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Metabolomics Analysis of Time-Series Human Small Intestine Lumen Samples Collected in vivo
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Abstract

The human small intestine remains an elusive organ to study due to the difficulty of retrieving samples in
a non-invasive manner. Stool samples as a surrogate do not reflect events in the upper gut intestinal tract.
As proof of concept, this study investigates time-series samples collected from the upper gastrointestinal
tract of a single healthy subject. Samples were retrieved using a small diameter tube that collected
samples in the stomach and duodenum as the tube progressed to the jejunum, and then remained
positioned in the jejunum during the final 8.5 hours of the testing period. Lipidomics and metabolomics
liguid chromatography tandem mass spectrometry (LC-MS/MS) assays were employed to annotate 828
uniqgue metabolites using accurate mass with retention time and/or tandem MS library matches.
Annotated metabolites were clustered based on correlation to reveal sets of biologically related
metabolites. Typical clusters included bile metabolites, food metabolites, protein breakdown products,
and endogenous lipids. Acylcarnitines and phospholipids were clustered with known human bile
components supporting their presence in human bile, in addition to novel human bile compounds 4-
hydroxyhippuric acid, N-acetylglucosaminoasparagine and 3-methoxy-4-hydroxyphenylglycol sulfate.
Food metabolites were observed passing through the small intestine after meals. Acetaminophen and its
human phase Il metabolism products appeared for hours after the initial drug treatment, due to excretion
back into the gastrointestinal tract after initial absorption. This exploratory study revealed novel trends in
timing and chemical composition of the human jejunum under standard living conditions.

1. Introduction

The human gastrointestinal tract (Gl tract) performs essential functions for life including
absorption of energy from food and vitamin transformations. This makes the Gl tract an important area
of research to better understand how humans interact with food. The upper human Gl tract has been
investigated using techniques such as endoscope imaging® and sampling?, external imaging3, ileostomy
studies*>, in vitro small intestine models®, and humanized animal models’. These techniques have been
primarily used for single timepoint sample collections. However, the human small intestine is a highly
complex and dynamic system requiring time-series profiles to understand the in vivo functionality of the
upper Gl tract®. This study investigates a unique set of samples collected from the upper Gl tract of a single
healthy subject at approximately 30-minute intervals for 8 hours.

One important class of biofluids for human Gl tract function is bile. Bile is made in the liver, stored
in the gallbladder, and excreted into the duodenum. Bile consists of roughly 95% water with 5% organic
and inorganic components including bile acids, bile pigments, phospholipids, cholesterol, electrolytes, and
proteins®. Bile is excreted in response to meals'® and has important functions including acting as a lipid
emulsion stabilizer'*1? to aid in lipid absorption, as excretory route for cholesterol and other exposome
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metabolites!?, and to modify the composition of gut microbiota!®. To better understand how the Gl tract
interacts with diet and lifestyle, we investigated bile related metabolites and bile excretion patterns over
the course of 8 hours in a single test subject.

In addition to endogenous metabolites, exogenous compounds from food and drugs and their metabolites
also pass through the small intestine. These compounds represent extremely broad classes of chemicals
encompassing the metabolome of plants, animals, microbes, and the environment. While many
exposome compounds are listed in databases such as FooDB and DrugBase, nontargeted metabolomics
can detect additional compounds to add knowledge on transformations in the human Gl tract. Such food
biomarkers may classify dietary patterns and be used in human cohort studies'>'’. We show here that
some foods are more readily predicted from Gl tract fluid analyses than others. We also demonstrate the
utility of a non-targeted metabolomics analysis leading to novel observations of endogenous and
exogenous metabolite dynamics associated with the human Gl tract in vivo.

2. Methods

Ethics approval

The study was approved by and complied with the guidelines approved by the Association for the
Accreditation of Human Research Protection Programs (AAHRPP) certified review board WCG IRB (Study
Number 1186513, IRB Tracking Number: 20181298) as a Non-Significant-Risk study not requiring an
Investigational Device Exemption (IDE) review by the FDA. The single participant provided written
informed consent for study participation conducted at Silicon Valley Gastroenterology, 2490 Hospital
Drive, Suite 211, Mountain View, California 94040. For the chemical analyses of samples delivered to UC
Davis, the UC Davis IRB Administration approved the study under IRB ID 1307967-1.

Sample Collection

O =sample Timepoint A single human volunteer, a male
4 = Food Consumed between the age of 45-65 years without
any known morbidities and a BMI <30

=k - paracetamol Consumed

10:15 11:30 14:00 16:00 18:30 swallowed a 1.2 mm outer diameter
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 silicon tube with one end attached to a
A A+ 4 A A I\ capsule shaped sinker element 6 mm in
A B C D E F diameter and 15 mm long. A silicone

Figure 1. Method summary of Gl tract sampling. Timeline of sample  tube ran through the center of this
collections that occurred at approximately 30-minute intervals sinker element with an opening
throughout one day. Cross: 500 mg acetaminophen. Black arrows: covered with a 150-micron mesh filter.
food or beverage consumption. (A) apple juice, espresso (B) 60 8  The capsule was swallowed with water
puree (pear, peach, pumpkin, apple, cinnamon) (C) 10 g puree as
before. (D) 20 g olive oil, 20 g white bread, espresso (E) 25 g whole
wheat cereal, water, espresso (F) 210 g fermented milk drink.
Samples 1-2 were collected from the stomach and 3-20 were
collected from the small intestine.

and the tube was stopped from
advancing when the end of the tube
was 200 cm past the mouth, which
equates to 125 cm past the pylorus,
placing the sampling end of the tube in
the jejunum. Samples were aspirated by pulling out one milliliter aliquots of Gl tract fluid using a syringe
attached to the proximal end of the sampling tube every 30 minutes. The first two samples were collected
while the tube was still in the stomach and the rest were taken from the upper small intestine with the
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final 14 samples taken from 125 cm past the pylorus (Supplementary Table 1). During the sample
collection period, food, water, and acetaminophen were consumed ad libitum and time of ingestion
recorded (Figure 1). Specific timepoints of sample collection, food consumption, and sample details can
be found in Supplementary Table 1. Samples were transferred to microcentrifuge tubes and frozen at -20
°C until sample extraction (less than 1 week). After sampling, the silicon tube was cut and evacuated along
with the capsule sinker element through normal bowel movement.

Sample Preparation

Samples were separated into hydrophobic and hydrophilic portions using a modified liquid bilayer
extraction'®. Frozen samples were thawed on ice and 20 uL of intestinal liquid was transferred to a clean
microcentrifuge tube. Blank samples were created using 20 pL of LC-MS grade water instead of intestinal
fluid. 225 ulL of ice-cold methanol (containing internal standards'®) was added to each microcentrifuge
tube. Tubes were vortexed vigorously for 10 seconds and then 750 pL of methyl-tert butyl ether
(containing internal standard cholesterol ester 22:1) was added to each tube. All tubes were vortexed
vigorously for 10 seconds and shaken on an orbital shaker at 4 °C for 6 minutes. 190 uL of ice-cold water
was added to each tube followed by 10 seconds of mixing by vortex. Microcentrifuge tubes were
centrifuged at 14,000 RCF for two minutes. Two aliquots of 350 pL of the upper MTBE layer were aliquoted
into two clean microcentrifuge tubes for lipidomic analysis, and two aliquots of 125 plL of the lower layer
was transferred into two clean microcentrifuge tubes for analysis of hydrophilic metabolites. A portion
from the remaining upper and lower layers from all samples were combined with portions of other GI
tract samples external to this study to generate pooled quality control samples to assess technical
variation in analytical measurement. All tubes were dried to completion in a rotary vacuum dryer and
stored at -20 °C for less than two weeks until LC-MS/MS analysis.

LC-MS/MS analysis

Reverse phased liquid chromatography tandem mass spectrometry (RPLC-MS/MS) was used to perform
lipidomic analysis and began by adding 100 pL run solvent (9:1 methanol/toluene (v/v)) to microcentrifuge
tubes from the dried upper layer of extraction. Tubes were vortexed for 10 seconds, sonicated for 2
minutes, vortexed for 10 seconds, centrifuged at 14,000 RCF for 2 minutes and the supernatant was
transferred to amber 2 mL LC-MS vials with 200 pL glass insert. Chromatography was performed using a
Vanquish Focus UHPLC (ThermoFisher Scientific) and mass spectra collected with a QExactive HF* mass
spectrometer. An Acquity UPLC CSH C18 (100 mm x 2.1 mm, 1.7 um particle size) column (Waters, Milford
MA) with an Acquity UPLC CSH C18 (5 mm x 1.2 mm, 1.7 um particle size) pre-column (Waters, Milford
MA) was used with mobile phase A (6:4 acetonitrile/ water (v/v)) and mobile phase B (9:1 isopropanol
acetonitrile (v/v)). Mobile phases A and B were modified with 10mM ammonium formate and 0.1% formic
acid for positive mode ionization, and 10mM ammonium acetate for negative mode ionization. The LC
gradient started at 15% B, increased to 30% B from 0-2 minutes, increased to 48% B from 2-2.5 minutes,
increased to 82% B from 2.5-11 minutes, increased to 99% B from 11-11.5 minutes, held at 99% B from
11.5-12 minutes, returned to 15% B from 12-12.1 minutes and held at 15% B from 12.1-15 minutes. The
autosampler was held at 4 °C and needle wash was performed before and after sample injections for 10
seconds with isopropanol. Injection volumes were 4 pL for both positive and negative mode ionization
analyses. Additional MS parameters were used as previously reported®. Spectral data was collected with
scan range of 120-1700 m/z. MS/MS fragmentation used data dependent acquisition (DDA) and was
collected for the top 4 most abundant ions from each MS scan.



Food & Function Page 4 of 17

Hydrophilic interaction liquid chromatography tandem mass spectrometry (HILIC-MS/MS) was used to
measure hydrophilic metabolites and began by adding 0.1 mL run solvent (8:2 acetonitrile/water (v/v)
with 20 deuterated or synthetic internal standards as previously reported?® to dried microcentrifuge tubes
from the bottom aqueous phase of extraction. Tubes were vortexed, sonicated, vortexed, centrifuged,
and transferred as in the lipidomic analysis. The same instruments and parameters were used as lipidomic
analysis with the following exceptions. A BEH Amide (150 mm x 2.1 mm, 1.7 um particle size) column
(Waters, Milford MA) with BEH Amide (5 mm x 1.2 mm, 1.7 um particle size) pre-column Waters, Milford
MA) was used with mobile phases A (water) and B (95:5 acetonitrile/ water (v/v)) both modified with
10mM ammonium formate, and 0.1% formic acid. The gradient started at 100% B, was held at 100% B
from 0-2 minutes, decreased to 70% B between 2-7.7 minutes, decreased to 40% between 7.7 and 9.5
minutes, was held at 40% B from 9.5-12.75 minutes, returned to 100% B between 12.75-12.85 minutes,
and was held at 100% B from 12.85-17 minutes. Needle wash solution was 1:1 acetonitrile/ water (v/v).
Injection volumes were 3 L for positive mode electrospray analyses and 5 uL for negative mode
electrospray analyses. The scan range was 90-900 m/z with MS/MS acquired using DDA. Four quality
control samples were analyzed evenly spaced throughout samples for all analytical platforms and used to
assess injection reproducibility and instrument stability.

Data Analysis

LC-MS/MS data was processed using open source software MS-DIAL? (version 4.24) which performed
peak picking, deisotoping, automated peak annotation, alignment and gap filling. Data processing
parameters can be found in Supplementary Table 2. Blank subtraction was performed by removing
features that had a maximum sample intensity / average blank intensity ratio of less than 5 and also any
features that had a maximum sample intensity of less than 30k. Adduct and duplicate features were
flagged using Mass Spectral Feature List Optimizer (MS-FLO)?L. Data from each of the four analytical
platforms (RPLC-MS/MS ESI+/-, HILIC-MS/MS ESI+/-) were processed separately and combined after data
curation. No data normalization was performed because no trend in data intensities was observed from
the internal standards during data acquisition. Peak
height was used for all quantitation. Raw data may

Table 1. Classes of annotated metabolites. Subclass
level ontology determined by ClassyFire software.

Subclasses < 10 metabolites omitted. be found on the Metabolomics Workbench
(ST001794). Metabolite annotations were made
Chemical subclass count using defined confidence levels?? based on accurate
Amino acids, peptides, and analogues 325 mass, MS/MS library matching to experimental data,
Gl . and retention time from authentic standards run on
ycerophosphocholines 57 ;
Carbohydrates and carbohydrate conjugates 45 t.he S.ame instrument (Table 1). Tandem MS/MS
_ _ libraries of the MassBank of North America
Fatty acids and conjugates 45 .
ol | (MassBank.us) and NIST17 (NIST, Gaithersberg, MD)
Tri 31 . .
riacylglycerols were used for spectral matching. Manual curation of
Fatty acid esters 2 datasets was performed to reduce in-source
Glycosphingolipids 20 fragment annotations identified by very similar RT
Phosphasphingolipids 16 and high correlation between features. Predicted
Ceramides 13 retention times calculated using Retip?® were used to
Diacylglycerols 12 help identify in-source fragments and eliminate low
Amines 10 confidence annotations. Manual review of MS/MS

Bile acids, alcohols and derivatives 10 matches was performed to remove poor spectral
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matches since false positive annotations can occur when automatically matching MS/MS from complex
biological samples to large MS/MS spectral libraries?*.

Correlation based clustering was performed using the “hclust” function from r package “stats v3.6.2” with
method “ward.D2”2% and tree cutting was conducted using “cutree” function from “stats v3.6.2” with
input of k=18-26. Spearman rank correlations were used for all correlation analyses in this study. The
optimal number of clusters calculated through the elbow, and silhouette?® methods using Nbclust R
package?’ suggested 2 and 3 as the optimal number of clusters respectively for the 828 annotated
metabolites. This few of clusters was not useful to find biologically relevant trends due to large and
variable clusters. Using a previous timeseries metabolomics study?® as a guide, a value of 26 clusters was
chosen as a starting point, and then the number of clusters was reduced by 1 until biologically distinct
metabolite clusters with differing metabolite profiles began to be combined which resulted in 20 being
chosen as the optimal number of clusters (Supplementary Figure 1). Helpful R source scripts for the
clustering analysis was adapted from others?°. Other figures, tables, and correlation analyses were created
using custom R scripts.

3. Results and Discussion
Analyses of Gl tract metabolites

A total of 828 unique metabolites were annotated using non-targeted UHPLC-MS/MS analyses of
samples retrieved from the upper Gl tract. The most abundant chemical subclasses encompassed in this
dataset are summarized in Table 1. The largest chemical subclass is amino acids, peptides and analogues
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-= Di/Tripeptides and Amino Acids

I - Food Metabolites
Il - B Vetabolites

[ 1= Peptides and Ceramides

[ Peptide Cluster 1
1501

| = Unknown/ Mixed Clusters

1001

Food Cluster 1

‘ Bile Cluster 1

Food Cluster 2

[ Peptide Cluster 2
[Peptides and Ceramide Cluster

IR Food Cluster 3 _
50 R%; ’J Mixed Cluster 1 J Food Cluster 4
rove CIUSter‘S Blle Clusters [Food Cluster 6 I
Food Cluster 7

Food Cluster 9
Mixed Cluster 4 -
Mixed Cluster 3 | _Mixed Cluster 2

01 | Mixed Cluster 5
10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 h
Time of metabolite maximum (cluster average)

Number of metabolites per cluster

Food Cluster 8

Figure 2. Metabolite groups using correlation-based clustering. The number of metabolites per cluster is represented
by node size and position on the y-axis. The position on the x axis gives the time of day at which the clustered
metabolites showed an average maximum. Cluster names are given manually by key metabolites in each cluster.

which contains 325 metabolites including 267 dipeptides and tripeptides. The internal standard 12-
(cyclohexylcarbamoylamino)dodecanoic acid (CUDA) was used to determine injection reproducibility
with raw average relative standard deviations in the quality control between 4-10% for all LC-MS/MS
assays (Supplementary Table 4). Metabolites were annotated based on a combination of accurate mass,
tandem mass spectral library matching, and retention time matching leading to level 1 through 3
identification confidence levels as previously defined?2. In total, 6902 chromatographic features with
associated MS/MS spectra were detected after blank subtraction, and 12% of these features were
annotated with a chemical structure. Unknown features were omitted from the current report, but data
are publicly available to enable discovery of additional metabolites in the future (see methods).
Metabolites that share biological regulation or origin will strongly correlate in intensity across the
testing period. Therefore, we used correlation-based clustering to identify these groups of functionally
related metabolites (Figure 2). Multiple clusters were found following consumption of different foods.
For example, after consumption of a puree of fruit and vegetables, a group of sugars and arbutin (a
biomarker of pear consumption3®32) were clustered (Food cluster 5 in Figure 2) and show maximum
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intensities approximately 30 minutes after puree consumption (Figure 3A). In total 20 clusters were
generated and manually categorized based on the biological function of metabolites within each cluster.
Clusters were manually classified as containing a high proportion of food metabolites, bile metabolites,
di- and tripeptides and amino acids, and one cluster of di- and tripeptides with many ceramide lipids.
Clusters were labeled as mixed/unknown if a cluster contained metabolites split between multiple or
unknown functions. The cluster assignment for all metabolites can be found in Supplementary Table 4.

food cluster 2 (puree) fermented milk metabolites
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Figure 3. Intensity profiles of food related metabolites across the sampling period. Vertical lines represent meals
(green dashed lines), coffee consumption (brown dotted lines) and acetaminophen consumption (black dashed line).
Panel A: bold green dashed line for fruit/vegetable puree. Panel B: bold green dashed line for fermented milk
beverage. Panel C: metabolites grouped in food cluster 1 without direct relationship to timing of puree consumption.
Panel D: bold brown dashed lines for coffee consumption.

3.1 Food related metabolites
Several meals and beverages were consumed during the sample collection period between 10:15 — 18:30
h (Figure 1, Supplementary Table 1). Some meals led to food metabolite clusters unique to a single meal
like arbutin and sugars linked to a fruit puree (Figure 3A). These food metabolites showed a clear
maximum after food consumption, and then decreased to baseline levels. Similarly, some metabolites
were relatively unique to milk (oligosaccharide sialyllactose3*3*, N-acetyl-lactosamine3,
butyrylcarnitine3®) or fermented milk (cadaverine®®) and showed distinct maximum levels after
consumption of a fermented milk product at 16:35 h (Figure 3B). Alternatively, some food related clusters
did not clearly indicate which meal the metabolites came from. One example of a non-specific food
metabolite cluster is food cluster 1 which did not contain metabolites unique to a specific meal and had
multiple spikes in intensity throughout the day (Figure 3C). Similarly, food cluster 9 also showed multiple
spikes throughout the day with high variability. Cluster 9 consisted of coffee biomarkers (trigonelline37:38,
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caffeine3’2® and catechol?®) which generally follow coffee consumption timepoints (Figure 3D) linking this
cluster to drinking coffee products. These metabolites did not show well-defined peaks after coffee
consumption. A previous study reported that coffee metabolites dwell for a long time after coffee
consumption by quantifying trigonelline in saliva samples 16 hours after coffee consumption even after
rinsing of the mouth®. Our study here confirms that some metabolites from food and beverage can
remain in the upper Gl tract for long periods after consumption. Some metabolites correlated with coffee
biomarkers might be caused by an endogenous response to coffee intake, which warrants an interesting
aspect for future investigations

dietary lipids
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Figure 4. Intensity profiles of metabolite clusters across the sampling period. Vertical lines represent meals (green
dashed lines) and acetaminophen consumption (black dashed line). Panel A: bold green dashed line for olive oil
/ bread with profiles of dietary lipids. Panel B: intensity profiles of 12 bile-associated metabolites. Panel C: bold
green dashed line for olive oil / bread with profiles of fatty acids and FAHFAs. Panel D: bold black dashed line for
acetaminophen intake, followed by profile of acetaminophen metabolite profiles. *marked annotation
encompasses TG 18:0_18:1_18:2, and TG 18:1_18:1_18:1 due to coelution.

Well-defined maxima in intensity of dietary diacylglycerides (DGs) and triacylglycerides (TGs) were
observed immediately following consumption of 20 grams of olive oil with a slice of bread at 12:15 h
(Figure 4A). TGs are the main component of olive oil. The most common acyl chain lengths in olive oil are
18:1, 18:2, 16:0, and 18:0*%2. As expected, these same acyl chain lengths were highly represented in the
TGs measured after olive oil consumption (Figure 4A). The profile of free fatty acids showed less defined
peaks throughout the sampling period such as oleic acid (fatty acid 18:1) which became more abundant
after olive oil consumption but fluctuated in intensity for the rest of the afternoon (Figure 4C). This trend
may be explained by TGs of olive oil being hydrolyzed to free fatty acids by lipases present in the upper Gl
tract, followed by gradual absorption of the fatty acids over the following hours*¥44, Interestingly, we
observed a second spike of the same TGs three hours after olive oil consumption (Figure 4A). One
explanation for this second peak is the highly variable gastric retention time of humans which can be
between 0 and 4 hours depending on food type**¢ . This finding implies that some olive oil proceeded
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directly to the small intestine after consumption and the rest remained in the stomach with the solid
bread of the meal until gastric emptying occurred hours later. The physical appearance of samples
supports these findings as there was a lipid layer that formed on the top of the samples with high lipid
abundance (samples collected from 12:30-13:00 h and 15:30-16:00 h), and not in samples between the
two abundant dietary TG spikes (Supplementary Table 1). Oleic acid (fatty acid 18:1) and arachidic acid
(fatty acid 20:0) had higher abundances after olive oil consumption and showed maximum intensities at
the same timepoints as the dietary TGs previously mentioned. Two fatty acyl esters of hydroxy fatty acids
(FAHFAs) showed similar intensity profiles to oleic and arachidic acid (Figure 4C). FAHFAs are a recently
discovered class of lipids that have been shown to decrease insulin resistance and inflammation*’. FAHFAs
are produced endogenously?’ and also found in a variety of plants.*®4° These FAHFAs are likely derived
from olive oil given their strong correlation with other olive oil metabolites and their related fatty acyl
constituents (Figure 4C). We here report for the first time the presence of oleic acid-hydroxy oleic acid
and oleic acid-hydroxy stearic acid FAHFAs in association with olive oil, and for the first time the finding
of FAHFAs in the human Gl tract. Finding these FAHFA constituents closely correlated with free fatty acids
associated with olive oil suggests that FAHFAs are likely hydrolyzed and absorbed at similar rates
compared to free fatty acids.

3.3 Bile related metabolites

Three separate metabolite clusters of bile-related metabolites were found with average maxima at 14:00
h and 16:30 h (Figure 2). These data suggest that over the course of 8 hours of sampling there were two
primary bile excretion events, accompanied with lesser bile acid excretion events occurring throughout
the sampling period such as a smaller peak at 12:30 h (Figure 4B). These excretion events are characterized
by the relative maxima of known bile related metabolites including all twelve detected bile acids, three
steroid hormones, cholesterol, phase |l exposome metabolites, phospholipids, and acylcarnitines>%°?
(Figure 2, Supplementary Table 4, Supplementary Figure 2B and 2D). Apart from the key bile acids, bile
cluster 3 mostly contained phosphatidylcholines (PCs) and cluster 1 had many lysophosphatidylcholines
(LPCs), which are both known components of human bile. These clusters have maxima at similar
timepoints compared to bile acids but show more defined spikes and then drop to baseline levels for the
remainder of the samples, likely due to rapid lipase action on PCs and LPCs (Supplementary Figure 2). Bile
acids are the most focused on of bile components due to their importance in food digestion'?, cell injury
and protection®?, and function as a signaling axis between the gut microbiota and host>3.

Bile acids are difficult to study in humans in vivo due to difficulty in sampling the human small
intestine making this a valuable and unique view into bile excretion under normal conditions. The time
dependent excretion of bile appeared to be strongly related to passage of dietary lipids through the upper
small intestine. Lipids linked to dietary sources showed two sharp spikes in abundance at 12:30 h and
15:30 h (Figure 4A). One hour after these spikes in lipid concentrations, major bile excretion events were
recorded at 13:30 h and 16:30 h (Figure 4B). This observation is in alignment with the known progression
of lipid rich stomach chyme stimulating cells of the proximal small intestine to release hormone
cholecystokinin into circulation leading to contraction of the gallbladder and excretion of bile into the
intestinal tract®®. The postprandial response of bile components also aligns with the finding that bile acids
in circulation are governed by meal intake, as opposed to hepatic bile acid synthesis, which has a defined
circadian rhythm?®>. Previous studies of bile excretion report “time after test meal” to predict gallbladder
contraction®195657 In our study, we are better able to give a specific metric of dietary lipids in the small
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intestine to better measure the excretion of bile compared to time after consuming meals. Our study gives
a unique perspective on the time dependency of known bile metabolite excretion relating to dietary lipids.

In addition, we found a range of both known and novel metabolites to be correlated with bile.
Specifically, the metabolite 4-hydroxyhippuric acid is clustered with bile metabolites and has a Spearman
rank correlation coefficient of r,, > 0.9 to six different bile acids and several other bile related metabolites
(Supplementary Table 5). This metabolite is a product of microbial transformation of dietary polyphenols
followed by liver transformation and glycination®® and has been reported as a urinary biomarker for fruit
and vegetable intake in humans®°. Metabolite 4-hydroxyhippuric acid has been measured in mouse bile®°,
however this is the first report of this metabolite detected in relation to human bile. Another metabolite,
N-acetylglucosaminylasparagine, is a glycoprotein breakdown product reported to be disposed of through
urine®! and is here associated with bile metabolites suggesting bile as an additional disposal route for this
metabolite. Another metabolite clustered with bile metabolites is a product of norepinephrine
metabolism, 3-methoxy-4-hydroxyphenylglycol sulfate. This metabolite has been reported as a urinary
metabolite, but not as a bile related metabolite. It has been previously proposed that bile is a plausible
disposal route for 3-methoxy-4-hydroxyphenylglycol sulfate in addition to urine®?; however, we here
present the first direct measurements to validate this link. Urine and bile are routes of excretion for
metabolic end products and exogenous metabolites’ which makes the link of these known urinary
metabolites in bile for the first time a plausible biological outcome.

3.4 Acetaminophen and related metabolites

A dose of 500 mg of the general analgesic acetaminophen was taken orally mid-morning on the
day of this experiment (Figure 1). Acetaminophen abundance in the upper Gl tract lumen immediately
rose to its highest level 15 minutes later. After 35 minutes the abundance of acetaminophen fell to about
15% of its maximal abundance and continued to fall to baseline level over the following hours. After
absorption, acetaminophen is transformed in the liver primarily to acetaminophen sulfate,
acetaminophen glucuronide, and cysteinylacetaminophen®%*, These three conjugates were detected,
and the intensity profiles support the route of liver transformation of acetaminophen, biliary excretion,
and collection from the upper small intestine (Figure 4D). Interestingly, each conjugate showed a unique
profile. Acetaminophen sulfate appeared immediately after acetaminophen ingestion and had a maximal
abundance after 1.5 hours, in contrast to acetaminophen glucuronide that did not appear until 30 minutes
after acetaminophen ingestion and had maximal abundance after 2.5 hours. The phase Ill conjugate 3-
cysteinylacetaminophen slowly increased in abundance and did not reach maximal intensity until 3.5
hours after acetaminophen ingestion (Figure 4D). Biliary excretion of these conjugated metabolites is
further supported as the source of these metabolites because we detected a local maximum for these
conjugates at 16:30 h, the same timepoint as found for one of the major bile excretion events (Figure 4B).
The unique profile for each of these acetaminophen related metabolites is in agreement with the known
pharmacokinetic properties of acetaminophen. After oral ingestion of acetaminophen, plasma
acetaminophen has maximum concentration within less than 1 hour, followed by the maximum of the
sulfate conjugate between 1 and 1.5 hours, and the glucuronide conjugate maximum at 2 to 2.5 hours®*.
The immediate appearance of acetaminophen sulfate in this experiment, and no immediate appearance
in acetaminophen glucuronide, is expected because intestinal epithelium cells have the capacity to
convert acetaminophen to acetaminophen sulfate in vitro, while showing little to no capacity to convert
acetaminophen to acetaminophen glucuronide®>.

Page 10 of 17
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Next, we wondered if additional downstream metabolites of acetaminophen might be detectable
in the Gl tract. To make this end, we used the BioTransformer software®® that predicts possible metabolic
products of drugs using known phase Il metabolism reactions from humans. BioTransformer predicted
the presence of acetaminophen sulfate and acetaminophen glucuronide from acetaminophen, however
3-cysteinylacetaminophen was not predicted, likely because it requires multiple reactions to form
(conjugation to glutathione then degradation to 3-cysteinylacetaminophen®’). Importantly,
BioTransformer predicted additional acetaminophen metabolites for which no public MS/MS spectra are
available, neither in MassBank.us nor NIST20. Instead, we queried unknown LC-MS/MS features using
accurate mass matches to the candidate list provided through BioTransformer. Two BioTransformer
candidate accurate mass matches were 3-cysteinylacetaminophen glucuronide and 3-cysteinylcysteine
acetaminophen sulfate, both with less than 1.8 ppm mass difference to the theoretical elemental
compositions. The glucuronide conjugate was too low abundant to trigger a data-dependent MS/MS
event, but the MS/MS spectrum for the 3-cysteinylcysteine acetaminophen sulfate included a typical M-
80 representing neutral loss of SO;, confirming the likely identification of this compound (Supplementary
Table 4). While these two metabolites have been reported before in urine®, and other authors predicted
these acetaminophen metabolites to occur in mammals®®, no MS/MS spectra were published to date.
Both metabolites showed similar time profile as 3-cysteinylacetaminophen (Figure 4D), providing
additional biological support for structural annotation of these acetaminophen metabolites.
Measurement of these acetaminophen metabolites in relation to bile highlights the use of bile clusters in
the Gl tract for understanding drug metabolism in humans.

3.5 Ceramide and Peptide Clusters

One cluster of metabolites contained many ceramides with high degree of intercorrelations
(Supplementary Figure 2A). Ceramide abundance showed five very pronounced maxima throughout the
eight-hour sampling period that did not correlate to other physiological or environmental stimuli such as
acetaminophen, dietary ingestions, bile excretions or dietary lipids. Ceramides are important as structural
lipids and signaling molecules particularly within the Gl tract’. These lipids are produced in many tissues
throughout the body including Gl tract epithelium and are also present in many foods’®. Our findings
presented here support the notion that Gl tract ceramides are produced endogenously and are regulated
tightly in frequent intervals.

The cluster of Gl tract ceramides had maxima that trended with dozens of di- and tripeptides and free
amino acids maxima (Supplementary Figure 2C). Such short-chain peptides in these clusters might
originate from incomplete protein degradation and found in the GI tract either through gastric or
pancreatic excretions. Both the stomach and pancreas secrete proteases that could be responsible for
digesting proteins down to short peptides and amino acids. The abundance profile of these clusters show
2-hourly maxima at 10:30h, 12:30h, 14:30h and 16:30h with an additional minor maximum at 13:30h.
Similar to ceramides, these maxima did not directly coincide with major bile excretions or dietary lipids.
Pancreatic juice is a relatively little investigated biofluid’!. However, multiple studies have reported a
selection of free amino acids as important components of pancreatic juice’ including phenylalanine,
tyrosine, tryptophan, valine, leucine, isoleucine and alanine. We here find all of these amino acids
associated with pancreatic juice in conjunction with di- and tripeptide clusters (Supplementary Figure 2B).
Di- and tripeptides are regularly reported in metabolomics studies’>”3 but are absent from most classic
nutritional studies. Our data support the notion that the observed dipeptide clusters may be derived from



Food & Function

pancreatic juice; yet this evidence is not conclusive because amino acids are certainly not unique to
pancreatic juice.

4.0 Conclusions

We here present a technique to enable a unique perspective into the human upper Gl tract in vivo over
the course of eight hours. Correlation based clustering connected metabolites of similar biological
function to be investigated in temporal profiles and to be associated with important physiological and
dietary events. Interestingly, even classic nutritional compounds like amino acids showed clear temporal
profiles that were not exclusively related to dietary input. Bile metabolites spiked roughly 1.5 hours after
measurement of dietary lipids passing the upper small intestine. This observation presents a unique
measurement because in humans, bile excretion has been measured almost exclusively under fasted
conditions and not during a normal day of ad libitum meal consumption. We here report specific
metabolites (4-hydroxyhippuric acid, N-acetylglucosaminylasparagine, 3-methoxy-4-hydroxyphenylglycol
sulfate) to be linked to human bile. This experiment also gave a unique insight into acetaminophen
metabolism and excretion and presents the utility of bile associated metabolites to find endogenously
modified drug metabolites. The human Gl tract is an extraordinarily complex and dynamic system and
metabolomics experiments offer a valuable approach to discover how the gut interacts with food. This
single subject study presents trends that may not be representative of the general population. Future
experiments are needed to determine which trends can be expected from the population as a whole.
Although this is a single subject study the dataset is rich in information and provides unique findings into
the metabolome of the upper human Gl tract in vivo.
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