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Abstract: Serotonin (5-HT) is a key neurotransmitter synthesized both in the gut and the central
nervous system. It exerts its signaling through specific receptors (5-HTR), which regulate numerous
behaviors and functions such as mood, cognitive function, platelet aggregation, gastrointestinal
motility, and inflammation. Serotonin activity is determined mainly by the extracellular availability
of 5-HT, which is controlled by the serotonin transporter (SERT). Recent studies indicate that, by
activation of innate immunity receptors, gut microbiota can modulate serotonergic signaling by
SERT modulation. As part of its function, gut microbiota metabolize nutrients from diet to produce
different by-products, including short-chain fatty acids (SCFAs): propionate, acetate, and butyrate.
However, it is not known whether these SCFAs regulate the serotonergic system. The objective of
this study was to analyze the effect of SCFAs on the gastrointestinal serotonergic system using the
Caco-2/TC7 cell line that expresses SERT and several receptors constitutively. Cells were treated
with different SCFAs concentrations, and SERT function and expression were evaluated. In addition,
the expression of 5-HT receptors 1A, 2A, 2B, 3A, 4, and 7 was also studied. Our results show that
the microbiota-derived SCFAs regulate intestinal serotonergic system, both individually and in
combination, modulating the function and expression of SERT and the 5-HT1A, 5-HT2B, and 5-HT7
receptors expression. Our data highlight the role of gut microbiota in the modulation of intestinal
homeostasis and suggest microbiome modulation as a potential therapeutic treatment for intestinal
pathologies and neuropsychiatric disorders involving serotonin.

Keywords: serotonin; immunity; intestine; microbiota-gut–brain axis; SERT

1. Introduction

The intestinal tract is an ecosystem in which resident microbiota live in symbiosis
with their host. Firmicutes and bacteroidetes are the main intestinal microbiota phyla,
representing 90% of the human gut microbiota [1]. These microbes play a crucial role
in maintaining immune and metabolic homeostasis. In this context, commensal bacteria
maintain the integrity of the mucosal barrier, protect against pathogens, and regulate the
development and function of innate and adaptive immune cells [2]. Gut microbiota also
provide nutrients including vitamins and metabolize some dietary components, generating
an extensive repertoire of associated by-products such as short-chain fatty acids (SCFAs) [3].

SCFAs are key metabolites with important biological functions. They are carboxylic
acids, coming from the microbial fermentation of complex polysaccharides that are non-
digestible by the host [4]. In humans, the highest SCFAs gut concentration is found
in the colon at a molar ratio of 60:25:15 for acetate(C2):propionate(C3):butyrate(C4) [5].
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Intestinal absorption of SCFAs is facilitated by passive diffusion and transport proteins
as sodium-coupled monocarboxylate transporter 1/2 (SMCT1/2) and monocarboxylate
transporter 1/4 (MCT1/4). The functions of SCFAs are highly vital for healthy status, as
they promote lipid, glucose, and immune homeostasis [6]. SCFAs act as energy substrates
for enterocytes and colonocytes, affecting the intestinal epithelial barrier and defense
roles. They are involved in anti-inflammatory effects by regulating the recruitment and
migration of immune cells, the differentiation of T and B cells, and the gene expression of
some inflammatory chemokines and cytokines [7]. Indeed, it has been seen that butyrate
and propionate are capable of reducing the activity of NF-κB and the secretion of the
inflammatory factor TNFα [8]. SCFAs could also influence brain structure and function,
and improve learning, memory, mood, neurodevelopment, cognitive functions, and stress
responses in mammals [4].

Given the close relationship between the gut microbiota and the host, disbiosis is
related to intestinal disorders and to several extra-intestinal diseases such as metabolic, be-
havioral and neurological pathologies. Microbiota manipulation and SCFAs administration
have been proposed as potential therapeutic targets for such diseases [9].

Interestingly, microbiota and their metabolites play an essential role in the gut–brain
axis through their involvement in the regulation of the serotonergic system. Serotonin
(5-HT) has emerged as a leading neurotransmitter in this axis for its contribution to both
GI and brain physiology, acting as a broad neuromodulator essential in the control of
mood, sleep, cognition, memory, appetite, intestinal motility, nutrient absorption, and
secretion of water and electrolytes [10]. Extracellular 5-HT availability is determined by
serotonin transporter (SERT), which is located mainly in enterocytes, platelets, and neurons.
Serotonergic signaling is due to serotonin binding to its receptors distributed broadly,
especially in the gut [11]. Intestinal microbiota communicate with the innate immunity
through specific receptors, such as Toll-like receptors (TLRs). In this context, microbial
activation of TLR2, TLR3, TLR4, and TLR9 reduces SERT activity and levels, increases gut
5-HT extracellular concentration, and contributes to the inflammatory response, which
affects gastrointestinal function [12,13]. In the same way, gut microbiota promote enteric
5-HT production through SCFAs [14], as well as phenolic and indolic compounds derived
from microbes [15]. Additionally, gut bacteria can also synthesize 5-HT as well as regulate
5-HT synthesis through tryptophan metabolism [16].

While it is widely defined that many neuropsychiatric disorders and digestive patholo-
gies show alterations in the serotonergic system and the microbiota, there is a knowledge
gap regarding the relation of these disorders and the microbiome, i.e., through SCFAs.
Therefore, in this work, our goal is to determine the impact of gut microbiota-derived SC-
FAs in the intestinal serotonergic system, in order to be able to find more specific targeted
therapies that may be more effective and have fewer side effects.

2. Materials and Methods
2.1. Cell Culture

Caco-2/TC7 cells have been used in the present study since mimic enterocyte cells
found in gastrointestinal tract have a reproducible epithelial physiology and seroton-
ergic system machinery [17]. Cells were maintained at 37 ◦C and 5% CO2 and fed
by a high-glucose Dulbecco’s modified Eagle medium (DMEM) with 2 mM glutamine,
100 U/mL penicillin, 100 µg/mL streptomycin, 1% non-essential amino acids, and 20%
heat-inactivated foetal bovine serum (FBS) from Life Technologies (Carlsbad, CA, USA).
The cells were passaged enzymatically with a combination of 0.25% trypsin–1 mM EDTA
and sub-cultured in flasks from Sarstedt (Nuembrecht, Germany). Culture medium was
changed two days after seeding and daily afterwards. The experiments were performed
in cells cultured for 14 days until full enterocyte-like differentiation was achieved. Cells
were treated with FBS-free culture medium containing different concentrations of acetate,
propionate, and butyrate, as well as a mix of all SCFAs in the physiological proportion
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60:25:15 (0.6 mM acetate, 0.125 mM propionate and 0.75 mM butyrate). Cell monolayer was
analyzed before experiments, and any condition affected Caco-2/TC7 cells characteristics.

2.2. 5-HT Uptake Studies

Cultured cells in 24-well plates were used to perform uptake measurements, seeded at
a density of 4× 104 cells/well, as previously described [18], either under a control condition
and different experimental conditions. The composition of the transport medium in mM
was 137 NaCl, 4.7 KCl, 1.2 KH2PO4, 1.2 MgSO4, 2.5 CaCl2, 10 HEPES pH 7.4, 4 glutamine,
1 ascorbic acid, 0.1% BSA, and both 0.2 µM 5-HT and [3H]-5-HT (1.5 µCi/mL) as the
substrate. A 5 µL sample of this transport medium was taken as a standard measure of the
radioactivity. Cells were pre-incubated at 37 ◦C and 5% CO2 prior to the experiment with
1 mL of transport medium without substrate during the last 30 min of the corresponding
treatment. Subsequently, the cells were washed with 1 mL of the substrate free transport
medium without any treatment substance at 37 ◦C, and then incubated with 0.5 mL of the
transport medium at 37 ◦C for 6 min. The uptake was inhibited by removing the transport
medium and washing the cells with 1 mL twice in a cold transport medium with 20 µM
5-HT. Then, cells were diluted in 0.5 mL of 0.1 N NaOH and a sample of 200 µL was taken
for radioactivity measurement. Finally, the protein concentration was calculated by using
the Pierce BCA Protein Assay kit from Thermo Fisher Scientific (Waltham, MA, USA) with
BSA as the standard. To assess the radioactivity in the samples of the transport medium
and the cell homogenate, 1.5 mL of scintillation liquid were added, and [3H] was measured
(Wallac Liquid Scintillation Counter, Perkin-Elmer, Waltham, WA, USA). The measure of
radioactivity is expressed in counts per minute (cpm), and all results were calculated in
pmol 5-HT/mg protein and represented as a percentage of the control value (100%).

2.3. RNA Isolation, Reverse Transcription and Real-Time PCR

Cells were cultured in 6-well plates, seeded at a concentration of 2 × 105 cells/well
and total RNA was isolated using TRIzol Reagent from Sigma–Aldrich (Saint Louis, MO,
USA). RNA was used as a template for cDNA synthesis using the NxGen M-MuLV Reverse
transcriptase from Qiagen (GmbH, Hilden, Germany). The cDNAs were used to assess
the mRNA expression by qPCR using Fast SYBR Green Master Mix from Thermo Fisher
Scientific.

Quantification of SERT, 5-HTR1A, 5-HTR2A, 5-HTR2B, 5-HTR3A, 5-HTR4, and
5-HTR7 in Caco-2/TC7 cells was performed using the Step One Plus Real-Time PCR
System from Applied Biosystems (Foster City, CA, USA), with GAPDH, β-actin, and
HPRT1 as housekeeping genes. Primers used are shown in Table 1. Data were assessed
by the Applied Biosystem Step One Software v2.3 from Applied Biosystems. The mRNA
relative expression was calculated with the 2−∆∆Ct method.

Table 1. Primer sequences used for qPCR.

Name Forward Primer (5′-3′) Reverse Primer (5′-3′)

SERT AAATCCAAGCACCCAGAGAT AGACTGTGTCCCTGTGGAGA
5-HTR1A AACAACAACACATCACCACCGGC AGATGCTCCATGGCGGGTGT
5-HTR2A CAACTACGAACTCCCTAATG AAACAGGAAGAAGACGATGC
5-HTR2B GAATCACAGAAAACAGCAAATGG CCCATTTCGAATTCCATGTT
5-HTR3A GCCCTACTTTCGGGAGTTCAGCAG TCTTGGTGGCTTGGGAGGTG
5-HTR4 CCTGTAATGGACAACTTGA CCATGTTATTCCAGCCTTG
5-HTR7 AGAGAAGCCAGACGGAGAGAA TACGGCAGAGTCGAGAAAGTG
GAPDH CATGACCACAGTCCATGCCATCACT TGAGGTCCACCACCCTGTTGCTGTA
HPRT1 CTGACCTGCTGGATTACA GCGACCTTGACCATCTTT
β-actin AGCACGGCATCGTCACCAACT ACATGGCTGGGGGTGTTGAAAGG
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2.4. Protein Analysis by Western Blotting

Cells were cultured in 75 cm2 flasks at a density of 75 × 104 cells/flask. Cells were
washed with PBS and resuspended with an cold Tris-mannitol buffer (2 mM Tris, 50 mM
Mannitol, pH 7.1) with 100 µM phenylmethylsulfonyl fluoride (PMSF), 25 µg benzamidine,
a protease inhibitor cocktail (Complete Mini, EDTA-free; Roche, Barcelona, Spain), and
0.02% sodium azide. Samples were disrupted using a Potter–Elvehjem homogenizer with a
PTFE pestle and the suspension was disrupted by sonication (15, 1-sbursts, 60 W). A sample
was obtained from the lysate for total protein analysis and protein quantification using a
Pierce BCA Protein Assay kit from Thermo Fisher Scientific, with BSA being the standard.

Cell lysate from Caco-2/TC7 cells with a concentration of total protein of 60 µg
was electrophoresed in 8% SDS-PAGE gels and later transferred to PVDF membranes by
electroblotting. Membranes were blocked with 4% non-fat dried milk plus 1% BSA and
incubated with goat polyclonal anti-human SERT antibody 1:1000 from Abcam (Cambridge,
UK). The primary antibody was detected using a secondary rabbit anti-goat Ig 1:1000 from
Santa Cruz Biotechnology (Santa Cruz, CA, USA) with horseradish peroxidase and the
Western Bright Sirius HRP substrate from Advansta (Menlo Park, CA, USA). In addition,
the signal was visualized using VersaDoc™ from Imaging System Bio-Rad (Hercules, CA,
USA). After stripping, membranes were re-incubated with goat polyclonal anti-human
β-actin antibody 1:1000 from Santa Cruz Biotechnology (Santa Cruz, CA, USA) for the
determination of differences in the sample loading. The SERT/β-actin protein ratio was
measured in densitometry units using Quantity One 1-D Analyses Software from Bio-Rad.
Data are shown as a percentage of the control values (100%).

2.5. Statistical Analysis

The results were illustrated as the mean ± the standard error of the mean (SEM), and
differences between groups were statistically analyzed using Prism GraphPad Program
(Prism version 8.01, GraphPad Software, San Diego, CA, USA). One-way analysis of
variance (ANOVA) followed by Bonferroni’s (when it was needed), Kruskal–Wallis tests
(non-parametric), or unpaired t-tests were chosen to detect differences. Previously, normal
distribution was confirmed with the Kolmogorov–Smirnov test. Significance level was set
to p < 0.05.

3. Results
3.1. Effects of SCFAs on 5-HT Uptake

The effect of SCFAs on SERT activity was analyzed by 5-HT uptake in Caco-2/TC7
cells treated with propionate, acetate, and butyrate at different concentrations from 0.5 mM
to 10 mM for a duration of 24 h. As shown in Figure 1A,B, propionate and acetate only
reduce 5-HT uptake significantly in one specific dose (0.5 mM for propionate and 1 mM for
acetate), while butyrate seems to have a dose-dependent effect from 0.5 mM to 5 mM, and
no effect at 10 mM (Figure 1C). Propionate and acetate yield a significant 25% reduction of
SERT activity and butyrate induces an increase of up to 50% of SERT activity.

3.2. SERT Expression Is Regulated by SCFAs

From previous results, we demonstrated that SCFAs affect intestinal SERT activity.
To gain a more in-depth understanding of this modulation, SERT level was analyzed by
measuring SERT mRNA and protein expression in cells treated with 0.5 mM propionate,
1 mM acetate, and 5 mM butyrate for one day.

Our results showed that propionate and acetate, which reduce SERT activity, also
decrease SERT expression at the mRNA level, although only propionate does so significantly
(Figure 2A). However, there was a slight SERT protein reduction, but it was not significant
for neither of these two types of SCFAs (Figure 2B). In contrast, SERT expression at both
the mRNA and protein levels was significantly increased by butyrate.
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Figure 2. SERT expression is regulated by SCFAs. (A) qPCR analysis of SERT mRNA level in cells
treated for 24 h with 0.5 mM propionate, 1 mM acetate, and 5 mM butyrate. Relative quantification
was performed using comparative Ct method (2–∆∆Ct) normalized by HPRT1, GAPDH, and β-actin
mean. Results are expressed as arbitrary units where the control is set to 1 and the mean ± SEM of
four independent experiments. *** p < 0.001, and ** p < 0.01. (B) SERT protein detection by western
blot in cells treated with 0.5 mM propionate, 1 mM acetate, and 5 mM butyrate for 24 h. SERT
protein levels (70 kDa) were normalized with β-actin (42 kDa) as loading control (SERT/β-actin ratio).
Results are shown as a percentage of the control value and are the mean ± SEM of four independent
experiments. ** p < 0.01 compared with the control value.
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3.3. SCFAs Modulate the Expression of 5-HT Receptors

Since SCFAs can modulate SERT expression and activity in Caco-2/TC7 cells, we
explored if SCFAs could also affect other components of serotonergic system. There are no
complete studies on the expression of 5-HT receptors in Caco-2/TC7 cells, so we decided
to analyze the effect on the expression of the best-characterized receptors at the digestive
level. 5-HTR (1A, 2A, 2B, 3A, 4, and 7) mRNA expression was assessed in our in vitro cells
after treating the cells with 0.5 mM propionate, 1 mM acetate and 5 mM butyrate for one
day. The expression of 5-HTR 2A, 3A and 4 was negative, suggesting that our Caco-2/TC7
cell line does not express these receptors. Interestingly, the expression of 5-HTR1A, 2B,
and 7 was detected. Our findings demonstrate that propionate and acetate significantly
increased the mRNA expression of 5-HTR1A, 2B and 7, whereas butyrate did not induce
any alteration in the expression of these receptors (Figure 3).
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Figure 3. SCFAs modulate the expression of 5-HT receptors. 5-HT receptors (1A, 2B, and 7) mRNA
level was assessed in cells treated for 24 h with 0.5 mM propionate, 1 mM acetate, and 5 mM
butyrate by qPCR. The experiment was carried out in triplicate with the comparative Ct method
(2–∆∆Ct) normalized by HPRT1, GAPDH, and β-actin mean. Results are expressed as arbitrary units
(control = 1) and are mean plus SEM of three independent experiments. * p < 0.05, ** p < 0.01 and
*** p < 0.001 compared with the control value.

3.4. Effects of Physiological SCFAs Mix on Serotoninergic System

The individual treatment of SCFAs, namely propionate, acetate and butyrate can regu-
late the intestinal serotonergic system; however, these SCFAs are produced simultaneously
by gut microbiota. Therefore, we proposed to study the physiological mix of the three
SCFAs on the serotonergic system. To achieve this, we treated cells with a physiological pro-
portion of each SCFA detected in the intestinal lumen (60:25:15) [19] and assessed mRNA
expression of different compounds of the serotonergic system.

Our results show that the combination of the three SCFAs decreased the expression
of 5-HT receptors 1A and 7, with no alteration of 5-HT receptor 2B (Figure 4A). These
effects were opposite to those observed for propionate and acetate when administered
individually. In addition, the combination of SCFAs resulted in a significant reduction of
SERT (Figure 4A). Next, we analyzed whether this SERT reduction could impact SERT
function. 5-HT uptake was measured in cells treated with the SCFA mix (0.6 mM acetate,
0.125 mM propionate, and 0.75mM butyrate) for 24 h. The combination of propionate,
acetate, and butyrate not only reduced SERT mRNA, but also decreased SERT function with
a 20% reduction of 5-HT uptake (Figure 4B), similar to what was observed for propionate
and acetate.
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Figure 4. Effects on SCFAs mix on serotonergic system. Caco-2 cells were treated for 24 h with the
combination (60:25:15) of 0.6 mM acetate, 0.125 mM propionate, and 0.75 mM butyrate. (A) qPCR
determination of mRNA level. Analysis was carried out using comparative Ct method (2–∆∆Ct)
normalized by HPRT1, GAPDH, and β-actin mean. Data are expressed as arbitrary units (control = 1)
and are the mean ± SEM of four independent experiments. ** p < 0.01 and *** p < 0.001 compared
with the control value. (B) 5-HT uptake measured after 6-min incubation of 0.2 µM 5-HT. The results
are expressed as the percentage of the control (100%) and are the mean plus SEM of four independent
experiments. Absolute control value was 6.21 ± 0.33 pmol 5-HT/mg. *** p < 0.001 compared with
the control value.

4. Discussion

Serotonin is a key neurotransmitter linked to critical neuronal and digestive functions
and plays a fundamental role as a communicator in the gut–brain axis [20]. Previous
studies have described how gut microbiota can affect serotonin levels and signaling. Some
microbial metabolites were found to stimulate serotonin production [21], and microbial-
associated metabolites like butyric acid can stimulate enterochromaffin cells to release
5-HT [22]. Despite the widespread understanding of the involvement of microbiota-
associated metabolites in serotonin host biosynthesis, little is known about how microbial
metabolites like SCFAs could modulate serotonergic system. Therefore, this study focuses
on delving into the potential relationship between these microbial-derived metabolites
and the intestinal serotonergic system. Our results demonstrate that SCFAs can affect the
intestinal serotonergic system. Propionate, acetate, and butyrate modulate SERT activity
and expression and can modify the expression of 5-HT receptors. The results show that
propionate and acetate behave similarly, reducing SERT activity and expression while
increasing the expression of certain 5-HT receptors that intensify serotonin signaling. In
contrast, butyrate enhances SERT activity and expression in a similar manner to what
was observed with anti-inflammatory substances like IL-10 [23] and does not seem affect
5-HT receptors levels. Supporting our results, butyrate helps to maintain the ileal brush
border structure, tight junction integrity, and protein expression while reducing intestinal
inflammation responses induced by LPS in mice [24], thereby suggesting a protective role
of butyrate.

Regulation of the serotonergic system is relevant for maintaining intestinal homeosta-
sis. Abnormal changes in SERT and 5-HT receptors affects 5-HT signaling and can lead
to development of gut functional disorders [25,26] including inflammatory bowel disease
(IBD). These results would suggest that butyrate has anti-inflammatory potential by helping
to increase the uptake of 5-HT, reducing the bioavailability of 5-HT, and therefore, reducing
the pro-inflammatory effects of 5-HT. This could be an interesting finding considering
that butyrate is one of the preferred metabolic substrates for some intestinal cells, such
as colonic epithelial cells [27]. Studies have reported that IBD patients show a decrease
in the abundance of butyrate-producing bacteria and butyrate content. In fact, this study
shows a reduction in colonocyte butyrate oxidation, lower luminal anaerobiosis, and a
facilitation in the expansion of Enterobacteriaceae that contribute to inflammation [28].
Moreover, faecal acetate and propionate levels are markedly decreased in patients with
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IBD compared with healthy individuals [29]. Similar to butyrate, this could support their
anti-inflammatory effect, contrasting with the down-regulation observed in SERT activity
and expression induced by acetate and propionate. However, this discrepancy may suggest
a hypothetical reduction in acetate and propionate levels in IBD patients as a potential
compensatory mechanism to reverse the inflammation generated by these SCFAs, thereby
justifying the results of the present study. Furthermore, SCFAs could not only regulate
SERT activity, but also stimulate 5-HT production. Previous studies have determined that
gut microbiome promotes 5-HT production by enhancing TPH1, the major 5-HT synthesis
enzyme in enterochromaffin cells [14].

Similarly, it has been recognized that other bacterial metabolites can also modulate
intestinal serotonergic system. In this context, supernatant derived from L. reuteri upreg-
ulates SERT expression in human colonic T84 cells [30] and L-lactate, another bacterial
metabolite, increase the expression of the regulatory protein P11, which in turn controls
and increases the expression of 5-HTR1B, 5-HTR1D, and 5-HTR4 on the surface of central
nervous cells [31].

Our study demonstrated that SCFAs not only modulate SERT, but can also regulate
5-HT receptors expression. While butyrate does not appear to alter receptor expression,
propionate and acetate significantly increased the mRNA expression of 5-HTR1A, 2B, and
7. 5-HTR1A, which is expressed in intestinal epithelium and enteric neurons. Its activation
causes 5-HT release from enterochromafin cells [17]. Therefore, the augmentation of this
receptor induced by propionate and acetate would contribute the increase of 5-HT signaling.
Similarly, 5-HTR2B seems to also increase 5-HT signaling, as it blocks SERT activity, thereby
increasing 5-HT extracellular levels [32]. Finally, 5-HTR7 plays a critical role in smooth
muscle relaxation in the gut. High levels of 5-HT7 receptor-expressing mucosal nerve
fibers were observed in the colon of patients with irritable bowel syndrome (IBS), which is
characterized by motility dysfunctions. In addition, 5-HTR7 would be involved in intestinal
hyperalgesia [33].

At the level of physiological condition, the three SCFAs are produced simultaneously
in a constant proportion. Therefore, we have also assessed the effect of SCFAs combination.
The three SCFAs mix reduced the expression of 5-HT receptors 1A and 7 with no alteration
of 5-HT receptor 2B. The effects on 5-HT receptors induced by the combined treatment
can be controversial, as in the case of 5-HT receptor 2B. This receptor is not modified
with combined treatment, despite single treatment with acetate or propionate increasing
their expression. Butyrate does not alter 2B receptor expression. This can be explained
by the fact that the intracellular pathways activated by SCFAs may be the same, which
neutralizes their effects. Furthermore, the combination of SCFAs yields a decrease of SERT
expression, and this reduction is also followed by a significant reduction in 5-HT uptake.
Although SCFAs mix induced a 20% reduction of SERT activity, the reduction was not
additive between the three SCFAs, indicating that the intracellular pathways used by SCFAs
could be the same. The activation of several pathways by SCFAs such as cAMP-PKA [34],
ERK1/2 [35], and p38 MAPK [36] has been described, and all these intracellular pathways
have been previously linked to SERT modulation [37]. In this context, we have observed
that low concentrations of acetate, propionate, and butyrate are able to modify SERT
activity, while higher concentrations did not alter SERT function. High concentrations of
SCFAs may block the expected down-regulation of SERT directly by acting on the protein
allosteric sites or indirectly by activating intracellular pathways that maintain a similar
5-HT uptake. This may be a typical effect, as observed with other important substances,
such as adenosine [38]. In this sense, SCFAs could be a homeostatic gut component that
ensures a low pro-inflammatory level while participating in the intestinal defense against
external aggressions.

Several studies have described the important impact of intestinal serotonergic alter-
ations on inflammation development and severity within the gut. For example, IBD patients
suffer from dysregulation of 5-HT synthesis and alterations in 5-HTR expression, which
contribute to IBD-associated symptoms such as abnormal gut motility and sensations of
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pain. An increased number of enterochromaffin cells and a reduced SERT expression have
also been observed in these pathologies with an increase of extracellular serotonin avail-
ability in the lumen and in the gut [24]. In this context, intestinal serotonergic system could
be modulated by microbiota as another way of communication between gut microbiota
and the body.

In summary, we described another pathway through which commensal microbes
can modulate 5-HT signaling in the host. Our results show that SCFAs can regulate the
serotonergic system by the modulation of SERT and specific 5-HT receptors. Given the
importance of serotonin in host physiology, we suggest that the regulation of SERT and
5-HT receptors by SCFAs are essential in both GI and central nervous system homeostasis.
Metabolites synthesized by gut microbes from dietary source are linked to key features
in neuronal and digestive processes and are associated to dysfunction of the gut–brain
axis. Modulating microbial metabolites through dietary changes [39] or targeting gut
microbiota could be an interesting therapeutic strategy for the prevention and treatment
of intestinal disorders [40], as well as non-intestinal pathologies such as neurological and
neuropsychiatric diseases [41]. For example, some recent investigations have described
changes in faecal SCFAs levels following faecal microbiota transplantation as a therapeutic
treatment for IBS patients [42], suggesting that direct and non-direct SCFAs modulation
could be an effective therapeutic target for inflammatory pathologies.

A better understanding of the action mechanism of SCFAs in the serotonergic system
will facilitate potential applications of these microbial metabolites in 5-HT-related diseases.
We suggest that future studies should determine the effects of SCFAs at in vivo level. There
is no doubt about the great potential therapeutic tool of microbiota manipulation for the
treatment of many diseases, such as the ones including in the gut–brain axis disorders.

Author Contributions: Conceptualization, L.G., J.E.M. and E.L. (Eva Latorre); Formal analysis, B.B.,
L.G. and E.L. (Eva Latorre); Investigation, B.B., A.F. and L.G.; Methodology, B.B., A.F. and E.L. (Elena
Layunta); Validation, B.B., L.G. and E.L. (Eva Latorre); Writing—original draft, B.B., E.L. (Elena
Layunta) and E.L. (Eva Latorre); Writing—review & editing, B.B., E.L. (Elena Layunta), J.E.M. and
E.L. (Eva Latorre). All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by grants from Ibercaja Foundation and University of Zaragoza
(JIUZ-2018-BIO-04), and the European Social Found (ESF) and the Aragon Regional Government
(A202_20R).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available upon reasonable request to the corresponding author.

Acknowledgments: We are particularly grateful for the language editing and proofreading assistance
given by Brendan Dolan.

Conflicts of Interest: None of the authors have any conflict of interest to declare.

References
1. Arumugam, M.; Raes, J.; Pelletier, E.; Le Paslier, D.; Yamada, T.; Mende, D.; Fernandes, G.; Tap, J.; Bruls, T.; Batto, J.; et al.

Enterotypes of the Human Gut Microbiome. Nature 2011, 473, 174–180. [CrossRef] [PubMed]
2. Thursby, E.; Juge, N. Introduction to the Human Gut Microbiota. Biochem. J. 2017, 474, 1823–1836. [CrossRef] [PubMed]
3. Rinninella, E.; Raoul, P.; Cintoni, M.; Franceschi, F.; Miggiano, G.A.D.; Gasbarrini, A.; Mele, M.C. What Is the Healthy Gut

Microbiota Composition? A Changing Ecosystem across Age, Environment, Diet, and Diseases. Microorganisms 2019, 7, 14.
[CrossRef] [PubMed]

4. O’Riordan, K.J.; Collins, M.K.; Moloney, G.M.; Knox, E.G.; Aburto, M.R.; Fülling, C.; Morley, S.J.; Clarke, G.; Schellekens, H.;
Cryan, J.F. Short Chain Fatty Acids: Microbial Metabolites for Gut-Brain Axis Signalling. Mol. Cell. Endocrinol. 2022, 546,
111572:1–111572:18. [CrossRef] [PubMed]

5. Silva, Y.P.; Bernardi, A.; Frozza, R.L. The Role of Short-Chain Fatty Acids from Gut Microbiota in Gut-Brain Communication.
Front. Endocrinol. 2020, 11, 25. [CrossRef]

https://doi.org/10.1038/nature09944
https://www.ncbi.nlm.nih.gov/pubmed/21508958
https://doi.org/10.1042/BCJ20160510
https://www.ncbi.nlm.nih.gov/pubmed/28512250
https://doi.org/10.3390/microorganisms7010014
https://www.ncbi.nlm.nih.gov/pubmed/30634578
https://doi.org/10.1016/j.mce.2022.111572
https://www.ncbi.nlm.nih.gov/pubmed/35066114
https://doi.org/10.3389/fendo.2020.00025


Life 2023, 13, 1085 10 of 11

6. Campos-Perez, W.; Martinez-Lopez, E. Effects of Short Chain Fatty Acids on Metabolic and Inflammatory Processes in Human
Health. Biochim. Biophys. Acta—Mol. Cell Biol. Lipids 2021, 1866, 158900:1–158900:8. [CrossRef]

7. Yao, Y.; Cai, X.; Fei, W.; Ye, Y.; Zhao, M.; Zheng, C. The Role of Short-Chain Fatty Acids in Immunity, Inflammation and
Metabolism. Crit. Rev. Food Sci. Nutr. 2022, 62, 1–12. [CrossRef]

8. He, J.; Zhang, P.; Shen, L.; Niu, L.; Tan, Y.; Chen, L.; Zhao, Y.; Bai, L.; Hao, X.; Li, X.; et al. Short-Chain Fatty Acids and Their
Association with Signalling Pathways in Inflammation, Glucose and Lipid Metabolism. Int. J. Mol. Sci. 2020, 21, 6356. [CrossRef]

9. Dinan, T.G.; Cryan, J.F. Microbes Immunity and Behavior: Psychoneuroimmunology Meets the Microbiome. Neuropsychopharma-
cology 2017, 42, 178–192. [CrossRef]

10. Latorre, E.; Mesonero, J.E.; Harries, L.W. Alternative Splicing in Serotonergic System: Implications in Neuropsychiatric Disorders.
J. Psychopharmacol. 2019, 33, 1352–1363. [CrossRef]

11. Layunta, E.; Latorre, E.; Forcén, R.; Grasa, L.; Plaza, M.A.; Arias, M.; Alcalde, A.I.; Mesonero, J.E. NOD1 Downregulates Intestinal
Serotonin Transporter and Interacts with Other Pattern Recognition Receptors. J. Cell. Physiol. 2018, 233, 4183–4193. [CrossRef]

12. Layunta, E.; Buey, B.; Mesonero, J.E.; Latorre, E. Crosstalk Between Intestinal Serotonergic System and Pattern Recognition
Receptors on the Microbiota–Gut–Brain Axis. Front. Endocrinol. 2021, 12, 748254:1–748254:24. [CrossRef]

13. Layunta, E.; Latorre, E.; Grasa, L.; Arruebo, M.P.; Buey, B.; Alcalde, A.I.; Mesonero, J.E. Intestinal Serotonergic System Is
Modulated by Toll-like Receptor 9. J. Physiol. Biochem. 2022, 78, 689–701. [CrossRef]

14. Reigstad, C.S.; Salmonson, C.E.; Rainey, J.F.; Szurszewski, J.H.; Linden, D.R.; Sonnenburg, J.L.; Farrugia, G.; Kashyap, P.C. Gut
Microbes Promote Colonic Serotonin Production through an Effect of Short-Chain Fatty Acids on Enterochromaffin Cells. FASEB
J. 2015, 29, 1395–1403. [CrossRef]

15. Gao, J.; Xu, K.; Liu, H.; Liu, G.; Bai, M.; Peng, C.; Li, T.; Yin, Y. Impact of the Gut Microbiota on Intestinal Immunity Mediated by
Tryptophan Metabolism. Front. Cell. Infect. Microbiol. 2018, 8, 13:1–13:22. [CrossRef]

16. Agus, A.; Planchais, J.; Sokol, H. Gut Microbiota Regulation of Tryptophan Metabolism in Health and Disease. Cell Host Microbe
2018, 23, 716–724. [CrossRef]

17. Iceta, R.; Mesonero, J.E.; Aramayona, J.J.; Alcalde, A.I. Expression of 5-HT1A and 5-HT7 Receptors in Caco-2 Cells and Their Role
in the Regulation of Serotonin Transporter Activity. J. Physiol. Pharmacol. 2009, 60, 157–164.

18. Iceta, R.; Aramayona, J.J.; Mesonero, J.E.; Alcalde, A.I. Regulation of the Human Serotonin Transporter Mediated by Long-Term
Action of Serotonin in Caco-2 Cells. Acta Physiol. 2008, 193, 57–65. [CrossRef]

19. D’Argenio, G.; Mazzacca, G. Short-Chain Fatty Acid in the Human Colon: Relation to Inflammatory Bowel Diseases and Colon
Cancer. In Advances in Experimental Medicine and Biology; Zappia, V., DellaRagione, F., Barbarisi, A., Russo, G., Dellolacovo, R.,
Eds.; Kluwer Academic/Plenum Publishers: New York, NY, USA, 1999; Volume 472, pp. 149–158. ISBN 0-306-46306-46307.

20. Banskota, S.; Ghia, J.E.; Khan, W.I. Serotonin in the gut: Blessing or a curse. Biochimie 2019, 161, 56–64. [CrossRef]
21. Yano, J.; Yu, K.; Donaldson, G.; Shastri, G.; Ann, P.; Ma, L.; Nagler, C.; Ismagilov, R.; Mazmanian, S.; Hsiao, E. Indigenous Bacteria

from the Gut Microbiota Regulate Host Serotonin Biosynthesis. Cell 2015, 161, 264–276. [CrossRef]
22. Ye, L.; Bae, M.; Cassilly, C.D.; Jabba, S.V.; Thorpe, D.W.; Martin, A.M.; Lu, H.-Y.; Wang, J.; Thompson, J.D.; Lickwar, C.R.; et al.

Enteroendocrine Cells Sense Bacterial Tryptophan Catabolites to Activate Enteric and Vagal Neuronal Pathways. Cell Host Microbe
2021, 29, 179–196. [CrossRef]

23. Latorre, E.; Mendoza, C.; Matheus, N.; Castro, M.; Grasa, L.; Mesonero, J.E.; Alcalde, A.I. IL-10 Modulates Serotonin Transporter
Activity and Molecular Expression in Intestinal Epithelial Cells. Cytokine 2013, 61, 778–784. [CrossRef] [PubMed]

24. Wang, H.; Chen, H.; Lin, Y.; Wang, G.; Luo, Y.; Li, X.; Wang, M.; Huai, M.; Li, L.; Barri, A. Butyrate Glycerides Protect against
Intestinal Inflammation and Barrier Dysfunction in Mice. Nutrients 2022, 14, 3991. [CrossRef] [PubMed]

25. Jørandli, J.W.; Thorsvik, S.; Skovdahl, H.K.; Kornfeld, B.; Sæterstad, S.; Gustafsson, B.I.; Sandvik, A.K.; Van Beelen Granlund,
A. The Serotonin Reuptake Transporter Is Reduced in the Epithelium of Active Crohn’s Disease and Ulcerative Colitis. Am. J.
Physiol.—Gastrointest. Liver Physiol. 2020, 319, G761–G768. [CrossRef] [PubMed]

26. Sharif, M.; Chauhan, U.; Adeeb, S.; Chetty, Y.; Armstrong, D.; Halder, S.; Marshall, J.; Khan, W. Characterization of Serotonin
Signaling Components in Patients with Inflammatory Bowel Disease. J. Can. Assoc. Gastroenterol. 2019, 2, 132–140. [CrossRef]

27. Rivière, A.; Selak, M.; Lantin, D.; Leroy, F.; De Vuyst, L. Bifidobacteria and Butyrate-Producing Colon Bacteria: Importance and
Strategies for Their Stimulation in the Human Gut. Front. Microbiol. 2016, 7, 979:1–979:21. [CrossRef]

28. Gasaly, N.; Hermoso, M.A.; Gotteland, M. Butyrate and the Fine-Tuning of Colonic Homeostasis: Implication for Inflammatory
Bowel Diseases. Int. J. Mol. Sci. 2021, 22, 3061. [CrossRef]

29. Venegas, D.P.; De La Fuente, M.K.; Landskron, G.; González, M.J.; Quera, R.; Dijkstra, G.; Harmsen, H.J.M.; Faber, K.N.; Hermoso,
M.A. Short Chain Fatty Acids (SCFAs)-Mediated Gut Epithelial and Immune Regulation and Its Relevance for Inflammatory
Bowel Diseases. Front. Immunol. 2019, 10, 277:1–277:16. [CrossRef]

30. Engevik, M.; Ruan, W.; Visuthranukul, C.; Shi, Z.; Engevik, K.A.; Engevik, A.C.; Fultz, R.; Schady, D.A.; Spinler, J.K.; Versalovic, J.
Limosilactobacillus Reuteri ATCC 6475 Metabolites Upregulate the Serotonin Transporter in the Intestinal Epithelium. Benef.
Microbes 2021, 12, 583–599. [CrossRef]

31. Carrard, A.; Elsayed, M.; Margineanu, M.; Boury-Jamot, B.; Fragnière, L.; Meylan, E.M.; Petit, J.M.; Fiumelli, H.; Magistretti,
P.J.; Martin, J.L. Peripheral Administration of Lactate Produces Antidepressant-like Effects. Mol. Psychiatry 2018, 23, 392–399.
[CrossRef]

https://doi.org/10.1016/j.bbalip.2021.158900
https://doi.org/10.1080/10408398.2020.1854675
https://doi.org/10.3390/ijms21176356
https://doi.org/10.1038/npp.2016.103
https://doi.org/10.1177/0269881119856546
https://doi.org/10.1002/jcp.26229
https://doi.org/10.3389/fendo.2021.748254
https://doi.org/10.1007/s13105-022-00897-2
https://doi.org/10.1096/fj.14-259598
https://doi.org/10.3389/fcimb.2018.00013
https://doi.org/10.1016/j.chom.2018.05.003
https://doi.org/10.1111/j.1748-1716.2007.01793.x
https://doi.org/10.1016/j.biochi.2018.06.008
https://doi.org/10.1016/j.cell.2015.02.047
https://doi.org/10.1016/j.chom.2020.11.011
https://doi.org/10.1016/j.cyto.2013.01.012
https://www.ncbi.nlm.nih.gov/pubmed/23410504
https://doi.org/10.3390/nu14193991
https://www.ncbi.nlm.nih.gov/pubmed/36235644
https://doi.org/10.1152/ajpgi.00244.2020
https://www.ncbi.nlm.nih.gov/pubmed/32967429
https://doi.org/10.1093/jcag/gwy039
https://doi.org/10.3389/fmicb.2016.00979
https://doi.org/10.3390/ijms22063061
https://doi.org/10.3389/fimmu.2019.00277
https://doi.org/10.3920/BM2020.0216
https://doi.org/10.1038/mp.2016.179


Life 2023, 13, 1085 11 of 11

32. Diaz, S.L.; Doly, S.; Narboux-Nme, N.; Fernández, S.; Mazot, P.; Banas, S.M.; Boutourlinsky, K.; Moutkine, I.; Belmer, A.; Roumier,
A.; et al. 5-HT 2B Receptors Are Required for Serotonin-Selective Antidepressant Actions. Mol. Psychiatry 2012, 17, 154–163.
[CrossRef]

33. Chang, W.Y.; Yang, Y.T.; She, M.P.; Tu, C.H.; Lee, T.C.; Wu, M.S.; Sun, C.H.; Hsin, L.W.; Yu, L.C.H. 5-HT7 Receptor-Dependent
Intestinal Neurite Outgrowth Contributes to Visceral Hypersensitivity in Irritable Bowel Syndrome. Lab. Investig. 2022, 102,
1023–1037. [CrossRef]

34. Wang, A.; Si, H.; Liu, D.; Jiang, H. Butyrate Activates the CAMP-Protein Kinase A-CAMP Response Element-Binding Protein
Signaling Pathway in Caco-2 Cells. J. Nutr. 2012, 142, 1–6. [CrossRef]

35. Liu, L.; Fu, C.; Li, F. Acetate Affects the Process of Lipid Metabolism in Rabbit Liver, Skeletal Muscle and Adipose Tissue. Animals
2019, 9, 799. [CrossRef]

36. Park, B.O.; Kim, S.H.; Kong, G.Y.; Kim, D.H.; Kwon, M.S.; Lee, S.U.; Kim, M.O.; Cho, S.; Lee, S.; Lee, H.J.; et al. Selective Novel
Inverse Agonists for Human GPR43 Augment GLP-1 Secretion. Eur. J. Pharmacol. 2016, 771, 1–9. [CrossRef]

37. Baudry, A.; Pietri, M.; Launay, J.M.; Kellermann, O.; Schneider, B. Multifaceted Regulations of the Serotonin Transporter: Impact
on Antidepressant Response. Front. Neurosci. 2019, 13, 91:1–91:13. [CrossRef]

38. Matheus, N.; Mendoza, C.; Iceta, R.; Mesonero, J.E.; Alcalde, A.I. Regulation of serotonin transporter activity by adenosine in
intestinal epithelial cells. Biochem. Pharmacol. 2009, 78, 1198–1204. [CrossRef]

39. Banskota, S.; Brim, H.; Kwon, Y.H.; Singh, G.; Sinha, S.R.; Wang, H.; Khan, W.I.; Ashktorab, H. Saffron Pre-Treatment Promotes
Reduction in Tissue Inflammatory Profiles and Alters Microbiome Composition in Experimental Colitis Mice. Molecules 2021,
26, 3351. [CrossRef]

40. Kwon, Y.H.; Wang, H.; Denou, E.; Ghia, J.E.; Rossi, L.; Fontes, M.E.; Bernier, S.P.; Shajib, M.S.; Banskota, S.; Collins, S.M.; et al.
Modulation of Gut Microbiota Composition by Serotonin Signaling Influences Intestinal Immune Response and Susceptibility to
Colitis. Cell. Mol. Gastroenterol. Hepatol. 2019, 7, 709–728. [CrossRef]

41. Ahmed, H.; Leyrolle, Q.; Koistinen, V.; Kärkkäinen, O.; Layé, S.; Delzenne, N.; Hanhineva, K. Microbiota-Derived Metabolites as
Drivers of Gut–Brain Communication. Gut Microbes 2022, 14, 2102878:1–2102878:33. [CrossRef]

42. El-Salhy, M.; Valeur, J.; Hausken, T.; Gunnar Hatlebakk, J. Changes in Fecal Short-Chain Fatty Acids Following Fecal Microbiota
Transplantation in Patients with Irritable Bowel Syndrome. Neurogastroenterol. Motil. 2021, 33, e13983:1–e13983:11. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/mp.2011.159
https://doi.org/10.1038/s41374-022-00800-z
https://doi.org/10.3945/jn.111.148155
https://doi.org/10.3390/ani9100799
https://doi.org/10.1016/j.ejphar.2015.12.010
https://doi.org/10.3389/fnins.2019.00091
https://doi.org/10.1016/j.bcp.2009.06.006
https://doi.org/10.3390/molecules26113351
https://doi.org/10.1016/j.jcmgh.2019.01.004
https://doi.org/10.1080/19490976.2022.2102878
https://doi.org/10.1111/nmo.13983
https://www.ncbi.nlm.nih.gov/pubmed/32945066

	Introduction 
	Materials and Methods 
	Cell Culture 
	5-HT Uptake Studies 
	RNA Isolation, Reverse Transcription and Real-Time PCR 
	Protein Analysis by Western Blotting 
	Statistical Analysis 

	Results 
	Effects of SCFAs on 5-HT Uptake 
	SERT Expression Is Regulated by SCFAs 
	SCFAs Modulate the Expression of 5-HT Receptors 
	Effects of Physiological SCFAs Mix on Serotoninergic System 

	Discussion 
	References

