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Abstract: Autism spectrum disorder (ASD) has been associated with disruptions in tryptophan
(TRP) metabolism, affecting the production of key neuroactive metabolites. Investigating these
metabolic pathways could yield valuable biomarkers for ASD severity and progression. We
included 44 children with ASD and 44 healthy controls, members of the same family. ASD group
average age was 10.7 years while control group was 9.4 years. Urinary tryptophan metabolites were
quantified via liquid chromatography - mass spectrometry operating multiple reaction monitoring
(MRM). Urinary creatinine was analysed on an Advia 2400 analyser using the Jaffe reaction.
Statistical comparisons were made between ASD subgroups based on CARS scores. Our study's
findings indicate that children with ASD have higher tryptophan concentrations (19.94 vs. 16.91; p
= 0.04) than their siblings. Kynurenine was found at higher levels in children with ASD compared
to controls (82.34 vs. 71.20; p=0.86), although this difference was not statistically significant. ASD
group showed trends of higher KYN/TRP ratios and altered TRP/IAA and TRP/5-HIAA ratios,
correlating with symptom severity. Although the numbers of the two groups were different, our
findings suggest that mild and severe illnesses involve separate mechanisms. However, further
comprehensive studies are needed to validate these ratios as diagnostic tools for ASD.

Keywords: Autism spectrum disorder; tryptophan; kynurenine; CARS

Introduction

Autism Spectrum Disorder (ASD), also known as autism, is a neurodevelopmental disorder that
affects behavior, speech, and social interaction. It is characterized by a broad spectrum of symptoms
and degrees of impairment that vary significantly from person to person. While the precise etiology
of ASD is still unknown, research suggests that it is likely caused by a complex interaction between
genetic and environmental factors (Mughal et al., 2022).

Recent research has pointed to tryptophan (TRP) metabolism as a key factor in the
etiopathogenesis of ASD(Santana-Coelho, 2024).

Tryptophan is an essential amino acid involved in the production of critical neuroactive
compounds such as serotonin, melatonin, and kynurenine, all of which play crucial roles in brain
development and function (Reuter et al., 2021).

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The gut microbiota, gut-brain axis, nutrition, tryptophan metabolites, and biosynthetic gene
polymorphisms are only a few of the intricate relationships that link tryptophan metabolites to
autism spectrum disorders. Nevertheless, it is uncertain whether the link is causal, responsive, or a
proxy, and the mechanism is unknown.

This study was carried out to fill important knowledge gaps because there haven't been many
thorough investigations on tryptophan metabolites in children with ASD. We sought to shed light on
metabolic changes connected to gut microbiota, immunological response, and sex-based disparities
by examining metabolites and ratios such kynurenine:tryptophan and serotonin:tryptophan. This
study emphasizes the need for additional investigation to confirm these results, create normative
data, and examine how tryptophan pathways relate to the symptomatology of ASD.

Disruptions in the gut microbiota, frequently seen in individuals with ASD, can significantly
affect TRP metabolism (Strandwitz, 2018). These microbiota disruptions can alter the balance between
serotonin and kynurenine synthesis, with potential consequences for neurodevelopmental and
behavioral traits (Labus et al., 2017; Liu et al., 2019). Studies have shown that beneficial bacterial
species such as Lactobacillus and Bifidobacterium, which are important for maintaining gut health and
regulating the gut-brain axis, are reduced in ASD (Strati et al., 2017). This reduction leads to a
decrease in the production of short-chain fatty acids and other metabolites essential for
neurodevelopment. An imbalance in tryptophan metabolism, driven by microbiota disruptions, can
shift the metabolic pathway from serotonin production towards the kynurenine pathway, resulting
in the accumulation of neuroactive metabolites. These metabolites contribute to neuroinflammation
and neurotoxicity, both of which are critical components in the pathogenesis of ASD (Hou et al.,
2023). This feedback loop, where gut health affects neurodevelopment, further exacerbates metabolic
abnormalities seen in ASD. Disruptions in the microbiota contribute to metabolic imbalances, which
in turn affect neurodevelopmental outcomes, highlighting the intertwined relationship between the
gut and brain in ASD.

Polymorphisms in genes encoding enzymes like tryptophan hydroxylase and indoleamine 2,3-
dioxygenase (IDO) influence tryptophan metabolism. Variations in these enzymes can alter the rates
of metabolite production. Inflammatory processes, particularly those involving pro-inflammatory
cytokines, can activate IDO, leading to altered tryptophan breakdown and a shift towards
kynurenine pathway metabolites, which are often linked to immune dysregulation in ASD (Frye et
al., 2016). Furthermore, stress and psychiatric conditions can modulate tryptophan metabolism by
altering hormone levels and neurotransmitter activity, complicating the metabolic balance in ASD.
Stress-induced activation of the hypothalamic-pituitary-adrenal (HPA) axis leads to elevated cortisol
levels, which can shift tryptophan metabolism towards the kynurenine pathway, reducing serotonin
production. This mechanism has been associated with mood disorders and ASD (Oxenkrug,
2010).There is currently no solid evidence from comparisons between healthy (unrelated) groups and
ASD, and there are numerous confounders.

Variations in tryptophan metabolites (such as kynurenine, serotonin, melatonin, and indole
derivatives) have been found between children with ASD and healthy controls (Katuzna-Czaplinska
et al., 2019; Yap et al., 2010). Children with ASD often exhibit reduced levels of tryptophan and its
metabolites, which may contribute to the symptoms of repetitive behaviors and social deficits
(Almulla et al., 2023; Badawy, 2017; Esposito et al.,, 2024; Raghavan et al., 2022).

Tryptophan is metabolized through three main pathways: the kynurenine pathway, the
serotonin pathway, and the indole pathway (Table 1; Figure 1). These pathways are central to
producing neuroactive metabolites that influence behavior, immune function, and brain
development, all of which are relevant to ASD (Roager & Licht, 2018; Xue et al., 2023).
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Figure 1. Main pathways of tryptophan metabolism. 3-HAAO: 3-Hydroxyanthranilic acid 3,4-
dioxygenase, AAAD: Aromatic Amino Acid Decarboxylase, AANAT: Aralkylamine N-
Acetyltransferase, ACD: Acyl-CoA dehydrogenase, ACMSD: 2-amino-3-carboxymuconate-6-
semialdehyde decarboxylase, AFMID - Kynurenine formamidase, ALD: (R)-3-(aryl)lactoyl-CoA
dehydratase, ALDH: Aldehyde dehydrogenase, ArAT: Aromatic amino acid aminotransferase,
ArOR: Aromatic 2-oxoacid reductase, ASMT: Acetylserotonin O-Methyltransferase, CYP2E1:
Cytochrome P450 2E1, IAH: Indolacetamide hydrolase, IAAD: Indoleacetaldehyde oxidase, IAD:
Indoleacetate decarboxylase, IDO: Indoleamine 2,3-Dioxygenase, IPD: Indolepyruvic decarboxylase,
KAT: Kynurenine aminotransferases 1/2/3, KMO: Kynurenine 3-Monooxygenase, KYNU:
Kynureninase, MAO: Monoamine Oxydase, SULT: Sulfotransferase, TDO: Tryptophan 2,3-
Dioxygenase, TMO: Tryptophan 2-Monooxygenase, TNA: Tryptophanase, TpH: Tryptophan
Hydroxylase, TDC: Tryptophan Decarboxylase.

1. Kynurenine Pathway: Enzymes such as indoleamine 2,3-dioxygenase (IDO) and tryptophan
2,3-dioxygenase (TDO) convert tryptophan into kynurenine. The pathway generates
metabolites like kynurenic acid, which has neuroprotective effects, and quinolinic acid, which
becomes neurotoxic when accumulated to excess.

2. Serotonin Pathway: Tryptophan is converted into serotonin, a neurotransmitter involved in
regulating mood, sleep, and behavior. Serotonin is further broken down into 5-
hydroxyindoleacetic acid (5-HIAA), a marker of serotonin turnover.

3. Indole Pathway: The gut microbiota plays a significant role in converting tryptophan into
indole derivatives such as indole-3-acetic acid (IAA), indole-3-lactic acid (ILA), and indole-3-
propionic acid (IPA). These metabolites are crucial for gut health and regulating the gut-brain
axis.

Table 1. Key Metabolite Pathways.
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Graphical presentation of the main pathways of tryptophan metabolism, including its
conversion to kynurenine, melatonin, and other metabolites, is presented in Figure 1. This figure
combines all three major pathways of tryptophan metabolism, along with their key metabolites, into
a unified overview.

The urinary levels of tryptophan metabolites and their ratios have been studied to investigate
the possible alterations in tryptophan metabolism and gut microbiota in children with ASD
compared to typically developing children (Taurines et al., 2012; Xiong et al., 2016) (Table 2).

Table 2. Some commonly calculated ratios and their relevance to ASD.

Ratio Description Relevance to ASD

Elevated KYN/TRP
ratios in ASD suggest
increased kynurenine

pathway activity,
linked to
neuroinflammation.
Reduced indole
derivatives in ASD
reflect gut microbiota
alterations, affecting
gut-brain axis
signaling.
Decreased serotonin
turnover in ASD is
linked to behavioral
and mood

References

(Gevi et al., 2016;
Rossignol & Frye,
2012)

Reflects the activity of the

KYN/TRP (Kynurenine/Tryptophan) kynurenine pathway.

TIAA/TRP (Indole-3-Acetic
Acid/Tryptophan)

Indicates the activity of the

indole pathway. (Strati et al., 2017)

5-HIAA/5-HTP (5-
Hydroxyindoleacetic Acid/5-
Hydroxytryptophan)

Reflects serotonin turnover
and synthesis efficiency.

(Adams et al.,,
2011)

disturbances.
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The assay we employed measures more intermediates, making it comparatively more
comprehensive than those commonly used. As a result, more ratios can be computed than were
previously possible, which could provide more precise correlations indicating that tryptophan
metabolism is linked to ASD (Pavlova et al., 2017).

In our study, we wanted to determine whether the urinary concentrations of tryptophan
pathway metabolites and their ratios, of children with ASD differ from those of healthy controls.

TRP/IAA (tryptophan/indole-3-acetic acid): A higher ratio would suggest that there is more
tryptophan than IAA, which could be a result of the gut microbiota converting tryptophan more
slowly. Since IAA is a gut-derived molecule associated with bacterial digestion of tryptophan, it may
indicate decreased microbial activity or dysbiosis in ASD. A higher TRP/IAA ratio may indicate
compromised gut-brain signaling pathways in ASD, which could affect behavior and
neurodevelopment.

TRP/5-HIAA, is a modified ratio that shows the amount of tryptophan in relation to the
serotonin turnover rate. Lower serotonin metabolism may be indicated by a larger TRP/5-HIAA ratio,
which could be brought about by either less enzymatic conversion to 5-HIAA or less serotonin
synthesis. Since serotonin is essential for mood control and anxiety, this imbalance may be linked to
these conditions in ASD.

TRP/N-Acetyltryptophan: Tryptophan may be less efficiently transferred into other metabolic
pathways if the TRP/N-Acetyltryptophan ratio is larger. This could point to a change in tryptophan's
alternate metabolic pathways in ASD, which could have an impact on pathways related to
neuroprotection and immunological control.

TRP/IPA and TRP/IAM: Lower conversion of tryptophan to these neuroactive and antioxidant
compounds—which are frequently produced by beneficial gut bacteria—would be indicated by
higher TRP/IPA and TRP/IAM ratios. Higher TRP/IPA and TRP/IAM ratios in ASD may indicate
decreased antioxidant synthesis from the microbiota, which could exacerbate oxidative stress and
neuroinflammation.

TRP/Methyl-IA: A higher ratio of TRP to methyl-IA may indicate a possible decrease in
methylation activity, which is frequently engaged in neurotransmitter modulation and detoxification.
Increased TRP/Methyl-IA ratios in ASD may be a marker of compromised methylation, which could
impact gut-brain communication and have an impact on behavioral outcomes.

Materials and Methods

Subjects

The study population consisted of 88 children, 44 with ASD (36 boys/ 8 girls) and 44 healthy
controls (23 boys/21 girls), who were members of the same family. In the ASD group, the subjects’
average age was 10.7 years in the range of 4.9 — 17.0 years. The control group included 44 siblings,
neurotypical children without any acute or chronic illness, who were, on average, 9.4 years of age in
the range of 0.9 —16.7 years. All children were without supplementary vitamin intake or magnesium
supplementation. Children in the study group were diagnosed with ASD by an expert paediatrician
or a neuropsychiatrist in collaboration with a psychologist (Supplementary Material Table S1). The
diagnosis was made using a multidisciplinary approach which combined a clinical evaluation with a
psychological assessment. Children were grouped according to the criteria detailed and summarized
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by DSM-5 (American Psychiatric Association, 2013). Additional behavioural ratings were based on a
standardized classification of behaviour for children with ASD developed by the local educational
authority for providing additional school support (Chawla et al., 2002; Osredkar et al., 2019; Vovk-
Ornik, 2015) and on Childhood Autism Rating Scale (C.A.R.S.) (Schopler et al., 1980). The CARS
questionnaire was filled out by all parents in conjunction with a psychologist. The interpretation of
CARS scores in our study:

Score below 28: Typically, a score below 28 indicates that the child is not likely to have ASD.
However, it's important to consider other factors and use clinical judgment in making a final
diagnosis.

Score between 28 and 36: This range suggests the possibility of mild to moderate autism
symptoms. Further evaluation and observation may be needed to determine if the child meets the
criteria for ASD.

Score above 36.5: Scores above 36.5 indicate a higher likelihood of significant autism symptoms.
It suggests a stronger possibility of the child meeting the diagnostic criteria for ASD.

Collection of Urine Samples

15 ml of morning urine samples were collected into sterile urine container and stored at -80°C
until analysis.

Analysis

Metabolite Analysis - Urine Sample Preparation (Pavlova et al., 2017)

Urine samples were removed from -80 °C and thawed on ice for 90 min. A 250 pL urine aliquot
was transferred to a deep well plate and dried via vacuum evaporator (GeneVac at max. temperature
40 °C). A 200 uL 80% isopropanol was added to the dried aliquot, sonicated for 30 s and vortexed
(500 rpm, room temperature, 10 min). The extract was centrifuged at 4000 rpm and 150 uL
supernatant transferred to a new deep well plate. The remaining 50 UL sample was re-extracted
following the same procedure, yet 200 UL supernatant removed and combined with prior 150 uL (i.e.
total volume 350 pL). A 40 pL aliquot of extract was transferred to new 96 well plate, dried via
centrifugal evaporator and stored at -80 °C. Prior to mass spectrometry analysis, the urine extract was
reconstituted in 20 uL 5% isopropanol containing 4000 nM [13C6] indole-3-acetatic acid and 400 nM
anthranilic acid [13C6]), vigorously vortexed and centrifuged for 10 min at 4000 RPM. In addition,
for analysis of tryptophan and kynurenine, urine extracts were diluted 500x and 40 uL diluted urine
transferred to 96 well plate, dried via centrifugal evaporator and stored at -80 °C. Prior to mass
spectrometry analysis, the diluted urine extract was reconstituted in 20 puL of 5% isopropanol
containing 200 nM L-tryptophan [13C11][15N2].

Mass Spectrometry Metabolite Analysis

Analysis was performed using a UHPLC system (1260 series Agilent, CA) coupled with a triple
quadrupole mass spectrometer (AJS 6495A, Agilent, CA). Samples were injected (2 uL) on the
analytical column (C18 CSH; 1.7 um, 2.1 mm i.d. x 100 mm; cat. #186005297; Waters, MA). The column
temperature was held at 40 °C. The mobile phase consisted of solution A (0.1% FA in water) and
solution B (0.1% FA in 95% ACN). The flow rate was 300 pL/min. The gradient elution program: 0.0
min 5% B; 5 min 5% B; 10 min 95% B; 11.99 min 95% B; 12 min 5% B; 14 min 5% B. A standard-flow
electrospray source operated in positive ion mode (capillary voltage 3.5 kV; gas flow rate 15 L/min at
160 °C; sheath gas flow 12 L/min at 250 °C; nozzle voltage 500 V). 88 transitions were monitored via
dynamic SRM mode analysis, with 2 min window scheduled around metabolite experimental RT.
Additional information about urine analysis is presented in Supplementary file and Supplementary
file QC report urine.

Determination of Creatinine in Urine

d0i:10.20944/preprints202412.1931.v1
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Urinary creatinine was analysed on an Advia 2400 analyser (Siemens Healthcare Diagnostics,
Germany Erlangen) using the Jaffe reaction. Creatinine reacts with picric acid in alkaline medium,
the resulting red coloured complex is measured at 505/571 nm.

Statistical Analysis

R version 4.3.1 in conjunction with RStudio version 2023.12.0 was used for statistical analysis,
using the tidyverse suite (Wickham et al., 2019) for visualisation and arsenal package (Ethan et al.,
2022) to compare groups. The Shapiro-Wilk tests from stats package (Core, 2018; R Core Team, 2018)
was used to evaluate the distribution of data. Results showed that all datasets had non-normal
distributions and thus the non-parametric Wilcoxon signed-rank test was employed for comparisons.
The Benjamini-Hochberg procedure was used to control false discovery rate, with alpha significance
level of 0.05.

Results

Our study's findings indicate that children with ASD have higher tryptophan concentrations
(19.94 vs. 16.91; p = 0.04) than their siblings. This holds true for the 44 child pairs that belong to the
same family. When dividing ASD-diagnosed children into moderate and severe categories, the
observation of higher tryptophan values in severely affected children (21.37 vs 19.81; p = 0.74)
suggests that different metabolic pathways may be more active in severe cases.

Kynurenine, a critical metabolite in the tryptophan degradation pathway, was found at higher
levels in children with ASD compared to controls (82.34 vs. 71.20; p=0.86). Although not statistically
significant, this pattern is consistent with previous studies showing elevated kynurenine levels in
ASD, which is associated with increased neuroinflammation and immune dysregulation (Gevi et al.,
2016; Masi et al., 2017). The non-significant increase in moderately affected children (77.23 vs. 71.20;
p=1.00) and a more pronounced rise in severely affected children (97.70 vs. 71.21; p=0.28) could reflect
greater activation of the kynurenine pathway in more severe cases, further supporting the link
between severity and inflammatory responses.

In our study, children with ASD had higher urinary tryptamine concentrations compared to
controls (441.1 vs. 389.1; p = 0.10), although this difference was not statistically significant. In the
control group, tryptamine levels were nonsignificantly lower than in children with severe illness
(389.1 vs. 391.7; p = 0.72). However, the difference was more pronounced in children with moderate
illness (528.1 vs. 389.1; p = 0.13), approaching statistical significance.

LC-MRM assay data is depostied at Panorama Public
(https://panoramaweb.org/Panorama%20Public/wiki-page.view?name=panorama_public)

Table 3. Basic demographic data on patients and control group.

0 (N=44) 1 (N=44)
Control (0), Patients (1)
Male (M) 23 (52,3%) 36 (81,8%)
Female (F) 21 (47,7%) 8 (18,2%)
Age
Mean (SD) 9,36 (3,51) 10,68 (3,19)
Median (Q1, Q3) 9,35 (6,80, 11,38) 10,70 (8,38, 13,00)

Min - Max 0,90 - 16,70 4,90 - 17,00

Figure 3 displays the findings of the CARS evaluations completed by the children's
parents/guardians in cooperation with a psychologist for the group of children with ASD in
comparison to siblings as a control group. The healthy group's median score was 15.25, whereas the
ASD group's was 36.00.
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Figure 3. CARS scores for a group of children with ASD compared to siblings as a control group.

Table 4. Tryptophan metabolites in the urine of the control group (1) and the ASD group (2), a
group wth CARS up to 36 (3) and with CARS > 36.5 (4), along with p values; all values are in
nM/mmol of creatinine.

Metabolite Control (N=44) ASD (N=44) CARS<36 (N=28) CARS>36.5 (N=15) p value
1 2 3 4 1-2 1-3 1-4 3-4
Tryptophan -
TRP 0.04 0.06 0.09 0.74
Mean (SD) 18.20 (8.17) 22.30 (8.53) 22.96 (9.51) 21.74 (6.52)
Median (Q1, 16.91 19.94 19.81 (16.16,
21.37 (19.29, 25.67
Q3) (11.97, 23.63) (16.99, 28.36) 33.22) 37(19.29, 25.67)
Min - Max 6.03 - 38.83 7.38 - 39.65 9.07 - 39.65 7.38 - 31.30
Anthranilate -
ATA 099 050 022 040
Mean (SD)  21.21 (9.43) 21.09 (10.78) 23.78 (13.10) 17.34 (7.61)
Median (Q1, 21.44 (14.95, 19.86 (13.90, 20.55 (13.97,
19.29 (10.24, 21.1
Q3) 25.43) 28.61) 32.92) 9:29 (1024, 21.16)
Min - Max 5.52 - 50.67 452 -50.73 5.04 - 53.00 452 -29.51
Indole-3-acetic
acid - TAA 0.78 0.75 0.74 0.83
Mean (SD) 1.79 (1.48) 1.86 (1.37) 1.97 (1.49) 1.57 (1.07)
i 1
Meg;a)n QL 35 (070, 2.28) 1.67(0.88,2.61) 1.68(0.83,2.76) 1.18 (0.88, 2.37)
Min - Max 0.11-5.84 0.20 - 5.80 0.20-5.80 0.22 -3.53
Indole-3-
aldehyde - 010 045 019 050
IALD

Mean (SD) 200.29 (119.30)  165.20 (83.91)  172.01 (88.14)  152.50 (76.64)
Median (Q1, 174.38 (102.35, 147.13 (10424, 147.13 (111.80,  134.39 (91.37,
Q3) 287.53) 223.62) 226.26) 188.69)
Min - Max 17.43-455.15  30.44-35836  30.44-35836  62.03-313.85
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Indole-3-
acetamide - 1.00 0.91 0.96 0.78
IAM
Mean (SD) 61.77 (37.16) 61.78 (36.77) 65.64 (41.31) 57.77 (28.18)
Median (Q1, 55.71(31.43, 57.14 (30.33, 57.14 (32.71,

58.03 (32.09, 79.70)

Q3) 79.18) 79.70) 85.72)
Min - Max  1043-160.04 12.85-160.99 18.11-160.99  12.85- 100.63
Indole-3-
butyric acid - 098 089 057 095
IBA*
Mean (SD) 2013 (17.40) 2053 (18.82)  21.76 (20.33) 15.77 (13.97)
i 1
Meg;“ Qb 1720 8.71, 23.79)12.97 (8.10, 33.69)12.51 (7.00, 37.91) 12.21 (8.17, 18.71)
Min - Max  0.81 - 75.60 0.03 - 68.17 0.03 - 68.17 0.40 - 44.33
Indole-3-lactic
RN 053 019 047 096
Mean (SD)  1.08 (0.58) 0.99 (0.58) 0.94 (0.52) 0.94 (0.51)
Medi 1
eQ;n(Q’ 1.01 (0.61, 1.40) 0.75 (0.59, 1.13) 0.74 (0.67,1.02)  0.83 (0.52, 1.40)
Min - Max  0.18-2.41 0.27-2.67 0.28-2.39 0.27 - 1.80
Indole-3-
propionic acid 0.27 0.35 0.16 0.94
-IPA
Mean (SD)  5.13 (3.04) 416 (3.11) 4.40 (3.60) 3.57 (1.28)
Medi 1
eQI;)n(Q ' 453 (3.42,6.86) 3.16 (2.08,5.15) 3.64(1.91,554) 3.16 (2.75, 4.50)
Min - Max  0.20-13.98 0.00-13.11 0.00-13.11 127-571
Kynurenine -
. 086 100 028 062

Mean (SD)  92.94 (61.63) 99.77 (61.68) 80.67 (45.97) 99.77 (46.39)
Median (Q1, 71.20 (48.30, 82.34 (54.76, 77.23 (47.82, 97.70 (64.36,
Q3) 122.81) 128.66) 105.30) 134.02)
Min - Max  2541-241.15  11.62-240.85  11.62-205.89 29.30 - 184.66
Methyl indole-
3-acetate - 080 064 086 0.13
MIA*
Mean (SD) 0.07 (0.04) 0.08 (0.06) 0.08 (0.05) 0.06 (0.04)
Median (Q1,
Q3)
Min - Max 0.01-0.21 0.00-0.23 0.00 - 0.20 0.00-0.14
N-acetyl-
tryptophan - 092 054 075 026
NACTRP
Mean (SD) 206.05(118.34)  200.64 (83.98)  212.55 (87.76) 178.41 (74.11)
Median (Q1, 185.08 (95.68,  185.54 (149.26, 225.92(159.52,  184.49 (112.53,

0.06 (0.04,0.10) 0.07 (0.04, 0.11) 0.07 (0.03,0.11)  0.06 (0.04, 0.07)

Q3) 279.38) 252.54) 265.84) 217.93)
Min - Max  35.88-488.19  56.47-363.64  56.47 - 344.29 80.06 - 363.64
Tryptamine -
TRPN 010 013 072 0.11

Mean (SD) 389.89 (209.89) 456.33 (257.72) 518.74 (278.95)  365.38 (173.84)
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Median (Q1, 389.13 (246.22, 441.10 (230.08, 528.14 (281.69,  391.67 (238.62,

Q3) 483.64) 649.44) 763.43) 451.97)
Min - Max 56.29-1041.14 63.19-1075.56 63.19-1075.56  125.02 - 653.10
5.
hydroxyindole

. . 0.61 028 0.63 0.17
acetic acid -

SHIAA
Mean (SD)  48.77 (27.63) 50.76 (25.04) 53.62 (23.03) 44.82 (28.83)
Median (Q1, 39.12 (31.35, 48.64 (31.03, 48.64 (33.60,

42.98 (23.75, 49.14)

Q3) 61.84) 61.78) 63.86)
Min-Max  17.96-11640  9.74-11626  24.96-101.83  9.74-116.26
5-hydroxy-L-
tryptophan - 015 040 001 014
50HTRP
Mean (SD) 2279 (1256)  19.13 (12.76)  21.98 (14.30) 14.24 (7.92)
Median (Q1, 2221 (1171,  18.39(10.09,  21.52(12.10,
12.46 (9.79, 19.67
Q3) 30.28) 24.31) 26.27) 6 (9.79,19.67)
Min - Max  0.71 - 49.81 0.79 - 54.70 3.48-54.70 0.79 - 28.73
5_
Methoxyindole 089 013 037 019
acetate -
5MIAA*
Mean (SD)  15.12 (9.89) 1640 (1323)  11.43(9.37) 19.68 (13.52)
ian (Q1
Meg;“ Qb 1511 (6.53, 22.07)10.93 (7.69, 22.06) 9.05 (6.86, 11.35) 16.73 (7.84, 31.74)
Min-Max  0.79 - 4527 1.12-52.02 0.90 - 38.93 4.06 - 44.47
U-Creatinine 043 068 050 0.99
Mean (SD)  7.58 (4.27) 8.36 (4.76) 8.40 (5.06) 8.29 (4.33)
Median (Q1
eQ;n QL ¢ 55 (4.62,9.93) 7.70 (4.55, 10.88) 7.10 (4.40, 10.65) 8.40 (5.25, 11.00)
Min - Max  0.10 - 18.30 0.70 - 18.20 2.30-18.20 0.70 - 15.90

*We have done the calculation but due to the small number of cases we do not interpret it.

For every parameter, we calculated the correlation between the outcomes. Graphical correlations
with tryptophan and kynurenine are displayed. While the association for tryptophan is statistically
significant, the correlation for kynurenine is not (Figure 4 and 5).

The data for the remaining parameters can be found in the Supplementary file - data.

Other relationships mainly did not achieve statistical significance despite the trends that were
seen; this could be because of sample size restrictions, data variability, or possible confounding
variables.
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Figure 4. Graphical presentation of the results for urinary tryptophan. Median values and calculated
p value are presented for both groups.
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Figure 5. Graphical presentation of the results for urinary kynurenine. Median values and
calculated p value are presented for both groups.

Table 5. Variations of the tryptohan metabolite ratios in the urine of the control group (1) and the
ASD group (2), a group wth CARS up to 36 (3) and with CARS > 36.5 (4), along with p values.

Metabolite ratios Control (N=43) ASD (N=43) CARS<36 (N=28) Cl?;{f:;&S p value
1 2 3 4 1-2 1-3 1-4 3-4
KYN_TRP 096 047 0.27 0.17
Mean (SD) 4.47 (1.76) 4.48 (2.20) 4.20 (1.93) 5.39 (2.81)
Median (Q1, 4.67 (2.27,
Q3) 4.21(3.32,5.28) 5.84) 4.60(2.53,5.42) 5.53(3.57,6.93)
Min - Max 0.82-9.03 1.20-9.56 1.20-8.34 1.27 -10.41
KYN_ATA 022 054 0.14 0.82
Mean (SD) 4.07 (3.14) 4.72 (2.69) 4.34 (2.46) 6.93 (4.63)
Median (Q1, 4.53 (2.83,
03) 2.71 (1.98, 5.61) 5.59) 446 (2.83,5.41) 5.30(3.41, 8.66)
Min - Max 0.30-12.54  0.57-12.81 0.57 - 9.85 2.34-17.01
TRP_IAA 034 0.86 0.50 0.29
Mean (SD)  15.32 (10.77) 13.71 (8.80) 13.14 (5.82) 20.60 (19.27)
Median (Q1, 11.63 (6.73,  11.85(7.14, 13.19 (6.16,
Q3) 22.28) 17.96) 11.85(9.19,18.12) 32.42)
Min - Max 2.12-40.36  3.09-44.43 3.09 - 22.02 3.44 - 6391
TIAA_TALD 036 0.60 0.70 1.00
Mean (SD) 0.01 (0.01) 0.01 (0.01) 0.01 (0.01) 0.01 (0.00)
Median (Q1, 0.01 (0.01,
Q3) 0.01 (0.00, 0.01) 0.01) 0.01 (0.01, 0.01) 0.01 (0.01, 0.01)
Min - Max 0.00 - 0.03 0.00 - 0.02 0.00 - 0.03 0.00 - 0.02
TRP_IAM 042 0.86 0.28 0.27
Mean (SD) 0.39 (0.22) 0.45 (0.32) 0.42 (0.33) 0.53 (0.30)
Median (Q1, 0.31 (0.20,
Q3) 0.34 (0.23, 0.50) 076) 0.27 (0.17,0.73)  0.44 (0.29, 0.79)
Min - Max 0.10 - 1.03 0.02 - 1.08 0.02 - 1.05 0.19 - 1.08
TRP_ILA 024 0.06 0.56 0.81
Mean (SD)  21.16 (13.25) 25.38 (14.16)  26.08 (14.03) 23.81 (14.36)
Median (Q1, 17.41(13.06, 22.58(14.49, 25.71(14.21, 19.01 (15.41,
Q3) 27.07) 32.35) 32.35) 29.69)
Min - Max 432-5727  0.79 - 56.88 0.79 - 56.88 5.88 - 54.20
TRP_NACTRP 031 0.07 0.04 0.43
Mean (SD) 0.11 (0.07) 0.12 (0.04) 0.12 (0.04) 0.13 (0.07)
Median (Q1, 0.12 (0.10,
03) 0.09 (0.07, 0.15) 0.15) 0.13 (0.10, 0.15)  0.11 (0.09, 0.16)
Min - Max 0.02-0.26 0.05-0.25 0.05-0.22 0.06 - 0.31
TRP_TRPN 046 039 037 0.03
Mean (SD) 0.05 (0.03) 0.05 (0.02) 0.04 (0.02) 0.05 (0.02)
Median (Q1, 0.05 (0.03,
Q3) 0.04 (0.03, 0.07) 0.06) 0.04 (0.03, 0.05) 0.06 (0.05, 0.06)
Min - Max 0.01-0.13 0.01 - 0.09 0.02 - 0.09 0.01-0.09
TRP_SHIAA 098 044 092 0.82
Mean (SD) 0.46 (0.27) 0.48 (0.33) 0.39 (0.21) 0.62 (0.48)
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Median (Q1,

0.33(0.22,

Q3) 0.37 (0.27, 0.63) 057) 0.33(0.23,0.54) 0.41(0.21, 1.01)
Min - Max 0.06-1.17 0.13-1.32 0.13-0.98 0.17-1.72
TRP_50HTRP 0.01 0.68 0.001 0.08
Mean (SD) 0.83 (0.55) 1.28 (0.89) 0.84 (0.54) 1.69 (0.83)
Median (Q1, 1.06 (0.59,
03) 0.62 (0.44, 1.07) 1.83) 0.69 (0.40, 1.12) 1.83 (1.06, 2.39)
Min - Max 0.16-2.14 0.26 - 3.03 0.26 - 2.41 0.54 - 2.81
TRP_5MIAA 004 004 052 0.34
Mean (SD) 1.36 (0.96) 2.25(1.79) 2.32 (1.76) 1.45 (1.12)
Median (Q1, 1.57 (0.83,
Q3) 1.10 (0.56, 2.11) 3.84) 1.69 (0.85,4.01) 1.09 (0.69, 1.95)
Min - Max 0.11-3.52 0.27 - 6.42 0.23-5.54 0.27-3.76
TRP_IPA 041 074 043 0.67
Mean (SD) 4.20 (2.86) 4.86 (3.38) 4.81 (3.50) 1.41 (1.09)
Median (Q1, 3.81 (1.99,
Q3) 3.83 (2.06, 5.91) 6.89) 3.73(1.89, 6.86) 1.15(0.64, 1.82)
Min - Max 0.09-10.29 0.64-13.18 0.72-13.18 0.27 - 4.05
TRP_IBA 049 030 0.63 0.62
Mean (SD) 1.40 (1.22) 1.53 (1.08) 2.00 (1.67) 4.96 (3.28)
Median (Q1, 1.40 (0.57,
Q3) 0.98 (0.44, 2.08) 232) 1.78 (0.65, 2.71) 4.41 (3.09, 6.48)
Min - Max 0.09 - 4.62 0.27 - 4.08 0.29-6.17 0.64-11.28
TRY_MIA 029 050 0.10 0.19
307.21
Mean (SD)  258.65 (128.65) (219.11) 248.60 (165.80)  404.21 (252.53)
Median (Q1, 229.38 (173.32, 235.91 (140.82, 221.01 (140.82, 456.88 (178.25,
Q3) 344.60) 456.88) 329.70) 604.11)
Min - Max  50.51-518.99 25.69-763.72 25.69 - 614.63 49.48 - 723.93
IAA_KYN 081 061 0.67 0.67
Mean (SD) 0.02 (0.01) 0.02 (0.02) 0.02 (0.02) 0.02 (0.01)
Median (Q1, 0.02 (0.01,
Q3) 0.02 (0.01, 0.03) 0.03) 0.02 (0.01, 0.03)  0.02 (0.00, 0.02)
Min - Max 0.00 - 0.06 0.00 - 0.06 0.00 - 0.06 0.00 - 0.05
KYN_IALD 019 012 044 0.93
Mean (SD) 0.55 (0.44) 0.68 (0.45) 0.74 (0.49) 0.68 (0.51)
Median (Q1, 0.60 (0.40,
Q3) 0.38 (0.28, 0.72) 077) 0.61 (0.40,0.93) 0.60 (0.45, 0.65)
Min - Max 0.06-1.73 0.05 - 1.66 0.05-1.66 0.13-1.93

Metabolite concentration ratios were calculated, comparing the children in the control group
and the ASD group.

The ratios of tryptophan to 5OHTRP and kynurenin to tryptophan are displayed in the text
(Figures 6 and 7). The Supplementary file - data contains additional graphical presentations.
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Figure 6. Graphical presentation of the results for urinary kynurenine to tryptohan ratio. Median
values and calculated p value are presented for both groups.
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Figure 7. Graphical presentation of the results for urinary tryptophan to 5-OH-tryptamine ratio.
Median values and calculated p value are presented for both groups.

Discussion

The metabolic pathways of tryptophan are complex and involve both endogenous (host-
microbial) and exogenous (dietary) components. Potential disturbances in these pathways are
indicated by variations in metabolite levels and ratios.

Studies suggest that in less severe cases, compensatory mechanisms involving serotonin or
kynurenine metabolism may initially be more active, whereas in more severe cases, chronic
neuroinflammation and oxidative stress dominate, leading to a plateau in enzymatic activity (Frye et
al., 2016; Masi et al., 2017). Different patterns of behavior of the median values are seen for the
remaining metabolites, but the changes are not statistically significant (Table 4).

Elevated kynurenine levels may indicate enhanced indoleamine 2,3-dioxygenase (IDO) activity,
triggered by pro-inflammatory cytokines, a mechanism frequently seen in ASD (Frye et al., 2016).
These trends highlight the importance of kynurenine pathway dysregulation in ASD pathology,
despite the lack of statistical significance in these particular comparisons. Further studies with larger
cohorts may help clarify this association.

In particular, metabolite concentrations increase in tandem with rising CARS scores, may
indicate increased enzymatic activity, suggesting more severe ASD symptoms. Enzymes like
indoleamine 2,3-dioxygenase (IDO), which routes tryptophan metabolism into the kynurenine
pathway, and tryptophan decarboxylase, which changes tryptophan into tryptamine, may be
responsible for this. Research has shown that inflammation and neurological abnormalities in ASD
are correlated with increased kynurenine pathway activity (Badawy, 2017; Masi et al., 2017). These
changes may reflect adaptive responses in tryptophan metabolism depending on the severity of the
disorder, as higher activity could exacerbate neurotoxic effects in more severely affected individuals.
These findings suggest that tryptophan decarboxylase activity may vary depending on the severity
of ASD. Further studies are needed to clarify these enzyme dynamics and their implications for ASD
pathophysiology..

Explanation of Ratios of Our Metabolomic Study Presented in Table 5

The KYN/TRP (kynurenine/tryptophan) ratio is a widely recognized marker of tryptophan
metabolism and immune activation, as elevated kynurenine levels are often triggered by
inflammation-induced indoleamine 2,3-dioxygenase (IDO) activity (Frye et al., 2016). In our study,
the KYN/TRP ratio was nonsignificantly higher in ASD group (4.21 vs. 4.67; p = 0.96). Although the
difference was not statistically significant, this trend aligns with prior studies reporting increased
kynurenine pathway activation in ASD (Gevi et al. 2016). Therefore, our findings are consistent with
the general pattern observed in ASD research, even though the lack of statistical significance limits
the strength of this conclusion. Similarly, the ratio remained stable in the moderate group (4.21 vs.
4.60; p=0.647) but increased slightly more in the severe group (4.21 vs. 5.53; p = 0.27). Although these
changes are not statistically significant, the higher ratio in the severe group could indicate heightened
immune activation and neuroinflammation, which has been linked to greater severity of ASD
symptoms (Masi et al., 2017). The KYN/TRP ratio’s rise with increasing severity may point to an
inflammation-driven shift in tryptophan metabolism toward the kynurenine pathway, reinforcing
the role of immune dysregulation in ASD pathology.

The significantly higher tryptophan to 5-hydroxytryptophan (5-HTP) ratio in our ASD group
(0.62 vs 1.06; p = 0.01) may suggests reduced tryptophan hydroxylase activity, leading to reduced 5-
HTP concentrations (19.13 vs. 22.79; p = 0.15), and potentially resulting in lower serotonin synthesis,
a finding consistent with prior research indicating serotonin dysregulation in ASD (Adams et al.,
2011; Frye et al.,, 2016). Although not statistically significant, the tryptophan to 5-HTP ratio is slightly
higher in the moderate subgroup (0.69 vs. 0.62; p = 0.68) and shows a statistically significant increase
in the severe group (01.83 vs. 0.62; p = 0.001). This trend aligns with the broader hypothesis that
serotonin synthesis deficits contribute to ASD-related behaviors, particularly in individuals with
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more severe forms of the disorder (Masi et al., 2017). The pattern of 5-hydroxytryptophan (5-HTP)
concentrations has different trend, with non significant higher values in the control group compared
to the moderate (22.21 vs. 21.52; p = 0.40), while significant difference in severe ASD group (22.21 vs.
12.46; p = 0.01). This decreasing trend in 5-HTP concentrations with increasing severity suggests a
more pronounced disruption in the serotonin synthesis pathway as symptom severity worsens.
Lower 5-HTP levels, particularly in severe cases, may reflect reduced tryptophan hydroxylase
activity, a key enzyme that converts tryptophan to 5-HTP. Such deficits in serotonin synthesis are
linked to behavioral and cognitive challenges in ASD, particularly those associated with mood and
social interaction deficits (Adams et al., 2011; Frye et al, 2016). Marked decrease in 5-HTP
concentrations in the severe group warrants further investigation to clarify the role of serotonin
dysregulation in more severe forms of ASD.

The ratio of tryptophan to 5-methoxy-3-indolacetic acid (TRP-5MIAA) is significantly higher in
the ASD group compared to controls (1.57 vs 1.10; p = 0.04), indicating a disruption in serotonin
degradation pathways, as 5-MIAA is a major metabolite of serotonin. In the moderate group, this
ratio is higher compared to controls (1.69 vs 1.10; p = 0.03), while it is not changed in the severe group
(1.09 vs 1.10; p = 0.52). This suggests that in severe ASD cases, serotonin metabolism might be altered,
leading to higher 5-MIAA levels in the severe group (16.73 vs 15.11; p = 0.637), and lower 5-MIAA
levels in the moderate group (9.05 vs 15.11; p = 0.13), though not statistically significant (Frye et al.,
2016). These results support the notion that serotonin metabolism disruptions play a role in ASD
symptom severity.

Comparing the entire group yields slightly different findings than dividing our group of
children into those with moderate disorder and those with severe disorder, and then adding a sibling
to each group. We can still make some inferences even though there are only 16 examples in the group
of children with a severe degree. The Supplementary file — data contains the comparison results for
tryptophan and the various metabolites. In the group with moderate impairment, tryptophan differs
from that of healthy siblings in an amount that is statistically significant (19.32 vs 16.13; p = 0.04),
whereas in the group with severe impairment, the difference is statistically negligible (21.37 vs 19.95;
0.57).

We did not find a statistically significant difference for any of the other metabolites. However,
we did find an almost significant difference for tryptamine, with an increase in moderate impairment
(385.01 vs. 573.42; p = 0.07) and a decrease in children with severe impairment (251.39 vs. 134.39; p =
0.09). The changes in median values based on the severity of the form are displayed in Table 6.

Table 6. Tryptophan and metabolite alterations by degree of impairment in comparison to siblings.

Moderate Severe Metabolite
TRP, MIA, 5HIAA, Creatinin
IAA, IAM, NACTRP, TRPN
ATA, ILA, IPA, KYN, 5SMIAA
IALD, IBA, 50HTRP

A less varied pattern of these ratios, which are shown in Table 7, is obtained when we examine
the computed ratios between particular metabolites.

Table 7. Tryptophan and metabolite ratios alternations by degree of impairment in comparison to
siblings.

Moderate Severe Metabolite
KYN-TRP, KYN-ATA, TRP-IAA, TRP-NACTRP, TRP-5OHTRP,
TRP-IPA, TRP-IBA, TRP-MIA, KYN-IALD, Creatinin
TRP-ILA
TRP-IAM, TRP-5MIAA
TRP-5HIAA
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In some cases we find significant variations between the two (T{,{ 1), the statuses are displayed
in column (3-4) of Tables A and B in the Supplementary file - data.

Tables 6 and 7 illustrate the differences in metabolite and dimensional change patterns between
mild and severe disorders. This indicates that moderate and severe diseases entail distinct pathways.

Conclusions

The metabolism of tryptophan is a complex process that involves multiple pathways and
enzymes, and the balance between these pathways may play a role in various physiological and
pathological conditions, including autism spectrum disorder (ASD). However, the proportion of each
pathway in healthy individuals and individuals with ASD may vary depending on various factors
such as age, sex, diet, and genetic background.

Our findings suggest that dysregulation of the kynurenine pathway and the resulting increase
in kynurenine levels may be a common feature of ASD. However, our results show that the
dysregulation of other tryptophan metabolites may also contribute to the pathophysiology of ASD
and that further research is needed to fully understand the role of tryptophan metabolism in this
disorder.

The most common way to express the results of studies investigating tryptophan metabolism in
healthy individuals versus those with autism spectrum disorder (ASD) is through the use of ratios.
Ratios are a useful way to compare the levels of different metabolites because they take into account
variations in the total amount of tryptophan available for metabolism.

The most commonly used ratio in these studies is the KYN/TRP ratio, which is the ratio of
kynurenine to tryptophan levels in blood, plasma, or urine. This ratio is thought to reflect the activity
of the kynurenine pathway, which is one of the major pathways of tryptophan metabolism. In
addition to the kynurenine/tryptophan (KYN/TRY) ratio, in our study other ratios involving
tryptophan metabolites have been presented in urine samples from individuals with autism spectrum
disorder (ASD).

We have to be aware that while ratios are a useful way to compare the levels of different
metabolites, they do not provide information about the absolute levels of these metabolites.
Therefore, it is important to interpret ratios in conjunction with absolute metabolite levels to gain a
more complete understanding of the metabolic changes associated with ASD.

The following is crucial to our study: as a control group, we employed the siblings of a group of
children with ASD. Given the sufficient number of participants in the group, any individual
variations in parameters are likely to be captured and reflected in the overall findings. Nevertheless,
the number of cases and the ability to interpret power decline when we split the group into
individuals with mild and severe ASD.

Although the calculated ratios, like kynurenine:tryptophan and serotonin:tryptophan, are
helpful markers of metabolic changes in tryptophan pathways, there is still a lack of research on how
they might be directly applied to ASD. Because there are no defined baseline values for these ratios
in children with ASD compared to healthy children, interpretation becomes more difficult. To put
these findings in context, confirm their clinical value, and create normative data, more research is
needed.

Our study underscores the need for comprehensive research into tryptophan metabolites and
their ratios to establish reliable biomarkers for ASD. Future studies should aim to systematically
measure a broader spectrum of tryptophan metabolites across larger cohorts, both in ASD and control
groups, to better understand the role of these metabolic pathways and validate their clinical
relevance.
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