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Abstract

Introduction—Autism spectrum disorders (ASD) are a group of neurodevelopmental disorders 

lacking a clinical biomarker for diagnosis. Emerging evidence shows that intestinal microflora 

from ASD subjects can be distinguished from controls, suggesting metabolite differences due to 

the action of intestinal microbes may provide a means for identifying potential biomarkers for 

ASD.

Objectives—The aim of this study was to determine if quantitative differences in levels of 

stercobilin and stercobilinogen, metabolites produced by biological action of intestinal microflora, 

exist in the fecal matter between an ASD mouse model population and controls.

Methods—Pairs of fecal samples were collected from two mouse groups, an ASD model group 

with Timothy syndrome 2 (TS2-NEO) and a gender-matched control group. After centrifugation, 

supernatant was spiked with an 18O-labeled stercobilin isotopomer and subjected to solid phase 

extraction for processing. Extracted samples were spotted on a stainless steel plate and subjected 

to matrix-assisted laser desorption and ionization mass spectrometry using dihydroxybenzoic acid 
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as the matrix (n = 5). Peak areas for bilins and 18O-stercobilin isotopomers were determined in 

each fecal sample.

Results—A 40–45% depletion in stercobilin in TS2-NEO fecal samples compared with controls 

was observed with p < 0.05; a less dramatic depletion was observed for stercobilinogen.

Conclusions—The results show that stercobilin depletion in feces is observed for an ASD 

mouse model vs. controls. This may help to explain recent observations of a less diverse 

microbiome in humans with ASD and may prove helpful in developing a clinical ASD biomarker.
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1 Introduction

Autism spectrum disorders (ASD) (Kanner and Eisenberg 1957) consist of a group of 

neurobehavioral disorders characterized by impaired social interactions, deficits in 

communications skills, repetitive behaviors, and other stereotypical behavioral patterns 

(Rinehart et al. 2002; Lord et al. 2000a; Lord et al. 2000b; Bolte et al. 2002; Eigsti and 

Shapiro 2003). High rates of diagnosis in the United States (up to 1 in 68 children) 

(Developmental Disabilities Monitoring Network Surveillance Year Principal et al. 2014) 

exemplify the seriousness of ASD as a medical concern. Because of the efficacy of early 

diagnosis and intervention on quality of life for those with ASD (Ospina et al. 2008; Ben-

Itzchak and Zachor 2007; Ozonoff et al. 2005), there is great interest in identifying, at a 

molecular level, biomarkers that could be utilized in ASD diagnosis (Rudolph et al. 2013). 

Significant effort has been dedicated toward discovery of potential genetic factors in the 

etiology of ASD. Nevertheless, it is becoming increasingly recognized that non-genetic 

factors can contribute to ASD etiology (Herbert et al. 2006). The severity of ASD symptoms 

is also highly heterogeneous (Gotham et al. 2009). Combined, these factors have made 

determination of a clinical biomarker and a Grand Unified Theory (GUT) for ASD etiology 

elusive (Rudolph et al. 2013).

While a GUT for ASD etiology may be unrealistic due to the heterogeneity in causation and 

severity, the search for potential biomarkers with a focus on metabolites has gained 

considerable momentum in the past decade (Adamo et al. 2014; Altieri et al. 2011; Dager et 

al. 2015; Dieme et al. 2015; Durieux et al. 2016; Faber et al. 2009; Gabriele et al. 2014; 

Goldenthal et al. 2015; Gorrindo et al. 2013; Herbert et al. 2006; Jyonouchi et al. 2008; Masi 

et al. 2017; Ming et al. 2012; Ming et al. 2005; Pastural et al. 2009; Ramsey et al. 2013; 

Rudolph et al. 2013; Woods et al. 2015; James et al. 2004; Frye et al. 2013; Ngounou Wetie 

et al. 2015). Expanding the search to identify potential subgroups within ASD has been of 

interest. One approach toward identifying potential biomarkers has been to consider 

comorbid conditions (Woods et al. 2015; Adamo et al. 2014; Jyonouchi et al. 2008; Masi et 

al. 2017). Of particular interest has been gastrointestinal distress, a condition experienced by 

a high percentage of ASD patients (Bresnahan et al. 2015; Bauman 2010; Kohane et al. 

2012). It is known that the microbiome of the gut regulates the homeostasis of the central 
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nervous system (CNS) (Rhee et al. 2009; Sherwin et al. 2016). It is also known that the 

microbiome has an effect on neuropsychiatric disorders (Rogers et al. 2016; Cryan and 

Dinan 2012). Therefore the intestinal microbiome and its effects on the gut-brain axis could 

be a potential source for the discovery and validation of ASD biomarkers (Cryan and Dinan 

2012; Krajmalnik-Brown et al. 2015; Sherwin et al. 2016; Mulle et al. 2013).

A recent review highlights the findings on research detailing connections between the 

intestinal microbome and ASD and is recommended for a more in-depth account (Ding et al. 

2017). Briefly, a number of differences in the microbiota of ASD subjects in comparison to 

controls have been observed. In a groundbreaking investigation, an order of magnitude 

higher levels of cultured Clostridium species in fecal samples of ASD subjects relative to 

healthy controls was observed (Finegold et al. 2002). A subsequent study indicated that 

clostridial clusters I and XI were elevated in the feces of ASD subjects while cluster XIVab 

was decreased (Song et al. 2004). Fecal bacterial populations of clostridial clusters I and II 

(Clostridium histolyticum) were elevated from ASD subjects relative to controls (Parracho et 

al. 2005). Elevated levels of Sutterella and Ruminococcus torques have been observed from 

ASD fecal samples versus controls (Wang et al. 2013); moreover, within populations with 

gastrointestinal disturbances, Sutterella elevation has been detected in gastrointestinal 

biopsies from ASD subjects. Depleted levels of Prevotella in ASD microbiota have been 

observed (Kang et al. 2013). One study examining fecal samples of ASD and controls 

showed significantly higher levels of Bacteroidetes and Desulfovibrio species in ASD 

specimens, while higher levels of Firmicutes were observed in control specimens (Finegold 

et al. 2010). One particularly intriguing study showed alterations in the microbiota for the 

maternal immune activation (MIA) mouse model, which has ASD features; strikingly, 

administration of Bacteroides fragilis to offspring corrects intestinal permeability, alters the 

microbiome and metabolomic profiles, and improves behaviors associated with ASD (Hsiao 

et al. 2013).

The composition of an organism’s gastrointestinal microbiome is reflected in the bacterial 

metabolites found in feces. One example is stercobilin, a metabolic product excreted from 

mammals that is produced from initial catabolism of heme followed by microbial action in 

the colon on the metabolite urobilinogen (Watson 1936; Watson et al. 1953); the metabolic 

pathway from urobilinogen to stercobilin by bacterial action is shown in Figure 1. The 

increasing evidence demonstrating a link between the intestinal microbiome and at least 

some cases of ASD spurred us to reflect upon an observation made a decade ago from a 

limited set of ASD and control children, which was that stercobilin was depleted by 67% in 

urine specimens from ASD subjects relative to controls (Wood et al. 2007).

Here, we test if stercobilin is depleted in fecal matter from a mouse model of ASD. To test 

this hypothesis, a Timothy syndrome (TS) mouse model for ASD (Bader et al. 2011) was 

employed. TS is a rare disorder caused by a mutation in the L-type voltage-gated calcium 

channel (Cav1.2). ASD occurs in about 75% of all individuals with TS arrhythmia disorder 

(Splawski et al. 2005). TS mice have demonstrated a triad of ASD behaviors: repetitive/

perseverative behavior, impaired social behavior, and impaired communication (Bader et al. 

2011). No difference was observed in gross brain anatomy of TS mice and littermate 

controls (Bett et al. 2012) but changes in dendritic retraction were observed (Krey et al. 
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2013). Thus, this study examines whether fecal stercobilin levels can be distinguished 

between TS mouse (ASD model) and control populations.

2 Experimental

2.1 Materials

The following materials were utilized throughout: stercobilin hydrochloride (Frontier 

Scientific, Logan, UT, USA), isotopically labeled water (18O, 97%) (Cambridge Isotope 

Laboratories, Inc., Tewksbury, MA, USA), methanol (HPLC grade ≥99.9%) (Sigma-Aldrich, 

St. Louis, MO, USA), acetonitrile (Sigma-Aldrich), ammonium hydroxide (J.T. Baker, 

Central Valley, PA, USA), trifluoroacetic acid (TFA) (EMD Millipore, Darmstadt, 

Germany), formic acid (FA) (99%) (Sigma-Aldrich), LCMS-grade water (HPLC Grade 

submicron filtered) (Fisher Scientific, Fair Lawn, NJ, USA), 2,5-dihydroxybenzoic acid 

(DHB) (Sigma-Aldrich), and Oasis© MAX extraction cartridges (1cc/30mg) (Waters, 

Milford, MA, USA).

2.2 Instrumentation

All samples were analyzed using a Bruker Daltonics (Billerica, MA) 12T Solarix Fourier 

transform-ion cyclotron resonance (FT-ICR) mass spectrometer equipped with a SmartBeam 

II frequency-tripled (355 nm) Nd:YAG matrix-assisted laser desorption and ionization 

(MALDI) source. The number of laser shots per pixel was set to 1000 at the same location 

with a laser power of 55% and a small focus. A saturated solution of DHB in 20:80 (v/v) 

ACN:H2O was utilized as the MALDI matrix. All samples were analyzed in positive ion 

mode using 1M word time-domain datasets for high resolution. Samples of 2.5 μL were 

spotted on a stainless steel MALDI plate (5 replicates for each sample) unless otherwise 

noted.

2.3 Animals

All procedures performed in the collection of fecal material of mice were in accordance with 

the ethical standards of the institution’s Division of Comparative Medicine and Laboratory 

Animal Facilities. In this study, we used a mouse population of TS, which exhibits ASD 

behavioral traits (Bader et al. 2011), and compared to a control population to examine 

relative levels of stercobilin in the fecal material of the mice. In this case, TS2 mice, a more 

severe form of TS caused by a missense mutation, were utilized. Nine pairs of mice that 

were age-matched were selected for this study. Details of the two populations are provided 

in Table 1.

In TS2 mice, a missense mutation occurs in either GR406R or G406S in exon 8. To 

determine if the mice have TS2, mice are genotyped to detect any mutations at the time in 

which they are tagged for identification (Bader et al. 2011). In the set of parents, the strain of 

TS can come from either the sire or the dam but is determined by which of the mice in the 

pair has been previously identified to have TS. Because only heterozygous mice that were 

allowed to keep an inverted neomycin cassette in exon 8A (TS2-NEO) survived through 

adulthood (Bader et al. 2011), it was actually the TS2-NEO population used here.
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2.4 Methods

2.4.1 Synthesis of Isotopomer for Quantitation—A scaled up version of a previously 

described procedure for synthesis of stercobilin isotopomers (Rudolph et al. 2016) was 

employed here; this method is based upon an approach described by Bergmann et al. to 

create an isotopic standard for fumonisin B1 (Bergmann et al. 2013). For this experiment, ca. 

5 × 10−6 mol of stercobilin was mixed with 10 μL 5% (v/v) TFA and 95 μL of H2
18O in an 

Agilent autosampler vial with screw cap lid. In this scale up procedure, 10,000x greater 

stercobilin, 10x greater TFA, and 19x greater H2
18O was used than previously reported 

(Rudolph et al. 2016). The vial was placed in an incubator at 70°C for 8 hours. Following 

the reaction, the sample was dried down under air and reconstituted in 100 mL of 20:80 

(v/v) ACN/H2O to produce a stock solution.

2.4.2 Determination of Response Factor—A calibration curve was constructed to 

cover the range of 5.05 × 10−11 mol to 6.14 × 10−8 mol of stercobilin (five replicates for 

each level). A 90 μL spike of 2.77 × 10−6 M labeled stercobilin was added to 6 mL of 

LCMS-grade H2O, 10 μL of 5% (v/v) NH4OH, and an appropriate amount of 4.99 × 10−6 M 

stercobilin in 20:80 (v/v) ACN/H2O for values within our range. The solution is processed 

by solid phase extraction (SPE) analysis using a Waters Oasis MAX cartridge that is first 

conditioned with 3 mL of methanol, then equilibrated with 3 mL LCMS-grade H2O. Sample 

solutions are then loaded (~ 0.5 mL/min) and the sample is eluted with 1.2 mL 5% (v/v) FA 

in methanol. Samples are then dried down with air and reconstituted in 1 mL of 20:80 (v/v) 

ACN/H2O. A 5 μL aliquot of the reconstituted sample was mixed with 20 μL of saturated 

DHB matrix solution. Finally, 2.5 μL of the sample and matrix solution were spotted onto a 

ground steel matrix plate and analyzed on a 12 tesla SolariX Fourier transform ion cyclotron 

resonance (FT-ICR) mass spectrometer (Bruker Daltonics, Billerica, MA) using matrix-

assisted laser desorption/ionization (MALDI) with the SmartBeam II frequency-tripled 

Nd:YAG laser.

2.4.3 Limits of Detection and Quantitation—An aliquot of our labeled stercobilin was 

diluted in 20:80 (v/v) ACN/H2O to the same concentration as would be observed in our 

samples. Subsequently 5 μL of the diluted labeled stercobilin in 20:80 (v/v) ACN/H2O was 

mixed with 20 μL of saturated DHB matrix. Next, 2.5 μL of the labeled sample and matrix 

solution were spotted onto a ground steel matrix plate seven times and analyzed by MALDI 

FT-ICR mass spectrometry.

2.4.4 Fecal Material Preparation—Fecal samples were obtained from a mouse colony 

housing TS2NEO and wild-type (control) populations and were stored in labeled centrifuge 

tubes at -4°C until use, within seven days. Each sample was weighed (typically 12–14 mg 

droppings, but up to 54 mg) and placed into a 1.5 mL microcentrifuge tube with 

approximately 1 mL of LCMS-grade H2O. Samples were then vortexed for 1 minute at 1800 

rpm followed by centrifugation for 5 minutes at 6000 RPM. After centrifugation, the 

supernatant is removed and the process is repeated two more times to obtain 3 mL of 

supernatant per fecal sample. The 3 mL of supernatant were diluted with 3 mL of LCMS-

grade H2O. A 90 μL spike of 2.77 × 10−6 M 18O-labeled stercobilin is added to the diluted 

sample along with 10 μL of 5% (v/v) NH4OH. The solution is then processed by SPE 
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analysis and spotted on the MALDI matrix plate using the same method mentioned in the 

calibration curve section with FT-ICR mass spectrometry.

2.4.5 Data Analysis—All data analysis was performed using Bruker Data Analysis 

software version 4.2 for extracting mass spectra and peak areas for the labeled and unlabeled 

stercobilin species. To correct for the presence of the small but detectable levels of unlabeled 

stercobilin in the 18O-labeled standard (6% of total, Table 2), the peak area ratio of m/z 595 

due to this unlabeled material was subtracted from the overall m/z 595 peak area in the fecal 

samples based on upon the ratio of m/z 595:601 and m/z 595:603 in the labeled material.

Statistical analysis was performed using SigmaPlot© 13 software. Data graphing was 

performed in Excel 2016.

3 Results

3.1 Synthesis of Isotopomer

In the approach to synthesize 18O-labeled stercobilin for quantification, the low yield was 

insufficient to run many trials (Rudolph et al. 2016). Therefore, it was a primary concern to 

create greater quantities of 18O-labeled stercobilin. To improve 18O-stercobilin isotopomer 

yield, a higher temperature than that used by Bergmann et al. was used, which produces a 

higher yield of 18O-labeled stercobilin while maintaining the concentrations of materials 

constant with those of Bergmann et al. (2013). With these considerations in mind, the 

labeling efficiency of stercobilin was found to be 64.8% with percent labeled for each 18O 

isotope shown in Table 2. One matter of concern was the potential for labeled stercobilin to 

revert back to its original form due to the labile sites of the oxygen. To overcome this, the 

label is stored at -4°C, which has been shown to preserve isotopic labeling over a period of 

20 days (Rudolph et al. 2016).

3.2 Response Factor Calculations

To determine the unknown levels of stercobilin or stercobilinogen in the fecal material of 

TS2-NEO mice, a calibration curve of varying amounts of stercobilin with a constant spike 

of labeled stercobilin was created (Figure 2). A range of 5.06 × 10−11mol to 6.14 × 10−8 mol 

was utilized. By comparison of peak areas to concentrations, a response factor can be 

determined. As shown in Figure 2, the slopes were slightly different but comparable whether 

the m/z 601 (18O3 isotopomer) or m/z 603 (18O4 isotopomer) was used to determine the 

response factor. The large error bars for m/z 603 may be the result of detector saturation and 

hence non-linear response.

3.3 Limits of Detection and Quantitation

To calculate the limits of detection and quantitation, we followed calculations as detailed by 

Mermet for finding the method detection limit of our instrument (Mermet 2008); the limit of 

detection (LOD) was 1.37 × 10−11 mole for quantitation using m/z 601 and 1.38 × 10−11 

mole for quantitation using m/z 603. The limit of quantitation (LOQ) was 4.37 × 10−11 mole 

using either m/z 601 or m/z 603.
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3.4 Fecal Material Analysis

Utilizing the calculated response factors, the stercobilin levels in nine gender-matched pairs 

of TS2-NEO:wild-type mice were calculated based on both the m/z 601 and m/z 603 labeled 

peaks as shown in the box-whisker plots in Figure 3. All concentrations were normalized per 

gram of fecal material to account for the differences in mass of the individual samples. The 

unpaired t-test calculation was performed to compute p values and assess whether the two 

populations have different means.

When calculating the average moles of stercobilin for m/z 601 of WT and TS2-NEO mice, 

levels of 1.52 × 10−8 ± 6.2 × 10−9 mole/g and 9.11 × 10−9 ± 4.6 × 10−9 mole/g were 

observed for WT and TS2-NEO populations, respectively. These values show a depletion of 

stercobilin of 40% in TS2-NEO mice (p = 0.03). With m/z 603, levels of stercobilin of 1.52 

× 10−8 ± 8.4 × 10−9 mole/g and 8.34 × 10−9 ± 3.9 × 10−9 mole/g are found for WT and TS2-

NEO, respectively. These values show a depletion of stercobilin of 45% in TS2-NEO mice 

(p = 0.04).

Stercobilin (C33H46N4O6, PubChem CID 5280818) is an oxidative product of 

stercobilinogen (C33H48N4O6, PubChem CID 9548718) by bacterial action in the colon 

(Vitek et al. 2006). Although these two compounds differ in mass by two H atoms, the high 

mass accuracy of FT-ICR makes possible distinguishing isotope peaks of stercobilin from 

stercobilinogen. The identity of stercobilin was further verified by tandem mass 

spectrometry using collision induced dissociation (Quinn et al. 2012). Thus, the levels of 

stercobilinogen in the fecal material of TS2-NEO and control mice populations were also 

quantified. The results are displayed in the box-whisker plots in Figure 4.

The results indicate that stercobilinogen, the precursor to stercobilin, is depleted in TS2-

NEO mice by 40% utilizing both m/z 601 and m/z 603 stercobilin isotopomer peaks. 

However, it is not clear if how meaningful the observed depletion is based on m/z 601 (p = 

0.10); quantification by m/z 603 was more significant (p = 0.03) but needs additional testing 

from a larger population. Other bilins such as urobilin and urobilinogen were not 

consistently detected across all samples.

4 Discussion

The 40–45% depletion of stercobilin in the fecal material of ASD-model mice relative to 

controls at a greater than 95% confidence level suggests that depletion fecal stercobilin may 

serve as a potential ASD biomarker in humans. These results are consistent with the 

observation of stercobilin depletion in the urine samples of ASD subjects relative to controls 

(Wood et al. 2007). It is also noteworthy that depletion was observed in seven of the nine 

pairs of mice; it should be noted that there is not 100% concordance of TS2 and ASD in 

humans, but it is about 75% (Splawski et al. 2005).

Thus, it is possible that there are TS2-NEO mice amongst the cohort that might not fit the 

diagnostic criteria for ASD, even though as a population, TS2-NEO mice do exhibit 

behavioral features of ASD (Bader et al. 2011). There is the possibility that the level of 

stercobilin depletion may correlate to the severity of ASD. Unfortunately, with the current 
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animal model it is not possible to quantify the severity of ASD symptoms. While less 

statistically significant, it appears that stercobilinogen, the metabolic precursor to 

stercobilin, is also depleted in TS2-NEO mouse fecal material relative to controls. The 

stronger correlation of stercobilin depletion relative to stercobilinogen depletion is an 

indicator that the check point in the metabolic process is the transformation from 

stercobilinogen to stercobilin. The concordance of the depletion of both stercobilin and 

stercobilinogen implies the importance of metabolism differences between TS2-NEO and 

WT mice. Because of the high number of differences observed in the gut microbiome of 

ASD and control subjects (Ding et al. 2017), it is tantalizing to speculate that bacterial 

population variations observed could lead to differences in bilin production. Feces can be 

collected non-invasively. The results here suggest that microbiome analysis coupled to 

molecular analysis of bilins from fecal material is warranted, and may provide a vehicle for 

a combined biochemical and molecular biological approach to ASD diagnosis.
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Figure 1. 
Metabolic pathway from heme to stercobilin. The metabolic products within the box are 

produced by the action of Clostridium perfringens (Vitek et al. 2006).
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Figure 2. 
Response factor calculations based on the peak areas of m/z 601 and 603. Error bars 

represent one standard deviation from the mean of the stercobilin/labeled stercobilin ratio.
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Fig. 3. 
(A) Comparison of the normalized concentration of moles of stercobilin of WT mice (left) to 

TS2-NEO mice (right) using the m/z 601 labeled stercobilin. (B) Comparison of the 

normalized concentration of moles of stercobilin of WT mice (left) to TS2-NEO mice (right) 

using the m/z 603 labeled stercobilin. The line represents the median in each sample 

population.
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Fig. 4. 
(A) Comparison of the normalized concentration of moles of stercobilinogen of WT mice 

(left) to TS2 mice (right) using the m/z 601 labeled stercobilin. (B) Comparison of the 

normalized concentration of moles of stercobilinogen of WT mice (left) to TS2 mice (right) 

using the m/z 603 labeled stercobilin. The line represents the median in each sample 

population.
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Table 1

Characteristics of Mice Used.

Controls TS2-NEO

Total (n) 9 9

Female 3 3

Male 6 6

Mean Age ± (SD), Days 232 ± 109 206 ± 54
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Table 2

Oxygen-18 Labeled Isotope peaks for stercobilin detected with the percent labeled as compared to all peak 

areas.

m/z Peak (18On) % Labelling

595 (18O0) 6 ± 2

597 (18O1) 13 ± 4

599 (18O2) 26 ± 7

601 (18O3) 27 ± 14

603 (18O4) 28 ± 1
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