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• The primary bile acids 
(shown on left) are derived 
from cholesterol and 
solubilize dietary lipids for 
digestion.  

• The secondary/conjugated 
bile acids (shown on right) 
are formed  by 
modification of the 
primary bile acids by 
enzymes produced by 
bacteria in the 
gastrointestinal tract.

• Chemical structures 
rendered by BioCyc (Paley, 
2021).

Secondary bile acids are found in humans and have 
diverse structures due to bacterial modifications

2



Secondary bile acids are ligands for receptors 
expressed in the central nervous system 
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• Secondary bile acids serve as 
ligands for receptor molecules 
on neurons 

• May have a signaling role in the 
central nervous system. 

• Some bile acids have shown 
neuroprotective potential in 
animal models and clinical 
studies of neurological 
conditions.  Table adapted from 
Grant, 2020.  

Receptor CNS Cellular 
Localization 

Primary Bile Acid Ligands Secondary/Conjugated Bile Acid 
Ligands

FXR Cortical neurons C, CDC DC, LC

TGR5 Neurons, astrocytes, 
microglia

C, CDC DC, LC

S1P2R Cortical neurons, 
microglia, hippocampal 
pyramidal cells, retinal 
ganglion cells

TC, GC, TDC, GDC, TUDC

PXR Brain endothelial cells, 
hippocampal neurons

LC

VDR Neurons, glia LC

α5β1 
integrin

Cortical neurons, brain 
endothelial cells

TUDC, norUDC (UDC homolog)

GR Neurons, microglia, 
cortical neurons

UDC, TC, GCDC, TUDC



Are secondary bile acids associated with the 
Autism Spectrum behaviors?
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• Therapeutic interventions for Autism Spectrum Disorder (ASD) are needed. 
• Fecal Microbiota Transplant (FMT), conducted in a small study, has shown significant improvement of ASD symptoms (Kang, 2019). 
• FMTs have been shown to affect bacterial-encoded bile salt hydrolase availability and specific bile salt concentrations (Mullish, 2019). 

• We hypothesized 
1. Fecal microbiome profiles from ASD cohorts could reveal the enzymatic capacity affecting specific secondary bile acid levels.
2. The identified secondary bile acids would alter behaviors in a mouse model of ASD.



We conducted a comprehensive meta-analysis of the ASD 
gut microbiome and further recruited a new cohort, the 
largest to date
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Publication Dataset Technology DNA profiling  instrument 16S region ASD (n) NT (n) Min age (yrs) Max age (yrs) Median age (yrs) Male (%)

Kang et al. 2013 DS1 16S HTS 454 GS FLX Titanium V2-V3 20 20 3 16 6 87.5

Kang et al. 2018 DS2 16S HTS 454 GS FLX Titanium V2-V3 23 21 4 17 9 84.1

Kang et al. 2017
Kang et al. 2019

DS3 16S HTS Illumina MiSeq V4 18 20 7 17 11.05 89.5

Li et al. 2019 DS4 16S HTS Illumina HiSeq V1-V2 59 30 2 10 nr. nr.

Strati et al. 2017 DS5 16S HTS 454 GS FLX Titanium V3-V5 39 39 nr. nr. nr. nr.

Coretti et al. 2018 DS6 16S HTS Illumina MiSeq V3-V4 11 14 2 4 nr. nr.

Wang et al. 2019 DS7 MTG Illumina HiSeq 4000 - 43 31 2 8 4 73.0

Pulikkan et al. 2018 DS8 16S HTS Illumina NextSeq 500 V3 29 24 3 16 9 75.5

Averina et al. 2020
DS9 MTG Illumina HiSeq 4000 - 29 20 2 9 3 79.6

DS10 16S HTS Illumina MiSeq V3-V4 15 5 2 9 3.5 70.0

Chrisman et al, 
2021

DS11 16S HTS Illumina MiSeq V4 107 92 2 12 4.75 72.4

DS12 PhyloChip ThermoFisher GeneTitan V1-V9 96 93 2 12 5.17 72.0

DS13 MTG Illumina NextSeq - 96 91 2 12 5.17 73.3

Total 585 500



Raw data was uniformly processed to assess 
bioavailability of individual secondary bile acids
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Our papers covering the processing pipeline software components such as DADA2, PiPhillin and MelonnPan are publicly available:



Metabolic modeling across cohorts suggested secondary bile 
acids (and other metabolites) are reduced in the ASD 
gastrointestinal tract 
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Step 1:  Map MTG NGS reads to BioCyc reactions 
Step 2:  Map 16S NGS read to genomes and infer BioCyc reactions
Step 3:  Scale counts of of reactions as continuous variables of 
relative abundance where the net contribution of reaction 
capacity from the populations of all bacteria in the community 
contribute 
Step 4: Convert reaction abundance to metabolite abundance 
using pre-trained models.
Step 5:  Calculate differences in metabolite abundances between 
ASD and NT groups separately for each cohort.
Step 6:  Meta-analysis: Summarize, by linear mixed-effects models, 
the overall metabolite differences.  

• Displayed are the 208 metabolites (represented as points) 
detected in >=2 datasets.   

• Glycodeoxycholate (GDC) ranked as most probable to be 
enriched in NT and depleted in ASD (p=0.04). 

• Ursodeoxycholate (UDC) was also trending in the same 
direction (p>0.05). 

• In contrast, taurodeoxycholate (TDC), was mildly associated 
with ASD (p>0.05).  

• Other metabolites (pink) were modeled as well but none ranked 
as high as GDC in this analysis. 

metabolite increased in ASD ←  → metabolite increased in NT



Orally administered secondary bile acids elicit 
changes in gene expression in the prefrontal cortex
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Gene set enrichment analysis (GESA) revealed multiple pathways 
altered in the mouse prefrontal cortex when compared to controls. 
The expression perturbation was greater for GDC than for UCD.

Count of pathways with differential expression 
observed at various significance thresholds

p<0.05 p<0.10 p<0.15

Ursodeoxycholate
(UDC)

0 0 104

Glycodeoxycholate
(GDC)

153 277 291

Bile acid fed mice showed no significant decrease in weight over the feeding 
period under an ascending dosage safety test with a maximum dose of 20% total 
intake by weight.  



Orally administered bile acids elicit improvement 
in behavior tests in an animal model of Autism

CNTNAP2/Caspr KO mice is a model of the ASD phenotype used in behavioral 
in vivo assays. 

Compared to animals fed control chow, animals fed chow supplemented with 
UDC significantly reduced the time mice spent in closed arms of the elevated 
maze test (above) and no negative impact on locomotor activity and 
habituation in the open field test was observed (right).
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Time in Closed Arms Total Distance

Not shown are the 3-chamber sociability test nor the marble burying test 
which were performed but no significant changes were observed.  

Diagrams from La-Vu, 2020.



• Secondary bile acids, which are produced by gastrointestinal 
bacteria, are capable of CNS signaling. 

• Patients with CNS disorders associated with GI comorbidities 
provide an opportunity to determine which secondary bile 
acids are enriched or depleted in the disease compared to 
healthy controls. 

• By profiling the bacterial DNA extracted from stool 
biospecimens from multiple CNS patient cohorts and 
applying metabolic prediction algorithms, we were able to 
identify secondary bile acids that modulate behaviors in 
relevant mouse models. 

• This approach accelerates the drug discovery process in ASD 
and can be translated to other disease areas where bacterial 
metabolites are hypothesized to modulate CNS functions.

Conclusions
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