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Abstract
Background/Aims: Serotonin (5-hydroxytryptamine, 5-HT) is a neurotransmitter and
hormone with important physiological functions in many organs, including the intestine. We
have previously shown that 5-HT activates the aryl hydrocarbon receptor (AhR) in intestinal
epithelial cells (IECs) via a serotonin transporter (SERT)-dependent mechanism. AhR is a
nuclear receptor that binds a variety of molecules including tryptophan (TRP) metabolites
to regulate physiological processes in the intestine including xenobiotic detoxification and
immune modulation. We hypothesized that 5-HT activates AhR indirectly by interfering with
metabolic clearance of AhR ligands by cytochrome P450 1A1 (CYP1A1). Methods: Inhibition
of CYP1A1 activity by 5-HT was assessed in the human intestinal epithelial cell line Caco2 and recombinant CYP1A1 microsomes using both luciferase and LC-MS/MS. Degradation
of 5-HT by recombinant CYP1A1 was measured by LC-MS/MS. For in vitro studies, CYP1A1
and CYP1B1 mRNA expression levels were measured by RT-PCR and CYP1A1 activity was
measured by ethoxyresorufin-O-deethylase (EROD) assays. For in vivo studies, AhR ligands
were administered to SERT KO mice and WT littermates and intestinal mucosa CYP1A1 mRNA
was measured. Results: We show that 5-HT inhibits metabolism of both the pro-luciferin
CYP1A1 substrate Luc-CEE as well as the high affinity AhR ligand 6-formylindolo[3,2-b]
carbazole (FICZ). Recombinant CYP1A1 assays revealed that 5-HT is metabolized by CYP1A1
in an NADPH dependent manner. Treatment with 5-HT in TRP-free medium, which is devoid
of trace AhR ligands, showed that 5-HT requires the presence of AhR ligands to activate AhR.
Cotreatment with 5-HT and FICZ confirmed that 5-HT potentiates induction of AhR target
genes by AhR ligands. However, this was only true for ligands which are CYP1A1 substrates
such as FICZ. Administration of β-napthoflavone by gavage or indole-3-carbinol via diet to
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SERT KO mice revealed that lack of SERT impairs intestinal AhR activation. Conclusion: Our
studies provide novel evidence of crosstalk between serotonergic and AhR signaling where
5-HT can influence the ability of AhR ligands to activate the receptor in the intestine.
Introduction

© 2020 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

The gastrointestinal (GI) tract is an important site of interface between the host and
the environment. Of the many mechanisms that have evolved to respond to environmental
stimuli at this barrier, the nuclear receptor aryl hydrocarbon receptor (AhR) has been
recognized as one of the most crucial, as it binds a diverse array of ligands to serve a variety
of physiological functions [1]. The prototypical gene targets for AhR are the cytochrome
P450 family 1 (CYP1) enzymes including CYP1A1 [2]. Traditionally studied for its role in
recognizing xenobiotics such as polycyclic aromatic hydrocarbons (PAHs) and facilitating
their metabolism and elimination, AhR is now recognized to play important roles in cell
proliferation and survival, as well as mucosal immune homeostasis [3]. In fact, AhR activation
has been shown to promote mucosal healing and decrease intestinal inflammation in animal
models of inflammatory bowel disease (IBD) including both DSS and TNBS-induced colitis
[4-7]. Conversely, knockout of AhR specifically in intestinal epithelial cells has deleterious
consequences on the outcome of experimental colitis [8].
AhR has evolved to recognize and bind a variety of molecules from both exogenous and
endogenous sources. Benzo[a]pyrene and 3-methylcholranthene are environmental PAHs
which were among the first ligands studied to bind AhR [9]. Another class of exogenous
ligands are diet-derived ligands, which primarily consist of TRP-derived phytochemicals
[10]. Most vegetables contain high levels of a TRP derivative called glucobrassicin, which
is cleaved into the weak AhR ligand indole-3-carbinol (I3C) during mastication by plantderived myrosinase enzymes [11]. I3C is converted to high affinity AhR ligands including 3,
3’-diindoylmethane (DIM) and indole [3, 2-b]carbazole (ICZ) as a result of exposure to the
acidic environment of the stomach. 6-formylindolo[3, 2-b]carbazole (FICZ), which is very
similar in structure and AhR binding affinity to ICZ, is proposed to be the major endogenous
ligand for AhR [12]. Other endogenous ligands include both bacteria-derived indoles and
condensation products of
the TRP-derived metabolite
kynurenine [13, 14].
The
AhR
signaling
pathway is tightly controlled by
an intrinsic negative feedback
mechanism. More precisely,
AhR ligands facilitate their
own degradation by inducing
expression and activity of the
AhR gene target CYP1A1 (Fig.
1) [15, 16]. In accordance with
this mechanism, FICZ is both a
high-affinity AhR ligand as well
as an excellent substrate for
CYP1A1 [17]. Overexpression
of CYP1A1 leads to increased
AhR
ligand
degradation Fig. 1. Ligand degradation by CYP1A1 as a negative feedback
Figure 1
and reduced AhR activity mechanism
for AhR signaling. After a ligand binds AhR, AhR
[16]. Conversely, inhibition translocates to the nucleus and induces transcription of CYP1A1
of CYP1A1 activity leads to mRNA and an increase in CYP1A1 enzymatic activity. This increased
decreased ligand inactivation CYP1A1 degrades AhR ligands into inactive metabolites in order to
and heightened activation terminate AhR signaling [15, 16].
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of the AhR pathway [15]. This has fueled the hypothesis that there may be endogenous
inhibitors of CYP1A1 enzymatic activity that could increase AhR activation by preventing
the degradation of its ligands.
We have recently shown that serotonin (5-hydroxytryptamine, 5-HT) is able to activate
AhR [18]. 5-HT is a TRP-derived neurotransmitter and hormone that has diverse physiological
roles in several body systems including the nervous system and the GI tract. In the gut, 5-HT
promotes motility [19], modulates electrolyte and fluid transport [20-22], and participates
in neural reflexes [23, 24]. Activation of AhR by 5-HT is independent of the membranebound family of 5-HT receptors, but rather is dependent upon intracellular transport via
the plasma membrane 5-HT transporter (SERT) [18]. In the gut mucosa, SERT functions
to regulate the extracellular availability of 5-HT by facilitating high-affinity transport into
enterocytes and other cell types [25]. Once inside the cell, intracellular monoamine oxidases
are able to act upon 5-HT to facilitate conversion to 5-hydroxyindole-3-acetic acid (5HIAA) [26]. Dysregulation of the 5-HT system has been demonstrated to play a role in the
pathophysiology of gut disorders including IBD. Interestingly, expression of mucosal SERT
is decreased in experimental colitis [27, 28] as well as in IBD patients [29-32]. Conversely,
SERT KO mice which lack high affinity transport of 5-HT into the intracellular compartment
are more susceptible to intestinal inflammation [33, 34].
While we have previously established 5-HT as an endogenous activator of AhR, the
precise mechanism of 5-HT-dependent AhR activation was unclear. Here, we report that
5-HT activates AhR indirectly via inhibition of CYP1A1 enzymatic clearance of AhR ligands
using cell-free models and the human intestinal epithelial cell line Caco-2. Further, we show
that SERT KO mice have an impaired response to exogenously administered AhR ligands. Our
findings support a new role for gut-derived 5-HT as a key regulator of AhR ligand availability
and receptor activation.
Materials and Methods

Materials
Serotonin (5-HT) hydrochloride, indole, 3-methylindole (3-MI), tryptamine hydrochloride (TRYPT),
ɑ-naphthoflavone (ɑ-NF), β-naphthoflavone (β-NF), 5-hydroxyindoleacetic acid (5-HIAA), L-tryptophan
(TRP), indole-3-carbinol (I3C), 2,3,7, 8-Tetrachlorodibenzo-p-dioxin (TCDD), and indole-3-acetic acid
(IAA) were obtained from Sigma. 6-formylindolo [3, 2b]carbazole (FICZ) was obtained from Tocris.
7-ethoxyresorufin and indolo [3, 2b]carbazole (ICZ) were obtained from Santa-Cruz. TRP was recrystallized
from 70% boiling ethanol in water and the crystals were collected and washed in absolute ethanol under
vacuum prior to use in order to remove residual FICZ. Caco-2 cells, Eagle’s minimum essential medium
(EMEM), and 0.25% trypsin-EDTA were obtained from American Type Culture Collection (ATCC).
Fetal bovine serum (FBS) was purchased from Gibco. Penicillin and streptomycin were purchased from
Invitrogen. Cell culture flasks, cell culture plates, CYP1A1 microsomes, negative control insect microsomes,
and 1X phosphate buffered saline (PBS) were purchased from Corning. TRP-free medium as a custom
formulation was purchased from AthenaES. LC-MS vials, LC column, and LC column guards were purchased
from Phenomenex. All solvents used for LC-MS/MS were of LC-MS grade and were purchased from Fisher.
TRIzol was also purchased from Fisher. NADPH regeneration system, luciferase assay, and CYP1A1 P450Glo assay kits were purchased from Promega. The Bradford assay kit was purchased from Biorad. Brilliant
SYBGR green qPCR master mix kit was purchased from Stratagene.

Animals
SERT KO heterozygous mice were purchased from Jackson Laboratory and bred in-house. The mice
were housed in autoclaved polypropylene cages with corncob bedding. The mice had free access to food
(Teklad Irradiated LM-485 Mouse/Rat Diet 7912, Envigo) and water and a 12 h light/dark cycle. For β-NF
experiments, 3-month old male WT and SERT KO littermates were administered 50 mg/kg β-NF in corn
oil by gavage daily for 3 days prior to euthanasia. For I3C studies, 3-month old male and female mice were
fed AIN-76A synthetic diet or AIN-76A with 200 ppm I3C for 3 weeks (Research Diets). After euthanasia,
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intestines were immediately resected and separated into jejunum, ileum, and colon. Mucosa was scraped
and flash frozen in liquid nitrogen and stored at -80°C for RNA extraction and protein lysate preparation.
Liver and lung were resected and immediately flash frozen in liquid nitrogen and stored at -80°C until RNA
extraction. All animal studies were performed in accordance with institutional guidelines and regulations
and as approved by the Animal Care Committees of the University of Illinois at Chicago and the Jesse Brown
Veterans Affairs Medical Center.

Cell Culture
Caco-2 cells were grown routinely in EMEM supplemented with 10%. All cell culture medium used for
maintenance contained 100 IU/mL penicillin and 100 μg/mL streptomycin. Caco-2 cells were maintained
in 5% CO2-95% air at 37°C. Cells were maintained in 75 cm2 or 150 cm2 flasks and were split using 0.25%
trypsin-EDTA. In preparation for treatment and uptake experiments, Caco-2 cells were plated on 24-well
plates on plastic supports at a density of 2 x 104 cells/well. Caco-2 cells were maintained 10-14 d postplating to allow differentiation before treatments were performed for all experiments unless indicated. Cells
between passages 25 and 45 were used for all experiments. All treatments were given in serum-free EMEM
unless otherwise indicated. All cells treated in TRP-free medium were switched from complete medium to
TRP-free medium for 1 h prior to the start of treatment. All solutions containing 5-HT, ICZ, or FICZ were
protected from light.
RNA Extraction and Real Time RT-PCR
RNA was extracted from cells or mouse tissue using TRIzol according to the manufacturer’s
instructions. Quantitative RT-PCR was performed using SYBR Green fluorescence by reverse-transcribing
and amplifying equal amounts of RNA using the Brilliant SYBGR green qPCR master mix kit. The genespecific primer sequences are listed in Supplementary Table S1 (for all supplemental material see www.
cellphysiolbiochem.com). The relative mRNA levels were normalized to GAPDH mRNA levels using the ∆Ct
method.

Ethoxyresorufin-O-deethylase (EROD) Assay
The CYP1A1-dependent ethoxyresorufin-O-dethylase (EROD) activity of Caco-2 cells was assayed by
first treating the cells with 5-HT for FICZ in serum-free media for the indicated time point. The treatment
media was removed and washed with 1X PBS before 300 µl of 50 mM NaHPO4 pH 8.0 containing 2 mM
7-ethoxyresorufin was added to each well of a 24-well plate. The cells were incubated at 37°C for 20 min
before termination of the reaction by removal of the medium. Medium was transferred to a 96-well plate
and formation of resorufin was quantified on a multiwell plate reader in triplicate with the excitation/
emission wavelengths of 544/590. The activity was expressed relative to the amount of protein present as
determined by Bradford assay according to the manufacturer’s protocol.

P450-Glo CYP1A1 Activity Assay
For cell-based assays, Caco-2 cells were plated at low density and allowed to differentiate in 24-well
plates as described above. Cells were pretreated for 30 min in serum-free EMEM with vehicle, 5-HT, or ɑ-NF
for 30 min before incubation with each test compound along with 50 µM Luc-CEE pro-luciferin CYP1A1
substrate for 3 h. Media was collected and combined with an equal volume of luciferin detection reagent and
incubated at room temperature for 20 min. Luminescence was recorded using a single tube luminometer
(Promega), and a no-cell control was subtracted from each measurement to account for background.
Relative CYP1A1 activity was taken as the luminescence after incubation of each test compound divided by
the luminescence after incubation with vehicle. The activity was expressed relative to the amount of protein
present as determined by Bradford assay according to the manufacturer’s protocol.
For cell-free assays, microsomes containing recombinant human CYP1A1 expressed in baculovirus
infected insect cells (BTI-TN-5B1-4) were used. Reactions (final volume 50 ml) were performed in triplicate
and contained 0.5 pmol CYP1A1, 100 mM KPO4 (pH 7.4), 30 µM Luc-CEE, varying concentrations of test
compounds ranging from 1 M to 1 mM, and NADPH regeneration system components 1.3 mM NADP+,
3.3 mM glucose-6-phosphate, 3.3 mM MgCl2, and 0.4 U/mL glucose-6-phosphate dehydrogenase. All
components except the NADPH regeneration system were combined (25 ml) and pre-incubated at 37°C for
10 min in 1.5 mL tubes. The reactions were initiated by adding an equal volume of 2X NADPH regeneration
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system (25 ml, also pre-incubated at 37°C) and placed at 37°C for 10 min. Reactions were terminated by the
addition of luciferin detection reagent (50 ml) and incubated at room temperature for 20 min. Luminescence
was recorded using a single tube luminometer, and a control without NADPH was subtracted from each
measurement to account for background. CYP1A1 activity was taken as the percentage of the luminescence
after incubation with vehicle.

FICZ Metabolism Assay
Caco-2 cells were split at low density (1:8) into 150 cm2 flasks and allowed to differentiate for two
weeks. At the start of the assay, flasks were incubated with 5-HT (5 µM), ɑ-NF (5 µM), or vehicle for 30 min.
Next, cells were incubated with 50 nM FICZ along with test compounds for 30 min to allow for intracellular
accumulation. FICZ-containing medium was removed, cells were washed with warm 1X PBS, and cells were
incubated with test compounds for 2 h. Cells were washed with ice-cold 1X PBS, scraped in ice-cold 1X PBS
(N2 purged), and centrifuged for 10 min at 500 G. 1X PBS was removed and 750 ml of cold acetonitrile (N2
purged) was added to each cell pellet. Cells were sonicated and centrifuged for 10 min at 10,000 G to pellet
precipitated protein and the extract was added to a new tube. Extracts were evaporated under N2 and dried
samples were analyzed immediately by LC-MS/MS.

Recombinant CYP1A1 Reactions
Microsomes containing recombinant human CYP1A1 expressed in baculovirus infected insect cells
(BTI-TN-5B1-4) and negative control microsomes isolated from baculovirus infected insect cells (BTI-TN5B1-4) were used. Reactions (final volume 50 ml) were performed in duplicate and were carried out either
in the presence or absence of NADPH. All reactions contained 2 pmol CYP1A1 or an equivalent amount of
control microsomal protein, 100 mM KPO4 (pH 7.4), and 1 µM 5-HT. Reactions with NADPH also contained
NADPH regeneration system components 1.3 mM NADP+, 3.3 mM glucose-6-phosphate, and, 0.4 U/mL
glucose-6-phosphate dehydrogenase. Reactions without NADPH were supplemented with 3.3 mM MgCl2
instead. All components except the NADPH regeneration system or MgCl2 were combined (25 ml) and preincubated at 37°C for 10 min in 1.5 mL tubes. The reactions were initiated by adding an equal volume of 2X
NADPH regeneration system or 6.6 mM MgCl2 (both 25 ml, also pre-incubated at 37°C) and placed at 37°C for
the indicated time points. Reactions were terminated by adding 350 ml of ice-cold acetonitrile (N2 purged)
and vortexing briefly. Samples were centrifuged at 10, 000 G for 5 min to pellet down microsomes and 350
ml of extract was transferred to a new tube. Extracts were evaporated under N2 and dried samples were
stored at -80°C until analysis by LC-MS/MS.

LC-MS/MS measurements
Samples were reconstituted in 100 ml water/acetonitrile/formic acid (99/1/0.1 (v/v)) (N2 purged),
vortexed, and added to LC vials. Samples were measured by LC-MS/MS using an Agilent 1200 Series HPLC
coupled to an AB Sciex QTRAP 5500. Samples (5 ml) were injected on a 100 x 2.1 mm Luna® Omega PS C18
column with 5-mm silica particles equipped with a 4 x 2.0 mm C18 guard column. The column temperature
was set to 40°C. 5-HT, 5-HIAA, and TRP were separated using an increasing gradient of acetonitrile created
by solvent A as water with 0.1% formic acid and solvent B as acetonitrile with 0.1% formic acid at a flow
rate of 400 l/min with a 3 min equilibration at 97% solvent A prior to injection. FICZ was separated using
the same solvent system with an increasing gradient from 50% solvent B to 100% solvent B at a flow rate
of 400 µl/min with a 2.5 min equilibration at 50% solvent B prior to injection. 5-HT was measured using LC
method 1 (Supplementary Table S2), TRP and 5-HIAA was measured using LC method 2 (Supplementary
Table S3), and FICZ was measured using LC method 3 (Supplementary Table S4). For detection of 5-HT,
5-HIAA, and TRP, the mass spectrometer was operated in electrospray ionization positive mode (ESI+)
with multiple reaction monitoring (MRM). For detection of FICZ, the mass spectrometer was operated in
electrospray ionization negative mode (ESI-) with MRM. Parameters for MRM are given in Supplementary
Table S5. The abundance of analyte was determined by measuring peak area.
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Statistics
For all experiments, 1-way or 2-way ANOVA followed by Tukey’s, Dunnett’s, or Bonferroni’s multiple
comparisons test, or 2-tailed unpaired or paired Student’s t-test were utilized for statistical analysis as
indicated with alpha set to 0.05. Values are means ± SEM and all experiments were performed in at least
triplicate on ≥ 3 separate occasions. IC50 values were determined by plotting log[inhibitor] vs. luciferase
activity and determining the concentration which gives half of the maximum activity, assuming a Hill slope
of -1.0. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 for comparisons as indicated. Analyses were
performed using GraphPad Prism (Prism 8).

Results

5-HT Interferes with CYP1A1 Activity
We first investigated the potential of 5-HT to interfere with basal CYP1A1 enzymatic
activity in model intestinal epithelial cell line Caco-2. When Caco-2 cells were co-incubated
with the pro-luciferin CYP1A1 substrate Luc-CEE (50 μM) and increasing concentrations of
5-HT (5 - 500 μM), the measured basal CYP1A1 activity determined by Luc-CEE conversion
to luciferin was dramatically decreased (>90% inhibition at 5 μM) (Fig. 2A). The compound
ɑ-naphthoflavone (ɑ-NF), an established CYP1A1 inhibitor, was used as a positive control for
CYP1A1 inhibition. At 5 μM, ɑ-NF completely blocked basal CYP1A1 activity. The ability of

% of maximum
CYP1A1 activity

% initial FICZ

Relative CYP1A1 activity
(luminescence/total protein)

Fig. 2. 5-HT inhibits CYP1A1
B
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1.5
50
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****
40
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1.0
30
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**
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20
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**** **** ****
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500
5 µM
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α-NF
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50 µM Luc-CEE
measurement of luciferase activity
(n = 3-4). Data represent the
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C
100
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20
and values were normalized to
0
total protein by Bradford assay.
-7
-6
-5
-4
Data analyzed by 1-way ANOVA
log[inhibitor]
followed by Dunett’s multiple
comparison’s test. ****P<0.0001 Figure 2
(B) Caco-2 cells were split at low density into 150 cm2 flasks and grown for 2 weeks before the assay was
performed. Cells were loaded with 50 nM FICZ for 30 min and intracellular FICZ levels were measured by
LC-MS/MS 2 h after removal of FICZ in the presence or absence of vehicle, 5-HT (5 μM), or ɑ-NF (5 μM).
Intracellular FICZ levels were normalized to intracellular TRP levels also determined by LC-MS/MS and
values are expressed as a percentage of initial FICZ measured at 0 h (n = 3). Data analyzed by 1-way ANOVA
followed by Dunett’s multiple comparison’s test. **P<0.01, ****P<0.0001 vs. cells incubated with vehicle
(C) NADPH-dependent metabolism of Luc-CEE (30 μM) by recombinant CYP1A1 (10 nM) was measured in
presence or absence of ɑ-NF or TRP metabolites 5-HT, tryptamine (TRYPT), 5-hydroxyindoleacetic acid (5HIAA), or indole-3-acetic acid (IAA) (1 – 1000 μM) at 37°C for 10 min. Assays were performed in triplicate
and values were normalized to activity in the presence of vehicle (n = 3).
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5-HT and ɑ-NF to inhibit degradation of FICZ (50 nM) by Caco-2 cells was also assessed. In
accordance with the luciferase-based assay, 5-HT (5 μM) or ɑ-NF (5 μM) were able to prevent
metabolism of FICZ (Fig. 2B).
In order to establish a direct effect of 5-HT on CYP1A1 enzymatic activity, a cell-free
system consisting of recombinant CYP1A1 (10 nM) was used. 5-HT was able to inhibit
metabolism of Luc-CEE (30 μM) in a concentration-dependent manner with an IC50 of 1.62 μM
[95% CI interval, (1.12 μM, 2.34 μM)] for the assay (Fig. 2C). Tryptamine (TRYPT) inhibited
CYP1A1 metabolism of Luc-CEE in a similar manner with an IC50 of 1.40 μM (0.95 μM, 2.06
μM), while ɑ-NF inhibited Luc-CEE metabolism with an IC50 of 0.76 μM (0.41 μM, 1.41 μM).
Interestingly, neither the 5-HT metabolite 5-hydroxyindoleacetic acid (5-HIAA) or the AhR
ligand indole-3-acetic acid (IAA) inhibited CYP1A1 metabolism of Luc-CEE suggesting that
the carboxylic acid moiety is incompatible with CYP1A1 binding. These data are consistent
with the idea that 5-HT, and not its downstream metabolite 5-HIAA, is able to interfere with
CYP1A1 activity.
5-HT is Degraded by CYP1A1 Enzymatic Activity
To determine if interference of CYP1A1 activity by 5-HT is a consequence of 5-HT acting
as a substrate for the enzyme or 5-HT being a non-substrate inhibitor, 5-HT (1 μM) was
incubated with recombinant CYP1A1 (40 nM) and the relative abundance of 5-HT in the
reaction mixture was measured by LC-MS/MS over 1 h. 5-HT rapidly disappeared from the
reaction mixture with only ~20% of the initial 5-HT remaining after 15 min of incubation
and nearly all 5-HT depleted from the reaction after 1 h of incubation (Fig. 3A). To confirm
that 5-HT is not being metabolized by any native enzymes in the microsomal preparation,
the assay was repeated using negative control microsomes. In contrast to the recombinant
CYP1A1 microsomes, there was no significant NADPH-dependent metabolism of 5-HT in
the control microsomes (Fig. 3B). Of note, no 5-HIAA was detected after 1 h of incubation
with CYP1A1 in the presence of NADPH, confirming that 5-HT is not converted to 5-HIAA by
CYP1A1 (Fig. 3C).

5-HT Requires the Presence of AhR Ligands to Induce CYP1A1
We have shown previously that 5-HT is able to induce CYP1A1 expression in commercial
cell culture medium [18], which contains picomolar levels of FICZ formed from TRP in the
medium, even when protected from light [15, 35]. In order to examine if 5-HT is able to
induce CYP1A1 in the absence of trace AhR ligands, Caco-2 cells were treated with 5-HT
(10 μM) in commercial Eagle’s Essential Minimum Medium (EMEM) or TRP-free EMEM for
8 h. 5-HT was able to induce CYP1A1 mRNA (Fig. 4A) and activity as measured by EROD
assay (Fig. 4B) in commercial medium, but did not induce CYP1A1 in TRP-free medium.
Additionally, CYP1A1 induction by exogenously added FICZ (10 nM) was identical in both
commercial and TRP-free medium. In order to rule out that the absence of TRP itself was
responsible for this effect, the experiment was repeated with fresh recrystallized TRP added
to the TRP-free medium immediately prior to use. The results of this experiment were
identical to those when no TRP was added (Fig. 4C). These data strongly indicate that 5-HT
requires the presence of trace AhR ligands in cell culture medium in order to induce CYP1A1.
5-HT Potentiates AhR Activation by CYP1A1-Substrate AhR Ligands
Since 5-HT was able to prevent degradation of FICZ (Fig. 2B), we next examined whether
simultaneous addition of 5-HT and FICZ to the TRP free medium will induce transcription
of AhR target genes. Caco-2 cells were treated with 5-HT (10 μM) along with FICZ (5 nM). At
both 12 h and 24 h, 5-HT was able to potentiate transcription of both CYP1A1 and CYP1B1 by
FICZ (Fig. 5A and B). A similar pattern was observed with ɑ-NF (1 μM). To confirm that 5-HT
and ɑ-NF were acting through the same mechanism, namely CYP1A1 inhibition, Caco-2 cells
were treated with FICZ (5 nM) along with 5-HT (5 μM) and ɑ-NF (5 μM) simultaneously for
16 h. There was no further augmentation of CYP1A1 mRNA induction by 5-HT compared to
ɑ-NF alone, suggesting that both molecules work through the same pathway (Fig. 5C).

132

Physiol Biochem 2020;54:126-141
Cellular Physiology Cell
© 2020 The Author(s). Published by
DOI: 10.33594/000000209
and Biochemistry Published online: 5 February 2020 Cell Physiol Biochem Press GmbH&Co. KG

133

Manzella et al.: Serotonin Inhibits CYP1A1 Activity to Activate AhR
Acq. File: Data1A1_5HT_1.9.19.wiff
Polarity/Scan Type: Positive MRM

A

CYP1A1

Acq. Time: 18:25
Acq. Date: Wednesday, January 09, 2019

Max. 6.2e5 cps.

0.92

6.0e5

125

5.5e5
5.0e5

100

0 min
15 min
30 min
45 min
60 min

4.5e5

75

Intensity, cps

% initial 5-HT

Analyst Version: 1.6.2

XIC of +MRM (4 pairs): 177.100/160.100 Da ID: SET-1 from Sample 4 (4) of Data1A1_5HT_1.9.19.wiff (Turbo Spray), Smoothed

-NADPH
+NADPH

50

4.0e5
3.5e5
3.0e5
2.5e5
2.0e5

25

1.5e5
1.0e5

0

0

20

40

5.0e4

60

0.0
0.0

Time (min)

0.2

0.4

0.6

AB Sciex Service-After PM

0.8

1.0

QTrap 5500

1.2 1.4
Time, min

1.6

SN: AU23341006

Negative Control

2.4

Analyst Version: 1.6.2

Acq. Time: 17:56
Acq. Date: Wednesday, January 23, 2019

Max. 7.9e5 cps.

8.6e5
8.0e5

125

0.92

7.0e5

100

0 min
15 min
30 min
45 min
60 min

6.0e5

75

-NADPH
+NADPH

50
25
0

2.2

XIC of +MRM (4 pairs): 177.100/160.100 Da ID: SET-1 from Sample 119 (15) of Datap450_1.19.19.wiff (Turbo Spray)

Intensity, cps

% initial 5-HT

B

2.0

Printing Date: Wednesday, January 16, 2019
Page 1 of 1

PDF created with FinePrint pdfFactory trial version http://www.pdffactory.com
Acq. File: Datap450_1.19.19.wiff
Polarity/Scan Type: Positive MRM

1.8

5.0e5
4.0e5
3.0e5
2.0e5

0

20

40

1.0e5

60

0.0
0.0

Time (min)
Acq. File: DatanewColumnGuard_9.10.18.wiff
Polarity/Scan Type: Positive MRM

C

Analyst Version: 1.6.2

AB Sciex Service-After PM

0.2

0.4

0.6

0.8

1.0

1.2 1.4
Time, min

Acq. Time: 19:36
Acq. Date: Monday, September
10, 2018SN: AU23341006
QTrap 5500

PDF created with FinePrint pdfFactory trial version http://www.pdffactory.com

XIC of +MRM (22 pairs): 192.000/146.000 Da ID: 5-HIAA-2 from Sample 6 (5-HIAA) of DatanewColumnGuard_9.10.18.wiff (Turbo Sp...

1.6

1.8

2.0

2.2

2.4

Printing Date: Wednesday, January 23, 2019
Page 1 of 1

Max. 8077.5 cps.

3.89

8000
100 nM 5-HIAA standard
1 µM 5-HT + CYP1A1 + NADPH, 60 min

7000

Intensity, cps

6000
5000
4000
3000
2000
1000
0
0.0

0.5

1.0

1.5

2.0

2.5

3.0
3.5
Time, min

4.0

4.5

5.0

5.5

Fig. 3. 5-HT is metabolized by CYP1A1 and is not converted to 5-HIAA. Human recombinant CYP1A1
Figure 3
(40 nM) (A) or negative control microsomes (B) were incubated with 5-HT (1 μM) and 5-HT levels in the
presence of absence of co-factor NADPH was measured by LC-MS/MS at the indicated time points (0 – 60
min). Data are shown as the percentage of 5-HT at the indicated time point relative to 0 min. Representative
chromatograms showing the 5-HT peak over time in the presence of NADPH are also shown (n = 3). (C)
5-HIAA was measured in the reaction mixture after 60 min in the presence of NADPH (blue) and a 100 nM
5-HIAA standard was also measured (red).
AB Sciex Service-After PM

QTrap 5500

SN: AU23341006

PDF created with FinePrint pdfFactory trial version http://www.pdffactory.com

Printing Date: Wednesday, January 16, 2019
Page 1 of 1

2, 3,7, 8-Tetrachlorodibenzo-p-dioxin (TCDD) is a well-described high affinity AhR ligand
that is not a substrate of CYP1A1 [36]. As expected, TCDD treatment (10 nM) dramatically
induced CYP1A1 expression in Caco-2 cells after 24 h (Fig. 5D). To examine whether 5-HT is
able to augment AhR activation by TCDD in a similar manner as FICZ, Caco-2 cells were treated
with either 10 nM FICZ or TCDD along with increasing concentrations of 5-HT (1 - 1000 μM).
In accordance with our previous results, 5-HT was able to enhance CYP1A1 mRNA induction
by FICZ (Fig. 5E). However, 5-HT had no effect on CYP1A1 mRNA induction by TCDD. Of note,
many indole-derivatives which are AhR agonists are actually partial agonists, and attenuate
induction by the full agonist TCDD [37] (Supplementary Fig. S1). This phenomenon was not
observed with 5-HT. These results are consistent with the finding that 5-HT augments AhR
activation by AhR ligands which are also CYP1A1-substrates, without affecting activation by
ligands which are not metabolized by CYP1A1.
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Activation of AhR by Orally Administered AhR Agonists is Impaired in SERT KO Mice
We previously showed that SERT is necessary for 5-HT dependent activation of AhR both
in vitro and in vivo, presumptively by allowing 5-HT to accumulate intracellularly [18]. SERT
KO mice lack high affinity transport of 5-HT into the intracellular compartment [38]. Based
upon our in vitro findings that 5-HT is interfering with CYP1A1 metabolism of AhR ligands,
we hypothesized that SERT KO mice would be able to metabolize exogenously administered
AhR ligands more rapidly, leading to impaired activation of AhR by these ligands.
β-naphthoflavone (β-NF) is a high-affinity synthetic AhR ligand [39] that is a CYP1A1
substrate [40] and has also been shown to decrease the severity of DSS-colitis [4]. In order
to determine whether 5-HT is able to affect activation of AhR by AhR ligands in vivo, we
administered β-NF to WT and SERT KO by gavage (50 mg/kg/day in corn oil, 3 days). In WT
mice, β-NF induced intestinal Cyp1a1 mRNA ~100-fold in jejunum and colon, and ~50 fold in
ileum whereas induction in SERT KO mice did not reach significance (Fig. 6A-C).
To complement the β-NF gavage studies, we examined the ability of indole-3-carbinol
(I3C) to activate AhR in WT and SERT KO mice. Control mice were given AIN-76A, a synthetic
diet devoid of phytochemicals that could potentially activate AhR, and dietary I3C was given
as 200 ppm in an AIN-76A background diet for 3 weeks. In jejunum, the I3C diet induced
Cyp1a1 mRNA ~500-fold with no significant difference between WT and SERT KO (Fig.
6D). In ileum and colon, Cyp1a1 mRNA was induced in WT mice ~50-fold and ~500-fold,
respectively, with significantly less induction in SERT KO mice (Fig. 6E and F). Induction of
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Fig. 5. 5-HT potentiates induction of AhR target genes by ligands which are CYP1A1 substrates. Caco-2
Figure
5
cells
were plated
at low density and allowed to differentiate for 10-14 d in medium containing 10% serum
before treatments were performed. (A and B) Cells were treated with vehicle (veh) or 5 nM FICZ in the
presence of vehicle, 5-HT (10 μM), or ɑ-NF (1 μM) for 12 h or 24 h in TRP-free and serum-free medium. Data
represent the relative expression of CYP1A1 (A) or CYP1B1 (B) mRNA quantified by qPCR as compared to
time-matched vehicle cells (n = 3). (C) Cells were also treated with vehicle or 5 nM FICZ in the presence
of vehicle, 5-HT (5 μM), ɑ-NF (5 μM), or 5-HT + ɑ-NF in combination (both 5 μM) for 16 h in TRP-free and
serum-free medium (n = 4). Data analyzed by 1-way ANOVA followed by Tukey’s multiple comparisons test.
(D and E) Cells were treated with vehicle (veh), FICZ (10 nM), or TCDD (10 nM) for 24 h in the presence of
absence of 5-HT (1 – 1000 μM) in serum-free and TRP-free medium. (D) Relative CYP1A1 mRNA induction
after FICZ or TCDD alone is expressed as fold-change over vehicle and (E) CYP1A1 mRNA expression in the
presence of FICZ or TCDD with increasing concentrations of 5-HT expressed as percentage of induction
without 5-HT. CYP1A1 mRNA was quantified by qPCR (n = 3-4). Data analyzed by Student’s unpaired t-test
compared to vehicle treated cells (D) or 1-way ANOVA followed by Dunnett’s multiple comparisons test (E).
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. n.s. = not significant.

Cyp1a1 mRNA in liver was modest in both WT and SERT KO mice with a ~2-4-fold increase
after the I3C diet as compared to the control diet (Fig. 6G). Intriguingly, Cyp1a1 mRNA was
induced ~12-fold in WT lung with no significant induction in SERT KO lung after the I3C diet
(Fig. 6H).
Induction of CYP1A1 mRNA in Caco-2 cells with either β-NF (1 μM) or ICZ (50 nM), the
high affinity AhR ligand formed from I3C in stomach acid, in TRP-free medium was enhanced
in the presence of 5-HT (10 μM) (Fig. 7). Collectively, these results are consistent with a novel
role for 5-HT in modulating the ability of exogenously administered AhR ligands to induce
the expression of AhR target genes in vivo.
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Figure
(A-C)
WT6and SERT KO mice were administered β-naphthoflavone (β-NF) by gavage (50 mg/kg) in corn oil
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Discussion

The current study has delineated the molecular mechanism by which AhR is activated by
5-HT. We provide evidence that 5-HT itself is not a ligand for AhR, but rather 5-HT modulatess
activation of AhR by its ligands. We demonstrated that 5-HT is a CYP1A1 substrate that
competes with AhR ligands for CYP1A1 degradation, preventing ligand deactivation and
promoting sustained AhR signaling. Activation of AhR by both endogenous ligands such as
FICZ and exogenous ligands such as β-NF were shown to be affected by 5-HT. Therefore, we
have established a novel role of 5-HT as an endogenously produced modulator of the AhR
signaling pathway.
Inhibition of CYP1A1 enzymatic activity by 5-HT was demonstrated in both a cell-based
and in a cell-free system. Co-incubation of Caco-2 cells with the CYP1A1 substrate Luc-CEE
showed that 5-HT dramatically decreases its metabolism at only 5 µM. This concentration
is nearly identical to the local steady state 5-HT concentration at the surface of the murine
ileal mucosa, providing evidence that inhibition can occur at physiologic concentrations of
5-HT [41]. These data were corroborated by showing directly that 5-HT interfered with FICZ
degradation in Caco-2 cells also at 5 µM. When metabolism of Luc-CEE using a recombinant
system was assessed, it was found that both 5-HT and TRYPT similarly interfered with
CYP1A1 activity with slightly less potency than ɑ-NF. The lack of inhibition by 5-HIAA and
IAA provide further evidence that the inhibition observed is specific to 5-HT.
The observation of metabolism of 5-HT by CYP1A1, which we found to be central to
the involvement of 5-HT in the AhR signaling pathway, has not been reported previously.
However, it was found that the structurally-related melatonin is hydroxylated at the
6-position by CYP1A1, CYP1A2, and CYP1B1 [42]. Therefore, we can hypothesize that the
major product of CYP1A1 metabolism of 5-HT is 5, 6-dihydroxytryptamine (5, 6-DHT). While
it is not detected in brain at baseline, endogenously formed 5, 6-DHT is detected in rat brain
upon administration of monoamine oxidase inhibitors [43, 44]. It is very likely that 5-HT is
able to interfere with CYP1A2 and CYP1B1 activity since the CYP1 family of enzymes have
significant substrate overlap. Interestingly, a previous study provided evidence that 5-HT
interferes with CYP1A2 metabolism by competing for phenacetin O-de-ethylation activity in
liver microsomes [45].
Key evidence which suggests that 5-HT is not a ligand for AhR is the lack of induction in
TRP-free medium, devoid of the low levels of FICZ found within routine cell culture medium
[15, 35]. Many studies exist which assume that a compound which induces CYP1A1 mRNA or
AhR reporter activity in vitro is an AhR ligand [46, 47]. Such studies should be complemented
with experiments showing AhR activation in a system without AhR ligands to rule out indirect
activation by inhibiting ligand clearance by CYP1A1 or otherwise. Addition of recrystallized
TRP immediately prior to treatment did not alter the results, an important control since TRP
depletion may affect cell viability or other cellular processes. The conclusion that 5-HT is not
an AhR ligand is consistent with a prior study which performed an electrophoretic mobility
shift assay for AhR binding and found that 5-HT failed to induce an AhR-dependent shift [48].
Transcription of AhR target genes by low concentrations of FICZ in TRP-free medium
was significantly enhanced by co-treatment with 5-HT. This was true at both 12 h and 24
h time points for both CYP1A1 and CYP1B1 mRNA. However, induction was much stronger
at 12 h than 24 h. This might be due to excessive degradation of FICZ after 24 h, even in the
presence of CYP1A1 inhibitors. Alternatively, AhR receptor levels could have decreased due
to proteasomal degradation of the receptor following excessive activation [49]. Interestingly,
only FICZ in the presence of 5-HT was able to induce CYP1B1 induction after 24 h. This
provides evidence that transcription of some target genes may only occur in the setting
of CYP1A1 inhibition under certain conditions, underscoring the importance of CYP1A1mediated ligand clearance in controlling AhR activation.
While SERT KO mice were utilized in our studies as a model with decreased intracellular
5-HT, other implications of decreased SERT must be considered while interpreting our data.
First, it might be predicted that SERT deficiency may decrease intracellular transport of other
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molecules which may affect CYP1A1 expression [50]. However, we have shown previously
that SERT overexpression does not affect CYP1A1 induction by several TRP-derived AhR
ligands which suggests that the ability of SERT to modulate AhR activation is specific to
5-HT [18]. Additionally, there may be a concern that altered intestinal transit resulting
from SERT deletion could influence activation of AhR by orally administered AhR ligands
by affecting their absorption. While SERT KO mice do exhibit altered GI motility patterns,
there is no overall change in GI transit time [38, 51]. Lastly, one might speculate that other
5-HT transporters may compensate for the absence of SERT in IECs. While several organic
cation transporters (OCTs) are expressed in IECs are able to transport 5-HT with low affinity,
uptake of radiolabeled 5-HT by intestinal mucosal tissues is observed only in WT mice but
not in SERT KO [38]. Thus, OCTs on IECs likely prevent accumulation of extracellular 5-HT to
toxic levels, but do not participate in normal clearance of 5-HT.
The extent of the differences in intestinal CYP1A1 induction in vivo was dependent
upon the ligand administered. The synthetic ligand β-NF was administered by gavage 3
consecutive days prior to sacrifice. In all segments of the intestine, CYP1A1 mRNA induction
in SERT KO mice did not reach significance, whereas WT mice exhibited variable, yet
significant, induction. Of note, the half-life of CYP1A1 mRNA was found to be ~2.4 h [52],
which likely contributes to the high variability in CYP1A1 induction. While WT and SERT
KO mice displayed differential AhR activation in response to the I3C diet, the differences
were not as dramatic as was observed with β-NF gavage. In jejunum, there was no difference
in CYP1A1 induction between WT and SERT KO mice. However, significant differences in
CYP1A1 induction were observed in both ileum and colon. One of the reasons for these
differences could be that I3C was given ab libitum for 3 weeks whereas β-NF was given as
gavage for 3 days. Continuous activation of AhR during feeding could lead to more sustained
CYP1A1 mRNA levels as opposed to the staggered activation by gavage. Another reason
could be the nature of the ligands themselves. β-NF is an excellent CYP1A1 substrate [40]
whereas I3C gets converted into ICZ and DIM which have variable rates of metabolism by
CYP1A1 [53, 54].
While the modest induction of CYP1A1 in liver after the I3C diet was not different
between WT and SERT KO mice, there was an attenuation of CYP1A1 induction in the lungs
of SERT KO mice. While there are a few possible mechanisms which may explain this result, it
is likely that ingested ligands reaching the circulation eventually made their way to the lungs.
Lung tissue is known to express many components of serotonergic machinery, including
SERT [25]. The lack of SERT within the lung epithelium in SERT KO mice could have led to
impaired CYP1A1 induction due to enhanced ligand clearance.
Conclusion

In conclusion, we have found that 5-HT is a CYP1A1 substrate that competes with AhR
ligands for CYP1A1 degradation, preventing ligand deactivation and promoting sustained
AhR signaling. This knowledge enhances our understanding of both intrinsic regulation
of AhR activation and 5-HT metabolism. Further, these findings also provide novel insight
into how the serotonergic pathway may be exploited pharmacologically to modulate AhR
signaling in diseases with altered AhR activation in the intestine.
Acknowledgements

These studies were supported by the NIDDK grants R01 DK098170 (RKG), R01
DK54016, R01 DK81858, R01 DK92441 (PKD), R01 DK109709 (WAA), F30 DK113703
(CRM), F30 DK117535 (ALT) the Crohn’s and Colitis Foundation CCFA 581138 (RG), and the
Department of Veterans Affairs BX 002011 (PKD), BX 002867 (SS), BX 000152 (WAA), VA
RCS Award (WAA), and VA SRCS Award (PKD).

138

Physiol Biochem 2020;54:126-141
Cellular Physiology Cell
© 2020 The Author(s). Published by
DOI: 10.33594/000000209
and Biochemistry Published online: 5 February 2020 Cell Physiol Biochem Press GmbH&Co. KG
Manzella et al.: Serotonin Inhibits CYP1A1 Activity to Activate AhR

Author contributions
CRM and RKG conceived the study. RKG coordinated the study. CRM designed and
performed all the experiments, analyzed the data, and wrote the manuscript. MA, MS, and
ALT assisted with animal studies. MA and JC performed RNA extraction and RT-PCR. RKG,
WAA, SS, and PKD helped with interpretation of data. All authors proofed and revised the
manuscript and approved the final version for submission.
Disclosure Statement

The authors declare no conflicts of interest.
References
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Lamas B, Natividad JM, Sokol H: Aryl hydrocarbon receptor and intestinal immunity. Mucosal Immunol
2018;11:1024–1038.
Kress S, Reichert J, Schwarz M: Functional analysis of the human cytochrome P4501A1 (CYP1A1) gene
enhancer. Eur J Biochem 1998;258:803–812.
Stockinger B, Di Meglio P, Gialitakis M, Duarte JH: The aryl hydrocarbon receptor: multitasking in the
immune system. Annu Rev Immunol 2014;32:403–432.
Furumatsu K, Nishiumi S, Kawano Y, Ooi M, Yoshie T, Shiomi Y, Kutsumi H, Ashida H, Fujii-Kuriyama
Y, Azuma T, Yoshida M: A role of the aryl hydrocarbon receptor in attenuation of colitis. Dig Dis Sci
2011;56:2532–2544.
Benson JM, Shepherd DM: Aryl hydrocarbon receptor activation by TCDD reduces inflammation associated
with Crohn’s disease. Toxicol Sci 2011;120:68–78.
Wang Q, Yang K, Han B, Sheng B, Yin J, Pu A, Li L, Sun L, Yu M, Qiu Y, Xiao W, Yang H: Aryl hydrocarbon
receptor inhibits inflammation in DSS‑induced colitis via the MK2/p‑MK2/TTP pathway. Int J Mol Med
2018;41:868–876.
Monteleone I, Rizzo A, Sarra M, Sica G, Sileri P, Biancone L, MacDonald TT, Pallone F, Monteleone G: Aryl
hydrocarbon receptor-induced signals up-regulate IL-22 production and inhibit inflammation in the
gastrointestinal tract. Gastroenterology 2011;141:237-248, 248.e1.
Chinen I, Nakahama T, Kimura A, Nguyen NT, Takemori H, Kumagai A, Kayama H, Takeda K, Lee S, Hanieh
H, Ripley B, Millrine D, Dubey PK, Nyati KK, Fujii-Kuriyama Y, Chowdhury K, Kishimoto T: The aryl
hydrocarbon receptor/microRNA-212/132 axis in T cells regulates IL-10 production to maintain intestinal
homeostasis. Int Immunol 2015;27:405–415.
Harper PA, Prokipcak RD, Bush LE, Golas CL, Okey AB: Detection and characterization of the Ah receptor
for 2,3,7,8-tetrachlorodibenzo-p-dioxin in the human colon adenocarcinoma cell line LS180. Arch Biochem
Biophys 1991;290:27–36.
Hubbard TD, Murray IA, Perdew GH: Indole and Tryptophan Metabolism: Endogenous and Dietary Routes
to Ah Receptor Activation. Drug Metab Dispos 2015;43:1522–1535.
Bjeldanes LF, Kim JY, Grose KR, Bartholomew JC, Bradfield CA: Aromatic hydrocarbon responsivenessreceptor agonists generated from indole-3-carbinol in vitro and in vivo: comparisons with
2,3,7,8-tetrachlorodibenzo-p-dioxin. Proc Natl Acad Sci U S A 1991;88:9543–9547.
Rannug U, Rannug A, Sjöberg U, Li H, Westerholm R, Bergman J: Structure elucidation of two tryptophanderived, high affinity Ah receptor ligands. Chem Biol 1995;2:841–845.
Hubbard TD, Murray IA, Bisson WH, Lahoti TS, Gowda K, Amin SG, Patterson AD, Perdew GH: Adaptation of
the human aryl hydrocarbon receptor to sense microbiota-derived indoles. Sci Rep 2015;5:12689.
Seok SH, Ma ZX, Feltenberger JB, Chen H, Chen H, Scarlett C, Lin Z, Satyshur KA, Cortopassi M, Jefcoate CR,
Ge Y, Tang W, Bradfield CA, Xing Y: Trace derivatives of kynurenine potently activate the aryl hydrocarbon
receptor (AHR). J Biol Chem 2018;293:1994–2005.
Wincent E, Bengtsson J, Mohammadi Bardbori A, Alsberg T, Luecke S, Rannug U, Rannug A: Inhibition of
cytochrome P4501-dependent clearance of the endogenous agonist FICZ as a mechanism for activation of
the aryl hydrocarbon receptor. Proc Natl Acad Sci USA 2012;109:4479–4484.

139

Physiol Biochem 2020;54:126-141
Cellular Physiology Cell
© 2020 The Author(s). Published by
DOI: 10.33594/000000209
and Biochemistry Published online: 5 February 2020 Cell Physiol Biochem Press GmbH&Co. KG
Manzella et al.: Serotonin Inhibits CYP1A1 Activity to Activate AhR

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

Chiaro CR, Patel RD, Marcus CB, Perdew GH: Evidence for an aryl hydrocarbon receptor-mediated
cytochrome p450 autoregulatory pathway. Mol Pharmacol 2007;72:1369–1379.
Wei YD, Bergander L, Rannug U, Rannug A: Regulation of CYP1A1 transcription via the metabolism of the
tryptophan-derived 6-formylindolo[3,2-b]carbazole. Arch Biochem Biophys 2000;383:99–107.
Manzella C, Singhal M, Alrefai WA, Saksena S, Dudeja PK, Gill RK: Serotonin is an endogenous regulator of
intestinal CYP1A1 via AhR. Sci Rep 2018;8:6103.
Li Z, Chalazonitis A, Huang YY, Mann JJ, Margolis KG, Yang QM, Kim DO, Côté F, Mallet J, Gershon MD:
Essential roles of enteric neuronal serotonin in gastrointestinal motility and the development/survival of
enteric dopaminergic neurons. J Neurosci 2011;31:8998–9009.
Gill RK, Saksena S, Tyagi S, Alrefai WA, Malakooti J, Sarwar Z, Turner JR, Ramaswamy K, Dudeja PK:
Serotonin inhibits Na+/H+ exchange activity via 5-HT4 receptors and activation of PKC alpha in human
intestinal epithelial cells. Gastroenterology 2005;128:962–974.
Saksena S, Gill RK, Tyagi S, Alrefai WA, Sarwar Z, Ramaswamy K, Dudeja PK: Involvement of c-Src and
protein kinase C delta in the inhibition of Cl(-)/OH- exchange activity in Caco-2 cells by serotonin. J Biol
Chem 2005;280:11859–11868.
Amin MR, Ghannad L, Othman A, Gill RK, Dudeja PK, Ramaswamy K, Malakooti J: Transcriptional regulation
of the human Na+/H+ exchanger NHE3 by serotonin in intestinal epithelial cells. Biochem Biophys Res
Commun 2009;382:620–625.
Zhu JX, Zhu XY, Owyang C, Li Y: Intestinal serotonin acts as a paracrine substance to mediate vagal signal
transmission evoked by luminal factors in the rat. J Physiol (Lond) 2001;530:431–442.
Vanner S, Macnaughton WK: Submucosal secretomotor and vasodilator reflexes. Neurogastroenterol Motil
2004;16:39–43.
Gill RK, Pant N, Saksena S, Singla A, Nazir TM, Vohwinkel L, Turner JR, Goldstein J, Alrefai WA, Dudeja PK:
Function, expression, and characterization of the serotonin transporter in the native human intestine. AJP:
Gastrointestinal and Liver Physiology 2008;294:G254–G262.
Geha RM, Rebrin I, Chen K, Shih JC: Substrate and inhibitor specificities for human monoamine oxidase A
and B are influenced by a single amino acid. J Biol Chem 2001;276:9877–9882.
linden DR, Foley KF, McQuoid C, Simpson J, Sharkey KA, mawe GM: Serotonin transporter function and
expression are reduced in mice with TNBS-induced colitis. Neurogastroenterol Motil 2005;17:565–574.
Linden DR, Chen JX, Gershon MD, Sharkey KA, Mawe GM: Serotonin availability is increased in mucosa of
guinea pigs with TNBS-induced colitis. Am J Physiol Gastrointest Liver Physiol 2003;285:G207–216.
Coates MD, Mahoney CR, Linden DR, Sampson JE, Chen J, Blaszyk H, Crowell MD, Sharkey KA, Gershon MD,
Mawe GM, Moses PL: Molecular defects in mucosal serotonin content and decreased serotonin reuptake
transporter in ulcerative colitis and irritable bowel syndrome. Gastroenterology 2004;126:1657–1664.
Shajib MS, Chauhan U, Adeeb S, Chetty Y, Armstrong D, Halder SLS, Marshall JK, Khan WI: Characterization
of Serotonin Signaling Components in Patients with Inflammatory Bowel Disease. J Can Assoc Gastroenterol
2018;1:299.
Tada Y, Ishihara S, Kawashima K, Fukuba N, Sonoyama H, Kusunoki R, Oka A, Mishima Y, Oshima N,
Moriyama I, Yuki T, Ishikawa N, Araki A, Harada Y, Maruyama R, Kinoshita Y: Downregulation of serotonin
reuptake transporter gene expression in healing colonic mucosa in presence of remaining low-grade
inflammation in ulcerative colitis. J Gastroenterol Hepatol 2016;31:1443–1452.
Giuffrida P, Vanoli A, Biletta E, Klersy C, Bergamaschi G, Sampietro GM, Ardizzone S, Luinetti O, Martino
M, Lenti MV, Aronico N, Curti M, Manca R, Fociani P, Truffi M, Corsi F, Corazza GR, Sabatino AD: Increase
in chromogranin A- and serotonin-positive cells in pouch mucosa of patients with ulcerative colitis
undergoing proctocolectomy. Dig Liver Dis 2018;50:1205–1213.
Bischoff SC, Mailer R, Pabst O, Weier G, Sedlik W, Li Z, Chen JJ, Murphy DL, Gershon MD: Role of serotonin
in intestinal inflammation: knockout of serotonin reuptake transporter exacerbates 2,4,6-trinitrobenzene
sulfonic acid colitis in mice. Am J Physiol Gastrointest Liver Physiol 2009;296:G685–G695.
Haub S, Ritze Y, Bergheim I, Pabst O, Gershon MD, Bischoff SC: Enhancement of intestinal inflammation in
mice lacking interleukin 10 by deletion of the serotonin reuptake transporter. Neurogastroenterol Motil
2010;22:826-834, e229.
Oberg M, Bergander L, Håkansson H, Rannug U, Rannug A: Identification of the tryptophan photoproduct
6-formylindolo[3,2-b]carbazole, in cell culture medium, as a factor that controls the background aryl
hydrocarbon receptor activity. Toxicol Sci 2005;85:935–943.

140

Physiol Biochem 2020;54:126-141
Cellular Physiology Cell
© 2020 The Author(s). Published by
DOI: 10.33594/000000209
and Biochemistry Published online: 5 February 2020 Cell Physiol Biochem Press GmbH&Co. KG
Manzella et al.: Serotonin Inhibits CYP1A1 Activity to Activate AhR

36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

Sorg O: AhR signalling and dioxin toxicity. Toxicol Lett 2014;230:225–233.
Jin U-H, Lee S-O, Sridharan G, Lee K, Davidson LA, Jayaraman A, Chapkin RS, Alaniz R, Safe S: Microbiomederived tryptophan metabolites and their aryl hydrocarbon receptor-dependent agonist and antagonist
activities. Mol Pharmacol 2014;85:777–788.
Chen JJ, Li Z, Pan H, Murphy DL, Tamir H, Koepsell H, Gershon MD: Maintenance of serotonin in the
intestinal mucosa and ganglia of mice that lack the high-affinity serotonin transporter: Abnormal intestinal
motility and the expression of cation transporters. J Neurosci 2001;21:6348–6361.
Butler RA, Kelley ML, Powell WH, Hahn ME, Van Beneden RJ: An aryl hydrocarbon receptor (AHR)
homologue from the soft-shell clam, Mya arenaria: evidence that invertebrate AHR homologues lack
2,3,7,8-tetrachlorodibenzo-p-dioxin and beta-naphthoflavone binding. Gene 2001;278:223–234.
Vyas KP, Shibata T, Highet RJ, Yeh HJ, Thomas PE, Ryan DE, Levin W, Jerina DM: Metabolism of alphanaphthoflavone and beta-naphthoflavone by rat liver microsomes and highly purified reconstituted
cytochrome P-450 systems. J Biol Chem 1983;258:5649–5659.
Bertrand PP, Hu X, Mach J, Bertrand RL: Serotonin (5-HT) release and uptake measured by real-time
electrochemical techniques in the rat ileum. Am J Physiol Gastrointest Liver Physiol 2008;295:G1228–
G1236.
Ma X, Idle JR, Krausz KW, Gonzalez FJ: Metabolism of melatonin by human cytochromes p450. Drug Metab
Dispos 2005;33:489-494.
Commins DL, Axt KJ, Vosmer G, Seiden LS: Endogenously produced 5,6-dihydroxytryptamine may mediate
the neurotoxic effects of para-chloroamphetamine. Brain Res 1987;419:253–261.
Commins DL, Axt KJ, Vosmer G, Seiden LS: 5,6-Dihydroxytryptamine, a serotonergic neurotoxin, is formed
endogenously in the rat brain. Brain Res 1987;403:7–14.
Agúndez JA, Gallardo L, Martínez C, Gervasini G, Benítez J: Modulation of CYP1A2 enzyme activity by
indoleamines: inhibition by serotonin and tryptamine. Pharmacogenetics 1998;8:251–258.
Marinelli L, Martin-Gallausiaux C, Bourhis J-M, Béguet-Crespel F, Blottière HM, Lapaque N: Identification of
the novel role of butyrate as AhR ligand in human intestinal epithelial cells. Sci Rep 2019;9:643.
Nguyen LP, Bradfield CA: The search for endogenous activators of the aryl hydrocarbon receptor. Chem Res
Toxicol 2008;21:102–116.
Heath-Pagliuso S, Rogers WJ, Tullis K, Seidel SD, Cenijn PH, Brouwer A, Denison MS: Activation of the Ah
receptor by tryptophan and tryptophan metabolites. Biochemistry 1998;37:11508–11515.
Pollenz RS: The aryl-hydrocarbon receptor, but not the aryl-hydrocarbon receptor nuclear translocator
protein, is rapidly depleted in hepatic and nonhepatic culture cells exposed to 2,3,7,8-tetrachlorodibenzop-dioxin. Mol Pharmacol 1996;49:391–398.
Adkins EM, Barker EL, Blakely RD: Interactions of tryptamine derivatives with serotonin transporter
species variants implicate transmembrane domain I in substrate recognition. Mol Pharmacol 2001;59:514–
523.
Margolis KG, Gershon MD: Enteric Neuronal Regulation of Intestinal Inflammation. Trends Neurosci
2016;39:614–624.
Lekas P, Tin KL, Lee C, Prokipcak RD: The human cytochrome P450 1A1 mRNA is rapidly degraded in
HepG2 cells. Arch Biochem Biophys 2000;384:311–318.
Schiering C, Wincent E, Metidji A, Iseppon A, Li Y, Potocnik AJ, Omenetti S, Henderson CJ, Wolf CR, Nebert
DW, Stockinger B: Feedback control of AHR signalling regulates intestinal immunity. Nature 2017;542:242–
245.
Staub RE, Onisko B, Bjeldanes LF: Fate of 3,3’-diindolylmethane in cultured MCF-7 human breast cancer
cells. Chem Res Toxicol 2006;19:436–442.

141

