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While it has been suggested that alterations in the composition of gut
microbial metabolites may play a causative role in the pathophysiology of

autism spectrum disorder (ASD), it is not known how gut microbial metabo-
lites are associated with ASD-specific brain alterations. In this cross-sectional,
case-control observational study, (i) fecal metabolomics, (ii) task-based func-
tional magnetic resonance imaging (fMRI), and (iii) behavioral assessments
were obtained from 43 ASD and 41 neurotypical (NT) children, aged 8-17. The
fMRI tasks used socio-emotional and sensory paradigms that commonly reveal
strong evoked brain differences in ASD participants. Our results show that
fecal levels of specific tryptophan-related metabolites, including kynurenate,
were significantly lower in ASD compared to NT, and were associated with: 1)

alterations in insular and cingulate cortical activity previously implicated in
ASD; and 2) ASD severity and symptoms (e.g., ADOS scores, disgust pro-
pensity, and sensory sensitivities). Moreover, activity in the mid-insula and
mid-cingulate significantly mediated relationships between the microbial
tryptophan metabolites (indolelactate and tryptophan betaine) and ASD
severity and disgust sensitivity. Thus, we identify associations between gut
microbial tryptophan metabolites, ASD symptoms, and brain activity in
humans, particularly in brain regions associated with interoceptive processing.

The gut microbial ecosystem generates an estimated 40% of all
metabolites in the body’s circulation, including neuroactive and
inflammatory molecules’. Within the brain-gut-microbiome (BGM)
system, neuroactive gut metabolites can modulate brain activity
directly, via the systemic circulation, or via vagal and spinal afferents.
Ninety percent of vagal fibers are afferents, underscoring the magni-
tude of information that is transmitted from the gut, its microbiome,
and from vagal signals to the brain®*. Together, these regulatory sig-
nals from the gut microbiome can influence socio-emotional and
sensory processing, cognition, and behavior’®. Pre- and postnatal
microbial and neural disruptions may have profound effects on the

development of the enteric and central nervous system’. Such dis-
ruptions have been linked to the etiology of neurodevelopmental
disorders, such as autism spectrum disorder (ASD)'%",

Indeed, longitudinal studies in ASD indicate that gut microbial
dysbiosis can be found in infancy®” and persist through adulthood'®".
Early life gut dysbiosis may be associated with compromised barriers
within the BGM system, contributing to the development of neuro-
developmental disorders™'. Further, there is evidence from cross-
sectional human studies indicating that gut microbiome and meta-
bolite alterations correlate with ASD symptoms (i.e., difficulties in
socio-emotional behavior and sensory perception), which can be
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ameliorated with probiotics or fecal microbiota transplants from
neurotypical (NT) children**~>. The high prevalence of gastrointestinal
(GI) symptoms in ASD (46-84%) further underscores the gut as an
important component in ASD pathophysiology****%.

Of the gut microbial metabolites that may be relevant to ASD
pathophysiology, there has long been an interest in those in the
tryptophan/serotonin pathway (Fig. 1). Roughly 30% of individuals
with ASD show elevated blood serotonin levels, which have been
linked to dysregulation of symptoms such as mood, appetite, and
social interactions®. In addition, individuals with ASD with hyper-
serotonemia are more likely to experience Gl issues”?%. However,
reducing dietary tryptophan, which is the precursor for 95% of the
body’s serotonin, has been associated with increased ASD
symptomatology” % Serotonin, generated by intestinal enter-
ochromaffin cells, is almost completely taken up by platelets. However,
as serotonin does not cross the blood-brain barrier, serotonin signals
are thought to reach the brain via serotonin-mediated vagal
signaling®**>**, Gut microbes also play an important role in the meta-
bolism of dietary tryptophan into indoles, kynurenate (KA)
and kynurenine (KYN), which, in contrast to serotonin, are able to cross
the blood-brain-barrier. While KA has neuroprotective effects, KYN
has neurotoxic effects especially during critical periods of develop-
ment, influencing brain  microstructure, activity, and
development®**°, Thus, there is evidence that dysregulation in the
tryptophan metabolism and KYN pathway may influence ASD symp-
tomatology both by peripheral and central mechanisms, at least in a
subset of individuals.

Some animal studies have examined how the brain may mediate
relationships between gut metabolites and behavior>*. However, to
date, there are no human ASD studies that have looked at interactions
between gut metabolites and brain activity, and their impact on ASD
symptomatology. In this cross-sectional comparative study, 43 ASD
and 41 neurotypical (NT) youth (aged 8-17) underwent functional
magnetic resonance imaging studies (fMRI), fecal metabolomics
focused on the tryptophan pathway, and comprehensive clinical and
behavioral assessments. We focused on interoceptive, emotional, and
sensory processing brain regions of interest (ROIs) based on prior
studies in children with ASD and their relevance to vagal processing
(see “Methods: fMRI Tasks”). The fMRI tasks all involved socio-
emotional processing (processing emotions, facial expressions, oth-
ers’ somatosensory experiences); such socio-emotional processing has
been shown to be modulated by tryptophan metabolites, like
serotonin®~*>*%, Our primary hypotheses were that the relative abun-
dances of tryptophan-related gut metabolites differs between ASD and
NT groups, and correlate with ASD symptomatology as well as with
atypical brain activity in regions consistently implicated in ASD (i.e.,
insular subregions, pregenual anterior, and mid-cingulate). While the
study design did not allow us to address causality, we additionally

explored the hypothesis that task-based brain activity mediates
metabolite and behavioral relationships.

Results

Behavioral measures

Independent samples t-tests and Fisher’s exact tests were used to
determine significant ASD-NT differences in demographic and beha-
vioral variables. As shown in Supplemental Table 1, compared to the
NT group (N=41; 20F; mean age = 11.6), the ASD group (N=43; 11F;
mean age = 12.06) showed significantly higher values for: body mass
index (BMI), prenatal antibiotic use, gastrointestinal (GI) symptoms,
sensory sensitivities, attention deficit/hyperactivity disorder (ADHD)
symptoms, disgust sensitivity, disgust propensity, and social difficul-
ties. In addition, the ASD group showed significantly lower scores on
the full-scale intelligence quotient (FSIQ) and sleep quality (all ps <
0.05). No between-group differences in diet were found (see Supple-
mental Table 1 and Supplemental fig. 1). Refer to Supplemental Table 2
for the participant’s race and ethnicity by group.

Between-group differences in tryptophan metabolites
Regarding stool-derived metabolites, as compared to the NT group, the
ASD group displayed significantly lower KA levels (3=0.78, se=0.23,
q=0.02, Cohen’s d =0.82; Fig. 2). Other tryptophan pathway metabo-
lites such as xanthurenate (Cohen’s d =0.49), 5-hydroxypicolinic acid
(Cohen’s d = 0.41), and indolepropionate (Cohen’s d = 0.39) had small to
moderate effect sizes but did not achieve FDR-corrected statistical sig-
nificance at q <0.05 (Supplemental Table 3).

Given that in our sample there were greater reports of Gl symp-
toms in ASD compared to NT, in a subset of participants with this data
available, we performed a sensitivity analysis including Gl symptoms as
a covariate. The significant group differences in KA abundance per-
sisted (B=1.11, se=0.29, q=0.009, Cohen’s d=115). Further, indo-
leacrylate (Cohen’s d=0.76), indolepropionate (Cohen’s d=0.62),
5-hydroxypicolinic acid (Cohen’s d = 0.58), and xanthurenate (Cohen’s
d=0.53) had large effect sizes but did not achieve FDR-corrected
statistical significance at q < 0.05 (Supplemental Table 4). In addition,
including diet as a covariate did not change the results.

Brain-metabolite correlations in the ASD group

We primarily focused on brain regions involved in interoceptive, vagal,
and emotion processing, as these may be especially impacted in
altered gut-brain interactions. In addition, brain regions of interest
(ROIs) were selected from those which showed significant differences
in ASD compared to NT based on prior studies and our fMRI tasks
(tasks included: processing others’ facial expressions/actions; disgust
processing; processing somatosensory experiences; see Methods:
fMRI Tasks and Supplemental Table 5). As Fig. 3 shows, ROIs included
the: cingulate cortex (right mid-cingulate, pregenual anterior
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Fig. 1| Metabolites within the tryptophan pathway. Arrow thickness represents the strength of the pathway under normal conditions.
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cingulate, anterior mid-cingulate cortex/dorsal medial prefrontal cor-
tex), bilateral insula (anterior, dorsal anterior, mid, ventral, posterior),
right fusiform face area (FFA), right inferior gyrus pars opercularis
(IFGop), and right primary somatosensory cortex (S1).
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Fig. 2 | Group difference in kynurenate (KA). A contrast analysis within the fra-
mework of the GLM indicated significant differences between ASD (N =43) and NT
(N=41) groups in kynurenate (KA; q=0.02, two-tailed). NT: minimum = -1.15, 1st
quartile =-0.23, median = 0.51, 3rd quartile = 1.00, maximum = 1.45. ASD: mini-
mum =-2.68, 1st quartile =-0.98, median = -0.18, 3rd quartile = 0.75, maximum =
1.30. Source data are provided as a Source data file.

General linear models (GLMs) were applied to assess associations
between brain regions showing differences on the stimulus-evoked
tasks with metabolites, controlling for age, sex, FSIQ, and BMI. See
Table 1 for metabolite-brain association results for the ASD group (see
Supplemental Table 8 for NT results).

During facial expression processing, increased activity in the right
IFGop was significantly associated with higher levels of anthranilate,
while decreased activity in the right mid-cingulate cortex (MCC) was
significantly associated with higher levels of tryptophan betaine. Activity
in the right MCC when processing hand actions was significantly asso-
ciated with increased abundance of N-acetyltryptophan. In addition,
higher right MCC activity during processing of non-emotional faces was
significantly associated with increased c-glycosyltryptophan.

For the disgust processing task, significant ROI-metabolite cor-
relations primarily involved insular subregions. Notably, lower levels of
indolelactate were significantly associated with increased activity in
the right mid-insula when viewing disgusting foods. When viewing
disgust facial expressions, increased activity in the left dorsal anterior
insula was associated with higher levels of KA.

For the somatosensory task, increased levels of indole-3-
carboxylate were significantly associated with increased activity in
right S1 and dorsal medial prefrontal cortex /anterior mid-cingulate
cortex (dmPFC/aMCC) when processing object touch. By contrast,
decreased levels of indole-3-carboxylate were associated with activity
in the left posterior insula when processing social touch.

Brain-behavioral association results within the ASD group are
shown in Table 2 (see Supplemental Table 6 for additional significant
associations and Supplemental Table 10 for NT results). Of note,
increased right MCC activity related to non-emotional facial proces-
sing was positively associated with disgust sensitivity across various
stimuli conditions. Further, when looking at disgusting foods,
decreased activity in the right mid-insula was significantly associated
with autism severity (ADOS-2 RRB and ADOS-2 total score), and activity
in the left ventral anterior insula was associated with restricted, repe-
titive, and stereotyped patterns of behavior (ADI-R RRB).

Behavioral associations with select tryptophan metabolites
within the ASD group

The above results indicated that 7 tryptophan metabolites were sig-
nificantly correlated with alterations in brain activity in ASD. We
applied GLMs to investigate how these 7 metabolites may also be
related to behavior in the ASD group, while controlling for age, sex,
BMI, and FSIQ. As Table 3 shows, we found large effect size associa-
tions between metabolites and behavioral variables. Higher levels of
tryptophol were significantly correlated with sensory sensitivities
(vestibular/proprioception, social, and non-social). In addition, higher
levels of anthranilate were significantly correlated with greater quality
of sleep. Refer to Supplementary Table 7 for the results of a post hoc
analysis of tryptophan metabolite-behavior associations within ASD
with all tryptophan metabolites. NT results are presented in Supple-
mental Table 9.

Mediation analysis

Based on previous theoretical work and animal studies indicating that
metabolites affect brain activity which in turn affect behavior®*’*°, we
conducted exploratory mediation analyses, with the brain activity in
regions that differed between ASD and NT as the mediator between
tryptophan metabolite-behavior relationships. As Fig. 4 shows, med-
iation models (controlling for brain-related variables, age and FSIQ)
indicated significant mediating effects for the right mid-insula and the
right mid-cingulate. Specifically, activity in the right mid-insula during
disgust processing statistically mediated the relationship between
indolelactate and ASD severity as measured by the ADOS RRB score
(indirect effect: Std. p=0.341, SE=0.227, 95% CI [0.016,0.967] and
ADOS total score (indirect effect: Std.p=0.440, SE=0.585, 95% CI
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Fig. 3 | Regions of Interest (ROIs) based on between-group differences in
fMRI tasks. See Supplemental Table 5 for peak MNI coordinates for each ROI. While
our predominant focus was on subregions of the insula and cingulate due to their
involvement in interoceptive and emotional processing, we additionally con-
sidered other ROIs with significant ASD vs. NT differences in our fMRI tasks and
from prior ASD studies. Please see “Methods” for how ROIs were selected. R Right, L

Left, insular subregions (dAl left dorsal anterior insula, vAl ventral anterior insula,
MI mid-insula, PI posterior insula); cingulate subregions (pACC pregenual anterior
cingulate cortex, MCC mid-cingulate cortex, dmPFC/aMCC dorsal medial pre-
frontal cortex/anterior mid-cingulate cortex); IFGop inferior frontal gyrus, pars
opercularis, S1 primary somatosensory cortex.

[0.005, 0.984]). In addition, activity in the right mid-cingulate during
facial expression processing mediated the relationship between tryp-
tophan betaine and disgust sensitivity (indirect effect: Std.  =-0.328,
SE=-0.944, 95% CI [-0.610, —0.075]). We note that while the sig-
nificant statistical mediation effects observed in these models are
consistent with the conceptual model whereby gut metabolites impact
brain activity increasing ASD symptomatology, longitudinal and/or
interventional experiments (e.g., fecal transplant studies at critical
periods of development) are necessary to determine causation. A
summary of the main results in ASD is displayed in Table 4. The sum-
mary of NT results is available in Supplemental Table 11.

Discussion

The current results confirmed our main hypotheses that
tryptophan-related fecal metabolites differ between ASD and NT
groups and show significant associations with known ASD brain
alterations as well as symptomatology, with medium to large effect
sizes. Here, we report data consistent with the conceptual model
that brain activity mediates the relationship between tryptophan
metabolites and ASD symptomatology. Although the current study
was not designed to demonstrate causality, these findings represent
an important step toward a better mechanistic understanding
of ASD.

As Fig. 1 shows, in the gut, more than 90% of dietary tryp-
tophan is metabolized into kynurenine (KYN) and to a lesser
degree into serotonin as well as other metabolites. Importantly,
any changes in regulation of the KYN pathway, in particular a
reduction in plasma levels of kynurenate (KA) and an increase in
the KYN/KA ratio, can lead to neurotoxic effects, impact blood
serotonin levels, and have profound behavioral and cognitive
effects*. Indeed, such dysregulation has been associated with
several neuropsychiatric and neurological disorders such as ASD,
schizophrenia, depression, and epilepsy***. Here, we found sig-
nificantly decreased levels of KA in our ASD group compared to
NT. This result is consistent with prior research by Bryn et al.
(2018) showing lower blood levels of KA in ASD compared to NT
children. In that study, the authors suggested that decreased
plasma KA levels and an increase in the KYN/KA ratio in ASD may
result in less neuroprotection during development®*.

There are conflicting data about whether differences in plasma
and/or fecal metabolites in ASD may be driven by the high degree of
ASD participants with Gl issues*°. However, consistent with Needham
etal. (2021), we did not find any significant relationships between fecal
KA levels and Gl distress in ASD, indicating that our results may not be

limited to those with Gl symptoms. Whether KA abundance can be
used as a biomarker of ASD remains a question for future research®.

In this study, we focused on interactions of tryptophan metabo-
lites with brain activity specifically in brain regions important for
interoceptive, vagal, disgust, and socio-emotional processing which
have previously been implicated in ASD***¢**°, Indeed, activity in these
ROIs was significantly related to ASD symptomatology and severity
(see Table 2). Importantly, we show that in ASD, activity in these ROlIs is
significantly correlated with fecal abundance of gut-derived metabo-
lites in the tryptophan pathway, including indoles, which have been
implicated in previous ASD research®®®, Specifically, we found that
different fecal tryptophan metabolites are significantly correlated with
task-based brain activity (left pregenual anterior and middle cingulate
cortex, insular subregions, right S1) and with ASD severity and
symptomatology.

Notably, in line with our hypothesis, we found that in ASD, brain
activity in the mid-cingulate associated with social processing modu-
lated the relationship between tryptophan betaine and disgust sensi-
tivity. Tryptophan-related metabolites (i.e., indoles, serotonin) are
important peripheral modulators of vagal activity’’. Their altered
abundance in the gut has been significantly linked to a number of
psychological, neurological, and medical symptoms, such as memory
loss, long COVID, depression, sleep disturbances, and anxiety’>>.
Thus, the altered abundance of fecal tryptophan-related metabolites
may modify activity in vagal and enteric afferent terminals in the gut,
or after absorption, directly activate brainstem nuclei, influencing
upstream MCC brain activity during socio-emotional tasks and
impacting emotional processing. The current data support a hypo-
thesized mechanistic link between common ASD differences in brain
activity (MCC, insula) and behavior (disgust sensitivity)***.

Further, in the ASD group, we specifically found several correla-
tions between indole metabolites, brain activity (insular subregions,
dmPFC/aMCC, IFGop, and S1), and symptomatology (autism severity
[ADI-R RSI] and alexithymia). In contrast to serotonin, indoles are
exclusively generated by gut microbes from tryptophan and therefore
strongly implicate gut microbial alterations in ASD symptomatology®.
Interestingly, supporting our last hypothesis, we found that disgust
processing activity in the right mid-insula mediates the relationship
between indolelactate and two measures of autism severity (ADOS
total score and ADOS RRBs). This is particularly noteworthy given that:
1) disgust processing is strongly related to interoceptive processing,
making it particularly suited for gut metabolite influence; 2) children
with ASD commonly have differences in disgust processing***; and 3)
the mid-insula is a hub of interoceptive, emotion, and chemosensory
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Table 2 | Significant associations between task-based brain activity and ASD-related symptomatology within the ASD group

Hemisphere Region Stimuli Variable N Std. B SE p q
Watching videos of facial expressions and/or hand actions

R MCC Non-Emo Faces DPSS-R Sensitivity 23 0.621 0.006 0.007 0.069
Disgust Processing

L dAl Disgusted Faces ADOS RRB 24 -0.610 0.045 0.004 0.022
R Ml Disgusting Foods ADOS Total 24 -0.585 0.014 0.005 0.030
R Ml Disgusting Foods ADOS RRB 24 -0.502 0.037 0.017 0.052
- pACC Disgusted Faces SEQ EP 22 0.649 0.061 0.010 0.064
R FFA Disgusted Faces ADI-R RRB 24 0.485 0.043 0.025 0.075
L VAl Disgusting Foods ADI-R RRB 24 -0.628 0.021 0.017 0.075

Note. Significant GLM associations between task-based brain activity and behavioral measures within the ASD group. For all stimuli, contrasts are against rest. Source data are provided as a Source

data file.

L Left, R Right, Std. 3 standardized beta, SE standardized error, p p-value, g FDR value, MCC mid-cingulate cortex, pACC posterior anterior cingulate cortex, FFA Fusiform Face Area, Non-Emo Non-
emotional, DPSS-R Disgust Propensity and Sensitivity Scale-Revised, ADOS-2 Autism Diagnosis Observation Schedule, RRB Restricted and Repetitive Behaviors, ADI-R Autism Diagnostic Interview-

Revised, SEQ Sensory Experiences Questionnaire, EP Enhanced Perception.

Table 3 | Significant correlations within the ASD group
between behavioral variables and metabolites found to be
significant in prior brain-metabolite analyses

Metabolite Variable N Std.B SE p q

Tryptophol SEQ Vestibular/ 23  0.652 0.291 0.001 0.005
Proprioception

Tryptophol SEQ Non-social 23 0.666 0.297 0.001 0.008

Anthranilate ~ ASWS Total 25 0.534 0.264 0.009 0.07

Tryptophol SEQ Social 23 0.504 0.317 0.01 0.092

Note. Results depict GLMs assessing the association between gut metabolites and behavioral
variables. Source data are provided as a Source data file.

Std. 8 Standardized beta, p p-value, SE standardized error, g FDR value, ADI-R RSI: Reciprocal
Social Interaction scale of the Autism Diagnostic Interview-Revised (a measure of social diffi-
culties in ASD), ASWS Adolescent Sleep Wake Scale (a self-reported sleep quality scale).

processing, and is particularly known to show atypical activity and
connectivity in ASD*****°, Thus, although these findings do not prove
causality between gut microbial metabolites and brain and behavior
alterations, they are consistent with the concept that indole metabo-
lites generated by gut microbes (and other tryptophan-related meta-
bolites) directly or indirectly impact brain function, contributing to
some ASD-related behavioral symptomatology.

Prior studies have also found that differences in levels of fecal
indole metabolites in ASD correlate with autism symptomatology*>",
For example, Needham et al. (2021) found significant negative corre-
lations between fecal levels of several indoles, such as indolepropio-
nate, indole, n-formlyanthranalic acid, and indole-3-carboxylate and
ASD severity (ADI-R)*. The current results expand upon these previous
findings by adding that activity in the right mid-insula may be an
important mediator between gut microbial generated indole meta-
bolite and ASD behavior.

Interestingly, we found that a history of prenatal antibiotic
exposure was significantly higher in the ASD group. Prenatal
maternal antibiotic exposure has been shown to affect the maternal
microbiome, which plays an important role in the fetal brain’s
exposure to altered maternal microbial metabolites. This prenatal
mechanism has been hypothesized to play a role in the etiology of
ASD™*°, However, in a post hoc analysis using independent samples
t-tests, we found no significant differences in metabolite abun-
dances in the tryptophan pathway between ASD participants with
and without prenatal antibiotic exposure; further studies are needed
on this topic.

There are several important limitations to the current study. We
had strict inclusion criteria for the fMRI component (right handedness,
FSIQ > 79, 8-17-year-olds, exclusion of other neuropsychiatric and

neurological disorders), which limited the sample heterogeneity and
size. To account for this, we utilized a hypothesis-driven approach
considering only metabolites within the tryptophan pathway and a
priori brain ROIs to limit the number of comparisons, as well as mul-
tiple comparisons corrections in all GLM analyses. Another limitation is
that we had a larger ratio of males to females in our ASD group com-
pared to the NT group. This was largely due to the exceptional chal-
lenge of enrolling in-person participants during the COVID-19
pandemic, which made our initial effort to match groups by sex
unviable in a timely manner. However, we accounted for this by
including sex as a covariate in all our analyses. Further, the study
design was cross-sectional and did not allow the assessment of a causal
relationship of the gut microbial metabolites with the brain or beha-
vior. While the mediation models are consistent with our hypotheses,
they do not prove causality. Future replication studies are needed as
well as studies with more heterogeneous, larger samples with groups
matched in sex, well-powered longitudinal designs aimed at studying
critical periods of development, interventional designs to demonstrate
causality, analysis of broader metabolite pathways, targeted metabo-
lomics, as well as metagenomics to better understand relationships
between the brain, gut microbiome, and behavior in ASD. Future stu-
dies could also leverage Mendelian randomization (MR) analysis to
evaluate potential causal relationships between stool metabolite levels
and ASD. However, this approach is currently limited by the lack of
adequate data. The only stool-based metabolite genome-wide asso-
ciation study (GWAS) available has a very small sample size and is not
publicly accessible®®. While serum-based GWAS data exist, they are
constrained by relatively low sample sizes, which complicates MR
analyses. Specifically, the limited number of genome-wide significant
single nucleotide polymorphisms (SNPs) that are independent (i.e., not
in linkage disequilibrium) poses challenges for their use as robust
instrumental variables®.. Despite these current limitations, we believe
that this may be an important future technique to better assess caus-
ality. Finally, the current study focused on fecal metabolites due to
their importance in impacting the brain via vagal signaling. However,
given the fact that some tryptophan metabolites can pass the intestinal
barrier and the blood-brain barrier (e.g., KYN, indoles), future studies
should focus on serum metabolites for a more comprehensive picture
of metabolite-brain-behavior associations.

We note that a study by Yap and colleagues (2021) found that
microbiome differences between ASD and NT samples were driven by
less diverse diets, likely due to significantly restricted ASD food pre-
ferences, and thus cautioned against claiming a causative role of the
microbiome in ASD pathophysiology®. However, in the current study,
a post hoc analysis using independent samples t-tests found no group
differences in metabolite concentrations between the observed diet
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Fig. 4 | Significant mediation models in the ASD group. Significant mediation
models within the ASD group, with the brain as the mediator between specific
metabolites and behavior. For each mediation model, the figure contains the
standardized beta and standard error: Std.  (SE) for direct effects. The indirect
effect between the metabolite and behavior is listed below the arrow in brackets. *
indicates significant indirect effects. A Right mid-insula: disgusting foods vs. rest,
indolelactate, and ADOS RRB. B Right mid-insula: disgusting foods vs. rest,

-0.189 (0.726)

[0.440 (0.585)]*

0.086 (1.203)

[-0.328 (0.944)]"

DPSS-R
Sensitivity

Tryptophan

ADOS Total :
betaine

indolelactate, and ADOS total score. C right mid-cingulate: non-emotional faces vs.
rest, tryptophan betaine, and disgust sensitivity. ADOS Autism Diagnosis Obser-
vation Schedule, ADI-R Autism Diagnostic Interview-Revised, RRB Restricted and
Repetitive Behaviors, DPSS-R Disgust Propensity and Sensitivity Scale - Revised,
r_MI right mid-insula, MCC mid-cingulate cortex. Source data are provided as a
Source data file.

types and no associations with diet between groups or significant
correlations between diet and metabolites (Supplemental Fig. 2, Sup-
plemental Table 1). We cannot rule out the possibility of unreliable
reporting of dietary patterns by ASD participants or their parents
could be responsible for the lack of group differences. Future research
should include more reliable and in-depth dietary analyses of partici-
pants (and their mothers during the prenatal stage), and use tools such
as the foodMAST platform’s foodomic analysis®® to circumvent issues
with recording children’s diet (e.g., parent recall bias, calculating
accurate portion size)®*. Nevertheless, the current study addresses
many critiques of prior studies suggested by Yap and colleagues®*. We
included microbiome-relevant factors as covariates (age, sex, BMI),
used multiple comparisons corrections in all GLM analyses, excluded
participants on antibiotics, prebiotics, and probiotics, and measured
and considered other factors potentially affecting the microbiome
(sleep, delivery method, Gl issues, medication usage).

In summary, our study reveals that atypical activity in several
brain regions previously implicated in ASD pathophysiology is asso-
ciated with several tryptophan metabolites and symptomatology in
youth with ASD. Further, the mediation analysis was consistent with a
model that the fecal metabolite abundance is associated with brain
activity in regions of interest, contributing to ASD symptomatology.
Although our study design is unable to demonstrate causality, these
findings represent an important step toward mechanistic integrated
models of body-brain-behavior relationships in ASD, with potential
implications for future interventions. Future studies incorporating
longitudinal designs focusing on critical periods of pre- and postnatal
development, as well as interventional designs, are needed to further
explore these relationships and their relevance in ASD.

Methods
Participants
Participants were recruited from healthcare clinics in Los Angeles,
through advertising in the local community and social media, and by
word-of-mouth. Inclusion criteria for all participants included: (a) aged
8-17 years old; (b) 1Q of at least 79 on either Full-Scale Intelligence
Quotient (FSIQ), or Verbal Comprehension Index (VCI) of the Wechsler
Abbreviated Scale of Intelligence 2nd edition (WASI-II)*’; and c) right-
handed as assessed by a questionnaire adapted from Crovitz and
Zener®. Exclusion criteria for all participants included: (a) history of
head injury with loss of consciousness greater than 5min; (b) not
sufficiently fluent in English or parent who did not have English pro-
ficiency (as not all assessments have been validated in other lan-
guages); (c) born before 36 weeks of gestation; (d) contraindications to
participating in MRI; (e) on probiotics/prebiotics for the past two
weeks; and (f) on antibiotics in the past month.

Additional inclusion criteria for the NT group were: (a) no first-
degree relatives diagnosed with ASD; (b) a t-score < 65 on the Conners-

3Al parent® indicating no attention deficit hyperactivity disorder; (c) a
t-score < 60 on the Social Responsiveness Scale 2nd edition (SRS-2)%®
indicating low likelihood of ASD; and (d) no psychological or neuro-
logical disorders. For the ASD group, the Autism Diagnostic Observa-
tion Schedule (ADOS-2)*° and the Autism Diagnostic Interview-Revised
(ADI-R)”° were administered by a research-certified assessor to confirm
ASD diagnosis. Of the ASD participants, 9 were taking antidepressants,
1 was taking anticonvulsants, 11 were on stimulants, and 3 were taking
antipsychotics at the time of participation (metabolites were adjusted
for medication usage, see Methods subsection “Preprocessing of
metabolomic data”). No NT participants were taking medication at
time of participation. All participants were instructed to abstain from
antibiotic usage for 30 days and probiotics for 14 days prior to
participation.

This study was approved by the University of Southern Cali-
fornia’s Institutional Review Board (Approval Number: UP-19-00522).
Prior to their participation, all participants and parents/legally
authorized representatives were emailed a copy of the informed con-
sent and assent forms to give them adequate time to review the forms
and ask questions. In person, the informed consent, assent forms, and
study procedures were reviewed with the parents/legally authorized
representatives and children prior to obtaining written informed
consent and assent. Data were collected and stored on REDCap.

Behavioral measures

The study took place over two days. On the first day, behavioral
measures and assessments were completed, and fMRI task training and
desensitization took place. Within 72 h prior to their second visit,
participants collected a stool sample. On the second day, participants
brought their stool sample into the lab and then participated in the
fMRI sessions.

In addition to the screening measures, parents completed the
Sensory Experiences Questionnaire (SEQ-3)"" to assess sensory
processing and the Screen for Child Anxiety Related Emotional
Disorders (SCARED-P)’? to measure anxiety symptoms. Participants
completed the Disgust Propensity and Sensitivity Scale-Revised
(DPSS-R)” to assess frequency of disgusting experiences and the
emotional impact of disgusting stimuli, the Alexithymia Ques-
tionnaire for Children (AQC)”* to measure alexithymia, and the Body
Perception Questionnaire-Short Form (BQP-SF)”® to measure inter-
oception. We also collected data on variables that could impact the
gut microbiome. The following variables were collected from the
parent or the child including: birth delivery method, prenatal anti-
biotic usage, antibiotic and probiotic usage during infancy, gas-
trointestinal symptoms (Gastrointestinal Symptom Rating Scale)’,
stool consistency (Bristol Stool Form Scale)”, sleep (Adolescent
Sleep Wake Scale [ASWS]’%; and Family Inventory of Sleep Habits
[FISH])”®, and current medication usage. For diet, parents were
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Table 4 | Summary of the results of the task-based brain

activity, metabolite, and behavior results

ROI/Stimuli Metabolite/Pathway (DV) Behavior (DV)
(vs. rest)
R MI/ Disgust- Indolelactate (-)*/Indole ADOS Total (-)*
ing Foods Indolelactate (-)*/Indole ADOS RRB (-)*
R MCC/Non- C-glycosyltryptophan (+) DPSS-R Sensitivity (+)*
Emo Faces* */5-HT
Tryptophan betaine (-)/Other -
dmPFC/aMCC/ Indole-3-carboxylate -
Object Touch (+)/Indole

FISH Total (+)

L PI/Social Touch

Indole-3-carboxylate
(-)/Indole

L dAl/Dis- Kynurenate (+)/Kynurenine -
gusted Faces ~ ADOS RRB ()
R IFGop/All Faces Anthranilate (+)/Indole -
L IFGop/ Anthranilate (+)/Indole -
Emo Faces
R MCC/ALl Faces Tryptophan betaine (-)/Other
R S1/Object Touch  Indole-3-carboxylate -
(+)/Indole
R MCC/Hand N-acetyltryptophan (+)/Other
Actions
L vAl/Disgust- - ADI-R RRB (-)
ing Foods
pACC/Dis- = SEQEP (+)
gusted Faces
R FFA/Dis- - ADI-R RRB (+)

gusted Faces

R MCC/All Faces
+ Hands

Conners Probability (-)

R MCC/Emo Faces

Conners Probability (-)

5-hydroxypicolinic acid/
Kynurenine

DPSS-R Propensity (+)

Tryptophol/ Other

SEQ- Non-social (+)

Tryptophol/ Other

SEQ- Vestibular/ Pro-
prioception (+)

3-indoxyl sulfate/ Indole

ADI-R RSI (+)

Indolepropionate/ Indole

AQC- 2 Factor (+)

Anthranilate/ Indole

ASWS Total (+)

Note: * Indicates significant mediation model with brain as mediator, +/- direction of relationship,
IV Independent Variable, DV Dependent Variable, L left, R right, MI middle insula, ADOS Autism
Diagnostic Observation Schedule, RRB Restricted and Repetitive Behaviors, MCC mid-cingulate
cortex, Non-Emo, Non-emotional Faces, 5-HT 5 hydroxytryptophan, DPSS-R Disgust Propensity
and Sensitivity Scale - Revised, dmPFC/aMCC dorsal medial prefrontal cortex/anterior mid-
cingulate cortex, Pl posterior insula, dAl dorsal anterior insula, IFGop inferior frontal gyrus pars
opercularis, ST primary somatosensory cortex, vAl ventral anterior insula, ADI-R Autism Diag-
nostic Interview-Revised, pACC posterior anterior cingulate cortex, FFA fusiform face area, SEQ
Sensory Experiences Questionnaire, EP enhanced perception, RS/ Restricted Sensory Interests,
ASWS Adolescent Sleep Wake Scale.

asked to report the type of diet that best reflects what their child
consumes on a regular basis with the following options: Standard
American (high consumption of processed foods, red meat, poultry,
fish, eggs, dairy products, vegetables and fruits), Modified American
(high consumption of whole grains, some processed foods, poultry,
fish, eggs, dairy, vegetables and fruits), Mediterranean, Paleo,
Vegetarian, Gluten Free, Dairy Free, Low FODMAP, or Other. No
parents reported their child followed a Low FODMAP or Vegetarian
diet. Standard American and Modified American were then grouped
into the category “American” (high consumption of whole grains,
some processed foods such as frozen and packaged foods as well as
whole grain pasta and breads, limited quantities of poultry, fish,
eggs and dairy, and vegetables and fruits are consumed in moderate

to large quantities) and the Mediterranean, Paleo, Gluten Free, Dairy
Free, and Other were grouped into the “Other” category. Refer to
Supplementary Fig. 2 for the diet breakdown by group.

Assessment descriptions

Autism Diagnostic Observation Schedule, Second Edition (ADOS-2)*°.
The ADOS-2 is a standardized, observational assessment to assess
and diagnose autism spectrum disorders. Research reliable staff
administered the ADOS-2 to children in the ASD group to verify ASD
diagnosis. Module 3 or Module 4 were utilized depending on the
child’s age. As the two modules have two different scoring algo-
rithms, for data analysis we utilized the Module 3 algorithm to
calculate comparable scores for participants that were assessed
with Module 4.

Autism Diagnostic Interview-Revised (ADI-R)’°. The ADIR is a
structured interview classically used for diagnosing ASD, planning
treatment, and distinguishing ASD from other developmental dis-
orders. The ADI-R has three domains: language/communication,
reciprocal social interactions, and repetitive behaviors/interests. The
ADI-R was administered by a research staff member with the parents
of children in the ASD group.

Alexithymia Questionnaire for Children (AQC)’*. The AQC is a stan-
dardized, self-reported questionnaire for children aged 9-15 to assess
three domains of alexithymia including difficulty describing feelings,
difficulty identifying feelings, and externally oriented thinking. The
difficulty describing feelings and difficulty identifying feelings scores
were combined for a two-factor total. The externally oriented thinking
sub-score was not used in this study due to its low Cronbach’s alpha in
children®.

Adolescent Sleep Wake Scale (ASWS)’®. Self-reported sleep quality
was measured with the ASWS. The ASWS has five dimensions: going to
bed, falling asleep, maintaining sleep, reinitiating sleep, and returning
to wakefulness. A full-scale sleep quality score is obtained by taking the
mean of the subscales. The full-scale sleep quality score was used in
this study.

Body Perception Questionnaire-Very Short Form (BQP-VSF)’®. The
BPQ-VSF is a self-reported measure of interoception. The very short
form includes 12 items with the highest factor loadings to generate
high fidelity scores from the original measure®.

Bristol Stool Form Scale”’. The Bristol Stool Form Scale is a visual
scale of stool density to assess gastrointenstial transit time.

Conners 3rd Edition ADHD Index-Parent (Conners 3AlI)*’. The Con-
ners 3Al-Parent is a parent reported measure of attention deficit
hyperactivity disorder (ADHD) symptoms for children 6-18 years old.
It was used as a screening measure for the NT group but not the ASD
group, as ADHD is highly co-occurring with ASD*,

Disgust Propensity and Sensitivity Scale-Revised (DPSS-R)’®. The
child version of the DPSS-R is a self-reported measure used to assess
the frequency of disgust experiences (disgust propensity) and the
negative emotional impact of disgusting stimuli (disgust
sensitivity).

Family Inventory of Sleep Habits (FISH)”°. The FISH is a parent-
completed questionnaire to assess sleep habits in children. The
scale includes questions related to daytime routine, pre-bedtime
habits, sleep environment, bedtime routine, and parental habits.
The total score was used in this study as an overall measure of sleep
habits.
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Gastrointestinal Symptom Rating Scale (GSRS)’®. The GSRS is a self-
reported instrument to assess the presence of gastrointestinal
symptoms.

Screen for Child Anxiety Related Emotional Disorders-Parent
(SCARED P)™2. The SCARED-P is a parent reported measure of anxi-
ety symptoms in children aged 8-18 years old. It has five subscales:
separation anxiety, generalized anxiety, social anxiety, panic or
somatic symptoms, and school avoidance, which can be combined to
obtain a total anxiety score.

Sensory Experiences Questionnaire, Version 3.0 (SEQ)”". The SEQ is
a parent-reported measure of sensory response patterns (hypersensi-
tivity, hyposensitivity, enhanced perception, and sensory interests,
repetitions, and seeking), sensory modalities (tactile, auditory, gusta-
tory, auditory, vestibular/proprioception), and sensory contexts (non-
social and social). The hypersensitivity, hyposensitivity, enhanced
perception, non-social, social, and vestibular/proprioception were
used as variables of interest in this study due to their hypothesized
relationships with the fMRI tasks and/or metabolites.

Social Responsiveness Scale, 2nd Edition (SRS-2)%. The SRS-2 is a
parent reported questionnaire for children aged 4-18 years that is used
as both a screening tool and to aid in clinical diagnosis of ASD. The
measure includes questions related to restrictive interests, repetitive
behaviors, deficits in social interactions, and social communication.

Wechsler Abbreviated Scale of Intelligence (WASI-I1)®°. The WASI-II
is a standardized measure of intelligence for ages 6-90. There are four
subtests: block design, vocabulary, matrix reasoning, and similarities.
Block design and matrix reasoning are combined to obtain a percep-
tual reasoning index (PRI) and vocabulary and similarities are com-
bined for a verbal comprehension index (VCI). The full-scale
intelligence quotient (FSIQ) consists of all four subtests. The WASI-II
was administered by trained research staff.

Stool sample collection

After completion of their day 1 visit, participants were given a stool
collection kit (specimen cup, wooden spatula, plastic bag, Fisherbrand
Scientific Commode Specimen Collection System, gloves, ice packs,
and an insulated transportation container). They were instructed to
collect a stool sample within 72 h prior to their MRI, freeze the sample
athome, and transport it in the insulated transportation container with
ice packs to the lab. Once in the lab, the sample was placed in a -80 °C
degree freezer for storage (first at USC, and then at UCLA where they
were aliquoted under liquid nitrogen and stored in a —80 °C degree
freezer). Aliquoted samples were shipped on dry ice with a stool col-
lection log to Metabolon Inc. for further processing and analysis on
their global metabolomics and bioinformatics platform (Metabolon,
617 Davis Drive, Durham, NC). See the section “Metabolite analysis (All
information in this section provided by Metabolon, Inc)” for more
details on sample analysis.

Brain imaging

Scanning parameters. MRI data were acquired on a 3 Tesla MAGNE-
TOM Prisma (Siemens, Erlangen, Germany) with a 20-channel head coil.
A 5-min structural T1-weighted MPRAGE was acquired for each partici-
pant (TR=1950ms, TE=3.09 ms, flip angle = 10°, 256 x 256 matrix,
176 sagittal slices, 1 mm isotropic resolution). Each functional scan con-
sisted of an echo-planar imaging (EPI; 150 whole-brain volumes) acquired
with the following parameters: TR=2s, TE=30ms, flip angle = 90°,
64 x 64 matrix, in-plane resolution 2.5 x 2.5 mm, and 41 transverse slices,
each 2.5 mm thick, covering the whole-brain with a multiband factor of
three. Spin Echo EPI field mapping data was also acquired in AP and PA
directions with identical geometry to the EPI data for EPI off-resonance

distortion correction (TR=1020ms, TE1=10ms, TE2=12.46 ms, flip
angle = 90°, FOV =224 x 224 x 191 mm?’, voxel size = 2.5 mm isotropic).

Scanning procedure. All participants completed a practice MRI ses-
sion in a mock MRI scanner prior to the fMRI tasks to become famil-
iarized with the task and the MRI environment and to increase
comfortability and minimize head motion. Functional MRI procedure,
task stimuli, fMRI acquisition, and data preprocessing were completed
following the protocol previously published in Kilroy et al.**. We uti-
lized a head-motion cut-off of absolute FD >1.5 mm. Five participants
(4 ASD, 1 NT) were excluded for head motion in the watching facial
expressions and hand actions task, 3 (2 ASD, 1 NT) for disgust pro-
cessing, and 2 (1ASD, 1 NT) from watching others being touched. There
were no significant differences in relative head motion between the
two groups for the disgust processing (t=0.981, p = 0.33) and watch-
ing others being touched (¢=-1.029, p=0.307) tasks, but significant
differences were present for the observation of facial expressions and
hand actions task (¢=-2.572, p = 0.015). Please see section “fMRI pro-
cessing” for details regarding motion correction.

fMRI tasks. The task-based fMRI paradigms were selected based on
existing literature showing significant ASD vs. NT differences during
these tasks, their relevance to key ASD symptomatology (socio-emo-
tional processing and sensory sensitivities)*****>%* and/or their rele-
vance to vagally mediated emotional processes (disgust and emotion
processing)*’. The fMRI tasks included: watching videos of facial
expressions/body actions, physical and social disgust processing tasks,
and watching videos of others being touched (Supplemental Fig. 1).
Stimuli were presented using the Psychophysics Toolbox® on
MATLAB. During all tasks, participants were instructed to simply watch
all videos and remain as still as possible. fMRI tasks are described in
A-C below.

A. Watching videos of facial expressions and hand actions (n=78;
38 NT [19 female, 19 male], 40 ASD [11 female, 29 male]): One 9-min run
with five 15-s blocks of video-stimuli were shown. As Supplemental
Fig. 1A shows, blocks consisted of one of three categories of stimuli:
emotional facial expressions (e.g., happy expression), non-emotional
facial expressions (e.g., tongue to lip), or bimanual hand actions (e.g.,
playing the xylophone). Each video was presented for 3.75 s followed
by a1.25 s black screen between each stimulus, there were 3 videos per
block, and both male and female actors were included in each block.
For further details on stimuli, please see Kilroy et al.*®.

B. Disgust processing (n=46; 22 NT [12 female, 10 male], 24 ASD
[6 female, 18 male]): There were four categories of stimuli, disgusting
foods, disgusted facial expressions, neutral foods, and neutral facial
expressions (Supplemental Fig. 1B). The neutral and the disgusted
facial expressions were chosen from an online repository (NimStim)*
and from previous research (EmStim)*® then edited and counter-
balanced so that each participant saw the same actor displaying a
neutral and disgusted facial expression. To ensure that the neutral
food images were indeed items the participant truly had no pre-
ferential or disgusting feelings for, all participants were administered a
questionnaire prior to participating in the study, to assess their pre-
ferences for each food stimuli. For each participant, 18 images were
used from each stimulus category. One fMRI run was presented to all
participants, including six blocks per stimulus category. Within each
15-s block, three different images from the same category were pre-
sented with a 250-ms fixation crosshair between each stimulus (e.g.,
three different disgusting food images). Thus, the fMRI task consisted
of 24 blocks (5 per stimulus category), lasting for a single 10-min run.

C. Watching others being touched (n=37; 19 NT [11 female, 8
male], 18 ASD [5 female, 13 male]): Participants watched four different
videos where a person strokes the arm of another person in the MRI
scanner with: 1) their hand with glove on (social touch), 2) a dry sponge
(object touch), 3) their hand with glove on hovering next to the
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person’s arm (social touch control), and 4) a dry sponge hovering next
to the person’s arm (object touch control) following a similar to the
protocol used in Green et al. 2015 (Supplemental Fig. 1C)*". Each video
was 15s long followed by a 15s rest block. During the rest blocks,
participants were shown a black crosshair in the middle of a white
screen. Excluding an initial junk block, five blocks of each stimulus
condition were alternated with rest in a pseudo-random sequence.
Stimuli conditions were counterbalanced across participants. We note
that our original intention was to physically touch participants while in
the scanner, but as this task was largely conducted during the initial
period of the COVID-19 pandemic, we were obliged to remain at a 6-ft
distance from our participants, and thus used videos of touch instead,
as this has previously been shown to show strong effects®%,

Analysis

Behavioral group differences. Independent samples t-tests and
Fisher’s exact tests were conducted using SPSS Statistics (Version
29.0.2.0) to determine ASD-NT differences in demographic and
behavioral variables. Significance was set at p <0.05.

Metabolite analysis (All information in this section provided by
Metabolon, Inc)

Data quality. Instrument and Process Validity: Instrument variability
was determined by calculating the median relative standard deviation
(RSD) for the internal standards that were added to each sample prior
to injection into the mass spectrometers. Overall process variability
was determined by calculating the median RSD for all endogenous
metabolites (i.e., non-instrument standards) present in 100% of the
Client Matrix samples, which are technical replicates of pooled client
samples. Values for instrument and process variability met Metabo-
lon’s acceptance criteria.

Sample accessioning. Following receipt, samples were inventoried
and immediately stored at —80 °C. Each sample received was acces-
sioned into the Metabolon LIMS system and was assigned by the LIMS a
unique identifier that was associated with the original source identifier
only. This identifier was used to track all sample handling, tasks,
results, etc. The samples (and all derived aliquots) were tracked by the
LIMS system. All portions of any sample were automatically assigned
their own unique identifiers by the LIMS when a new task was created;
the relationship of these samples was also tracked. All samples were
maintained at —80 °C until processed.

Sample preparation. Samples were prepared using the automated
MicroLab STAR® system from Hamilton Company. Several recovery
standards were added prior to the first step in the extraction process
for QC purposes. To remove protein, dissociate small molecules
bound to protein or trapped in the precipitated protein matrix, and to
recover chemically diverse metabolites, proteins were precipitated
with methanol under vigorous shaking for 2 min (Glen Mills Geno-
Grinder 2000) followed by centrifugation. The resulting extract was
divided into five fractions: two for analysis by two separate reverse
phase (RP)/UPLC-MS/MS methods with positive ion mode electrospray
ionization (ESI), one for analysis by RP/UPLC-MS/MS with negative ion
mode ESI, one for analysis by HILIC/UPLC-MS/MS with negative ion
mode ESI, and one sample was reserved for backup. Samples were
placed briefly on a TurboVap® (Zymark) to remove the organic solvent.
The sample extracts were stored overnight under nitrogen before
preparation for analysis.

QA/QC. Several types of controls were analyzed in concert with the
experimental samples: a pooled matrix sample generated by taking
a small volume of each experimental sample (or alternatively, use of
a pool of well-characterized human plasma) served as a technical
replicate throughout the data set; extracted water samples served

as process blanks; and a cocktail of QC standards that were carefully
chosen not to interfere with the measurement of endogenous
compounds were spiked into every analyzed sample, allowed
instrument performance monitoring and aided chromatographic
alignment. Instrument variability was determined by calculating
the median relative standard deviation (RSD) for the standards
that were added to each sample prior to injection into the
mass spectrometers. Overall process variability was determined
by calculating the median RSD for all endogenous metabolites (i.e.,
non-instrument standards) present in 100% of the pooled
matrix samples. Experimental samples were randomized across
the platform run with QC samples spaced evenly among the
injections.

Ultrahigh performance liquid chromatography-tandem mass
spectroscopy (UPLC-MS/MS). All methods utilized a Waters
ACQUITY ultra-performance liquid chromatography (UPLC) and a
Thermo Scientific Q-Exactive high resolution/accurate mass spec-
trometer interfaced with a heated electrospray ionization (HESI-II)
source and Orbitrap mass analyzer operated at 35,000 mass reso-
lution. The sample extract was dried then reconstituted in solvents
compatible to each of the four methods. Each reconstitution sol-
vent contained a series of standards at fixed concentrations to
ensure injection and chromatographic consistency. One aliquot was
analyzed using acidic positive ion conditions, chromatographically
optimized for more hydrophilic compounds. In this method, the
extract was gradient eluted from a C18 column (Waters UPLC BEH
C18-2.1x100 mm, 1.7 um) using water and methanol, containing
0.05% perfluoropentanoic acid (PFPA) and 0.1% formic acid (FA).
Another aliquot was also analyzed using acidic positive ion condi-
tions; however, it was chromatographically optimized for more
hydrophobic compounds. In this method, the extract was gradient
eluted from the same aforementioned C18 column using methanol,
acetonitrile, water, 0.05% PFPA and 0.01% FA and was operated at an
overall higher organic content. Another aliquot was analyzed using
basic negative ion optimized conditions using a separate dedicated
C18 column. The basic extracts were gradient eluted from the col-
umn using methanol and water, however, with 6.5 mM Ammonium
Bicarbonate at pH 8. The fourth aliquot was analyzed via negative
ionization following elution from a HILIC column (Waters UPLC BEH
Amide 2.1 x 150 mm, 1.7 um) using a gradient consisting of water and
acetonitrile with 10 MM Ammonium Formate, pH 10.8. The MS
analysis alternated between MS and data-dependent MSn scans
using dynamic exclusion. The scan range varied slighted between
methods but covered 70-1000 m/z. Raw data files are archived and
extracted as described below.

Bioinformatics. The informatics system consisted of four major
components, the Laboratory Information Management System (LIMS),
the data extraction and peak-identification software, data processing
tools for QC and compound identification, and a collection of infor-
mation interpretation and visualization tools for use by data analysts.
The hardware and software foundations for these informatics com-
ponents were the LAN backbone, and a database server running Oracle
10.2.0.1 Enterprise Edition.

LIMS. The purpose of the Metabolon LIMS system was to enable fully
auditable laboratory automation through a secure, easy to use, and
highly specialized system. The scope of the Metabolon LIMS system
encompasses sample accessioning, sample preparation and instru-
mental analysis and reporting and advanced data analysis. All the
subsequent software systems are grounded in the LIMS data struc-
tures. It has been modified to leverage and interface with the in-house
information extraction and data visualization systems, as well as third-
party instrumentation and data analysis software.
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Data extraction and compound identification. Raw data was extrac-
ted, peak-identified and QC processed using Metabolon’s hardware
and software. These systems are built on a web-service platform uti-
lizing Microsoft’s.NET technologies, which run on high-performance
application servers and fiber-channel storage arrays in clusters to
provide active failover and load-balancing. Compounds were identi-
fied by comparison to library entries of purified standards or recurrent
unknown entities. Metabolon maintains a library based on authenti-
cated standards that contains the retention time/index (RI), mass to
charge ratio (m/z), and chromatographic data (including MS/MS
spectral data) on all molecules present in the library. Furthermore,
biochemical identifications are based on three criteria: retention index
within a narrow RI window of the proposed identification, accurate
mass match to the library +/-10 ppm, and the MS/MS forward and
reverse scores between the experimental data and authentic stan-
dards. The MS/MS scores are based on a comparison of the ions pre-
sent in the experimental spectrum to the ions present in the library
spectrum. While there may be similarities between these molecules
based on one of these factors, the use of all three data points can be
utilized to distinguish and differentiate biochemicals. More than 3300
commercially available purified standard compounds have been
acquired and registered into LIMS for analysis on all platforms for
determination of their analytical characteristics. Additional mass
spectral entries have been created for structurally unnamed bio-
chemicals, which have been identified by virtue of their recurrent
nature (both chromatographic and mass spectral). These compounds
have the potential to be identified by future acquisition of a matching
purified standard or by classical structural analysis.

Curation. A variety of curation procedures were carried out to ensure
that a high-quality data set was made available for statistical analysis
and data interpretation. The QC and curation processes were designed
to ensure accurate and consistent identification of true chemical
entities, and to remove those representing system artifacts, mis-
assignments, and background noise. Metabolon data analysts use
proprietary visualization and interpretation software to confirm the
consistency of peak identification among the various samples. Library
matches for each compound were checked for each sample and cor-
rected if necessary.

Metabolite Quantification and Data Normalization. Peaks were
quantified using area-under-the-curve.

Preprocessing of metabolomic data. Peak area values were log
transformed and KNN imputation was applied for missing data®.
Next, data was Z score normalized and adjusted for use of anti-
depressants, vitamins, supplements, laxatives, antihistamines, sti-
mulants, cognition enhancers, and antipsychotics. Specifically we
regressed out significant medication/supplement effects identified
using a backward selection approach (function “MASS::stepAIC” in
R using the BIC, i.e., log(n) degrees of freedom). The adjusted fea-
tures were then used in downstream analyses. A priori metabolite
targets of interest included 26 named metabolites in the tryptophan
pathway (see Fig. 1).

Between-group differences in metabolites. Contrast analysis was
applied within the framework of the general linear model (GLM) to
determine ASD-NT differences in 26 tryptophan metabolites. The
model included group as a factor, and sex, age, and BMI as covariates.
As children with ASD in our sample had significantly higher levels of
gastrointestinal symptoms compared to the NT children (p <0.001;
Supplemental Table 1) we also ran GLMs controlling for gastro-
intestinal symptoms (GSRS) and diet to assess potential confounding
effects of GI symptoms on the levels of tryptophan-related metabo-
lites. Significance was considered at a false discovery rate of g < 0.05.

Cohen’s d was calculated to provide an effect size for differences. R
Version 4.2.1 was used for all GLM analysis.

fMRI

fMRI preprocessing. All analyses followed best practices in fMRI
analysis, as detailed in our prior studies®®**’. The data analytic approach
used to address each of our research questions utilized FMRIB’s Soft-
ware Library 6.0 (FSL)*"*. Standard preprocessing pipeline was per-
formed involving: (a) structural T1 brain extraction and non-brain
tissue removal; (b) smoothing with 5 mm FWHM Gaussian kernel; (c)
BO unwarping along y-axis; (d) high pass filter with 100 s cutoff; (e)
realignment using MCFLIRT to obtain motion estimates; and (f) Inde-
pendent component analysis (ICA). Preprocessed data was fed into the
ICA AROMA algorithm®®, which filtered out noise and motion com-
ponents from the whole brain signal. Registration to the MNI-152
standard atlas using 12 degrees-of-freedom affine transformation and
FNIRT nonlinear registration were performed®>®,

Within-group analyses. Individual participants’ statistical images were
subjected to higher-level mixed-effects analyses using FSL's FLAME
Stage 1 algorithm, modeling the stimulus conditions for each partici-
pant as separate regressors. For watching facial expressions and hand
actions, regressors included: emotional faces, non-emotional faces,
and bimanual hand actions. For disgust processing, regressors inclu-
ded: disgusting foods, neutral foods, disgusted facial expressions,
neutral facial expressions. Subject-specific head motion parameters
were used as nuisance regressors. For observation of others being
touched, regressors included social touch and object touch.

Between-group analysis. Between-group comparisons between the
NT and ASD groups were performed using higher level mixed-effects
analyses with FSL's FLAME 1 algorithm. Age, Sex, and 1Q were used as
covariates in all group-level analyses. For watching facial expressions
and hand actions, groups were contrasted on: all stimuli>rest; emo-
tional facial expressions>rest; non-emotional facial expressions>rest;
all facial expressions>rest; hand actions>rest. For disgust processing,
groups were contrasted on: disgusting foods>rest, disgusted faces>r-
est. For observation of others being touched, groups were contrasted
on: social touch>rest and object touch>rest. For the facial expressions/
hand action task and the disgust tasks, the resulting group-level ima-
ges for all models were thresholded at voxel Z > 3.1, with a cluster size
probability correction threshold of p < 0.05. For observation of others
being touched, a more lenient threshold (Z > 2.3 cluster size prob-
ability threshold of p<0.05) was used to have more sensitivity to
detect effects given the more subtle observation (rather than physical
touch) task used, due to COVID-19 restrictions (see Methods: fMRI
Tasks, Watching others being touched). In addition, for disgust and
facial expression/hand action tasks, for hypothesized regions of
interest (ROIs), a small volume correction (SVC) analysis with a sig-
nificance threshold of p < 0.01 using predefined masks for disgust and
observation tasks. For the facial expression/hand action task, we used
structurally defined anterior insula parcellations from extant literature
and the Harvard-Oxford atlas parcellations for the pACC and amyg-
dala. For the IFGop, we used a hand-drawn anatomically derived ROI*®
and previously published insula parcellations”. For the disgust task,
ROIs for SVC analysis were defined utilizing the Neurosynth database
(which performs automated large-scale meta-analyses of fMRI data),
using the search terms: “disgust”, “emotional faces”, and “food”, and
we also included insula parcellations from extant literature®. Func-
tional ROIs were then masked with structural ROIs from the Harvard-
Oxford atlas (thresholded at 30% probability) to ensure they captured
non-overlapping regions.

General linear models (GLMs). GLMs were applied within the ASD and
NT groups to test brain-behavior, brain-metabolite, and metabolite-
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behavior relationships. The GLMs included group as a factor, and sex,
age, 1Q, and BMI were included as covariates. As a measure of effect
size, we report the standardized beta (Std f3). Std 3 between 0.10 and
0.29 is considered small, 0.30-0.49 medium, and greater than 0.50
large®®. Brain ROIs were chosen based on group differences in fMRI
tasks as well as prior studies supporting atypicalities in brain activity
in the chosen ROIs*®****#38¢ The Benjamini-Hochberg method to
correct for multiple comparisons was used; the false
discovery reporting threshold set at 10% (FDR)*’. We used FDR cor-
rection for the number of dependent variables in each analyses. Spe-
cifically for brain-metabolite and brain-behavior analyses, FDR
correction was for the number of ROIs compared. For metabolite-
behavior analyses, FDR correction was for the number of metabolites
compared. To limit the number of comparisons, only metabolites that
significantly correlated with brain activity were included in the
metabolite-behavior analyses.

As a post hoc analysis, we ran GLMs with all primary variables and
all tryptophan metabolites (see Supplemental Table 7). The GLM
model included group as a factor, and sex, age, 1Q, and BMI were
included as covariates.

Mediation models. Exploratory mediation analyses were conducted
to determine if the brain regions that differed between ASD and NT
statistically mediated the relationships between metabolites and
behavior in the ASD group. The variables included in the mediation
models were selected based on ROIs that had both significant ROI-
metabolite associations and significant ROI-behavior associations.
Mediation modeling was performed using lavaan in R. We estimated
the bootstrapped 95% percentile confidence intervals for the
indirect effects'®’. Confidence intervals that do not contain zero are
considered significant. Because age, sex, and BMI are collinear, we
ran analyses using only age and FSIQ as covariates. In addition, in
terms of regressors for brain and behavior (as opposed to meta-
bolites), it is less common and relevant to control for BMI, especially
those in normal ranges, as was our ASD sample mean (see Supple-
mental Table 1).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Deidentified data are available via the NIMH Data Archive: The Rela-
tionship Between Brain Functioning, Behavior, and Microbiota in
Autism Spectrum Disorder #4991. Metabolomic data is available
through Zenodo (https://zenodo.org/records/1467599). Source data
are provided with this paper.

Code availability
MRI codes are available on GitHub: https://doi.org/10.5281/zenodo.
14834325 and https://doi.org/10.5281/zenodo.14834337.
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