DNA dot-blot analysis of human HelLa and hamster 631 control (C) and
tryptamine-treated (T) cells using WARS gene probes. [35S]IP—immunoprecipitation of [33S]methionine labeled HelLa cells with polyclonal antibodies to
TrpRS. Immunoblot—immunoblotting of human neuroblastic cells SH-SY5Y with anti-TrpRS monoclonal antibodies 6C10; A—total extract, B—detergent-
soluble fraction. HeLa cells—a dose-dependent cytotoxic effect of tryptamine. Note, similar images published as parts by the author in different context.
This figure includes the images obtained and redesigned here by the author as the own data revisiting and revision.”'2 To support the newly presented
concept based on the recent works, the author combined these data together. Specifically, the author presents here for the very first time the
interpretation of the DNA dot-blot results as the evidence of WARS gene-dose dependent cytotoxicity. This new conclusion is of considerable interest for
understanding a mechanism of neurodegeneration induced by tryptophan metabolites, the TrpRS inhibitors. The tryptamine-treated HeLa T-1 possess
WARS gene variant encoding TrpRS with a longer half-life compared with TrpRS from original HeLa cells; T-1 has a slower growth rate compared with
HelLa.” The tryptamine-treated sublines HelLa T-2 and 631 (T1, T2, and T3) possess WARS gene at a lower dose compared with original cell lines.

biosynthesis by tryptamine. Tryptamine-induced decrease in
TrpRS protein abundance is detected by immunoprecipitation
of HeLa” and by immunoblotting of SH-SY5Y"? cells with
anti-TrpRS antibodies. These data are in agreement with the
decrease in electron microscopy density of RNA polymerase on
promoter-distal portions of cloned Trp operons of Salmonella
typhimurium induced by TrpRS inhibitor indoleacrylic acid.®
Tryptamine suppressed DNA synthesis in the presence of rat
liver S9 tissue homogenate.”” DNA polymerase B deficiency
leads to neurodegeneration and exacerbates AD phenotypes.”
Thus, tryptamine diminishes TrpRS abundance and activity.
Quantitative transcriptomics of the tissue-specific expression of
genes across a set of 27 human organs and tissues demonstrates
that WARS gene expresses differentially in human organs with
a highest expression in placenta (mean reads per kilobase mil-
lion [RPKM] = 128.2) and appendix (RPKM = 87.1) and a
lowest expression in pancreas (RPKM = 3.2) and colon (RPKM
= 31).72 Similarly, human organs have differential sensitivity to
TrpRS inhibitors—pancreas and colon—high and placenta low.
Tryptamine-induced chromosomal rearrangements and TrpRS
gene mutations can also be implicated in neurodegeneration.
Earlier, we found chromosomal rearrangements in bovine kid-
ney* and hamster!3 cells following prolonged tryptamine

treatment. In  tryptamine-resistant ~ SV40-transformed
Djungarian hamster DM 15 fibroblasts, the Giemsa banding
showed additional material in the short arm of one homologue
of chromosomes five and seven in 40% and 80% of cells, respec-
tively. Small double-minute chromosomes were detected (1-2
per cell) in 5% of cells.'3 Stacking interaction of tryptamine
with  nucleic acid base and  3-methylcytidine-5"-
monophosphate:tryptamine complex (crystal structure)” can
result in a single nucleotide polymorphisms (SNPs). In a

Finnish cohort, AD is associated with SNPs.”* Biallelic muta-
tions in the mitochondrial TrpRS gene (WARS2) cause
decreased WARS2 protein and Parkinsonism.” The reported
data related to tryptamine-induced chromosomal and gene
abnormalities are summarized in Supplemental Table S2.

Tryptophanyl-tRNA synthetase in AD brain blood

vessels

Figure 3 shows the cerebral vascular cells of AD human brain
vasculature immunostained by mAb 9D7 against TrpRS. In the
superior frontal gyrus (frontal lobe), a strong abnormal TrpRS
immunostaining of the cell periphery shows the likely dysfunc-
tional vascular endothelium. Normally, TrpRS immunostaining
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mAb 9D7 to N-terminal TrpRS epitope, Alzheimer's disease Case 103, superior frontal gyrus

blood vessels

endothelial, fibroblast, and smooth muscle cells. The letter “V” shows the vessels. Scale bars: 10 um.

is diffused in the light and electron microscopy since this
enzyme is mainly cytosolic.%¢ Plausibly, TrpRS of the vascular
endothelium including fibroblasts, smooth muscle, and
endothelial cells (Figure 3) is a target of tryptamine cytotoxic-
ity, which can lead to necrosis and holes in the blood vessels of
brain and other organs and tissues. The AD cerebral amyloid
angiopathy of grade 3 is a cracking of =50% of the circumfer-
ence of the vessel, and grade 4 is fibrinoid necrosis of the vessel
wall.7¢ Fibrinoid necrosis also occurs in the vascular walls in
hypertension.”””8 Tryptamine is a vasoconstrictor in umbilical
vessels of the human placenta,” in renal circulation, and vessels
of the ear (doses 5-10 pg)® inducing hypertension.’! The
tryptamine vasoconstriction is modulated by the co-released
endothelial vasodilator, nitric oxide.®? Generally, vasoconstric-
tion results in an increase in systemic blood pressure, but it can
cause a localized reduction in blood flow. Tryptamine, tyramine,
and PEA from the equine cecum were potent constrictors of
arteries and veins.®® Infusion of tryptamine (1-4 pg/mL)
through the pulmonary circulation of isolated lungs caused
release of spasmogens contracting smooth muscle prepara-
tions.®* The holes in the blood vessels can lead to bleeding
stopped by coagulation and clot formation. Tryptophanyl-
tRNA synthetase co-localizes with amyloid- in cerebral
blood clot-like formations in AD brain.> Clinical studies have
demonstrated the blood-brain barrier dysfunction in AD
patients exhibiting peripheral vascular abnormalities such as
hypertension, cardiovascular disease, and diabetes.®> The
anatomo-physiological route/s for microbial tryptamine from
gut to brain and other organs remains unknown. The vascu-
lopathies in AD and in tryptamine-treated mice’ may result in
anatomical loop, drainage, or siphoning in transporting

microbial tryptamine from gut to organs such as pancreas and
brain. Transport of gut microbial tryptamine can be redirected
from the normal route to liver due to (1) portal vein thrombosis
(blockage or narrowing of the portal vein—the blood vessel
that brings blood to the liver from the intestines) by a blood
clot?; (2) deposits in portal vein or portal amyloid®’; (3) con-
genital portosystemic venous shunt (CPSS),% which is a rare
developmental anomaly resulting in diversion of portal flow to
the systemic circulation.?? CPSS are rare vascular anomalies
occurring secondary to abnormal development or involution of
fetal vasculature. They allow intestinal blood to reach the sys-
temic circulation bypassing the liver, resulting in a variety of
symptoms and complications in the longer term. Children with
CPSS may present with unexplained neurocognitive dysfunc-
tion and other behavioral issues due to low-grade HE, and this
accounts for 17% to 30% of cases. Other manifestations include
learning disabilities, extreme fatigability, seizures, and failure to
thrive. The likelihood of encephalopathy increases with age
and is related to the shunt flow®’; (4) in the study of the three-
dimensional (3D) arrangement of the entire brain of AD
transgenic (tg) mice vasculature, at young ages, the APP23 tg
mice had significant alterations, particularly of the microvascu-
lature, often accompanied by small deposits attached to the
vessels. In older animals, vasculature abruptly ended at amyloid
plaques, resulting in holes. Often, small deposits were sitting
near or at the end of truncated vessels. Between such holes, the
surrounding vascular array appeared more dense and showed
features typical for angiogenesis”; and (5) in our study,
tryptamine induce vasculopathy in cerebral amyloid angiopa-
thy and angiogenesis with increased vascular density in the
hippocampus of mouse brain.’ In the hippocampus of AD
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Table 4. ADAS in CRC studies.

PARTICIPANTS  CHINA CHINA  USA USA
CONTROL  CRC CONTROL  CRC
Total, N 54 74 52 52
ADAS (88%),N 1 6 0 14
ADAS (100%),N 0 0 1 0
ADAS 1.85 8.1 1.9 27

prevalence, %

Abbreviations: ADAS, Alzheimer disease-associated sequence; CRC, colorectal
cancer; N, number of participants.

postmortem brain, the ongoing angiogenesis result in increased
vascular density compared with controls.”!

Alzheimer disease-associated sequence,
tryptophanyl-tRINA synthetase, tryptamine,

dipeptides in colorectal cancer

Present BLAST search of NCBI databases discovers that
ADAS prevails in CRC (Table 4) of the two human gut micro-
biome studies (China®> and Washington, DC?2).

Low TrpRS expression in tumors correlates with increased
risk for recurrence and worse survival in patients with CRC.%3
Furthermore, increased risk of lymph node metastases and a
more advanced tumor stage were identified for patients with a
low TrpRS expression. In CRC stage-1 group, 15 of 30 cases
were positive for IDO. The four patients from a high IDO
(presumably low Trp) expression group had distant metasta-
ses.** Tryptophanyl-tRNA synthetase and IDO are interferon-
demonstrated  that
down-regulation of full-length TrpRS by hypoxia is concomi-

inducible  proteins.  Earlier, we
tant with a higher metastatic ability of human pancreatic can-
cer cells.® Therefore, a low TrpRS expression is a characteristic
feature of tryptamine-induced neurodegeneration and meta-
static cancer. Alzheimer disease comorbidities among older
adults (=60) included metastatic cancer.”> Here, fecal metabo-
lites from Washington, DC study of 48 CRC cases and 102
matched controls were compared in terms of prevalence (%) as
a fraction above the detection limit. Tryptamine was detected
in 65% of CRC cases and 60% of controls; ICA 92% (CRC) vs
75% (control); dipeptides tryptophanyl-isoleucine 85% (CRC)
vs 97% (controls); valyl-Trp 88% (CRC) vs 92% (controls);
threonyl-arginine 71% (CRC) vs 80% (controls); valyl-arginine
75% (CRC) vs 80% (controls); tyrosyl-tyrosine 94% (CRC) vs
99% (controls); methionyl-alanine 60% (CRC) vs 64% (con-
trols); lysyl-proline 96% (CRC) vs 100% (controls); anthra-
nilate (precursor to Trp) 100% (CRC) vs 97% (controls); and
2,8-quinolinediol 73% (CRC) vs 89% (controls).” A lower
abundance of 2,8-quinolinediol was also observed in C&A
compared with NNI (Supplemental File 1). Lower abundance
of dipeptides in CRC (35% with metastases at diagnosis) com-
pared with mucosa was also detected in the other CRC study

for tryptophanyl-glycine (0.84-fold), aspartyl-valine (0.81-
fold), and aspartyl-Trp (0.76-fold).”” In summary, a higher fre-
quency of ADAS detection correlates with a higher tryptamine
detection frequency and lower detection of some dipeptides
including Trp-containing dipeptides in CRC compared with
controls. Although CRC is not a classic cell death-related dis-
ease, the tumor necrosis was observed in 365 (96%) CRC cases
in the Austrian study.”® Extent of necrosis was significantly
associated with blood vessel invasion and large tumor size.
These data indicate that blood-borne cytotoxic mitogen pre-
sents in CRC tumors (Figure 4).

Commeon characteristic pathophysiological ' features
of AD and ADAS/tryptamine-associated diseases

This study shows a presence of ADAS in Native American
population with a high percentage of obesity and T2D. The
adipocyte hypertrophy occurs during weight gain and is asso-
ciated with recruitment of immune cells, mainly adipose tis-
sue macrophages (ATMs), into the adipose tissue (AT). The
ATM cells typically surround a dying or dead adipocyte with
the formation of crown-like structures (CLS) that are present
in experimental models of obesity and in obese individuals.””
Adipose tissue macrophage undergoes mitosis within AT,
predominantly within CLS.1% Tryptamine elicited a concen-
tration-dependent mitogenic response in smooth muscle cells
(EDg, 0.8 uM).? Previous report documents that tryptamine
exerts both cytotoxic and mitogenic activities toward cell var-
iants (cancer stem cells) of human neuroblastic cell line
SH-SY5Y.8 The neuronal cell cycle-reentry has been exten-
sively evidenced in AD brains.®t Confocal laser microscopy
visualized the hippocampal dividing neurons in AD brain.?
Cancer is associated with a reduced AD risk!%2 but AD
directly linked to CRC. Likely, the primary targets of the
human gut microbial tryptamine cytotoxicity are gut
microbes?®?! and human intestinal cells including epithelium.
The gut bacterial TrpRS inhibition by microbial Trp metabo-
lites including tryptamine, tryptophanol, and IAA®> most
likely lead to dysbiosis/impaired microbiota. The sensitivity
of yeasts to tryptamine is strain-dependent.?* Thus,
tryptamine plays a role of selective factor in evolution of
human gut microbiome. Intestinal cells are damaged in UC
patients who had overall mortality comparable to the general
population, though being at increased risk of dying from
Hodgkin disease, rectal cancer, and AD.193 Ulcerative colitis
is the IBD that causes long-lasting inflammation and ulcers
(sores) in mucosa of the digestive tract. The pathogenesis of
IBD includes increased intestinal epithelial cell death, altered
expression, and distribution of tight junction proteins, along
with a decreased expression of antimicrobial peptides and dis-
ruption of intestinal barrier integrity.'* Tryptamine increase
(1.38-fold) was found in human saliva of patients with recur-
rent aphthous ulcer (RAU) compared with healthy con-

trols.1% Recurrent aphthous ulcer is associated with IBD.106



14

International Journal of Tryptophan Research

CATARACT ——~--—
D‘L\c\t‘l —J
o tryptamine ADAS
convulsion ALZHEIMER'’S

Blood clot
HYPERTENSION > @

H ENDOTHEL'IUM
VASCULOPATHY s
Cytotoxicity-8

L—twptainine_y PD

ATHEROSCLEROSIS cytotoxicity-2~7
ADAS L tryptaming
T ~ - antibiotics

INFANT FORMULA
NAFLD OBESITY
ADAS—_—~" ADAS

(VASCULATURE )

Cvtotoxluty 7 l

ADIPOSE ‘/}
T|55u|; ADI OCYTES MITOSIS ———> E:;is

M,
2 MACRO HAGE

ASD
" —
ADAS
e DIABETES
B CELLS

Figure 4. The scheme of the common characteristic features of AD and related diseases: crosstalk between disease-associated ADAS and tryptamine.
This figure summarizes and illustrates the complex effects of tryptamine (cytotoxic and mitogenic), tryptamine role in different human cells, organs, health
conditions, and cell death diseases, and a link of tryptamine to ADAS. This scheme combines our data reported here for the first time, our previously
reported results, and the present analysis of multiple studies of other authors. The details of the scheme, references, and abbreviations are included in

the “Results and discussion” section and Supplemental.

Abbreviations: TrpRS, tryptophanyl tRNA synthetase; MAO, monoamine oxidase; ADAS, Alzheimer’s disease associated sequence; CRC, colorectal cancer; Trp,
tryptophan; IDO, indoleamine-2,3-dioxygenase; IAA, indole-3-acetic acid; Kyn, kynurenate; TDO, tryptophan 2,3-dioxygenase; NAFLD, non-alcoholic fatty liver disease;
IBD, inflammatory bowel disease; UC, ulcerative colitis; CD, Crohn’s disease; AS, ankylosing spondylitis; HE, hepatic encephalopathy; RAU, aphthous ulcer; IBS, irritable
bowel syndrome; PD, Parkinson’s disease; CKD, chronic kidney disease; ASD, autism spectrum disorders; CH, chronic cluster headaches.

Patients with IBD may present with these oral manifestations
years before the appearance of intestinal disease. Association
between IBD and CRC has been recognized since 1925 and
still accounts for 10% to 15% of deaths in IBD.17 Cognitive
impairment and RAU were detected in another IBD, the
CD.18 The UC patients typically present with rectal bleeding
probably caused by peripheral vasculopathy. Alzheimer dis-
ease-associated sequence at 88% nucleotide identity was
found in stool samples of UC and CD patients. In the China
study of 97 patients with AS and 114 healthy controls,'® AS
patient reveals 100% nucleotide identity to ADAS. Ankylosing
spondylitis and IBD shared similar genetic risk factors and
etiopathogenesis. A multitude of diseases including IBD,
obesity, T2D, and AD are associated with intestinal dysbiosis.
Secretion of bacterial toxins such as tryptamine can trigger
rapid shifts among intestinal microbial groups thereby yield-
ing dysbiosis. A common feature of AD, diabetes, obesity,
IBD, and liver diseases are cell death and diet-dependent
ADAS/tryptamine abnormalities (Figure 4; Supplemental
Tables S3 and S4). Some antibiotics cause dysbiosis with con-
sequent tryptamine overproduction in gut. Centers for
Disease Control and Prevention (CDC) estimates that in
2015 alone, approximately 269 million antibiotic prescrip-
tions were dispensed from outpatient pharmacies in the
United States, enough for five out of every six people to
receive one antibiotic prescription.

Alzheimer disease-associated sequence and
tryptamine in infants

In the European study InfantGut, samples of nine mothers
(shortly after birth) reveal 88% identity to ADAS. Samples of
mothers, their infants at birth, 4months, and 12 months were
collected for InfantGut study (400 samples). Alzheimer disease-
associated sequence at 88% identity was detected in stool sam-
ples of four 12month-old infants.”'® One infant showed 98%
nucleotide identity to ADAS from the mother. The 13.3% of
mothers had antibiotics during labor and 24.5% of infants had
antibiotics at 12months. In the United States, the 93% nucleo-
tide identity to ADAS was observed in 1 infant (83.4day of
life male) of 84 (prevalence = 1.19%) longitudinally sampled
preterm infants in neonatal intensive care unit (St. Louis,
MO).1! Preterm infants almost universally receive early and
often repeated and/or prolonged intravenous antibiotic therapy.
Food additives pectin and fructooligosaccharides increase
(Supplemental Table S3) fecal tryptamine.’? During 3 weeks, a
formula diet for infants switches the gut microbiome production
from serotonin to tryptamine in piglets (2days old) relative to
breast-fed piglets (sow-fed).!3 Tryptamine colon contents were
higher for infant formula-fed piglets (~80 pg/mg) compared with
breast-fed (~40 pg/mg) piglets. A diet milk-formula contained
much lower tryptamine of ~0.02 pg/mg and sow <0.01 pg/mg.
Thus, the sow-fed piglets showed the tryptamine colon contents
that can be cytotoxic for both microbial and mammalian cells.
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Likely, the piglets acquired the tryptamine-producing microbes
from mother and/or environment within the first 3weeks of life.
In human fecal non-targeted metabolomics, out of seven BA,
only single amine, tryptamine, was significantly higher (1.85-
fold) in formula-fed than breast-fed infants of 2 to 4 months.!14
These data support a diet-dependent role of microbial tryptamine
in the early-life gut dysbiosis.

Trypz‘amine in cataract

Tryptamine is higher in human senile cataractous lenses (0.2-
2.78 pg/g) than in non-cataractous lenses (0.06-0.48 pg/g).1>
Infection occurs before and after cataract surgery. The primary
source of intraocular infection is considered to be bacteria from
the patient’s ocular surface (cornea and conjunctiva) or adnexa
(lacrimal glands, eyelids, and extraocular muscles).1® Tryptamine-
producing bacteria can be a source of tryptamine in cataractous
lenses. In the epithelium of lens from cataract patients, a cell
death was observed.!'” Degeneration and transdifferentiation of
human lens epithelial cells were found in cataracts.!® Tryptamine
induce cell degeneration and transdifferentiation.” Older people
with cataract are at increased risk of developing AD.1"?

Trypz‘amine in adult healthy humans, Parkinson
disease, chronic cluster headache, and children with
autism spectrum disorders

Microgram quantities of fecal tryptamine were detected in
healthy humans (mean value = 2.00 + 1.24 pmol/g dry matter
or ~160-480 pg/g) similar to tryptamine microgram content in
animal stool samples.>!?0 The amounts of tryptamine in human
stool samples from C&A range between 19163 and 3121278
units in the present meta-analysis of the reported crude data.?”
Retrospectively, I re-examined the original unpublished crude
data on high-performance liquid chromatography (HPLC)
tryptamine detection in 68 healthy human stool samples (mean
age = 26.2 years, weight = 70.9kg). Large inter-individual
variations of fecal tryptamine contents revealed in the healthy
humans (Supplemental Figure S1) in agreement with the
reported data.’?® The highest fecal tryptamine values above
400 pg/g revealed in 16 individuals, above 600 pg/g in 7 sub-
jects, and above 800 pg/g in 3 participants, while the lowest
values below 200 pg/g were detected in 18 subjects. Similar
mean value of fecal tryptamine 0.16 = 0.4 mg/g of wet fecal
sample was detected by BA-targeted LC-MS/MS in non-
autistic siblings (n=35, 2-12years of age) of children with
autism spectrum disorder (ASD) aged 2 to 12years in
Australia.*! Based on the provided SD values, the inter-indi-
vidual variation in the fecal tryptamine mean values was esti-
mated here to be 0.072 to 0.56 mg/g. In this study, the mean
fecal tryptamine values were 4-fold higher for severe (n=16)
autism (0.16 = 0.44) compared with mild (n=19) autism
(0.04 £0.16). A high mean tryptamine level detected in sib-
lings of ASD children can be explained by reported depression,

bipolar disorder, and psychiatric disorder, which occur more
frequently in family members of individuals with ASD than in
the general population.’?! Reduced pyramidal neuron size was
found specifically in children with autism aged 4 to 8years.!2
A higher prevalence of CD and UC in ASD children com-
pared with controls confirms the association of ASD with
IBD.123

Urinary tryptamine concentration progressively increased
during the day and continued to increase during the night
when subjects were asleep in 14 healthy male volunteers.!?*

Mass spectrometry metabolomics of 401 urine samples
from 106 idiopathic PD patients and 104 normal subjects
demonstrated 3.3-fold tryptamine increase in PD.1%°

The plasma levels of tryptamine were found several times
higher in chronic cluster headache (CH) patients (23 partici-
pants) compared with controls (28 individuals).12
Morphometry reveals that migraine is associated with a signifi-
cant gray matter reduction in several of the cortical areas
involved in pain circuitry.’?” Cases of cataract in CH were
reported.’?® Chronic cluster headache was reported as a first
manifestation of multiple sclerosis.??

Tryptamine appeared in increased concentrations in the
urine before and during the activation of psychotic symptoms
that could by associated with tryptamine psychotomimetic
metabolite N,N-dimethylated tryptamine.!3

Monoamine oxidase inhibitors

The two MAO forms, MAO-A and MAO-B, contribute to
the metabolism of tryptamine in human tissues.!* The highest
levels of human MAQO-A and MAO-B were measured in liver
and lowest in spleen.!3? Different organs show distinct expres-
sion patterns for MAO'3 controlled by a variety of factors
including DNA methylation of MAO gene.’3* Monoamine
oxidase inhibitors (MAQOIs) act by inhibiting the activity of
MAQO, thus preventing degradation of monoamine tryptamine.
Gas-chromatographic analyses, either alone or in combination
with MS, of tissue from rats treated with antidepressants
(MAOI) indicated increased brain tryptamine levels in several
studies.!® Intoxications with MAOI tranylcypromine (T'CP)
are fatal for human.13¢ The highest survived TCP-dosage was
4000mg and the lowest fatal dosage was 170 mg. Because of
the large difference between the survived and the lethal TCP
dosages, it is suggested that the individual susceptibility factors
such as individual concentrations of toxic tryptamine might
play a role in the severity of clinical symptoms independent of
the ingested TCP dosage. Abnormal pregnancy outcome
including fetal death and dysmorphism is associated with
high-dose maternal TCP therapy.’3” The poisoning was
described for 35 cases with TCP usage and 56 cases with usage
of MAOQI phenelzine, which is one of the few non-selective
and irreversible MAOIs still in widespread clinical use.3® Sixty

to 75seconds after intravenous injection of non-convulsive
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dose of tryptamine (5 mg/kg), brain concentration of the amine
tryptamine was increased 5.4-fold. Occurrence, duration, and
relative intensity of clonic convulsions produced by injection of
tryptamine into rats pretreated with TCP (oral administration
of 0.72 mg/kg) were correlated with increased concentration of
tryptamine in the rat brain.'?® The 34-fold tryptamine increase
in rat hippocampus induced by TCP was administered at
20mg/kg intraperitoneally.!*? In six healthy human volunteers,
urinary tryptamine increased up to 7-fold, dose dependently
with large inter-individual variation (78227 to 549 =252
pg/g creatinine) once the cumulative dose of 40 mg TCP had
been administered.’*! In six healthy human volunteers, blood
pressure sensitivity to intravenous tyramine increased 2.6-fold
during phenelzine (60 mg/day), whereas sensitivity to oral
increased 15.7-fold. Urinary
tryptamine increased during phenelzine (antidepressant) to
12.7-fold.**> Although tryptamine is a MAO substrate, it is
also a MAOI precursor in the reaction of Pictet-Spengler con-
densation of aldehydes with tryptamine to form B-carboline
alkaloids™314 inhibiting MAO.* Clearly, the exogenous
MAOQOI and endogenous tryptamine-derived MAOI can
potentiate the tryptamine toxicity.

tyramine elimination of

Decontamination of gut microbial tryptamine by
activated charcoal

In chronic kidney disease (CKD) patients with CKD progress to
end-stage renal disease, the fecal tryptamine is 2.62-fold higher
in hemodialysis (HD) patients compared with controls (20
healthy controls and 31 HD patients) and became lower in HD
patients than in controls (0.18-fold) after taking medicinal char-
coal tablets AC (activated charcoal) for 3 months'# (Supplemental
Table S4). The two most common causes suggested for kidney
disease are diabetes and high blood pressure. Indole-3-acetic acid,
a product of tryptamine degradation catalyzed by MAO, is an
uremic toxin accumulated in HD patients with CKD.'¥7 In our
study, tryptamine induced degeneration and cell death in bovine
kidney cells.* Due to its strong adsorption ability, AC has been
used in CKD patients to reduce serum uremic solute. £ co/i strains
producing verotoxin were also effectively adsorbed by AC.148
Manic episode associated with delusional ideas and hallucina-
tions of obese patient was resolved 15days after beginning the
treatment with AC.' The manic episode occurred 15 days after
the patient undergone subtotal gastrectomy for morbid obesity.
ITodinated AC significantly improved lung function of patients
with moderate chronic obstructive pulmonary disease in 8 weeks
treatment while AC was used as placebo in the control group.1>
After ingestion of a potentially toxic substance, single-dose AC is
the most applied gut decontamination procedure. In short, it is
easy to use, inexpensive, and safe.’!

Conclusions

It becomes evident that ADAS used as a query in the search
of NCBI databases enabled to uncover a link of AD-associated

gut bacteria with obesity, T2D, CRC, NAFLD, and IBD.
This study supports a model of tryptamine-induced diseases,
in which cell death is a pathophysiological characteristic fea-
ture. Tryptamine produced in human gut at micro-molar con-
centrations reduces a number of WARS gene copies in human
cells. Tryptamine-induced cell death, amyloidosis, and plaques
causing damage in vasculature and microvasculature may lead
to a partial liver bypassing for tryptamine transport from the
gut to system. Here, the alterations in Trp-tryptamine path-
way were suggested as pathogenic factors linking AD to asso-
ciated diseases. A high fecal tryptamine was detected in some
healthy humans (Supplemental Figure S1). Therefore, the
fecal tryptamine elevation is proposed here as a possible early
warning sign of tryptamine-induced cytotoxicity and neuro-
toxicity that is preceding AD and AD-associated diseases.
The two human gut bacterial strains containing ADAS at
100% or 89% nucleotide identity were revealed in ~67 indi-
viduals out of 1246 participants from 17 human gut metagen-
omic studies. Both bacterial variants were present in the same
groups of C&A and morbidly obese patients but not in the
same individual. Bacterial sequences at ADAS 100% identity
were revealed in Washington, DC; Oklahoma, USA;
Denmark, and China, while at 89% identity distributed
worldwide. Both cultured (89%) and uncultured (100%) bac-
teria are suitable for non-invasive stool testing. Our study
finds new evidence that human gut bacteria play a role in AD
and AD-associated diseases. Additional research needed to
determine whether a role of ADAS+ bacteria is causative. In
our experimental cell and animal models, human gut micro-
bial metabolite tryptamine induces Alzheimer-like neurode-
generation. Tryptamine presents in human diet. The presence
of ADAS correlates with tryptamine increase in a group of
(Supplemental Table S4).
Cytotoxic/neurotoxic/mitogenic tryptamine can be decon-

cell death-related diseases

taminated and tryptamine-producing bacteria eradicated
from the
stopalzheimerstest.com). In total, 74 BA-producing or

(www.

human  body and  food
BA-degrading strains were isolated from the human gut.1>2
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