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Abstract

Background—The metabolic pathways associated with colonic motility are unknown. To
identify potential metabolic targets for treatment of constipation, we examined the metabolic
profile before and after a meal challenge in a cohort of children with constipation and determined
its relationship with postprandial colon motility patterns.

Methods—In this prospective study, 187 metabolites were measured by liquid chromatography—
mass spectrometry at multiple time points before and after a standardized meal in constipated
children undergoing a colon manometry. Postprandial metabolite levels were compared with
baseline and also correlated with multiple manometric measurements, including the number,
frequency, and amplitude of pressure peaks as well as the motility index (Ml).

Key Results—A total of 20 subjects were included (mean age 13.1 + 3.4 years). No significant
metabolite changes were observed at 10 min after the meal, whereas 16 amino acid and 22 lipid
metabolites had significant (P < 0.005) postprandial changes, including decreases in
methylhistamine, histamine, and GABA, by 60 min. Correlations were observed between normal
and abnormal postprandial motility patterns and changes in specific metabolites, including
glycerol, carnosine, alanine, asparagine, cytosine, choline, phosphocholine, thyroxine, and
triiodothyronine. Interestingly, subjects without the normal postprandial increase in area under the
curve (AUC), had markedly increased levels of kynurenic acid and adenosyl-homocysteine.

Conclusions & Inferences—This is the first study to examine postprandial metabolic changes
in children and also to correlate changes in specific metabolites with colonic motility. The results
suggest possible metabolic pathways associated with motility and identify potential targets for the
treatment of constipation.
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INTRODUCTION

Recent advances in metabolite profiling are allowing simultaneous quantitative detection of
large numbers of circulating metabolites in response to specific stimuli, such as glucose
challenge,! exercise,? or planned myocardial infarction.? In each of these cases, the results
have revealed complex responses and provided insights into metabolic interactions, thereby
yielding important information underlying normal physiology and disease pathogenesis.
Exercise, for example, was found to induce greater increases in glycerol in fit than in unfit
individuals.2 Together with other metabolic profiles identified during exercise, these
findings may have predictive value for cardiovascular morbidity. Like exercise, ingestion of
food has substantial metabolic effects, including major effects on diverse physiologic
functions, including sleep, mood, and colonic motility.*>Understanding how these effects
are mediated at the metabolic level would provide important knowledge on these
fundamental physiologic processes and may yield insight into associated disorders. Colon
motility is known to be regulated by food ingestion, with the gastrocolic response
representing a normal increase in colonic motility in response to food intake. However, the
mechanism of this response is not well understood, and the metabolic changes associated
with it are entirely unknown. Given the high prevalence of constipation, understanding the
factors associated with normal colonic motility and identifying the metabolic abnormalities
associated with constipation, could have important implications for designing targeted
therapies. The goal of this study was twofold: (1) to examine the metabolic profile in
children with constipation following ingestion of a standardized meal containing fixed
proportions of fat, carbohydrate, and protein, and (2) to determine whether any relationships
exist between those metabolic changes and postprandial colonic motility.

METHODS

To systematically characterize the biochemical response to a standardized meal in children,
we obtained plasma samples from a cohort of pediatric subjects with functional constipation
scheduled for clinically indicated colonic matility testing. A total of 187 metabolites were
quantitatively measured before, and at three time points after, a meal. Metabolite changes
identified were then correlated with colon motility measurements.

Patient selection

Children 8-18 years of age scheduled for a clinically indicated colon manometry study at
the Gastrointestinal Motility Program at Boston Children’s Hospital for management of
intractable constipation were included in this study after obtaining institutional approval and
informed consent and assent. All subjects had functional constipation, as defined by Rome
11 criteria,8 7 and intractable constipation, with failure to respond to conventional therapy,
as defined by the North American Society of Pediatric Gastroenterology and Nutrition.8
Subjects with Hirschsprung’s disease, anorectal malformations, previous gastrointestinal
surgery, clotting disorders, diabetes, and intolerance to bisacodyl were excluded.

Colonic motility

Colonic motility was performed as previously described.® Subjects were admitted for 1V
catheter placement and bowel cleanout with polyethylene glycol solution via nasogastric
tube until stools were clear, as per standard protocol for colonic motility studies at our
institution. The following morning, all subjects were taken to the endoscopy suite, general
anesthesia induced, and a colonoscopy performed for placement of a colon motility
catheter.2-10 Subjects were recovered from anesthesia and returned to their room. The
following day, following an overnight fast, colonic motility testing was performed.?
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Baseline colonic motility was recorded for 1 h (fasting period). Children were then given a
standardized meal over a maximum of 10 min. The meal composition was as follows: 1
plain bagel, 8 oz. low-fat fruit yogurt, 1 packet peanut butter, and 8 oz. of water. The total
caloric content is 475 kilocalories (77% carbohydrate, 16% protein, and 7% fat). Colon
motility was recorded for 1 h after the meal (postprandial period).

Metabolite profiling

As shown in Fig. 1, blood sample #1 was drawn just prior to beginning the meal, and
samples #2, #3, and #4 were drawn at 10, 30, and 60 min, respectively, after starting the
meal. At each time point, 5 mL of blood was drawn into EDTA-coated tubes, spun, and the
plasma immediately frozen at =80 °C. The timing of sample collection was based on
previous studies evaluating the gastrocolic response to a meal.10

Metabolomics was performed at Massachusetts General Hospital. We profiled 187 amino
acids, biogenic amines, lipids, and other plasma metabolites by liquid chromatography—mass
spectrometry (LC-MS) and analyzed as previously described.11-12 Reagents included formic
acid, ammonium acetate, LC-MS—grade solvents, valine-d8 (Sigma-Aldrich, St. Louis, MO,
USA), and phenylalanine-d8 (Cambridge Isotope Laboratories, Andover, MA, USA).
Plasma and media samples were prepared for LC-MS analyses via protein precipitation with
the addition of nine volumes of 74.9 : 24.9 : 0.2 vol/vol/vol acetonitrile/methanol/formic
acid containing two additional stable isotope-labeled internal standards for valine-d8 and
phenylalanine-d8. The samples were centrifuged (15 000 g for 10 min) and the supernatants
were injected directly. Metabolic profiling of complex lipids including triacylglycerols,
diacylglycerols, and phospholipids was performed as previously described.13

We performed LC-MS metabolic profiling at baseline and at multiple time points for 1 h
following the standardized meal. The metabolite platform comprised two distinct methods.
The first used targeted analysis to measure 73 distinct metabolite species. Metabolite classes
measured included hydrophilic molecules such as amino acids, biogenic amines, purines,
and pyrimidines. The second method employed a semitargeted approach to analyze 114
definite complex lipids. Species surveyed included phospholipids, such as
phosphatidylethanolamines (PE), phosphatidylcholines (PC) and sphingomyelins (SM),
lysophospholipids including lysophosphatidylethanolamines (LPE) and
lysophosphatidylcholine (LPC), and the glycerides, diacylglycerols (DAG) and
triacylglycerols (TAG). De-identified data were obtained as median (range) metabolite
integrated peak areas and entered into an IBM SPSS Statistics database.

Colonic motility measurements

Colonic motility was measured throughout the baseline and postprandial periods and its
relationship to metabolite changes characterized. The following five manometry
measurements were obtained: (i) number of pressure peaks, (ii) peaks per minute, (iii) mean
amplitude of the pressure peaks (mmHg), (iv) area under curve (AUC) of pressure waves,
and (v) motility index (MI = Ln (number of contractions x sum amplitudes + 1). An
‘increase’ in any of these parameters was defined as a postprandial change of at least 15%
above baseline, reflecting the presence of a colonic motor response to a meal.1415 Each
subject was classified as exhibiting either a postprandial increase or lack of increase for each
of these five parameters separately.

Statistical analyses

The median value for each metabolite was calculated at every time point and the percent
change from baseline was tested for statistical significance using the non-parametric test
Mann-Whitney. For metabolomic analysis, a nominal P-value < 0.005 was considered
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significant to account for multiple hypothesis testing.11 For colon motility measurements,
the median values for each amino acid metabolite were compared between subjects with and
without an increase for each of the five motility parameters. Differences with P < 0.05 were
considered significant. IBM SPSS Statistics version 19 was used for statistical analyses.

We performed two separate analyses: firstly, we evaluated the changes from baseline of the
187 metabolites at three different points of time after a meal challenge and we also
correlated metabolite levels with colon motility measurements.

Postprandial metabolomic profile

A total of 25 subjects were enrolled and 20 completed the study (two patients ate prior to the
baseline blood draw, two patients lost IV access during the study, and one patient’s samples
clotted). The mean age of the 20 subjects was 13.1 + 3.4 years and nine (45%) were female.

We found no significant metabolite changes at 10 min following the start of the meal. We
observed that creatinine and glucose did not change significantly throughout the course of
the study. Compared with baseline, 16 aminoacids changed significantly within 60 min of
the meal challenge (Fig. 2A). Of those, 11 amino acids increased significantly within 30 min
and one (alanine) increasing by 60 min. The remaining four metabolites decreased following
the meal. Methylhistamine, histamine, and GABA decreased significantly by 30 min,
whereas glycerol showed a significant decrease at 60 min. Figure 3 shows the changes over
time in those amino acid metabolites that demonstrated at least a 20% postprandial change
compared with baseline.

Among the 114 lipids and lipid metabolites analyzed, 22 demonstrated significant
postprandial changes compared with baseline (Fig. 2B). Among these, 19 metabolites were
triacylglycerols (TAG), all of which increased significantly by the 30- or 60-min time
points. Several cholesterol esters also achieved statistically significant changes, with two
decreasing and one increasing in concentration (Fig. 2B). Interestingly, many classes of
lipids, including DAGS, LPEs, LPCs, PEs, and SM did not demonstrate any significant
changes throughout the postprandial period. In Fig. 4, lipid metabolites with at least a 25%
postprandial change from baseline are depicted graphically.

Relationship between postprandial colon motility and metabolic changes

A significant postprandial increase in M1 was observed in 13 patients. This Ml increase
occurred at a median of 8.0 £ 5.2 min (range 3-22 min) after starting the meal. We observed
no significant association between the median levels of any metabolite and increase in M.
However, those subjects without a postprandial increase in Ml (i.e., those with absent
gastrocolic response) had significantly higher levels of glycerol at 10 min (P = 0.019) and
carnosine at 30 min (P = 0.015), as shown in Table 1.

In addition to MI, we characterized the number, frequency, and amplitude of colonic
pressure peaks detected during the baseline and postprandial periods for each subject. We
observed a significant increase in number, frequency, and amplitude of colonic pressure
peaks in 14, 13, and 5 subjects, respectively. Subjects were separated into those with a
normal postprandial increase in these parameters and those with no change. Metabolite
levels in each group were compared to identify significant correlations. The results are
summarized on Table 1. Interestingly, subjects with the expected postprandial increase in
the frequency and amplitude of colon pressure peaks exhibited significant increases in
several metabolites, whereas those with no change postprandially had no significant
associated metabolic features.
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We observed a postprandial increase in AUC in nine patients (Table 1). The only metabolite
associated with an increase in AUC was a higher level of valine 30 min after the meal.
Subjects without a postprandial AUC increase had significantly higher median levels of nine
metabolites at one or more time points (Fig. 5). Kynurenic acid was significantly increased
at all time points, and adenosyl-homocysteine was increased at baseline, 10, and 60 min.

DISCUSSION

Using a mass spectrometry-based metabolite profiling platform, we identified a panel of
amino acids, peptides, and lipids that change significantly following a standardized meal.
Postprandial metabolomics have previously been characterized following a variety of
foods,16-20 and it is clear that different diets elicit different metabolic responses. We were
specifically interested in characterizing the metabolic changes associated with this
standardized meal composition in children as it is routinely administered at our institution
during pediatric colonic manometry studies. These results represent the first characterization
of the postprandial metabolic response in children, and also this is the only study to date that
characterizes the association between postprandial metabolic changes and colonic motor
activity.

The timing and magnitude of postprandial metabolic changes depend on many factors,
including gastrointestinal motility, luminal digestion, mucosal absorption, tissue uptake, and
metabolite breakdown. In our amino acid analysis, no metabolite demonstrated a significant
change in concentration at 10 min, whereas 13 metabolites changed significantly by 30 min.
This timing is consistent with recent studies in adults showing that the earliest increases in
plasma amino acid levels following a glucose challenge occurred at 15 min,20 or at 30 min
after eating bread.16 Ashley et al.18 analyzed the amino acid response to a 20% protein
meal, similar to our standardized diet, and found that certain essential amino acids rose
rapidly within 1 h, including leucine, isoleucine, valine, phenylalanine, and tryptophan. We
also found significant increases within 1 h in these amino acids, as well as the basic amino
acids, arginine and lysine. Among the non-essential amino acids, others have described
alanine as exhibiting the greatest postprandial increase,18 a finding consistent with our
results showing a 37% increase in alanine at 1 h.

Dietary tryptophan may be an important amino acid with respect to intestinal function as it is
the precursor of serotonin, which mediates effects not only on sleep and appetite but also on
neural reflexes that regulate gut motility, secretion, and sensation.2! Tryptophan increased
significantly at 30 and 60 min following the meal, although its metabolites, 5-HIAA and
serotonin, did not.

The significant decreases in postprandial histamine, methylhistamine, and GABA are
intriguing. Histamine regulates multiple intestinal functions, including gastrointestinal
motility and mucosal secretion, and its receptors are expressed throughout the bowel, in the
epithelium, muscle, enteric nervous system, and immune cells.22 Dysregulated histamine
activity, with significantly elevated receptor levels, has been identified in patients with food
allergy and irritable bowel syndrome.22 Therefore, the normal postprandial decrease in
histamine and its major metabolite, methylhistamine, may serve to regulate diet-induced
effects on motility, secretion, or immune function, but the functional implications need to be
further studied. Importantly, histamine is rapidly metabolized after its release, and therefore
our findings may not reflect local histamine levels and should be interpreted cautiously.
GABA, a major inhibitory neurotransmitter in the brain, is known to mediate gastrointestinal
functions relevant following a meal, including regulating relaxation of the lower esophageal
sphincter (LES), gastric accommodation, and duodenal tone.23 Animal studies have shown
that GABA stimulation results in decreased colonic motor activity,24 whereas GABA
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blockade results in increased colonic motility,2 although whether this affects propagating
activity remains unknown.28 The postprandial decrease in GABA may therefore play a role
in regulating colonic motor activity after a meal. Although we did not observe an association
between GABA levels and MI, we did observe a higher level of GABA in subjects lacking
an increase in AUC after a meal, supporting this potential role. Functional studies are
needed to define further the role of GABA following food intake.

The analysis of metabolic changes and their relationship to colonic motor function yielded
interesting and unexpected results. Importantly, the gastrocolic response, defined as a
postprandial increase of at least 15% in the MI, occurred at a median of 8.0 £ 5.2 min (range
3-22 min) after starting the meal. This is interesting in light of the fact that we did not
observe a significant change of any metabolite in the first 10 min after the meal. This may
suggest that the initiation of the gastrocolic response may not be metabolically mediated, but
rather neurally controlled, perhaps by the vagus nerve, consistent with the observation that
electrical stimulation of the vagus in rats elicits contractions throughout the colon.2’
However, we cannot exclude the possibility that local metabolite levels may have changed
more quickly than serum levels, or that other metabolites or neuropeptides not analyzed may
be responsible for the reflex. Analysis of plasma metabolomic profiles in this study is
therefore not able to reveal the mechanisms responsible for initiating the gastrocolic
response.

Children that showed no significant change between baseline and postprandial AUC
exhibited multiple metabolic differences when compared with those children that had an
increased postprandial AUC. The AUC is a useful indicator of colon motor activity, as it
corresponds to the sum of the area of all pressure waves during the period of measurement.
Absence of a postprandial increase in AUC is indicative of abnormal colon motility. The
children with no increase in postprandial AUC had significantly higher levels of
triiodothyronine, niacinamide, kynurenic acid, leucine, histamine, GABA, deoxyadenosing,
adenosylhomocysteine, and 5HIAA, leading us to hypothesize that these metabolites
represent potential candidates for mediating postprandial colonic motility. Kynurenic acid
levels were significantly increased at all time points in subjects without a postprandial AUC
increase. Kynurenic acid, a metabolite of tryptophan, is an antagonist of N-methyl-D-
aspartate (NMDA) glutamate receptors and has been shown to decrease colonic motility in
rats?8 and dogs.2° Elevated levels of this metabolite in subjects with manometric evidence of
colon dysmotility suggest a potential causative role that merits further investigation.

This study represents the first analysis of postprandial metabolomics in children and also the
first attempt to correlate postprandial metabolic changes with colonic motor function. Our
results are consistent with several prior studies in both the timing and pattern of amino acid
changes following a meal. Our results also reveal new and potentially important changes in
the postprandial metabolomic profile. The significant decreases in histamine and GABA
may represent important postprandial functions for these mediators worthy of further study.
We also identified multiple metabolites whose postprandial levels were markedly different
in children with normal and abnormal colonic motility. Our study is limited by the small
number of subjects and by the specific metabolites analyzed. Future work needs to include a
larger number of subjects with normal and abnormal motility, and also a larger variety of
metabolites, including intestinal neuropeptides and neurotransmitters. Results from these
studies will yield important information on the mechanisms underlying colonic motor
activity and could have a major impact on the management of patients with colonic
dysmotility.
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Sample 1: Sample 2: i Sample 3: Sample 4:
Baseline 10 min post-meal 30 min post-meal 60 min post-meal

Figure 1.
Experimental protocol describing the timing of blood sampling.
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metabolites shown exhibited a significant (P < 0.005) change in median concentration at any
of the postprandial time points compared with baseline. The figure depicts the level of the
metabolite as either increasing (red) or decreasing (blue), with the size of the dot reflecting
the level of significance. CE: cholesterol ester; TAG: triacylglycerol; C56:2 refer to a lipid
with 56 carbon molecules and 2 double bonds.
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Figure 3.

Metabolic changes in amino acids or their metabolites following meal ingestion. Nine
metabolites demonstrated a significant postprandial change in plasma level of at least 20%
compared with baseline. Data represent the entire cohort of 20 patients. Bars denote
percentage change from baseline, lines connect the percentage changes, and the boxes

denote the actual percentage change and its direction.
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Figure 4.

Metabolic changes in lipids after meal ingestion. Eight lipids exhibited a significant
postprandial change in plasma level of at least 25% compared with baseline. Data represent
the entire cohort of 20 patients. Bars denote percentage change from baseline, lines connect
the percentage changes, and the boxes denote the actual percentage change and its direction.
TAG, triacylglycerol. C44:1 refers to a lipid chain with 44 carbon molecules and 1 double
bond.
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Figureb5.
Metabolic changes associated with abnormal postprandial AUC. The area under the curve of

the pressure waves (AUC) was calculated by colonic manometry. Subjects who did not
exhibit a normal increase in postprandial AUC had significantly higher median levels of the
nine metabolites shown. Kynurenic acid and adenosylhomocysteine levels are significantly
higher in all samples except for adenosyl-homocysteine at 30 min.
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Relationship between postprandial colon motility parameters and metabolite changes

Table 1

Motility parameter (N) Metabolite Time point after themeal (min) Change* ($ort) P-value
Motility index
Increase (13) None
No increase (7) Glycerol 10 0.019
Carnosine 30 0.015
Number of peaks
Increase (14) Alanine 0 0.03
Alanine 10 0.03
No increase (6) Glycerol 10 7t 0.02
Peak frequency
Increase (13) Alanine 0o 1 0.03
Asparagine 60 1 0.04
Cytosine 0o 1 0.015
Cytosine 10 7t 0.01
Cytosine 60 1 0.015
No increase (7) None
Peak amplitude
Increase (5) Cytosine 10 7t 0.03
Choline o 1 0.03
Phosphocholine 30 ¢ 0.03
Thyroxine 0 7 0.03
Triiodothyronine 0 1 0.03
No increase (15) None
AUC
Increase (9) None
No increase (11) SHIAA 60 1T 0.015
Adenosyl-homocysteine 0o 1 0.006
Adenosyl-homocysteine 0 1 0.001
Adenosyl-homocysteine 60 1T 0.04
Deoxyadenosine 0o 7 0.04
GABA 30 7T 0.03
Histamine 0o 7 0.04
Isoleucine 30 ¢t 0.02
Kynurenic acid 0o 1 0.003
Kynurenic acid 10 7 0.01
Kynurenic acid 30 ¢t 0.01
Kynurenic acid 60 1 0.01
Triiodothyronine 10 7 0.02
Valine 30 ¢t 0.02
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*
Comparison between patient groups with an ‘increase’ or ‘no increase’ in each of the motility parameters listed. Time point 0 corresponds to the
baseline, before meal was ingested.
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