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Background/Aims

Patients with irritable bowel syndrome (IBS) often report poor sleep quality. Whether poor sleep is associated with tryptophan (Trp)
metabolites is unknown. We compared serum Trp metabolites in women with IBS and healthy controls (HCs) using targeted liquid
chromatography mass spectrometry (LC-MS)-based profiling. In IBS only, we explored whether Trp metabolites are associated with IBS
symptoms and subjective and objective sleep indices, serum cortisol, plasma adrenocorticotropic hormone (ACTH), and cortisol/ACTH
levels.

Methods

Blood samples were obtained every 80 minutes in 21 HCs and 38 IBS subjects following an anticipation-of-public-speaking stressor
during a sleep laboratory protocol. Subjects completed symptom diaries for 28 days. Adjacent values of metabolites were averaged to
represent 4 time-periods: awake, early sleep, mid-sleep, and mid-to-late sleep. Thirteen of 20 targeted Trp metabolites were identified.

Results

Ten of 13 Trp metabolites decreased across the night, while nicotinamide increased in both groups. A MANOVA omnibus test
performed after principal component analysis showed a significant difference in these 13 principal component (P = 0.014) between
groups. Compared to HCs, nicotinamide levels were higher and indole-3-lactic acid levels lower in the IBS group. Melatonin and
indole-3-acetic acid levels were associated with several subjective/objective sleep measures; decreased stool consistency/frequency and
abdominal pain were positively associated with melatonin and serotonin in the IBS group. The kynurenine and kynurenic acid were
associated with ACTH (positively) and cortisol/ACTH (negatively).

Conclusions

Nighttime Trp metabolites may provide clues to poor sleep and stress with IBS. Further study of the mechanism of metabolite action is
warranted.
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Introduction

Globally, approximately 10-20% of adults are diagnosed with
irritable bowel syndrome (IBS). As such, IBS exerts a significant
economic, social, and emotional burden." IBS is a heterogeneous
condition characterized by abdominal pain and alterations in bowel
functions and it occurs disproportionately in women. IBS is associ-
ated with a number of other symptoms such as poor sleep, fatigue,
and muscle aches. Approximately 25-55% of persons with IBS
report problematic sleep.” However, discovery of a specific physi-
ological link between sleep quality or duration and symptoms of
IBS remains elusive.

We previously reported that women with IBS report more sleep
disturbances including poor sleep quality, awakening during the
night, difficulty getting to sleep, and “feeling unrefreshed” in the
morning when compared to healthy control (HIC) women.” Using
daily symptom diaries, we found that poor sleep the night before
is correlated with increased abdominal pain severity the next day.
In one study, women with IBS had higher levels of plasma cortisol
during the early part of the night as compared to HC women." Ex-
posure to a social stressor, ie, anticipation of public speaking, prior
to sleep exaggerated this difference.”

Cortisol influences a number of metabolic processes including
the induction of tryptophan (Trp) 2,3-dioxygenase in the liver.” The
metabolism of Trp to the kynurenine pathway and production of
subsequent metabolites such as kynurenic acid, hydroxykynurenine,
quinolic acid, and nicotinamide is increased by stress and cortisol.”
Whether the stress-induced increase in the Trp-kynurenine path-
way results in reduced production of serotonin or melatonin is un-
known." It can be conjectured that an increase in Trp metabolism to
the kynurenine pathway could potentially reduce the amount of Trp
available for serotonin-melatonin production.”

In our prior study in women with IBS; we examined associa-
tions of tryptophan metabolites with subjective and objective sleep
measures at one time point during the night (ie, 1 hour after the
onset of sleep) using a non-targeted liquid chromatography mass
spectrometry (LLC-MS) approach."” In this study, we found that the
melatonin was associated with sleep onset, suggesting reductions in
this Tip-serotonin-melatonin pathway could account for reports of
delayed sleep onset in TBS." Pharmacological dosing with melato-
nin is also associated with decreased visceral sensitivity and fewer

"' Serotonin and other Trp

reports of abdominal pain in IBS.
metabolites have roles in gastrointestinal (GI) motility and visceral

sensitivity. Thus, stress and subsequent increases in cortisol levels

could be associated with IBS symptoms and sleep alterations via
Trp metabolite pathways.

Studies of Trp metabolites and their effects are beginning to
emerge in other chronic diseases such as autism."'"* In murine
models, Trp metabolites are associated with behaviors reflective of
depression, cognitive difficulties, and fatigue.”"” Intestinal bacteria
contribute to the production of Trp as well as the conversion of
dietary Trp to indole-3-acetic acid and indole-3-lactic acid. These
metabolites are converted to tryptamine and other metabolites in
the liver. The potential associations of these metabolites to sleep and
symptoms remain unexplored in IBS.

Therefore, using a targeted LC-MS analysis we extend our
previous research with this sample,” by exploring Trp metabolites
at 4 time points during the night, with additional metabolites (ie,
nicotinic acid, tryptamine, indole, indole pyruvate, indole-3-acetic
acid, and indole-3-lactic acid). Furthermore, we examined relation-
ships between Trp metabolites and sleep and IBS symptoms over
the night. This will provide a comprehensive understanding about
the patterns of Trp metabolites and its relationships with sleep and
IBS symptoms.

The purpose of the current study is to describe and compare
the patterns of Trp metabolites over the night in women with IBS
and HCs exposed to a social stressor in a university sleep laboratory.
For exploratory aims in the IBS group correlational analyses were
performed. First, we explored the association of Trp metabolites
with symptoms, stool characteristics, and subjective/objective sleep
indices. Second, we tested whether cortisol, adrenocorticotropic
hormone (ACTH), and the cortisol/ACTH ratio levels are related
to Trp metabolites.

Materials and Methods

Design

This metabolomic study utilized blood samples collected dur-
ing a study of stress and sleep in women with IBS and HCs. L.C-
MS was used to detect nighttime Trp metabolites in serum samples
collected during the third night of a 3-day sleep laboratory protocol
(8:00 pm to 6:00 am).

Subjects and Setting

Community advertisements were used to recruit women with
IBS and HCs (ages 18-45 years). All women were initially screened
by telephone. The details regarding recruitment and screening have

been published elsewhere.” For those in the IBS group, women
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had to have a diagnosis for at least 6 months made by a health care
provider and based on the Rome III criteria. The Rome 111 criteria
requires that over the preceding 3 months subjects had to have
abdominal discomfort or pain more than 25% of the days that was
associated with 2 of 3 features: (1) relieved with defecation, (2)
onset associated with a change in frequency of stool, or (3) onset as-
sociated with a change in form (appearance) of stool. The Rome III
Diagnostic Questionnaire for Functional GI Disorders Rome I11
criteria was used to confirm the diagnosis. Women whose symptoms
were aligned with IBS-mixed were excluded. For those women
in the HC group, they could not have a history of functional GI
disorders or serious health conditions. In both groups women were
excluded if they were currently taking medications for GI symp-
toms; had a history of an organic GI disease, or urinary tract and/or
gynecological pathology; were currently using daily medications, eg,
tricyclic antidepressants, that could alter serotonin or cortisol; were
obese, ie, a body mass index (kg/m”) > 35; were employed during
the late evening or at night; reported a primary sleep disorder; had
a history of severe co-morbid pain or mental health conditions; or
consumed beverages containing = 300 mg of caffeine in the after-
noon/evening, or drank 3 or more alcohol-containing beverages per
day.

For the current study, 472 serum samples from IBS patients (n
= 38) and HCs (n = 21) collected at 8 time points over the night

were analyzed.

Procedures

Prior to recruitment, the study was reviewed and approved by
the University of Washington Human Subjects Committee (05-
9418-VO1) annually, and we obtained informed consent from the
participants. Women gave consent, completed baseline question-
naires including demographics, Rome questionnaire, daily diaries,
recalled sleep quality, underwent physical assessment, reviewed
the data collection procedures, and toured the Sleep Laboratory.
Women filled in a daily diary over 1 menstrual cycle.

Sleep laboratory protocol

The sleep laboratory protocol has been described elsewhere.”"’
For all women, sleep testing was performed during the mid-luteal
menstrual cycle phase, which was validated using a urine test for
luteinizing hormone (ClearPlan Fasy; Unipath Diagnostics Inc,
Waltham, MA, USA). The sleep study was scheduled for the
third week of their pill pack for women taking oral contraceptives.
All participants were asked to avoid drinking caffeine-containing

beverages, taking aspirin, acetaminophen, or non-steroidal anti-
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inflammatory drugs within 6 hours of their usual bedtime. Partici-
pants were asked to refrain from drinking alcohol-containing drinks
during the 3-day sleep study. Monetary compensation was given at
the end of the protocol.

To minimize environmental effects of sleep laboratory on our
outcome variables, participants had an “adaptation” and a “baseline”
night in the sleep laboratory to acclimate them to sleep laboratory
and equipment. Thus, women slept in the research sleep laboratory
for 3 consecutive nights (“adaptation,” “baseline,” and “stress”).
During the “adaptation” night, women were screened for periodic
leg movement disorder and apnea/hypopnea using polysomnog-
raphy (PSG). If present, the participant did not continue in the
study. On the “baseline” night (second night), only PSG data
were collected. On the third night, blood samples were obtained;’
an intravenous catheter was inserted at 08:00 PM and samples
drawn every 20 minutes, aliquoted and stored at =80T . On night 3
women were reminded that upon awakening they would be giving
a public 10-minute talk on their experiences in the sleep laboratory.
This ‘public speaking’ was used as the “social stressor,” and was
videotaped in a lecture room attended by research staff. For this

metabolite study, samples collected every 80 minutes were used.
Measures

Rome III questionnaire
The participants completed the Rome IIT questionnaire for

IBS. Its development and validation have been previously de-

a8
scribed.

Daily diary measures

Every day for 4 weeks, participants filled in a daily diary. The
26 symptoms were rated on a scale of 0 (not present) to 4 (very
severe). Fach symptom rating was summarized as the mean rating
over 28 days. Symptoms used included abdominal pain/discomfort,
abdominal pain after eating, bloating, intestinal gas, constipation,
and diarrhea. The diary also included “difficulty falling asleep,”

» (K

“waking up during the night,” “waking too early,” “sleep quality,”
and “adequacy of sleep,” “feeling rested,” and “daytime sleepiness.”
Participants recorded the clock times when they went to bed and
when they awoke. To mitigate variations in weekday/weekend ef-
fects, estimates of typical sleep pattern were summarized as median
monthly bedtime and time of wakening.

The consistency of each stool was rated using the following
scale of 0 (no stool), 1 (very hard), 2 (hard), 3 (formed), 4 (loose)

or 5 (watery) in the daily diary.’” These ratings were summarized
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as the mean consistency score over 28 days. The average number
of stools per day and the percent of days with hard and loose stools

were calculated.

Recalled sleep quality

The 19-item Pittsburgh Sleep Quality Index (PSQI) was used
to measure subjective sleep quality, sleep latency, sleep duration,
habitual sleep efficiency, sleep disturbances, use of sleeping medi-
cation, and daytime dysfunction.” When a global PSQI score of
greater than 5 is used to distinguish good from poor sleepers it has
a diagnostic sensitivity of 89.6% and specificity of 86.5% (k = 0.75,
P <0.001)”

Polysomnography

Objective sleep was measured using a standard PSG that
included electroencephalogram, electromyogram, and electrooculo-
gram.” An Embla Recording Systems with Somnologica software
3.3.2 (Embla Systems, Thornton, CO, USA) recorded sleep. With
a combined computer and human scoring protocol, 30 second
epochs were scored using standard scoring criteria. Summary mea-
sures include sleep efficiency index, sleep onset latency, and rapid
eye movement (REM), and percent time spent awake and in slow
wave sleep stages 3 and 4 and in REM. In our laboratory, inter-

rater agreement of > 90% was established for sleep scoring.”"*

Serum sample preparation

The serum samples were thawed at 4C and then vortexed for
10 seconds. Fifty microliters of each sample were mixed with 50 pL.
of H,0/MeOH (50/50), containing "C labeled Trp (163.2 pM).
Two hundred microliter MeOH were added to precipitate proteins,
and then the mixture was incubated at —20C for 20 minutes. After
centrifuging at 14000 rpm for 20 minutes, 150 pl of supernatant
were collected and dried. Then each dried sample was reconstituted
in 200 uLL of H,O/ACN (75/25), containing 0.2% formic acid.

Reagents

LC-MS grade, ammonium acetate, acetonitrile, methanol, and
acetic acid were purchased from Fisher Scientific (Pittsburgh, PA,
USA). De-ionized water was provided by a Synergy Ultrapure
Water System from EMD Millipore (Billerica, MA, USA). Stan-
dard compounds with purities of standards ranging from 95-99%
were purchased from Sigma-Aldrich (Saint Louis, MO, USA) or
Fisher Scientific.

LC-MS conditions

The LC-MS/MS assays were done on an Agilent 1260 L.C
(Agilent Technologies, Santa Clara, CA, USA) AB Sciex QTrap
5500 MS (AB Sciex, Toronto, Canada) system. Twenty microliters
of each sample were injected for analysis using positive ionization
mode. Chromatographic separation was performed using a Waters
XSelect HSS T3 column (2.5 pum, 2.1 X 150 mm). The flow rate
was 0.3 mL/min. The mobile phase was composed of Solvents
A (100% H,0O with 0.2% formic acid) and B (100% ACN with
0.2% formic acid). After the initial 0.2 minute isocratic elution of
100% A, the percentage of Solvent A decreased to 50% at t = 10
minutes. The composition of Solvent A further decreased to 5% at
t = 12 minutes, and then the percentage of A remained the same
5% for 6 minutes (t = 18 minutes). Thirteen metabolites including
Trp, serotonin, melatonin, kynurenine, kynurenic acid, anthranilic
acid, tryptamine, nicotinic acid, nicotinamide, indole, indole-acetic
acid, indole-pyruvate, and indole-3-lactic acid were identified. The
metabolite identities were confirmed by spiking the pooled serum
sample used for method development with mixtures of standard
compounds. The extracted MRM peaks were integrated using
MultiQuant 2.1 software (AB Sciex). Trp metabolites not identified
by this procedure included 3-hydroxyanthranilic acid, quinolinic
acid, 5-hydroxyl-indole-3-acetic acid, 3-indole-sulfate, 5-hydroxy-
tryptophan, xanthurenic acid, and 3-hydroxykynurenine.

Cortisol and adrenocorticotropic hormone

Blood was collected in silicone coated tubes, allowed to coagu-
late, then centrifuged.” Chemiluminescence using the automated
Immulite Analyzer (Diagnostic Products Co, Los Angeles, CA,
USA) was used to measure serum cortisol levels. The intra-assay
variation was 2.7% and the inter assay variation is 5.4%. A separate
sample was collected in iced EDTA tubes for ACTH. Plasma
ACTH was assayed by chemiluminescence using the automated
Immulite Analyzer (Diagnostic Products Co). For ACTH, the in-

tra-assay variation was 6.2% and the inter assay variation was 9.4%.

Statistical Methods

For each subject there were 104 measurements (13 metabolites
each measured at 8 times). Because of the skewness of the data,
log transformations were applied to all metabolites. We collapsed
the 8 times into 4 time periods, by taking the average of the first
two, followed by the average of the next two, etc. This produced
4 repeated measures that were referenced to 4 time periods of the

night. The first period (T1) was the average of measures at 20:00
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and 21:20 (awake), 22:40 and 24:00 (T2; transition from wake to
sleep), 01:20 and 02:40 ('T'3; early sleep), and 04:00 and 05:20 (T4;
mid to late sleep). This compression of the within-subjects data was
done to reduce the dimensionality, increase statistical stability, and
preserve the temporal dynamics, without sacrificing interpretability.

The primary goal was to understand which if any metabolites
differed between IBS and HCs, either in overall level or the pattern
over the night. However, given the large number of measurements,
the issue of multiple comparisons was addressed. The approach
taken was to perform a single global omnibus test involving the
multiple values over the night of all metabolites. If the omnibus test
was significant, then we proceeded to analyze each metabolite sepa-
rately and also explore combinations of metabolites.

For the first aim, descriptive plots were developed to graphi-
cally show the pattern of the 13 Trp metabolites over the night. As
a second step of dimensionality reduction, PC analysis was applied
to the 52 measures per person (13 metabolites multiplied by 4 time

periods), and all PC with eigenvalue greater than one were retained

Tryptophan Metabolites in IBS: An Overnight Time-course Study

for use in subsequent multivariate analyses.

We next performed an omnibus multivariate analysis by group
(IBS vs HC). A MANOVA was used to test the null hypothesis
that the means of all the retained PCs are the same in the IBS and
HCs versus the alternative hypothesis that the means differ for one
or more of these measures. A permutation test with 10 000 replica-
tions was performed to validate the P-value from the MANOVA.

“Two types of analyses were done for each of the 13 metabolites
separately, a repeated measures ANOVA test of Group, Time, and
Group-by-Time interaction, and a univariate test of the level of the
metabolite at each of the 4 times separately.

Spearman rank correlation was used to examine associations of
Trp metabolites with cortisol, ACTH, cortisol/ACTH, symptoms,
stool characteristics and descriptors of subjective and objective sleep
in the IBS group. For these analyses, metabolite values from the
4 times are summarized as 2 numbers: The mean of the 4 values,
and the slope of a regression line fitted to the 4 values within each

person which measures how much the metabolite level increases or

Table 1. Summary of Demographic and Clinical Characteristics of Women With and Without Irritable Bowel Syndrome

HCs (n = 21) IBS (n = 338)

Age (mean [SD]) [min, max]

Race/ethnicity" (n [%])
Caucasian
Asian
Black-African American
Other

Body mass index (mean [SD])

Married/partnered (n [%])

College education (n [%])

Oral contraceptive use (n [%])

Current smoker (n [%])

Drinks alcohol at least occasionally (n [%])

Caffeine (n [%])

Coffee
Tea
Soda

Abdominal pain” (mean [SD])

Baseline sleep measures (mean [SD])
Pittsburgh Sleep Quality Index Global score
Sleep efficiency index via polysomnography
Fragmentation index via polysomnography
Diary: perceived adequacy of sleep
Diary: usual bedtime

Diary: usual wake up time

27.9(5.6) [18, 40] 28.5(7.0) [18, 44]

17 (81.0) 35 (92.1)
3(14.3) 2(52)
1 (4.8) 0 (0.0)
0(0.0) 1(2.6)
237 (3.8) 23.6 (3.6)
5(23.8) 7(18.4)
17 (81.0) 26 (68.4)
8 (38.1) 16 (42.1)
2(9.5) 6(15.8)
18 (85.7) 32 (84.2)
14 (66.7) 26 (68.4)
14 (66.7) 24 (63.2)
8 (38.1) 13 (34.2)
1.92 (5.54) 22.32 (17.09), P < 0.001
3.60 (1.85) 437 (1.97)
0.82 (0.08) 0.76 (0.13), P = 0.005
7.29 (2.54) 7.60 (2.57)
2.84(0.45) 2.42(0.57), P = 0.003
24:15 (1:09) 23:47 (1:05), P* = 0.070
08:00 (1:24) 07:19 (0:55), P° = 0.045

‘Hispanic (13.2%, n = § in irritable bowel syndrome [IBS] group, none in healthy controls [HCs]).

"% diary days with moderate to very severe abdominal pain.

‘P-value based on the independent t test. Only significant P-values between the 2 groups were present.
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decreases over the night. Because of the numerous multiple com-
parisons/tests, results are considered exploratory/hypothesis gener-

ating and should be interpreted cautiously.

Results

Demographics and Clinical Characteristics
Demographic characteristics for the sample population are
shown in Table 1. Age, race/ethnicity, or body mass index did not
differ between HC and IBS groups. Both groups were predomi-
nantly white (81.0% HCs:92.1% IBS) and not married/partnered
(76.2% HCs:81.6% IBS). Constipation-dominant IBS subtype was
52.6% (n = 20), and Diarrhea-dominant IBS subtype was 47.4% (n
= 18) (data not shown). As expected the IBS group reported great-
er days with abdominal pain rated as moderate to severe. Although
there were no group differences in PSQI scores, the IBS group had
a reduced sleep efficiency index, worse daily perceived sleep, went

to bed earlier and woke up earlier as compared to HCs (Table 1).

A ] Group
-0.10 T HC
T IBS
-0.30
c
5
*5 —0.50
°
=
< —0.70
—
=0.90 9 Time effect (P < 0.001)
Group effect (NS)
-1.10 1 G XT interaction (NS)
T1 T2 T3 T4
Time period
C ] Group
T HC
- 0.20 4 « I IBS
IS}
IS
©
© *
<
o 0.00 %
(] *
©
ke
£
c
— -0.20 { Time effect (P < 0.001 %
Group effect (P = 0.026)
G X T interaction (NS)
1 T2 T3 T4

Time period

Metabolites

Description of time course across the night (n = 59)

Ten of the 13 metabolites show a highly significant decrease
over the night as seen in the example of melatonin in Figure 1A.
The exceptions are serotonin and anthranilic acid which do not
markedly change over the night, and nicotinamide which shows a
significant increase over the night (Fig. 1B). The nighttime patterns
of all 13 Trp metabolites are displayed in Supplementary Figure 1,
and P-values for testing trend over time are shown in the first data
column of Table 2.

Irritable bowel syndrome and healthy control group
differences in metabolites

PC analysis on the 52 metabolite values (13 Trp metabolites
multiplied by 4 time points) results in 13 PCs with eigenvalues
greater than 1. The initial omnibus test of IBS versus HC group
differences using MANOVA on these 13 PCs was significant at P
= 0.014. The omnibus test result provides evidence that the IBS

B ] Group
I HC
T 1BS %«
o 0.00+
°
£ % }
©
=
©
L
=z -0.30 %
5
Time effect (P < 0.001)
Group effect (P = 0.037)
-0.60 1 G X T interaction (P = 0.020)
T1 T2 T3 T4
Time period

Figure 1. Exemplars of nighttime metabolites across 4 time periods
between healthy controls (HCs) and women with irritable bowel syn-
drome (IBS). T1 represents 20:00 and 21:20 (awake); T2 represents
22:40 and 24:00 (transition from wake to sleep); T3 represents 01:20
and 02:40 (early sleep); and T4 04:00 and 05:20 (mid to late sleep). G,
group; T, time; NS, not significant (P > 0.25). *Group effect at each
time point (P < 0.05). Y axis: log transformed metabolites.
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Table 2. Effects of Time and Group on Serum Metabolites in Women With and Without Irritable Bowel Syndrome

Serum metabolites Time"

Main effect of Group by time

Group effect at time”

group’ interaction Time 1 Time 2 Time 3 Time 4

Metabolites df =3 df =1 df =3 df =1 df =1 df =1 df =1
Tryptophan < 0.001 NS NS NS NS NS NS
Serotonin 0.113 0.237 NS 0.156 0.199 NS NS
Melatonin < 0.001 NS NS NS NS NS NS
Kynurenine < 0.001 0.235 NS 0.124 0.128 0.247 NS
Kynurenic acid < 0.001 0.111 NS 0.231 0.110 0.039 NS
Anthranilic acid 0.045 NS 0.196 NS 0.204 NS NS
Nicotinic acid < 0.001 NS NS NS NS NS NS
Nicotinamide < 0.001 0.037 0.020 0.163 0.211 NS 0.007
Tryptamine < 0.001 NS 0.173 NS NS NS NS
Indole < 0.001 NS NS NS NS NS NS
Indole pyruvate < 0.001 0.155 NS NS 0.122 NS 0.198
Indole-3-acetic acid < 0.001 0.179 NS 0.123 0.229 NS 0.184
Indole-3-lactic acid < 0.001 0.026 NS 0.027 0.012 0.036 0.208

‘P-values from repeated measures ANOVA that includes main effects of time, group, and group by time interaction.

"P-values from ¢ tests comparing means at each time point separately.

df, degrees of freedom of test effect; Time 1, awake; Time 2, early sleep; Time 3, mid-sleep; Time 4, early morning; NS, not significant (P > 0.25).

and HCs differ in their mean and/or pattern over the night for at 0.40 - N Group

least some metabolites and hence, it is appropriate to proceed with A o HC

an examination of which metabolites differ and how, as seen in 0.20 - © oa OA o A 1BS

Table 2 and Figure 1 (all plots are shown in Supplementary Fig. 1). S A A A

As seen in Figure 1B, nicotinamide levels are higher in IBS § 0.00 7 AL 8 ﬁgoé@& - -

and significantly different between the 2 groups at Time 4 (Table :'é 020 - N A - & 0 ©

2, P < 0.01). The main effect for group (difference in means) and é ' N @OO% © o

group by time interaction (difference in pattern over the night) are = 0404 A ©C A a

both significant at P = 0.037 and 0.020, respectively. o

Indole-3-lactic acid is lower in IBS than in HC (Fig. 1C). This -0.60
difference is significant at Time 1 to Time 3 and the main effect for —0|,50 —OI, 25 0,2)0 0_|25 0,|50

group is significant (P = 0.026; Table 2). In a post-hoc analysis
we combined indole-3-lactic acid and nicotinamide together to dis-
criminate IBS from HC (P = 0.004) as shown in Figure 2.

Exploratory analyses of irritable bowel syndrome pain
and bowel-related symptoms in irritable bowel syn-
drome group

Correlations of symptoms and sleep measures in the IBS group
with mean and slope over the night of each metabolite are shown in
Supplementary Tables 1 to 3. Selected results are summarized here
and in Supplementary Figure 2.

The slopes over the night of melatonin, nicotinic acid, and
indole-3-acetic acid show a similar pattern of being positively cor-

related with abdominal pain, abdominal pain after eating, and

Vol. 25, No. 4 October, 2019 (551-562)

Ln Indole-3-lactic acid

Figure 2. Data from 4 time period for nicotinamide and indole-
3-lactate are aggregated into whole night within-subject means, these
2 variables jointly separate irritable bowel syndrome (IBS) versus
healthy controls (HCs) (logistic regression, P = 0.001).

intestinal gas (Supplementary Table 1). Since these metabolites
decrease during the night, positive correlation of metabolite slope
with symptoms means that those with worse symptoms have a flat-
ter pattern compared to those with less severe symptoms who have a
steeper decrease. Trp, serotonin, and indole-3-lactic acid show simi-
lar positive associations with abdominal pain after eating. Figure 3A
illustrates this pattern for Trp versus abdominal pain after eating.

The time-dependent level changes (slope) of serotonin posi-
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Figure 3. Exemplars of the relationship of selected tryptophan metabolites with daily diary symptoms in irritable bowel syndrome (IBS) patients.

(A) Tryptophan based on median split of daily abdominal pain after eating, (B) serotonin based on median split of percent of days with loose stools,

(C) melatonin based on median split of reported sleep quality across the month, (D) tryptamine based on median split of wake time reported in the

daily diary, (E) indole-3-lactic acid based on median split of time in bed reported in the daily diary, and (F') indole-pyruvate based on median split

of percent time in rapid eye movement (REM) sleep recorded by polysomnography. T1, 20:00 and 21:20 (awake); T2, 22:40 and 24:00 (transition
from wake to sleep); T3, 01:20 and 02:40 (early sleep); T4, 04:00 and 05:20 (mid to late sleep).

tively correlated with worse diarrhea and looser and more frequent
stools (Supplementary Table 1). This is illustrated in Figure 3B,
where among those with more days with loose stools serotonin in-
creases over the night, while among those with fewer days of loose
stools it is stable over the night. Anthranilic acid levels are associated
with harder stools (Supplementary Table 1).

Exploratory analyses of subjective sleep measures in ir-
ritable bowel syndrome group

The slope of melatonin over the night correlated with several
self-reported measures, with better sleep quality associated with a

steeper decrease in melatonin (Supplementary Table 2). This is il-
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lustrated in Figure 3C which shows that those who report feeling
more rested when they awake in the morning have higher melatonin
at Time T1, followed by a steeper decline over the night. Several
self-reported measures of sleep quality correlated with the mean
and/or the slope of indole-3-acetic acid (Supplementary Table 2).
For example, individuals who reported a greater amount of noctur-
nal waking had significantly higher indole-3-acetic acid throughout
the night (Supplementary Fig. 3A).

Usual bed time and awakening time from daily diary are nega-
tively associated with the mean of several metabolites (Supplemen-
tary Table 2). Compared to IBS subjects who typically go to bed
early and get up early, those who stay up late and sleep later in the
morning have lower mean levels of most of the metabolites, with
this trend being statistically significant for melatonin, tryptamine,
and indole-3-acetic acid. An example is illustrated in Figure 3D
for tryptamine. Usual length of sleep was related to a number of
metabolites (Supplementary Table 2). As illustrated in Figure 3E,
indole-3-lactic acid was notably higher during the second half of the
night in participants who typically slept less than 7.5 hours.

Exploratory analyses of polysomnographic data in irri-
table bowel syndrome group

There were few significant associations between PSG variables
and either metabolite levels or changes over the night (slope) (Sup-
plementary Table 3). The mean melatonin was significantly higher
in participants who slept longer than 455 minutes (Supplementary
Fig. 3D). The slope of melatonin was positively associated with
slow wave sleep (P < 0.01). Indole pyruvate levels were higher (P
< 0.05) in those who experienced more than 15% of their sleep
time in REM sleep (Fig. 3F).

Exploratory analyses of cortisol, adrenocorticotropic
hormone, and cortisol/adrenocorticotropic hormone
in irritable bowel syndrome group

Higher levels of cortisol were inversely associated with Trp (r
= —0.39) and nicotinic acid (r = —0.38) (Supplementary Table
4). Higher ACTH levels were positively associated with a number
of metabolites including serotonin (r = 0.35), kynurenine (r =
0.49), kynurenic acid (r = 0.73), nicotinic acid (r = 0.34), and
nicotinamide (r = 0.44). The ratio of cortisol/ACTH was inversely
related to Trp (r = —0.44), kynurenine (r = —0.50), kynurenic acid
(r = —0.58), nicotinic acid (r = —0.42), and indole-3-acetic acid (r
= —0.41) (Supplementary Table 4).

Cross correlations among Trp metabolites

Tryptophan Metabolites in IBS: An Overnight Time-course Study

Within the kynurenine and serotonin-melatonin pathways
there were many significant positive associations among metabo-
lites (Supplementary Table 5). With the exception of mean indole-
3-lactic acid with kynurenine, there were no significant relationships
between mean serum indole metabolites and the kynurenine and
serotonin-melatonin pathway metabolites. With the exception of
anthranilic acid, nicotinamide, and indole pyruvate, the slope of Trp
across the night was positively correlated with the slopes of its me-
tabolites (Supplementary Table $).

Discussion

Self-report of poor sleep is common in persons with IBS.” We
applied targeted, pathway specific IMS-based metabolic profiling
to describe and analyze Trp metabolite patterns across the night
in women with IBS and HCs subjected to a stressor, anticipation
of public speaking. We were able to measure 13 of the 20 targeted
Trp metabolites. Ten of the thirteen metabolites showed highly sig-
nificant decreases over the night, and one, nicotinamide, showed a
highly significant increase over the night. Omnibus testing of the
Trp metabolite profiles found statistically significant differences
between IBS and HC groups. Two of the 13 metabolites, nicotin-
amide and indole-3-lactic acid, demonstrated differences between
IBS and HCs (Table 2). Exploration of relationships among me-
tabolite levels and their changes over the night and GI and sleep
variables yielded significant associations of melatonin with sleep
timing, serotonin and indole with stool form, kynurenine/kynurenic
acid with hypothalamic pituitary adrenal (HPA) hormones, and
indole-3-acetic acid with sleep variables.

Nicotinamide is an important end metabolite of the Trp-
kynurenine pathway. It is a substrate for nicotinamide phosphori-
bosyltransferase (NAMPT) leading to production of nicotinamide
adenosine dinucleotide (NAD). Time of day and diurnal changes
in NAMPT activity influence nicotinamide levels in urine and
blood.”*”* Our finding is consistent with observations of Shibata et
al, where NAMPT activity was lower during sleep.”® In addition,
sleep deprivation can disrupt or phase shift the diurnal rhythm of
NAMPT activity.”’ Tt may be that the higher nicotinamide levels
noted in mid-late sleep in women with IBS represents an inherent
phase or behavioral difference between groups. The IBS group
reported earlier bedtimes and wake times suggesting that lifestyle
contributes to the earlier rise in nicotinamide levels. Whether sleep
timing behaviors have relevance to IBS is unknown. Our findings
suggest that information about sleep behaviors/patterns should be

considered when doing metabolite studies.
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Indole-3-lactic acid levels tended to be lower in IBS as com-
pared to HCs (Table 2). Our results are similar to Nagy-Szakal et
al,” who compared persons with myalgic encephalomyelitis/chronic
fatigue syndrome (ME/CES) phenotype to HCs. Approximately
half of the ME/CFS group self-reported IBS. Examination of
women-only revealed that lower indole-3-lactic acid levels distin-
guished the ME/CFES from HCs. Blood levels of indole-3-lactic
acid reflect bacterial as well as diet and liver metabolism. The study
of bacterial Trp-indole metabolism and their contribution to serum
levels is in its nascent stage. Many bacteria contain enzymes neces-
sary for Trp metabolism. Lower indole-3-lactic acid and higher
(albeit not statistically significant) indole-3-acetic-acid levels in the
IBS group may reflect differences in gut taxa and/or liver metabo-
lism. There are plausible mechanisms whereby indole metabolites
may contribute to IBS pathophysiology, such as activation of argyl
hydrocarbon receptor and subsequent inflammation and afferent

29,30 Ly i
However, validation of these mechanisms

pain fiber stimulation.
was beyond the scope of the present study.

Because of its importance in sleep we conjectured that melato-
nin would either be lower and/or its pattern across the night would
be different in the IBS as compared to HCs. While no group differ-
ences in melatonin levels were found, the slope of melatonin change
across the night was associated with a higher PSQI score and daily
poor sleep reports. Those whose melatonin levels decreased more
rapidly also reported more abdominal pain and pain after eating. In
animal and human studies, pharmacologic melatonin reduces vis-
ceral sensitivity. ' Whether and how melatonin degradation con-
tributes to the link between poor sleep and pain symptoms requires
further rigorous study. To clarify these possibilities causal experi-
ments are needed. A study protocol such as that used by Labus and
colleagues™ in which participants were exposed to acute tryptophan
depletion and brain connectivity patterns examined in response to
visceral stimuli may reveal insights regarding the role of peripheral
Trp on central networks including those involved in sleep.

Based on the literature, serum melatonin levels were expected
to peak at Time T3, 2 to 4 hours post sleep onset.”” However, in
both groups melatonin levels were higher at T1 and T2. Because
the public speaking stressor produced elevations in cortisol early in
the night,” it may be that HPA axis activation and arousal prior to
sleep blunted the expected rise in melatonin at Time T3. Although
we did find a negative association between cortisol and the ratio of
cortisol/ACTH with Trp, there was no association with melatonin.

The best known of the Trp metabolites for its role in IBS is
serotonin. Serotonin is involved in neurotransmission and influ-

. . e e . 36-38
ences visceral pain sensitivity, motility and secretion.”™ We found

no IBS versus HC difference in serotonin levels during the night
or differences across the night in either group. Serotonin levels did
not change markedly across the night. This may be because the en-
terochromaffin cells synthesize and release serotonin. Also, certain
colonic bacteria likely contribute to serotonin levels either through
de novo synthesis or the decarboxylation of Trp. Gut bacteria can
interact with the enterochromaffin cells to stimulate synthesis of
serotonin.”” Within the IBS group the slope of peripheral serotonin
decrease across the night was positively associated with daily diar-
rhea, looser stools, more stools, and abdominal pain after eating
(Supplementary Table 1). Studies that examine gut taxa may elu-
cidate the contribution of bacteria-host interaction to circulating
serotonin levels.

Serum kynurenine and kynurenic acid levels did not differ
between IBS and HCs. Although kynurenic acid has been shown
to decrease motility index in models of intestinal inflammation, we
found no significant relationships between these metabolites and
bowel symptoms in the IBS group. These results differ from those
of Fitzgerald who reported that IBS participants who rated their
symptoms as severe as compared to HCs and IBS with less severe
symptoms had higher morning levels of plasma kynurenine to Trp
ratio."” Time of sample collection and the presence of a stressor in
our study may explain these differences.

Stress and activation of the HPA axis result in greater activa-
tion of the Trp-kynurenine pathway."** While we found strong
relationships between the ACTH and ratio of cortisol/ACTH and
kynurenine and kynurenic acid in the IBS group, similar relation-
ships of these HPA hormones were present with serotonin and
melatonin. Although stress is also linked with poor sleep,” we failed
to find marked relationships among sleep variables and kynurenine
levels. These results are consistent with Baratta et al** who found
no differences in plasma kynurenine and kynurenic acid in female
rats exposed to sleep deprivation and stress. However, we did find a
significant inverse relationship between kynurenic acid and sleep ef-
ficiency. The significance of this finding remains to be determined.

This study has several important limitations. Beyond restricting
caffeine and alcohol consumption, no effort was made to control for
dietary intake prior to sleep study. All subjects refrained from eating
beginning at 20:00 hours. Only women between ages of 20-47 were
enrolled. Gender differences in serum Trp have been reported.”
Third, we did not assess chronotype characteristics or time the
laboratory assessment according to the participants’ sleep prefer-
ences. Fourth, there might be other factors such as gut taxa, which
may have affected sleep measures.” Further, we also did not assess

and control for the possible impact of changing participants’ normal
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sleep environments on our study outcomes. Finally, the sample size
of this project, although typical of multi-night laboratory-based
sleep research, was small relative to the number and complexity of
the study variables, limiting the statistical power and confidence in
the broader generalizability of the reported results. The observa-
tional study design allowed us to see intriguing patterns, but did not
permit us to address fundamental questions about the causal mech-
anisms of metabolite action, an important topic for future research.
In summary, this exploratory metabolomic study reveals overall
IBS versus HC differences in nocturnal serum Trp metabolites
with anticipation of public speaking. Ten Trp metabolites show a
strong decrease over the night and 2 metabolites demonstrate IBS
versus HC differences. Additional studies including gut bacteria
taxa in concert with symptoms and sleeping behaviors are needed to

unravel the link between sleep and IBS symptoms.
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