
Mucosal serotonin reuptake transporter (SERT) expression in 
IBS is modulated by gut microbiota via mast cell–prostaglandin 
E2

Jun Gao*, Tingting Xiong*, Gintautas Grabauskas, Chung Owyang
Division of Gastroenterology and Hepatology, Department of Internal Medicine, University of 
Michigan, Ann Arbor, Michigan, 48109

Abstract

Background and Aims.—Increased colonic serotonin (5-HT) level and decreased serotonin 

reuptake transporter (SERT) expression in irritable bowel syndrome (IBS) may contribute to 

diarrhea and visceral hypersensitivity. We investigated whether mucosal SERT is modulated by gut 

microbiota via a mast cell–prostaglandin E2 (PGE2) pathway.

Methods.—C57Bl/6 mice received intracolonic infusion of fecal supernatant (FS) from healthy 

controls (HC) or diarrhea-predominant IBS (IBS-D) patients. The role of mast cells was studied 

in mast cell–deficient (W/Wv) mice. Colonic organoids and/or mast cells were used for in vitro 

experiments. SERT expression was measured by quantitative PCR and Western blot. Visceromotor 

responses (VMR) to colorectal distension (CRD) and colonic transit were assessed.

Results.—Intracolonic infusion of IBS-D FS in mice caused an increase in mucosal 5-HT 

compared to HC FS, accompanied by ~50% reduction in SERT expression. Mast cell stabilizers, 

COX-2 inhibitors, and PGE2 receptor antagonist prevented SERT downregulation. Intracolonic 

infusion of IBS-D FS failed to reduce SERT expression in mast cell deficient (W/Wv) mice. 

This response was restored by mast cell reconstitution. The downregulation of SERT expression 

evoked by IBS FS was prevented by lipopolysaccharide antagonist LPS-RS and a bacterial trypsin 

inhibitor. In vitro LPS treatment caused increased COX-2 expression and PGE2 release from 

cultured mouse mast cells. Intracolonic infusion of IBS-D FS in mice reduced colonic transit, 

increased fecal water content, and increased VMR to CRD. Ondansetron prevented these changes.
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Conclusions.—Fecal LPS acting in concert with trypsin in IBS-D patients, stimulates mucosal 

mast cells to release PGE2, which downregulates mucosal SERT, resulting in increased mucosal 

5-HT. This may contribute to diarrhea and abdominal pain common in IBS.
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Introduction

Serotonin (5-HT) is a key paracrine and neurocrine signaling molecule in the gut that plays 

an essential role in regulating gastrointestinal motility, secretion, vasodilation, nociception 

and inflammation.1,2 The increased postprandial plasma 5-HT levels in patients with 

diarrhea-predominant irritable bowel syndrome (IBS-D),3–5 and significant symptom relief 

from treatment with 5-HT receptor antagonists6,7 suggests that dysregulated mucosal 5-

HT activity may contribute to IBS pathogenesis. Most enteric 5-HT is synthesized by 

enterochromaffin cells8 through the rate-limiting enzyme tryptophan hydroxylase 1 (TPH1) 

and released in response to mechanical9 and chemical10 stimuli in the gut lumen. The 

termination of 5-HT signaling relies almost exclusively on intracellular transport by the 

serotonin selective reuptake transporter (SERT), which is expressed in all intestinal epithelial 

cells.11–12 The main enzyme responsible for the degradation of 5-HT in colonic tissues is 

monoamine oxidase A (MAOA), which is encoded by the MAOA gene. Decreased SERT 

expression in the gut of IBS patients, as reported by several studies,13–15 may contribute to 

the increased 5-HT level in the colon of IBS patients.4,5 Further, SERT null mice exhibit 

watery diarrhea with enhanced colonic motility, and visceral hypersensitivity.16 All these 

observations support the idea that impaired uptake of 5-HT by gut epithelial cells resulting 

in increased 5-HT in the colon may play an important role in IBS pathogenesis. However, 

to date, little is known about the mechanism responsible for the downregulation of SERT in 

IBS patients.

Decreased SERT expression is evident in mice infected by enteropathogenic Escherichia 
coli,17 whereas treatment with Lactobacillus rhamnosus GG supernatant reversed decreased 

SERT expression in a post-infectious IBS model.18 Elevated colonic SERT expression in 

germ-free mice was reversed by a fecal material inoculation,19 suggesting gut microbiota 

and dysbiosis may play a role in regulating SERT expression in the gut.

Mucosal mast cells sense external stimuli and release effectors that may cause IBS 

symptoms.20–22 Drugs with mast cell stabilizing properties seem to relieve pain and diarrhea 

in IBS.23,24 We have shown that intracolonic administration of mucosal supernatants from 

IBS-D patients induces visceral hypersensitivity in rats by increasing the synthesis and 

release of prostaglandin E2 (PGE2) from mast cells, which, in turn, activates dorsal ganglion 

neurons.25 In a preliminary study, a substantial elevation of mucosal 5-HT in response 

to IBS-D supernatant treatment was significantly reversed by the mast cell stabilizer 

cromolyn sodium – an intriguing suggestion of cross talk between mucosal mast cells and 

5-HT signaling in the gut. This prompted investigation of the mechanisms by which fecal 

microbiota modulates colonic SERT expression.
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Methods

Please refer to the Supplementary Material for comprehensive details.

Patients

14 IBS-D patients meeting Rome III criteria (7 females, 7 males), aged 43 to 59 

years, were recruited from the University of Michigan, Division of Gastroenterology and 

Hepatology outpatient and primary care clinics. 14 age-matched healthy individuals served 

as controls. Consents were obtained from all participants, and the study was approved 

by the University of Michigan Human Research Protection Program. Each participant 

provided fecal samples for fecal supernatant (FS) preparation, as previously described (see 

Supplementary Material).26 6 IBS-D patients were recruited to study the effect of FS on 

SERT expression before and after low-FODMAP treatment. Patients’ demographics and 

symptoms, and the study design were previously reported in detail.26

Animals

All animal procedures were performed in accordance with National Institutes of Health 

guidelines and approved by the University of Michigan Institutional Animal Care & Use 

Committee. C57B16 and mast cell–deficient WBB6F1/J-KitW/KitW-v/J (W/Wv) and TLR4-

deficient C3H/HeJ male mice (aged 6 wk) were obtained from Jackson Laboratories (Bar 

Harbor, ME). Animals were housed 3 per cage in a controlled environment (12-h daylight 

cycle, lights off at 18:00), with free access to food and water. The animals were euthanized 

with CO2 in accordance with University of Michigan guidelines and protocols.

Intracolonic infusions

Intracolonic infusions were performed with a flexible plastic tube (18-gauge, 3 in, Instech 

Laboratories, Plymouth Meeting, PA) inserted into the distal colon 3 cm from the anus. 

Fecal supernatant (FS, 0.3 mL) or PBS was infused slowly for 1 min. In separate studies, 

intracolonic injection of LPS-RS, or intraperitoneal injection of different agents, as detailed 

in the Results, were administered 30 min before FS infusion. Mice were subjected to further 

experiments or killed for specimen collection 18 h after intracolonic FS infusion.

Collection of mucosal and blood specimens and assays of supernatants

Colonic specimens from experimental animals were collected as previously described,26 or 

as specified in the Results. Blood samples collected by cardiac puncture were placed into 

heparin-coated tubes. Plasma was collected after centrifugation (4,000 g, 5 min). ELISA 

assays of 5-HT (ADI900175, Enzo Life Sciences, Ann Arbor, MI) and PGE2 (#500141, 

Cayman Chemical, Ann Arbor, MI) were performed.

Murine colonic organoid culture

Murine colonic crypt isolation and culture followed the manufacturer’s 

method (https://www.stemcell.com/intestinal-epithelial-organoid-culture-with-intesticult-

organoid-growth-medium-mouse-lp.html). See Supplementary Material.
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Mast cell culture, co-culture, and reconstitution

Selective reconstitution of mast cells in mast cell–deficient W/Wv mice was conducted 

according to previously described methods (see Supplementary Material).25,27

Mast cell specific TLR4 deficient mice were prepared by reconstituting W/Wv mice with 

bone marrow-derived MC from TLR4 deficient mice. For colonic organoid–mast cell co-

culture, murine colonic organoids were cultured as described.28 Mast cells were added to 24-

well plates (10,000 cells/well) and incubated with organoids for 24 h. After treatment, mast 

cells were removed from the co-culture by low-speed centrifugation (200 g/min). Organoids 

were collected for further analysis. For mast cell reconstitution, mast cell–deficient W/Wv 

mice received a tail vein injection of 5 × 106 cultured mast cells and were studied 4 wk later 

(see Supplementary Material).

Colorectal distension and electromyography recording

Visceromotor responses (VMR) were recorded by quantifying reflex contractions of 

the abdominal musculature induced by colorectal distension (CRD) (see Supplementary 

Material).

Colonic transit

Colonic transit time was measured using the bead expulsion assay, as previously 

described.29 Colon patency was carefully monitored with a flexible plastic tube (18-gauge, 3 

in, Instech Laboratories) inserted 3 cm into the colon before a 3-mm glass ball was inserted 

transanally with blunt surgical forceps and carefully advanced 3 cm into the colon with the 

plastic tube. The animal was observed in a box. Colonic transit time was the time from glass 

ball insertion to its expulsion.

Free water content

Fresh animal droppings were collected in Petri dishes to determine the wet weight, and 

oven-dried to constant weight at 105°C before being weighed again to determine the dry 

weight. Fecal water percentage is the difference between wet and dry weights.

Agonists and antagonists

Described in the Supplementary Material.

Western blot analysis

Western blots against SERT (catalog #702076) and TPH1 (#PA1–777) (Thermo Fisher 

Scientific, Waltham, MA) were conducted as described in the Supplementary Material.

Reverse transcriptase–PCR studies

Gene expressions of SERT, TPH1, COX-2, MAOA, and Chga were measured by RT–PCR 

(see Supplementary Material). Primer sets are provided in Supplementary Table 1.
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Immunofluorescence staining

Sections of colon tissue were used for immunohistochemistry studies as described 

previously (see the Supplemental Methods)

Statistical analysis

Differences of quantified data were compared using Student t test for comparison between 2 

groups, or one-way ANOVA for more than 2 groups. Results are expressed as mean ± SEM. 

P < 0.05 was considered statistically significant.

Results

Intracolonic administration of IBS-D patient fecal supernatant causes increased 5-HT and 
decreased SERT expression in mouse colon

Our previous studies demonstrated that intracolonic administration of fecal supernatant 

from IBS-D patients leads to increased visceral hypersensitivity.26 We used this model to 

determine if fecal material from IBS-D patients affects colonic 5-HT levels.

Fecal supernatant (FS) (0.3 mL) from IBS-D patients and healthy controls (HC) was 

collected as previously described.26 These samples were intracolonically (IC) administered 

to naive mice, and plasma and distal colonic samples were collected 18 h after treatment. 

In response to intracolonic infusion of FS from IBS-D patients, the 5-HT level in mouse 

mucosa increased to 10.94 ± 1.71 ng·mL−1·mg−1 compared to 5.52 ± 1.91 ng·mL−1·mg−1 

after infusion of FS from HC (P < 0.01, n =8–10) (Figure 1A). A similar increase was 

measured in platelet-poor serum 5-HT levels in mice treated with IBS-D FS compared to HC 

FS (P < 0.01, n = 14–16) (Supplementary Figure 1A).

Increased 5-HT in the colonic mucosa may be due to enhanced synthesis of 5-HT by 

enterochromaffin cells regulated by TPH1,8 and/or reduced reuptake of 5-HT from the 

lamina propria by epithelial cells mediated by serotonin reuptake transporter (SERT). Our 

RT–PCR data showed intracolonic infusion of IBS-D FS inhibited SERT mRNA level by 

47.9%, compared to HC FS (P < 0.01, n = 6–7, Figure 1B). Similar results were observed 

with SERT expression at the protein level (=0.02, n = 4, Figure 1C). Notably, intracolonic 

infusion of HC FS had no effect on SERT mRNA level, compared to PBS (P = 0.93 

n = 4–7, Supplementary Figure 1B). Consequently, HC FS was used as control in later 

experiments. Immunofluorescent staining for SERT was performed on sections of normal 

mouse colon. SERT immunoreactivities are localized mainly in the colonic epithelial cells 

where E-cadherin is located. Intracolonic administration of IBS-D FS caused a reduction in 

SERT fluorescence intensity compared to controls (14.8 ± 3.2 vs. 21.5 ± 4.0, P = 0.026, 

Mann-Whitney two-sided test, n=6) (Figure 1D-I). These findings confirmed our PCR and 

Western Blot observations. In contrast to SERT, intracolonic infusion of IBS-D FS did 

not affect TPH1 mRNA (P = 0.29, n = 10, Figure 1D) or protein level (Figure 1E). To 

determine if the formation and release of 5-HT–containing secretory granules are affected in 

our IBS mouse model, we used RT–PCR to quantify Chga mRNA, which encodes Chga, a 

neuroendocrine secretory protein that is released with 5-HT. Intracolonic infusion of IBS-D 

FS did not affect Chga gene expression, compared to HC FS (Figure 1F). The main enzyme 
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responsible for the catabolic degradation of 5-HT in colonic tissue is monoamine oxidase A 

(MAOA). RT–PCR showed that intracolonic infusion of IBS-D FS had no effect on MAOA 

mRNA level in mice colon, compared to HC FS (Figure 1G). Together, these observations 

suggest that decreased 5-HT reuptake, rather than increased synthesis, elevates mucosal 

5-HT in our IBS mouse model.

IBS-D fecal supernatant downregulates colonic SERT expression in a mast cell–dependent 
manner

To examine the signaling pathway regulating SERT expression in IBS, we established an 

ex vivo system with murine colon organoids, as previously described.30 The organoids 

were treated with IBS-D FS (1:1000 dilution) for 18 h; no change was observed in SERT 

expression, compared to HC FS (P > 0.99, n = 6, Figure 2A). This difference from our in 

vivo results suggests that cell types other than epithelial cells – perhaps mucosal immune 

cells – may be required to mediate downregulation of SERT expression in response to IBS-D 

FS. We hypothesize that mucosal SERT expression is modulated by gut microbiota via a 

mast cell–mediated process in IBS.

To test this hypothesis, bone marrow–derived mast cells were harvested and differentiated 

in vitro, as previously described.27 These mature mast cells were added to murine colonic 

organoids before FS infusion, and then removed by low-speed centrifugation before the 

organoids were collected for further analysis. As shown in Figure 2A, mast cell co-culture 

alone without IBS-D FS did not affect SERT expression in murine colonic organoids (P> 

0.99, n = 6). IBS-D FS infusion in the mast cell co-culture caused a 75.1% reduction in 

SERT expression in the colonic organoids, compared to HC FS (P = 0.02, n = 6).

To demonstrate conclusively the critical role of mast cells in regulating SERT expression in 

our IBS rodent model, we measured the colonic SERT level in mast cell–deficient (W/Wv) 

mice. As shown in Figure 2B, in contrast to the reduced SERT expression in wild-type 

littermates, intracolonic infusion of IBS-D FS did not affect SERT expression in W/Wv mice 

(P = 0.75, n = 4). Reconstitution of bone marrow–derived mast cells in W/Wv mice, as 

described previously,25 restored the SERT response induced by intracolonic infusion of IBS-

D FS (P = 0.01, n = 4–5). On the other hand, reconstitution of bone marrow-derived mast 

cells obtained from the TLR4 deficient mice in W/Wv mice did not affect SERT response 

to IBS-D FS (Figure 2B). In addition, pretreating wild-type mice with mast cell stabilizers 

ketotifen (1 mg/kg, ip) or cromolyn sodium (30 mg/kg, ip) 30 min before intracolonic 

IBS-D FS infusion largely abolished the inhibitory effect of IBS-D FS on colonic SERT 

expression (P < 0.01, n = 5–6 and P = 0.04, n = 4–6, respectively, Figure 2C). Cromolyn 

sodium treatment also significantly prevented the elevation of 5-HT in the colonic mucosa 

and platelet-poor serum of wild-type mice treated with intracolonic IBS-D FS infusion 

(Supplementary Figures 1A and 2).

Mast cells regulate colonic SERT expression in response to IBS-D fecal supernatant via 
COX–PGE2 pathway

Previous studies have shown that mast cell–released mediators, including histamine, trypsin, 

and prostaglandin E2, are increased in the colonic mucosa of IBS-D patients and in 
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rat colon in response to intracolonic administration of IBS-D supernatant.25,31 Here, we 

studied the involvement of these mediators in IBS-D FS–induced SERT downregulation. 

As shown in Figure 3A, pretreatment with tryptase inhibitor nafamostat mesylate (10 

mg/kg, ip) or histamine H1 receptor antagonist ebastine (10 mg/kg, ip) failed to prevent 

downregulation of SERT induced by IBS-D FS (P = 0.99, n = 3–6 and P = 0.20, n = 

4–6, respectively). In contrast, blocking PGE2 receptor EP2 by the EP2-specific antagonist 

PF-04418948 (10 mg/kg, ip) significantly diminished the inhibitory effect of IBS-D FS 

on colonic SERT expression (P = 0.01, n = 3–6). On the other hand, intraperitoneal 

administration of antagonists of EP1 (ONO-8130, 10 mg/kg), EP3 (L-798106, 10 mg/kg) 

or EP4 (ONO-AE3–208, 10 mg/kg) were without effects on SERT expression (Figure 

3G). Similarly, PF-04418948 or cromolyn sodium treatment reversed IBS-D FS–induced 

elevation of colonic mucosal 5-HT (Supplementary Figure 2). These data suggest that PGE2, 

but not histamine or tryptase, released from mast cells mediates the downregulation of SERT 

in response to IBS-D FS.

To demonstrate PGE2 is capable of regulating colonic SERT expression, mice were treated 

with intracolonic administration of PGE2 (100 μg/kg), the PAR2 receptor agonist SLIGKV-

NH2 (100 μg/mouse), or histamine (300 μg/mouse) for 18 h before colonic samples 

were analyzed. As shown in Figure 3B, PAR2 agonist or histamine did not affect SERT 

expression in comparison to control (P = 0.62, n = 4–7 and P = 0.46, n = 5–7, respectively). 

In contrast, intracolonic administration of PGE2 decreased SERT mRNA by 55.3% (P < 

0.01, n = 7) and protein by 47.5% (Figure 3C), mimicking the in vivo effect of IBS-D FS 

on SERT expression. Similar to IBS-D FS, PGE2 treatment also increased the 5-HT level in 

platelet-poor serum (Supplementary Figure 3).

To determine if the effect of PGE2 on SERT expression is mast cell–dependent, murine 

colonic organoids were treated with PGE2 (10 nM/well), SLIGKV-NH2 (100 μM/well), 

or histamine (10 μM/well). As shown in Figure 3D, similar to its effect in vivo, PGE2 

significantly downregulated SERT expression in murine colonic organoids by 61.0% (P = < 

0.01, n = 5–9) in the absence of mast cells, whereas the PAR2 agonist or histamine had no 

effect (P = 0.83, n = 4–9 and P = 0.82, n = 5–9, respectively). EP2 antagonist PF-04418948 

(10 μM/well) significantly reversed the effect of IBS-D FS on SERT expression in our 

mast cell–colonoid co-culture model (P = 0.01, n = 3–6, Figure 3E). Collectively, these 

data suggest that PGE2 is the downstream effector of mast cells, directly regulating colonic 

epithelial cell SERT expression.

To provide further evidence that PGE2 synthesized and released from mast cells is critical 

to mediate SERT expression, we pretreated the mast cell–colonoid co-culture with the 

nonselective COX inhibitor indomethacin (50 μM/well) or the selective COX-2 inhibitor 

celecoxib (50 μM/well) before IBS-D FS stimulation. As shown in Figure 3F, blocking 

PGE2 synthesis in mast cells with indomethacin completely reversed the inhibitory effect of 

IBS-D FS on SERT expression (P < 0.01, n = 4). Similarly, selectively inhibiting COX-2 

with celecoxib reversed the downregulation of SERT evoked by IBS-D FS (P = 0.048, n = 

4). Taken together, these data suggest that in response to IBS-D FS, mast cells synthesize 

and release PGE2, which, in turn, downregulates SERT expression in colonic epithelial cells 

through activating the EP2 receptor.
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LPS in IBS-D fecal supernatant mediates mast cell activation and SERT downregulation

Our previous study showed that an increased LPS level in fecal samples from patients with 

IBS-D is responsible for IBS-D FS–induced visceral hypersensitivity (VH) in rats.26 Both 

fecal LPS level and FS-induced VH were normalized when the rats were treated with FS 

from IBS patients after a 4-wk low-FODMAP diet.26 Interestingly, in the current study, 

intracolonic infusion of FS from IBD-S patients before and after a 4-wk low-FODMAP 

diet revealed normalized colonic SERT levels in mice treated with FS from IBS-D patients 

who responded to the low-FODMAP diet (P = 0.04, n = 8 in each group with duplicated 

measurements, Figure 4A). We therefore hypothesized that LPS is a key component in the 

IBS-D FS to activate mast cells to regulate SERT expression.

To test this hypothesis, mice were treated with intracolonic administration of the potent 

TLR4 antagonist lipopolysaccharide from Rhodobacter sphaeroides (LPS-RS) (1.0 mg/kg) 

30 min before IBS-D FS treatment. As shown in Figure 4B, IBS-D FS–induced mucosal 

SERT downregulation was prevented by LPS-RS (P = 0.04, n = 4–6). Similarly, pretreating 

the IBS-D FS with endotoxin removal completely abolished its inhibitory effect on SERT 

expression (P < 0.01, n = 5–6) (Figure 4B). Moreover, after endotoxin removal, IBS-D 

FS failed to exert any ex vivo effect on SERT expression in mice colonic organoids 

co-cultured with mast cells (P = 0.03, n = 6, Figure 4C). These data suggest that LPS is 

the key component in the IBS-D FS to modulate SERT expression via mast cell activation. 

Furthermore, in vitro studies demonstrated a dose-dependent increase in COX-2 expression 

(Figure 4D) and PGE2 release (Figure 4E) from cultured mouse mast cells in response to a 

4-h LPS treatment (3 and 10 μg/mL).

To further delineate the role of LPS in mediating SERT expression, we treated naïve mice 

with intracolonic administration of LPS (50 μg/mL) for 18 h; significant changes in colonic 

SERT expression were not detected (P > 0.99, n = 4–6, Supplementary Figure 4A). This 

finding suggests that LPS is essential, but alone, insufficient, to activate mast cells to 

regulate SERT expression in vivo. Another important component in the FS of IBS-D patients 

is trypsin, which has been reported to be elevated in IBS patients.25 We showed that heating 

the IBS-D FS for 5 min at 95°C, which deactivates peptides such as proteinases but not 

LPS,32 completely abolished the inhibitory effects of IBS-D FS when administered to the 

colon of naïve mice (P < 0.01, n = 4, Supplementary Figure 4B). Similarly, pretreating 

IBS-D FS with a soybean trypsin inhibitor (2.5 mg/mL) or bacterial protease inhibitor 

cocktail (Sigma-Aldrich, 0.1 mL/mL) abolished the inhibitory effects on colonic SERT 

expression (P < 0.01, n = 3–4, Supplementary Figure 4B). In separate studies, we showed 

that intracolonic administration of trypsin-3 (10 units/mouse) failed to affect colonic SERT 

expression (P > 0.99, n = 4); whereas intracolonic infusion of LPS (50 μg/mouse) combined 

with trypsin-3 (10 units/mouse) caused a 25% reduction of SERT expression compared to 

control (P = 0.01, n = 5–6) (Supplementary Figure 4A) These findings suggest that LPS 

acting in concert with trypsin mediates the downregulation of colonic SERT expression.
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Dysregulated mucosal SERT–serotonin pathway contributes to IBS-D FS–induced diarrhea 
and visceral hypersensitivity

To demonstrate the pathophysiological significance of decreased SERT expression and 

increased mucosal 5-HT level induced by the FS from IBS-D patients, we showed that 

intracolonic infusion of IBS-D FS in mice reduced colonic transit 30% (P = 0.02, n = 4, 

Figure 5A), increased fecal water content 25% (P < 0.01, n = 4, Figure 5B), and increased 

VMR to CRD 2–3 fold (P < 0.001, n = 6, Figure 5C). Pretreatment with 5-HT3 antagonist 

ondansetron (5 mg/kg, ip) prevented these changes, indicating the increased 5-HT level in 

the mucosa is responsible for the enhanced colonic motility, intestinal secretion, and visceral 

hypersensitivity in our IBS-D model. Importantly, pretreatment with mast cell stabilizer 

cromolyn sodium (30 mg/kg, ip), or EP2-specific antagonist PF-04418948 (10 mg/kg, ip), 

which decreased mucosal 5-HT level by reversing the downregulated SERT expression 

by IBD-FS, also blocked IBS-D FS–induced increase in motility, secretion, and visceral 

hypersensitivity (Figure 5).

Discussion

In the intestinal epithelium, 5-HT acts as a neurotransmitter and a paracrine signaling 

molecule to initiate and modulate the major physiological processes in the gut, including 

secretion, motility, vasodilation, inflammation, and pain sensation. The intensity and 

duration of 5-HT action ultimately depends on the efficiency of 5-HT inactivation. Due 

to a relative lack of intercellular degradative enzymes, the termination of 5-HT signaling 

relies almost exclusively on the SERT-dependent translocation of 5-HT from the lamina 

propria. Generally, SERT activity and extracellular 5-HT concentration are inversely 

correlated. Acute inhibition of SERT by the selective serotonin reuptake inhibitor (SSRI) 

increases colonic motility and contraction, which are associated with abdominal cramping.33 

Over long periods, however, excessive accumulation of 5-HT can lead to 5-HT receptor 

desensitization and diminished 5-HT action.

A significant decrease in SERT expression was reported in biopsy specimens from IBS 

patients, compared to healthy individuals.13,14,34 This occurred without overt mucosal 

inflammation in our IBS rodent model. Others have reported decreased SERT levels in 

post-infectious or water avoidance stress-induced IBS animal models.18,35 A decrease in 

SERT expression in IBS may have important pathophysiological consequences as shown by 

the demonstration that mice lacking the high-affinity 5-HT transporter exhibited increased 

intestinal motility and abnormal expression of cation transporters. 16 Our current studies 

showed for the first time in an IBS rodent model a causal relationship between a decrease in 

SERT expression and enhanced colonic motility and intestinal secretion accompanied by the 

development of visceral hypersensitivity.

The mechanisms regulating SERT expression in the gastrointestinal tract are not clear. 

Previous studies with intestinal cell lines suggest that proinflammatory signaling such as 

TNFα and INFγ,36 as well as native immunity triggers including TLR237 and NOD238 

are able to downregulate SERT in vitro. It has also been proposed that SERT expression 

is affected by epigenetic factors39 and microRNAs.40 However, the exact mechanism by 

which SERT is regulated in the setting of IBS remains largely unknown. To the best of 
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our knowledge, our studies showed for the first time that in response to gut dysbiosis, 

luminal endotoxins in the setting of IBS stimulate intestinal mast cells to synthesize and 

release PGE2, which, in turn, acts on the gut epithelium to downregulate SERT, resulting 

in increased mucosal 5-HT. This new observation is supported by the following findings: 1) 

intracolonic administration of fecal supernatant from IBS-D patients to naïve mice caused a 

marked decrease in SERT expression and an increase of 5-HT level in the colonic mucosa; 

2) these changes were prevented by mast cell stabilizers ketotifen and cromolyn sodium, 

or the selective PGE2 receptor antagonist PF-0441894; Furthermore, the downregulation of 

SERT expression evoked by IBS-D FS was not observed in mast cell deficient (W/Wv ) 

mice but the response was restored by mast cells reconstitution in these W/Wv mice; 3) 

intracolonic administration of PGE2 but not histamine or PAR2 agonist downregulated 

mucosal SERT expression; 4) the inhibitory effect of IBS-D fecal supernatant or LPS 

on SERT expression in murine colonic organoids required the presence of bone marrow–

derived mast cells and the enzymatic activities of COX-2 to synthesize PGE2; 5) the 

downregulation of SERT expression evoked by IBS-D FS was prevented by pretreating 

the FS with LPS antagonist and trypsin inhibitor.

The lamina propria is rich in mast cells, which sense stimuli from both the lumen 

interface and within the mucosa and transmit signals to adjacent cells through releasing 

a plethora of mediators. Histamine and proteases – two bioactive substances presynthesized 

and stored in cytoplasmic granules of mast cells – have been implicated in visceral 

hypersensitivity,25,41,42 intestinal hypersecretion,43 and barrier dysfunction.44 In our study, 

we showed that neither histamine nor tryptase exhibit a direct effect on intestinal SERT 

expression, in vivo or in vitro (Figure 3).

In addition to degranulation of presynthesized mediators, activation of mast cells also leads 

to de novo synthesis and release of neoformed mediators, such as prostanoids, by the action 

of COX.45 Prostaglandins, especially PGE2, play an important role in the development 

of visceral hypersensitivity in IBS by activating the EP2 receptor on dorsal root ganglion 

neurons.46 Among the four PGE2 receptor subtypes, EP2 is differentially expressed in the 

epithelia of human colonic mucosa.47 The direct function of PGE2 on colonic epithelium is 

unclear. In this study, we identified a novel function of PGE2 in regulating SERT expression 

in colonic epithelial cells.

To identify which component(s) in the IBS-D fecal supernatant triggered mast cell activation 

in our rodent model, we found that downregulation of SERT induced by IBS-D FS was 

preventable by LPS antagonist LPS-RS or removal of LPS from the fecal FS. This suggests 

mediation by fecal LPS. Our in vitro studies further supported this possibility, as LPS was 

able to activate mast cells to release PGE2 through the induction of the COX-2 enzyme, and 

to downregulate SERT expression in murine organoids when co-cultured with mast cells. 

However, intracolonic infusion of LPS failed to downregulate SERT expression, suggesting 

LPS is required, but not sufficient to cause SERT downregulation in vivo. IBS-D patients 

also have elevated fecal trypsin, 48 which can alter epithelial function.46 In this study, we 

showed that heating the IBS-D FS, which deactivates peptides such as proteinases but not 

LPS, completely abolished the inhibitory effect of IBS-D FS on colonic SERT expression. 

Furthermore, pretreatment of IBS-D FS with a soybean trypsin inhibitor or bacterial protease 
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inhibitor cocktail also prevented downregulation of SERT expression. Taken together, these 

observations suggest that fecal trypsin acts in concert with LPS to modulate colonic SERT 

expression.

Based on our findings, we would like to propose the following working model to explain 

the mechanism responsible for the decreased mucosal SERT expression in IBS. Fecal 

material in the colon of IBS patients contains increased amounts of LPS and other bioactive 

substances, such as trypsin. On entry to the lamina propria, LPS acting in concert with 

trypsin increases COX-dependent PEG2 synthesis and release from activated mucosal mast 

cells. PGE2, in turn, acts on EP2 receptors in the epithelial cells to downregulate SERT 

expression, eventually leading to increased mucosal 5-HT availability and the symptom-

triggering actions of 5-HT, resulting in increased motility, intestinal secretion, and visceral 

hypersensitivity in IBS patients. This may contribute to diarrhea and abdominal pain often 

observed in IBS (Figure 6).
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What You Need to Know

Background and Context

IBS patients have increased colonic serotonin level and decreased serotonin reuptake 

transporter expressions. We investigated whether mucosal serotonin reuptake transporter 

is modulated by gut microbiota via a mast cell-prostaglandin E2 pathway.

New Findings

Fecal lipopolysaccharide acting in concert with trypsin in IBS-D patients stimulates 

mucosal mast cells to release PGE2, which downregulates mucosal serotonin reuptake 

transporter, resulting in increased mucosal 5HT.

Limitations

We limited our studies to IBS-D patients. Future studies should compare and contrast 

findings in IBS-C patients as the pathophysiology between these two groups of IBS 

patients may be quite different.

Impact

Gut dysbiosis may contribute to dysregulation of serotonin metabolic pathway resulting 

in increased serotonin in the colonic mucosa. This may contribute to diarrhea and 

abdominal pain in IBS patients.

Lay summary

Dysregulation of microbial composition in the colon may result in abnormal serotonin 

metabolism in the colon contributing to diarrhea and abdominal pain often observed in 

IBS patients.
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Figure 1. Increased 5-HT level and decreased SERT expression in mouse colon induced by IBS-D 
patient fecal supernatant.
(A) 5-HT release from distal colonic mucosa in mice 18 h after intracolonic infusion of fecal 

supernatant (FS) from healthy controls (HC) or IBS-D patients. Results are expressed as 

mean ± SEM, *P < 0.01 from HC, Student t test, n = 6–9 in each group with duplicated 

measurements. (B) RT–PCR of SERT in distal colon from mice treated with intracolonic 

infusion of HC or IBS-D FS. Results are expressed as mean ± SEM, *P < 0.01 from 

HC, Student t test, n = 6–7 in each group. (C) Western blot of SERT in distal colon 
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from mice treated with HC or IBS-D FS, quantified by densitometry analysis. Results are 

expressed as mean ± SEM, *P = 0.02 from HC, Student t test, n = 4 in each group. 

(D,E) Immunofluorescent staining for SERT was performed on sections of normal mouse 

colon. SERT staining is in green contrasting with blue counterstained nuclei. SERT is 

principally expressed on the surface area of colon mucosa, but not in the lamina propria. 

(F,G) Immunofluorescent staining for SERT and E-cadherin was performed on sections of 

normal mouse colon. SERT staining is in green and E-cadherin in red, contrasting with blue 

counterstained nuclei. SERT is principally expressed in the mature differentiated epithelial 

cells where E-cadherin is primarily localized. Immunofluorescent staining for SERT in 

normal (H) and IBS-D FS injected mouse colon (I). The average fluorescence intensity was 

lower in mouse colon after IBS-D FS treatment. (J) RT–PCR of TPH1 in distal colon from 

mice treated with HC or IBS-D FS. Results are expressed as mean ± SEM, *P = 0.29 from 

HC, Student t test, n = 10 in each group. (K) Western blot of TPH1 in distal colon from mice 

treated with HC or IBS-D FS, quantified by densitometry analysis. Results are expressed as 

mean ± SEM, *P = 0.26 from HC, Student t test, n = 4 in each group. (L and M) RT-PCR 

of Chag and MAOA in distal colon from mice treated with HC or IBS-D FS. Results are 

expressed as mean ± SEM. *P = 0.11 from HC for Chag, *P > 0.99 from HC for MAOA, 

Student t test, n = 6 in each group.
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Figure 2. Decreased colonic SERT expression induced by IBS-D fecal supernatant is mast cell–
dependent.
(A) RT–PCR of SERT in murine colonic organoids alone or co-cultured with mast 

cells (MC), treated with fecal supernatant (FS) from HC or IBS-D patients. Results are 

expressed as mean ± SEM, two-way ANOVA, n = 6 in each group. (B) colonic SERT 

expression in response to intracolonic infusion of IBS-D FS in wild-type (WT), W/Wv, 

W/Wv mice reconstituted with bone marrow–derived MC from wild-type mice, and W/Wv 

mice reconstituted with bone marrow–derived MC from TLR deficient mice. Results are 

expressed as mean ± SEM, one-way ANOVA, n = 4–6 in each group. (C) Decreased colonic 

SERT expression evoked by intracolonic IBS-D FS infusion was abolished by ketotifen or 

cromolyn sodium pretreatment (30 min before infusion, IP). Results are expressed as mean ± 

SEM, one-way ANOVA, n = 4–7 in each group.
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Figure 3. PGE2 is the mast cell mediator regulating colonic SERT expression in response to 
IBS-D supernatant.
(A) SERT expression in colonic mucosa of mice treated with HC or IBS-D FS with or 

without pretreatment (30 min before infusion, ip) with nafamostat mesylate, ebastine, or 

PF-04418948. Results are expressed as mean ± SEM, one-way ANOVA, n = 3–7 in each 

group. (B) SERT expression in colonic mucosa of mice treated with intracolonic infusion 

of PBS, SLIGKV-NH2, histamine, or PGE2 for 18 h. Results are expressed as mean ± 

SEM, one-way ANOVA, n = 4–7 in each group. (C) Western blot of SERT in distal colon 

from mice treated with intracolonic infusion of HC FS, IBS-D FS, or PGE2. Results are 

expressed as mean ± SEM, one-way ANOVA, n = 5 in each group. (D) SERT expression 

in murine colonic organoids after treatment with PBS, SLIGKV-NH2, histamine, or PGE2 

for 18 h. Results are expressed as mean ± SEM, one-way ANOVA, n = 4–9 in each group. 

(E) IBS-D FS–induced SERT downregulation in the ex vivo murine colonoid–mast cell 

co-culture system was reversed by PF-04418948 (administered simultaneously with IBS-D 

FS to culture media). Results are expressed as mean ± SEM, one-way ANOVA, n = 3–7 in 

each group. (F) IBS-D FS–induced SERT downregulation in the ex vivo murine colonoid–

mast cell co-culture system was reversed by indomethacin or celecoxib (administered 
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simultaneously with IBS-D FS to culture media). Results are expressed as mean ± SEM, 

one-way ANOVA, n = 4 in each group. (G) Pretreatment with specific antagonists of EP1 

(ONO-8130, ip., 10 mg/kg), EP3 (L-798106, ip., 10 mg/kg), and EP4 (ONO-AE3–208, ip., 

10 mg/kg) failed to prevent downregulation of SERT induced by IBS-D FS (2way ANOVA 

with Dunnett’s Post Hoc test with vehicle group, n=3, P values as marked). In contrast, 

blocking PGE2 receptor EP2 by the EP2-specific antagonist PF-04418948 (10 mg/kg, ip) 

significantly diminished the inhibitory effect of IBS-D FS on colonic SERT expression 

(2way ANOVA with Dunnett’s Post Hoc test with vehicle group, P = 0.01, n = 3).
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Figure 4. LPS is a required component in the IBS-D fecal supernatant for mast cell activation 
and SERT downregulation.
(A) Intracolonic infusion of FS from IBS-D patients who responded to 4-wk low-FODMAP 

treatment resulted in increased SERT expression in mouse colon compared to infusion of 

FS from the same patients before low-FODMAP. Results are expressed as individual values, 

Wilcoxon signed-rank test, n = 8 with duplicated measurements. (B) SERT expression 

in colonic mucosa of mice treated with HC FS, IBS-D FS, pretreatment with LPS-RS 

(30-min intracolonic infusion) followed by IBS-D FS or IBS-D FS pretreated with endotoxin 
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removal. Results are expressed as mean ± SEM, one-way ANOVA, n = 4–7 in each group. 

(C) SERT expression in murine colonic organoids co-cultured with mast cells, treated with 

PBS, IBS-D FS, or IBS-D FS pretreated with endotoxin removal. Results are expressed as 

mean ± SEM, one-way ANOVA, n = 6 in each group. (D) RT–PCR of COX-2 in cultured 

bone marrow–derived mast cells treated with LPS for 4 h (0, 3, 10 μg/mL). Results are 

expressed as mean ± SEM. one-way ANOVA, n = 6–8 in each group. (E) Release of PGE2 

from mast cells treated with LPS for 4 h (0, 3, 10 μg/mL). Results are expressed as mean ± 

SEM. one-way ANOVA, n = 5–6 in each group.
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Figure 5. IBS-D fecal supernatant causes diarrhea and visceral hypersensitivity in a mast cell–, 
PGE2-, and 5-HT–dependent manner.
(A) Colonic transit time in mice treated with intracolonic infusion of HC or IBS-D FS, with 

or without pretreatment (30 min before infusion, IP) with ondansetron, cromolyn sodium, or 

PF-0441894. Results are expressed as mean ± SEM, one-way repeated measures ANOVA, 

n = 4. (B) Stool water weight (left) and percentage (right) of mice treated with intracolonic 

infusion of HC or IBS-D FS, with or without pretreatment (30 min before infusion, IP) 

with ondansetron, cromolyn sodium, or PF-0441894. Results are expressed as mean ± 
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SEM, one-way repeated measures ANOVA, n = 4. (C) VMR to CRD in mice treated with 

intracolonic administration of HC or IBS-D FS, with or without pretreatment (30 min before 

infusion, IP) with ondansetron, cromolyn sodium, or PF-0441894. Results are expressed 

as mean ± SEM, *P < 0.05 from HC, #P < 0.05 from IBS-D, two-way repeated measures 

ANOVA, n = 6.
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Figure 6. Mucosal SERT is modulated by gut microbiota via mast cell–COX–PGE2 pathway in 
IBS.
Proinflammatory bacterial products such as LPS and trypsin, among others, are increased 

in the gut lumen of IBS patients. On entry to the lamina propria, these mediators activate 

the mucosal mast cells to increase COX-dependent PEG2 synthesis and release, which 

acts on EP2 receptors on the epithelial cells to downregulate SERT expression, leading 

to increased mucosal 5-HT availability, which stimulates motility, epithelial secretion, and 

visceral sensitivity via intrinsic and extrinsic sensory neuronal networks.
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