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Serum Serotonin Differentiates Between Disease Activity States
in Crohn’s Patients
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Background: Diagnosis and monitoring of inflammatory bowel diseases (IBDs) utilize invasive methods including endoscopy and tissue biopsy,
with blood tests being less specific for IBDs. Substantial evidence has implicated involvement of the neurohormone serotonin (5-hydroxytryptamine,
5-HT) in the pathophysiology of IBDs. The current study investigated whether serum 5-HT is elevated in patients with active ulcerative colitis
(UC) or Crohn’s disease (CD).

Methods: Serum samples were obtained from a German cohort of 96 CD and UC patients with active disease, refractory disease, or remis-
sion of disease based upon their disease activity index (DAI) and disease history. High pressure liquid chromatography with tandemmass
spectrometry was used to measure 5-HT, tryptophan (TRP), and kynurenine (KYN) levels in the serum samples, and Luminex Multiplex
ELISA was used to measure cytokine levels. Intestinal mucosal biopsies were obtained from a separate cohort of healthy and CD patients,
and the immunoreactivity of the serotonin transporter (SERT) was determined.

Results: There was no statistically significant difference in TRP or KYN levels between disease categories in either UC or CD. Interestingly,
5-HT levels were significantly elevated in patients with active CD but not active UC when compared with the levels in remission or refractory di-
sease. Serum 5-HT was superior to C-reactive protein and circulating cytokines in differentiating between disease categories in CD. Additionally,
SERT immunoreactivity was decreased in the ileum and colon of patients with CD compared to healthy controls.

Conclusion: We have shown that the serum 5-HT can differentiate between active disease and refractory disease or remission among CD pa-

tients, emphasizing the potential suitability of serum 5-HT as an auxiliary measure in diagnosing active CD.
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INTRODUCTION

Inflammatory bowel diseases (IBDs) are chronic inflam-
matory disorders of the gastrointestinal (GI) tract that can be
categorized into 2 major subtypes, ulcerative colitis (UC) and
Crohn’s disease (CD). Though the pathophysiology of IBDs
are not entirely clear, it is believed that both genetic and envi-
ronmental factors are involved in the initiation and progression
of intestinal inflammation.! Diagnosing IBDs and prognostic
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evaluation primarily relies on expensive and time-consuming
endoscopic, histological, and radiographic tests, with nonin-
vasive tests being less commonly used.> Although endoscopy
with biopsy is the gold standard of diagnosis, it can be uncom-
fortable for the patient and carries several risks.* Accurate di-
agnosis, evaluation of severity, definition of remission status,
and categorization into UC and CD subtypes also continue
to pose a challenge for clinicians.* Such concerns warrant new
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methods for the diagnosis and monitoring of IBDs that are
less invasive, more accurate, and less expensive.

In this regard, the tryptophan (TRP)-derived enteric neu-
rotransmitter and hormone serotonin (5-hydroxytryptamine,
5-HT) has been shown to be involved in the pathogenesis of IBDs.
In the GI tract, 5-HT increases motility, participates in neuronal
reflexes,’ and regulates transport of fluid and electrolytes.””
Several clinical studies have shown that the prevalence of the
5-HT producing epithelial cells of the GI tract, enterochromaffin
cells, is altered in IBD patients.!®!* In accordance with these ob-
servations, patients with IBDs have also been found to have al-
tered mucosal 5-HT content'> " and an abundance of mRNA
encoding the rate-limiting enzyme of 5-HT synthesis, trypto-
phan hydroxylase I (TPH-1).> %15 The most consistent obser-
vation, however, is the decrease in expression of the serotonin
transporter (SERT; SLC6A4) in the mucosa of IBD patients.!>"’
SERT is expressed on several cell types in the GI tract including
epithelial cells, enteric neurons, and circulating platelets, where it
functions to regulate extracellular availability of 5-HT via inter-
nalization of 5-HT into the intracellular compartment.'®

Several studies have examined the levels of circulating
5-HT in the context of different diseases. Conditions with el-
evated circulating 5-HT include primary pulmonary dysfunc-
tion," 2 cardiac dysfunction,” > certain malignancies,** * and
epilepsy.®> 2 Conversely, decreased circulating 5-HT has been ob-
served in several neurological and psychiatric conditions* > and
in rheumatologic conditions.’® 3! Although the primary source
of circulating 5-HT is the GI tract (as platelets do not synthesize
5-HT but can only reuptake 5-HT from the GI tract via SERT),
few studies have measured circulating 5-HT in GI conditions such
as IBDs. A study by Sikander et al showed a significant increase
in serum 5-HT levels in patients with UC compared with healthy
controls regardless of their remission status.”> Recently, Shajib
et al demonstrated an increase in both plasma 5-HT and platelet-
depleted plasma 5-HT in patients with CD compared with healthy
controls.'® An intriguing study by Wang et al found a correlation
between circulating 5-HT and ileal pouch inflammatory scores.*
However, additional studies are warranted to examine how the
levels of circulating 5-HT and other tryptophan metabolites vary
with different disease activity indices in UC and CD.

Besides its conversion to 5-HT via TPH-1, an alternative
metabolic fate of TRP is catabolism into kynurenine (KYN) via
the rate limiting enzyme indoleamine 2,3-dioxygenase (IDO) 1.%
Expression and activity of IDO1 is increased in response to in-
flammatory mediators such as interferon (IFN)-y, tumor necrosis
factor (TNF)-a, and interleukin (IL)-1f.** Kynurenine is con-
verted further into nicotinamide derivatives and other metabol-
ites that play roles in immune modulation, cell proliferation, and
cellular energy generation.® Additionally, condensation prod-
ucts of KYN are high-affinity ligands for the aryl hydrocarbon
receptor (AhR), which plays roles in mucosal homeostasis at
barrier organs, xenobiotic detoxification, and immunity.>> When
KYN and TRP levels were measured in CD patients, several
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studies found an increase in the serum KYN/TRP ratio and a
decrease in serum TRP level, which were more pronounced with
increased disease severity.**3® Studies examining KYN and TRP
levels during UC show a similar decrease in serum TRP but
changes in serum KYN are inconsistent.’* When the studies
examining the serotonergic system and the kynurenine pathway
in IBD are taken collectively, it is clear that there are alterations
in these TRP metabolites that should be further investigated.

Thus, the current studies were undertaken in an attempt to
identify consistent noninvasive indicators of IBD severity. We first
measured serum levels of TRP, KYN, and 5-HT in patients with
CD or UC. We next compared the ability of these metabolites to
discriminate between active disease, refractory disease, or remis-
sion to the well-known inflammatory marker C-reactive protein
(CRP). Our next step was to see if circulating cytokines were able
to discriminate between CD disease states and determine whether
levels of these cytokines correlated with levels of 5-HT. In a sepa-
rate cohort of CD patients, we examined the expression of SERT
in ileal and colonic biopsies to postulate a mechanism contrib-
uting to alterations in circulating 5-HT levels.

MATERIALS AND METHODS

Study Population and Sample Collection

Serum samples were collected from patients with con-
firmed diagnosis of UC or CD at the Department of Internal
Medicine at the University Medical Center in Regensburg,
Germany, between 2005 and 2010. Informed consent was
provided before donation of serum. Patients were diagnosed
based upon the European Crohn’s and Colitis organization
(ECCO) clinical consensus guidelines by 4 experienced IBD
physicians at the University Medical Center in Regensburg
based upon clinical, radiographic, endoscopic, and histopath-
ological criteria.**! Patients were categorized as having active
disease, refractory disease, or being in remission based upon
clinical evaluation. Active disease includes patients who expe-
rience acute relapses followed by symptom-free periods after a
short course of steroids or other immunosuppressive therapy.
Samples were collected during an acute relapse in their disease.
For CD, a Crohn’s Disease Activity Index (CDAI) of <150 in-
dicated remission, and a CDAI of >150 indicated active di-
sease. For both UC and CD, refractory disease was defined
by a persistence of clinical symptoms despite adequate drug
therapy, which brings about an improvement, but no com-
plete and lasting (ie, less than 2 relapses per year) remission.
Patient characteristics and laboratory data were obtained by
abstracting from the medical record. Laboratory values in-
cluding C-reactive protein levels were obtained at the time of
sample collection and were utilized in analysis when available.
Serum was isolated by centrifugation of blood after collection
and was stored at —80°C. All serum samples are de-identified
and are labeled with a bar code for identification by an honest
broker. Clinical data were obtained or updated, respectively,
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for each time point of sample procurement separately by
the treating physician at the University Medical Center in
Regensburg. Once collected, data were transferred and stored
in a secure coded pseudonymized database for analysis.

Biopsy samples were collected from patients diagnosed
with CD and from healthy individuals undergoing biopsy sam-
pling for other reasons according to the approved protocol (No:
IRB 19-1944) at the University of Chicago.

Liquid Chromatography With Tandem Mass

Spectrometry Measurements

High pressure liquid chromatography with tandem
mass spectrometry (LC-MS/MS) was used to measure serum
TRP, KYN, and 5-HT levels using a protocol adopted
from a previous report.** All solvents used for LC-MS/MS
were of LC-MS grade and purchased from Thermo Fisher
(Waltham, MA). All TRP, KYN, and 5-HT calibration stand-
ards were purchased from Sigma-Aldrich (St. Louis, MO).
Internal standards were purchased from Cambridge Isotope
Laboratories (Tewksbury, MA). Briefly, 10 pL of serum
sample or calibration standard was combined with 10 pL of
internal standard mixture containing 10 pM TRP-D5, 1 uM
SHT-D4, and 10 pL of 0.1% formic acid and 1% acetonitrile
in water before the addition of 150 pL of ice-cold methanol.
After precipitation for 30 minutes at —20°C, the samples were
centrifuged at 10,000 G for 10 minutes at 4°C. The superna-
tant was obtained, evaporated under a gentle stream of ni-
trogen, and reconstituted in an equal volume of 0.1% formic
acid: 1% acetonitrile in water before injection of 5 uL onto a
Kinetix C18 (100 X 2.1 mm, 2.6 pm particle size) in an Agilent
1260 UHPLC system coupled to a triple quadrupole mass
spectrometer (SCIEX QTRAP 5500). Mobile phase A was
composed of 0.1% formic acid in water, and mobile phase B
was composed of 0.1% acetonitrile in water. The LC method
is given in Supplementary Table 1. For detection, the mass
spectrometer was operated in electrospray ionization posi-
tive mode (ESI+) with multiple reaction monitoring (MRM).
Parameters for MRM are given in Supplementary Table 2.
The average retention times were 2.15 minutes for TRP, 1.2
minutes for KYN, and 0.89 minutes for 5-HT. For quantifica-
tion, levels of TRP and KYN were normalized to TRP-D35,
and levels of 5-HT were normalized to 5-HT-D4. Calibration
standards used to generate the standard curves for quantifi-
cation of TRP ranged from 1 uM to 100 uM, and calibration
standards for KYN and 5-HT ranged from 10 nM to 10 pM.
When performing the LC-MS/MS measurements, we ran the
patient samples alongside 3 samples of fresh serum collected
the week prior from healthy volunteers and found that levels
of 5-HT were comparable, posing no concern of long-term
storage on stability. Additionally, the levels of 5-HT we meas-
ured are comparable with what has been measured previously
in human serum.3> 3637

Multiplex ELISA

A custom high-sensitivity multiplex ELISA (R&D
Systems, Minneapolis, MN) was used to quantify cytokines in
CD patient serum. The cytokines measured were interleukin-1f
(IL-1pB), interleukin-6 (IL-6), interleukin-7 (IL-7), interleukin-
17A (IL-17A), interleukin-22 (IL-22), and tumor necrosis
factor-o (TNF-a). The assay was performed according to the
manufacturer’s instructions, and the plate was read using a
Luminex Magpix instrument. The assay was performed with
selected samples (13 remission, 12 active, 15 refractory) due to
technical limitations. The 5 samples omitted included 3 gross
outliers based upon LC-MS/MS measurements and 2 samples
from patients receiving selective serotonin reuptake inhibitors
(SSRIs).

Hematoxylin and Eosin Staining

Formalin-fixed paraffin embedded 5-uM thick sections
from healthy patient ileum (n = 9) and colon (n = 3) and from
patients with Crohn’s colitis (n = 3) and ileitis (n = 10) were used
for staining. The slides were stained per the manufacturer’s pro-
tocol (Syteck laboratories Inc., Logan, UT,) and hematoxylin
and eosin (H&E) staining kit.

Histopathological Scoring

Histopathological scoring was conducted in a blinded
manner in H&E stained sections.

A 2-digit histopathological score was assigned to each
sample. The first digit denoted the presence or absence of IBD;
absence of IBD is denoted as 1 and presence of IBD as 2. The
second digit represents the activity of inflammation in which
scores from 1 to 4 were assigned based on the following criteria:
(1) quiescent/inactive (absence of architectural distortion, in-
creased lamina propria lymphocytes), (2) mild active (presence
of architectural distortion, lamina propria lymphocytes, and
intra-epithelial granulocytes), (3) moderate active (presence of
features in 2 and crypt abscesses), and (4) severe active (pres-
ence of all features in 3 and erosions).*

Immunostaining

Immunofluorescence staining was performed in
formalin-fixed paraffin embedded in 5-uM thick sections of
ileum (n = 5) and colon (n = 3) from healthy individuals and
patients with Crohn’s colitis and ileitis. The staining was con-
ducted as described previously.* Briefly, the slides were first
deparaffinized in coupling jars by immersing in xylene. This
was followed by hydration of slides in solutions of ethanol
for 5 minutes each in the following order: 100%, 95%, 70%
v/v, and finally in distilled water. Afterward, antigen retrieval
was performed in a steamer using citrate buffer (pH = 6)
for 30 minutes. The slides were then washed in tris buffered
saline (TBS) containing 0.05% v/v Tween (polysorbate) 20
(0.05% TBST). This was followed by permeabilization in
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0.1% triton X in TBS. The tissue sections were encircled with
a water repellant pap pen (Vector laboratories, Burlingame,
CA) and were blocked with 10% normal goat serum (NGS)
for 1 hour in a humidified container. Afterward, the blocking
solution was removed and was replaced with 1% NGS con-
taining primary antibody solution for SERT (ImmunoStar
Inc. Hudson, WI) at a ratio of 1:100 and incubated at 4°C
overnight. The antibodies have been previously validated by
us utilizing peptide competition assays.*> The next day, slides
were washed with TBS and incubated for 1 hour at room
temperature, with a secondary antirabbit Alexa Fluor 488
(Invitrogen, Carlsbad, CA) antibody at a ratio of 1:100 in 1%
NGS. The slides were washed and mounted using Prolong
diamond antifade mounting reagent with DAPI (Invitrogen).
The slides were stored at —20°C until imaged. Imaging was
conducted at integrated light microscopy core facility at the
University of Chicago with the aid of Olympus IX-81 at 40X
magnification. SERT intensity on the apical membrane was
quantified by Imagel software analyzing 10 separate areas
per patient in 3 to 5 patients per group.

Statistics

Data are presented as box plots by the method of Tukey.
Patient characteristics were analyzed by the nonparametric
Kruskal-Wallis test and %?* for means and proportions, respec-
tively. Both metabolite and cytokine data were not normally
distributed, so the nonparametric Mann-Whitney U test was
used for comparison of 2 groups, and the nonparametric
Kruskal-Wallis test was used followed by the Dunn multiple
comparisons test for analysis of more than 2 groups. For cor-
relation analysis, Pearson R was computed. Two patients with
active CD taking selective serotonin reuptake inhibitors had
very low serum 5-HT levels and were omitted from all analysis
besides CRP comparison. SERT immunofluorescence intensity
was analyzed between groups by nested 7 test. A probability
cutoff of P <0.05 was considered as statistically significant.

RESULTS

Patient Characteristics

A total of 96 patients with a confirmed diagnosis of
IBD were included in the study, with 45 patients meeting
diagnostic criteria for CD and 46 patients meeting criteria
for UC. Among the 45 patients with CD, 15 patients were
in remission, 15 patients had active disease, and 15 patients
had disease refractory to treatment. Among the 45 patients
with UC, 15 patients were in remission, 15 patients had ac-
tive disease, and 16 patients had disease refractory to treat-
ment. There was no significant difference between mean
ages (P = 0.633) or gender frequency (P = 0.223) among
the 6 groups. There was also no difference in hemoglobin
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(P = 0.357), hematocrit (P = 0.461), leukocyte count
(P = 0.292), or platelet count (P = 0.250). Two CD patients
taking SSRIs were omitted from metabolite analysis due to
the confounding effects on 5-HT levels,* and an additional
3 patients were omitted from cytokine analysis due to tech-
nical limitations. Additional patient parameters including
medications, localization of disease, and disease course are
displayed in Supplementary Table 3.

Serum Serotonin is Elevated During Active

Crohn’s Disease but not Ulcerative Colitis

We first measured levels of TRP, 5-HT, and KYN in the
serum of patients with UC and CD and compared these among
disease categories. In UC, none of the metabolites measured
discriminated between patients in remission, those with active
disease, or those with refractory disease (Fig. 1A). In CD, there
was no statistically significant difference in TRP or KYN levels
between disease categories, but there was a significant increase
in 5-HT in patients with active disease (Fig. 1B). The KYN/
TRP ratio was also computed in all patient groups as an index
which represents IDO activity. However, there was no statisti-
cally significant difference in the KYN/TRP ratio among di-
sease categories in UC or CD.

C-reactive Protein Levels Poorly Discriminate
Between Disease Categories in Ulcerative

Colitis and Crohn’s Disease

Circulating CRP is one of the most widely used bio-
markers of increased disease activity in IBD.*” We next deter-
mined the difference between CRP levels among UC and CD
patients in remission, active disease, or disease refractory to
treatment (Fig. 2A-B). In UC, there was a trend toward de-
creased CRP levels in patients in remission when compared
to patients with active disease (P = 0.13) or refractory disease
(P =0.060). However, CRP levels failed to differentiate between
disease states in CD. These data suggest that there is a need for
new noninvasive biomarkers that have a stronger association
with disease activity in UC and CD.

The abilities of CRP and 5-HT to differentiate between
active UC and CD were then compared. There was no statisti-
cally significant difference between CRP levels in patients with
active UC or CD (Fig. 2C). In contrast, serum 5-HT levels were
markedly increased in active CD when compared with 5-HT
levels in active UC (Fig. 2D). These results suggest that 5-HT is
more selectively elevated in active CD when compared with CRP.

Serum Cytokine Levels in Crohn’s Disease
Patients

Previous studies have shown that the levels of some
serum cytokines are altered in CD.*® To see if serum cytokines
discriminate among patients in remission, with active disease,
or with refractory disease, we measured and compared serum
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FIGURE 1. Measurement of TRP, KYN, and 5-HT in UC and CD patient serum by LC-MS/MS. Levels of each metabolite and the KYN/TRP ratio as an
indication of IDO activity were compared among disease activity categories in (A) UC (remission N = 15, active N = 13, refractory N = 15) and (B) CD
(remission N = 15, active N = 15, refractory N = 16) by the Kruskal-Wallis test followed by the Dunn multiple comparisons test. Data are presented as

box plots by the method of Tukey. *P < 0.05, **P < 0.01.

levels of IL-1p, IL-6, IL-7, IL-17A, IL-22, and TNF-a among
the patient groups (Fig. 3). There were no statistically signifi-
cant differences in cytokine levels other than decreased TNF-«
in patients with refractory disease.

Next, we determined whether serum levels of TRP, KYN,
5-HT, or the KYN/TRP ratio correlated with serum cytokine
and CRP levels (Table 1). Interestingly, TRP levels negatively cor-
related with CRP (R = —0.443; P = 0.002), IL-1p3 (R = —0.318;
P = 0.046), IL-6 (R = —0.403; P = 0.010), IL-7 (R = —0.435;
P = 0.005), and IL-17A (R = —0.344; P = 0.030). Both KYN
and 5-HT levels were independent of CRP and cytokine levels,
whereas the KYN/TRP ratio was positively correlated with TNF-
a levels (R = —0.400; P = 0.011). Collectively, these results sup-
port the concept that serum 5-HT is superior to serum cytokines in
differentiating active CD from remission or refractory disease and
that 5-HT levels are independent from levels of serum cytokines.

SERT Immunoreactivity is Significantly Reduced
in lleal and Colonic Mucosa of Crohn’s Disease
Patients

Previous studies have demonstrated decreased expression
of intestinal SERT in mucosal biopsies from patients with var-
ious inflammatory conditions of the intestine such as UC, di-
verticulitis, and celiac disease.'> 743 A recent study has shown

a decrease in SERT mRNA in CD patients.!®* However to our
knowledge, SERT immunoreactivity in the intestinal mucosa
of CD patients has not yet been investigated. Therefore, we
examined the expression of SERT in both ileum and colon of
healthy subjects and patients with CD at different stages of di-
sease activity. We have previously shown that SERT is highly
expressed in the ileum and is localized predominantly on the
apical membrane of enterocytes.** Our observations corrobor-
ated with these findings in which SERT expression was higher
in the ileum (Fig. 4A-C) compared with the colon (Fig. SA-C)
in individuals with no apparent inflammation. SERT stained in
green was predominant on the apical membrane of the ileal and
colonic mucosa (Figs. 4 and 5, lower panels). Images from the
corresponding H&E stained sections are also shown (Figs. 4 and
5, upper panels). Crohn’s disease patients with mild, moderate,
and severe inflammation as determined by blinded histopath-
ological scoring had lower SERT immunoreactivity compared
with individuals with no inflammation, showing almost no
SERT expression in severely inflamed mucosa (Fig. 4A-F).
Quantification of apical SERT immunofluorescence intensity
showed a significant reduction in SERT immunoreactivity in
CD (Fig. 4G). Similarly in the colon, colitis that was mild and
severe in nature showed significantly lower SERT staining com-
pared with noninflamed tissues (Fig. 5). These data agree with
previous findings in which SERT expression was found to be
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TABLE 1. Correlation of Serum TRP Metabolite Levels with CRP and Cytokine Levels

CRP IL-18 IL-6 IL-7 IL-17A 1L-22 TNF-
TRP —0.443%* —0.318* —0.403%** —0.435%* —0.344* 0.122 —0.237
KYN 0.012 —0.090 —-0.018 —-0.078 0.024 0.015 0.202
5-HT 0.022 0.131 —0.023 —0.204 0.192 0.053 0.144
KYN/TRP 0.211 0.142 0.246 0.159 0.207 0.019 0.400*

Data expressed as Spearman correlation coefficient. *P < 0.05, **P < 0.01.

lower during inflammation and may, in part, explain the higher
circulating 5-HT during active CD.

DISCUSSION

Currently, monitoring disease states and response to
medications in IBDs consists mainly of invasive methods such
as endoscopy, colonoscopy, and tissue biopsy. Although non-
invasive markers of inflammation such as C-reactive protein,
erythrocyte sedimentation rate (ESR), and fecal calprotectin
may be useful, they are nonspecific to inflammation in the
gut and may be elevated in other disease processes.’! Serum
markers such as CRP and ESR are sensitive markers for in-
flammation, but conditions such as bacterial infections, viral
infections, and even anemia can make their interpretation
vexing. This is consistent with our inability to show a differ-
ence in CRP levels among both UC and CD patients in dif-
ferent disease states. Furthermore, CRP has been noted to
have different responses in IBDs with higher concentration
being noted in CD patients when compared with UC.>? Fecal
calprotectin is more sensitive than serum markers for detec-
tion of gut inflammation,>® but increased levels have also been
noted in gastrointestinal infections, neoplasia, and polyps,**
further reaffirming the need to explore novel markers of di-
sease activity in IBDs. The data presented in the current study
demonstrate elevated serum levels of 5-HT in active CD and
provide evidence that 5-HT can discriminate between disease
activity states in CD better than CRP. Interestingly, UC pa-
tients did not show this augmentation in 5-HT levels compared
with remission or refractory disease. Our studies further pro-
vide a potential mechanism linking elevated 5-HT levels with a
decrease in epithelial SERT protein in the ileum and colon of
patients with active CD.

As mentioned previously, only few studies have meas-
ured circulating 5-HT in IBD patients. Our finding of increased
plasma 5-HT in active CD is consistent with the results of
Shajib et al who showed an overall elevated plasma 5-HT in
CD patients when compared with levels in healthy controls, and
an elevation in 5-HT in CD patients experiencing symptoms
when compared with CD patients not experiencing symptoms.!®
Interestingly, they also found that circulating 5-HT levels were
similar in CD patients without symptoms and healthy subjects,
which supports our utilization of patients in remission as a

control group for comparison. Our findings were also similar to
those of Sikander et al, showing no difference in serum 5-HT
between active UC and remission.*> However, it is important to
note that they showed slightly elevated 5-HT in active UC when
compared with a healthy control.

We did not find a difference in TRP, KYN, or KYN/TRP
levels among our patients with UC or CD. In contrast to our
results, some studies have shown decreases in circulating TRP
and increases in KYN/TRP in active CD compared with inac-
tive or less severe disease.*3” However, more recent studies have
been in agreement with our results. Sofia et al compared the
ratio of several KYN metabolites to TRP in the serum of UC
patients with increasing endoscopic inflammatory score and
found no difference in KYN/TRP between groups.® Similarly,
Dudzinska et al did not find a difference in either TRP levels
or KYN/TRP when compared among groups of CD or UC
patients with active disease or in remission.® It is interesting to
note that both of these studies found increases in a downstream
KYN metabolite, called kynurenic acid, in IBD patients with
active disease, which will be subjected to investigation in our
future studies.

In the search for further molecular biometric markers
and comparing these to 5-HT, we measured and compared the
levels of IL-1f, IL-6, IL-7, IL-17A, 1L-22, and TNF-a in dif-
ferent disease activity categories within patients with CD. We
found no significant changes in cytokine levels among disease
states, except for a decreased level of TNF-a in refractory di-
sease. Intriguingly, levels of IL-22 were elevated in patients
in remission when compared with other disease states. Even
though this difference was not statistically significant, this
trend is consistent with the main function of IL-22, which
is to support and maintain the epithelial gut barrier by pro-
moting intestinal-stem-cell-mediated epithelial regeneration.*
Interleukin-7 levels were also noted to be slightly more elevated
in patients with refractory CD and patients in remission when
compared with active CD. However, this elevation in IL-7 was
not significant. Interleukin-7 has been noted to be valuable for
T-cell proliferation and is also produced in the gut, regulating
the proliferation of lymphocytes in the intestinal mucosa.*
We agree with the conclusion from Korolkova et al who found
some differences in the serum cytokine levels when comparing
UC and CD and concluded that no cytokine profile was able to
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FIGURE 4. Histology and corresponding SERT staining in ileum of healthy individuals and patients with Crohn’s ileitis. A, B, and C, Representative
images of H&E and SERT immunostaining (green) of 3 healthy individuals with a 2-digit histopathological score of 1 1. SERT staining is highly ex-
pressed on the apical membrane in all 3 individual,s indicating normal ileal morphology. D, Representative images of a patient with a histopatho-
logical score of 2 2 indicating mild enteritis. E, Representative images of a patient with a histopathological score of 2 3 indicating moderate enteritis.
F, Representative images of a patient with a histopathological score of 2 4 indicating severe enteritis. G, Graphical representation of quantified SERT
intensity in the ileum (n = 5) of normal and Crohn’s (mild-2, moderate-2, and severe-1) patients. Data presented as mean + SEM, ****P < 0.0001 vs
normal ileum.
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FIGURE 5. Histology and corresponding SERT staining in colon of healthy individuals and patients with Crohn'’s colitis. A, B, and C, Representative
images of H&E and SERT immunostaining (green) of 3 individuals with healthy colon. (Colonic mucosa without diagnostic abnormality with a 2-digit
histopathological score of 1 1). Green SERT staining is confined to the apical membrane of all 3 individuals. D, Representative images of a patient
with a histopathological score of 2 4 indicating severe colitis. E and F, Representative images of 2 patients with a histopathological score of 2 2,
indicating mild colitis. G, Graphical representation of quantified SERT intensity in the colon (n = 3) of normal and Crohn’s (mild-2 and severe-1) pa-
tients. Data presented as mean + SEM, *P < 0.05 vs normal colon.
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distinguish UC from CD, and therefore, there is a need to find
unique molecular biomarkers.*

There have been several roles proposed for 5-HT in the
intestinal inflammatory response that characterizes IBDs.
Once released by EC cells into the extracellular space, 5-HT
can bind to one of many subtypes of membrane-bound 5-HT
receptors (5-HTRs).!® However, attempts to identify the pro-
inflammatory or anti-inflammatory nature of 5-HTR subtypes
have produced contradictory results.’”* The overall role of
5-HT in IBDs seems to be pro-inflammatory because deletion®!
or pharmacological inhibition®? of TPH-1 in animal models of
IBDs reduced the severity of the inflammation. Recently, we
showed that 5-HT, which is taken up intracellularly via SERT,
can activate AhR.% % As activation of the AhR pathway has
been shown to be protective against intestinal inflammation,*-¢’
it is plausible that disruption of the SERT-5-HT-AhR axis has
an additional role in IBD pathogenesis.

The increase in serum 5-HT in patients with CD might be
explained by our histopathological finding showing for the first
time decreased intestinal epithelial SERT expression by immuno-
fluorescence. In consonance with our findings, Shajib et al previ-
ously reported reduction in SERT mRNA expression in patients
with active CD.'¢ Interestingly, Minderhoud et al measured SERT
mRNA in the ileum and colon of healthy controls and patients
with CD in remission and found no difference between these
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groups.® However, studies in the past have also shown a decrease
in mucosal SERT expression in UC as well.'> > The reason why
we did not find increased 5-HT serum levels in UC patients could
be due to several factors. Microbial imbalances may attribute to
this finding given that dysregulation of gut microbiota has been
reported to influence 5-HT levels in patients with IBDs.” An al-
ternative explanation that may better explain our findings is the
localization of SERT and the distribution of the disease. Previous
studies from our laboratory show predominant apical localiza-
tion of SERT in native human and rodent small intestine, with
maximum expression in the ileum and very low expression in the
colon.® Similarly, Chen et al showed SERT immunoreactivity in
murine small intestine in the apical and subapical mucosal epi-
thelium and in the neurons.” Given that UC involves the rectum
and colon, and only in rare instances involves a small part of the
terminal ileum (ie, “backwash” ileitis), it is reasonable to expect
that decreased uptake via SERT expressed by the mucosal epi-
thelium is not a mechanism that would lead to increased 5-HT
levels in UC.

Our results that show decreased SERT immunoreactivity
in CD provide a postulated mechanism to explain the increase
in circulating 5-HT in CD (Fig. 6). Namely, there is a decrease
in SERT protein expression on the intestinal epithelial cells,
which increases extracellular availability of 5-HT, which in turn
increases the amount of 5-HT that is able to be taken up by
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FIGURE 6. Proposed mechanism for the increase in circulating 5-HT in CD. 5-HT secreted from EC cells is released into the extracellular compart-
ments. Under healthy conditions, SERT is expressed at high levels on the enterocytes and is able to reuptake 5-HT back into the intracellular com-
partment. During CD, SERT expression is significantly reduced, and inflammation induced tight junction disruption allows increased passage of 5-HT
to the basolateral compartment. High extracellular 5-HT gains access to blood via the leaky vasculature and is taken up by circulating platelets also

via SERT. 5-HT is represented by the orange pentagons.

1616



Inflamm Bowel Dis ® Volume 26, Number 10, October 2020

Serum Serotonin is Elevated in Active Crohn’s Disease

circulating platelets. Additionally, it is likely that the disruption
of tight junction proteins, which has long been established as a
key characteristic of IBDs,” introduces a paracellular pathway
to allow luminal 5-HT to access the platelet-containing blood
vessels in the basolateral compartment. Unlike inflammatory
markers such as CRP, ESR, and circulating cytokines, greater
than 95% of total body 5-HT is produced by the GI tract, which
likely contributes to its superiority in distinguishing between di-
sease states in CD.'®*! In future studies, it will be interesting to
compare the ability of 5-HT to discriminate between disease
activity states to that of newer inflammatory markers such as
fecal calprotectin.

The utilization of selective serotonin reuptake inhibitors
(SSRIs) in IBDs is a topic currently under investigation. Several case-
control studies and case reports have shown an association between
SSRI use and the development of microscopic colitis.”>”> However,
2 studies have shown a benefit of SSRIs in IBDs when using rate of
escalation of therapy as a surrogate for disease severity.””” The au-
thors, however, stated that such a proxy measure of disease activity
limits the validity of their studies. Additionally, the authors mention
that the psychological benefits of SSRIs could also confound their re-
sults, as many IBD patients experience comorbid depression and anx-
iety.”® Nonetheless, additional, properly controlled, and high-powered
studies are needed to determine the true effects of SSR1Is on IBDs. Of
note, 2 patients in our study with active CD were taking SSRIs. Due
to the known effect of SSRIs on decreasing circulating 5-HT due to
inhibition of SERT on circulating platelets, which limits their ability
to uptake 5-HT from the GI tract,” these patients were excluded from
our analysis. This limits the applicability of our results to patients
taking SSRIs or other medications known to inhibit SERT activity
(including tricyclic antidepressants and serotonin-norepinephrine re-
uptake inhibitors).

In conclusion, we show that circulating 5-HT levels are
elevated in patients with active CD when compared with the
levels in CD patients in remission or with refractory disease
and provide a plausible mechanism to explain these findings.
We also demonstrate that 5-HT is superior to CRP and cir-
culating cytokines in stratifying between disease categories in
CD. We hope to expand these studies to larger cohorts in the
future for confirmation and design more elaborate studies to
enhance our understanding of 5-HT and TRP metabolism in
IBDs. These additional studies will also inform the potential
utilization of serum 5-HT to aid in differentiating between di-
sease states in CD.

SUPPLEMENTARY DATA
Supplementary data is available at Inflammatory Bowel Dis-
eases online.
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