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Abstract: Dysbiosis and disturbances in gut homeostasis may result in dysregulated responses, which
are common in inflammatory bowel diseases (IBD). These conditions may be refractory to the usual
treatments and novel therapies are still necessary to reach a more successful regulation of intestinal
immunity. The hormone melatonin (MLT) has been raised as a therapeutic alternative because of its
known interactions with immune responses and gut microbiota. Hence, we evaluated the effects
of MLT in experimental colitis that evolves with intestinal dysbiosis, inflammation and bacterial
translocation. C57BL/6 mice were exposed to dextran sulfate sodium and treated with MLT. In
acute colitis, the hormone led to increased clinical, systemic and intestinal inflammatory parameters.
During remission, continued MLT administration delayed recovery, increased TNF, memory effector
lymphocytes and diminished spleen regulatory cells. MLT treatment reduced Bacteroidetes and
augmented Actinobacteria and Verrucomicrobia phyla in mice feces. Microbiota depletion resulted
in a remarkable reversion of the colitis phenotype after MLT administration, including a counter-
regulatory immune response, reduction in TNF and colon macrophages. There was a decrease
in Actinobacteria, Firmicutes and, most strikingly, Verrucomicrobia phylum in recovering mice.
Finally, these results pointed to a gut-microbiota-dependent effect of MLT in the potentiation of
intestinal inflammation.

Keywords: microbiota; IBD; melatonin; intestinal dysbiosis; inflammation

1. Introduction

The intestinal microbiota is essential for numerous physiological processes, includ-
ing the digestion of food, development of the intestinal immune system and protection
against pathogenic microorganisms [1–3]. Thus, the dysbiosis and the breakdown of gut
homeostasis may result in a dysregulated immune responses and tissue damage [4,5].
Inflammatory bowel diseases (IBD), which include ulcerative colitis and Crohn’s disease,
are chronic disorders of the gastrointestinal tract that result from uncontrolled mucosal
reactions, related to genetic susceptibility, environmental factors and intestinal microbes [6].

Patients affected by IBD present variations in the bacteria, fungi, viruses and other
populations in the intestine, along with an imbalance between commensal and pathogenic
microorganisms [7]. As a result of the breakdown in immunological tolerance and gut
dysbiosis, inflammatory cells accumulate in the tissues and the exacerbated resulting
reactions driven by cytokines such as tumor necrosis factor (TNF), interleukin 1β (IL-1β),
IL-17 and IFN-γ [7–9] lead to leukocyte activation, epithelial disruption and gut destruction.

IBD treatment requires the use of immunosuppressive and biological drugs, aimed
at controlling the intestinal exacerbated inflammation. However, some patients with
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moderate or severe disease do not respond adequately to the therapeutic interventions and
the surgical removal of gut segments are indicated [10]. Thus, novel or adjunctive therapies
for IBD would be desirable in an attempt to implement more conservative approaches to
regulate intestinal responses. Among a variety of modulatory molecules, hormones such
as melatonin (MLT) have been raised as alternatives to modulate intestinal inflammation,
because of their known interactions with immune responses and gut microbiota [11,12].

MLT is synthesized predominantly at night by the pineal gland, upon hypothala-
mic stimulation. Its daily secretion depends on the circadian rhythm synchronized with
light/dark cycles, though MLT secretion by extra pineal sources appears to be unrelated
to the photoperiod [13]. In the gastrointestinal tract, there are high concentrations of MLT,
which may be synthetized by the enterochromaffin cells present in the intestine [14].

Interestingly, the levels of MTL in the intestine are higher than those found in other
organs, including the pineal gland, suggesting an important role for this hormone in
the gastrointestinal tract [14–17]. In addition to its effects on immune system cells, re-
cent studies suggest that components of the microbiota such as the intestinal bacteria
Enterobacter aerogenes are also influenced by the action of MLT [18]. However, despite the
apparent relevance of MLT in gastrointestinal immunity, the suitability of this hormone for
IBD control is still uncertain [19,20].

Therefore, here, we evaluated the effects of MLT treatment in a mice colitis model that
courses with gut dysbiosis, bacteria translocation and exacerbated immune responses, as
well as the role of this hormone in the recovery from intestinal inflammation.

2. Material and Methods
2.1. Animals

Wild-type C57BL/6 male mice, aged 6–8 weeks, were kept in the Animal Facility of the
Laboratory of Immunoendocrinology and Regulation (LIR) of the School of Pharmaceutical
Sciences of Ribeirão Preto, University of São Paulo (FCFRP/USP), in a clean and silent
environment, under normal conditions of humidity and temperature, and with a 12 h
light and dark cycle. The mice were given food and water ad libitum throughout the
experiment. The procedures were performed in accordance with the principles of ethics in
animal research, approved by the Committee on Ethics in the Use of Animals (CEUA) of
the FCFRP/USP (Protocol 17.1.1073.60.3).

To evaluate the potential effect of MLT in the colitis model, mice were evaluated in
different experimental designs. In the first study protocol, the animals were divided in two
groups, comprising those exposed to sodium dextran sulfate (DSS) for 10 days and treated
daily with vehicle solution (group 1; n = 5) or MLT (group 2; n = 5), from the 3rd to the
15th experimental day. Under these conditions, the weight and clinical disease scores of the
mice were analyzed until the 36th day. Group 3 comprised naive control animals without
any experimental intervention (group 3; n = 5). The second study aimed to investigate the
influence of MLT in the acute phase of colitis induction. The protocol consisted of mice
exposed to DSS for 7 days and treated daily with vehicle solution (group 1; n = 5) or MLT
(group 2; n = 5), from the onset of colitis symptoms (3rd day) until the 6th day. Samples
were collected on the 7th day. The third protocol was designed to evaluate the effects of MLT
in the recovery of intestinal inflammation, after the withdrawal of DSS. Mice were exposed
to this colitogenic trigger for 7 days, when the DSS was then removed. The treatment
with MLT (group 1; n = 5) or with the vehicle saline (group 2; n = 5) was performed daily,
from the 3rd day (symptom onset) until the 12th experimental day. Samples were collected
on day 13. The fourth protocol was designed to investigate the role of gut microbiota in
the MLT effects on intestinal inflammation. For that, mice received a daily saline solution
(group 1, n = 10) or a wide-range antibiotic therapy for microbiota depletion (group 2;
n = 10), for 10 days, followed by exposure to DSS for the next 7 days and colitis induction.
The control treatment with vehicle solution or MLT was performed from the 3rd day of
induction of intestinal inflammation until the 12th day. Similarly, mice were euthanized on
day 13, for sample collection and evaluation.
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2.2. Induction of Experimental Intestinal Inflammation

Colitis was induced with a single cycle of exclusive administration of drinking water
containing 3% dextran sulfate sodium (DSS), available to the mice for the period of 7 or
10 days, as described above.

2.3. Control and Melatonin Treatments

MLT was administered at a concentration of 10 mg/kg, as previously described [21–23],
by daily gavage, at 8 a.m. The timing of melatonin administration was chosen based on
the initial experiments aimed at characterizing the clinical responses to the treatment as
depicted in Supplementary Figure S1. MLT dilution was performed in 0.9% isotonic saline
containing 1% ethanol. For the control, mice received the vehicle solution, without MLT,
which was also administered by gavage.

2.4. Depletion of the Gut Microbiota

To deplete the intestinal microbiota, mice were treated with a combination of five
antibiotics diluted in sterile water, as follows: sodium ampicillin (New Farm, Farmaceutical
Industry, Anápolis, Goiás, Brazil—1 g/L), neomycin sulfate (Chemical and Farmaceutical
Galena LTDA, Campinas, São Paulo, Brazil—1 g/L), metronidazole (Embrafarma Chemical
Products and Farmaceutical, São Paulo, Brazil—1 g/L), gentamicin sulfate (Pharmanostra,
Rio de Janeiro, Brazil—1 g/L), L) and vancomycin hydrochloride (New Farm, Farmaceutical
Industry, Anápolis, Goiás, Brazil—0.5 g/L). The antibiotic therapy was performed by daily
gavage, for 10 consecutive days, prior to the DSS and MLT exposure.

2.5. Evaluation of Clinical Disease Score

Mice were evaluated daily for weight change and clinical signs of colitis. Each signal
(moist perianal region, presence of diarrhea, pus, blood in the stool, hypoactivity and/or
piloerection) scored one point and the sum of them, per mouse, corresponded to the daily
clinical disease score. Mice that lost more than 5% and less than 10% of their weight in a 24 h
period were assigned 1 point and those with a loss superior to 10% received 2 points which
were added to the daily score. In the absence of weight reduction or other colitis signs,
the score was zero. The total score corresponded to the sum of all points per day, for each
mouse, throughout the experimental protocol. In summary, the quantification of the mice
score was performed via a visual evaluation of the signs, in each mouse separately, daily,
usually by at least two blinded examiners, as previously described by our group [24–26].

2.6. Euthanasia and Sample Collection

At the end of the experimental protocols, the mice were euthanized. The blood was
collected for sera storage, as well as total and specific cell counting by Panotico staining. The
colon was divided into fragments for immunological and tissue inflammation assessment,
followed by immediate freezing in liquid nitrogen for ELISA, myeloperoxidase (MPO) and
N-acetylglucosaminidase (NAG) assays. There was also the collection of the spleen and
mesenteric lymph nodes (MLN) for culture, cytokine measurement and cell phenotyping.

2.7. Intestinal Permeability Evaluation by FITC-Dextran

The intestinal permeability assay was performed to evaluate the barrier integrity using
the FITC-Dextran quantification method. In summary, food and water were withdrawn
12 h before euthanasia, followed by oral administration of the permeability marker at a
concentration of 44 mg/100 g body weight (FITC-Dextran, MW 4000; FD4; Sigma-Aldrich,
St. Louis, MO, USA). Serum was collected 4 h later and the fluorescence intensity was
determined by a fluorimetry reading (excitation, 483 nm; emission, 525 nm). Serum
FITC-Dextran concentrations were determined using a standard curve generated by serial
dilution of this compound, ranging from 0.06 to 2000 µg/mL.
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2.8. Total and Differential Leukocyte Counts

Global cell counts were performed in a Neubauer chamber, after diluting whole blood
in Turk’s solution. The results were expressed per mL of blood and a slide smear was
stained with rapid panotic (Laborclin, Pinhais, PR, Brazil), which uses the Romanowsky
hematological staining principle. Cells were quantified using a microscope (DM750, Leica,
Wetzlar, Germany) with an oil immersion objective. The examination was performed on the
thinnest part of the extension, counting a total of 100 leukocytes (neutrophils, mononuclear
cells, eosinophils and basophils).

2.9. Indirect Quantification of Neutrophil and Macrophage Activities

The indirect quantification of the presence of neutrophils and macrophages in colonic
fragments was performed by determining the activity of the enzymes myeloperoxidase
(MPO) and N-acetylglucosaminidase (NAG), respectively. Briefly, intestinal fragments were
homogenized and red blood cells were lysed. The remaining cells were lysed for enzyme
extraction, which were quantified in the cell extract supernatant. For the determination of
MPO, the supernatant was incubated with tetramethylbenzidine (TMB) (BD Bioscience,
San Diego, CA, USA) and the absorbance was read at 450 nm. To measure NAG, the
same MPO supernatant was used, with the addition of p-nitrophenyl-2-acetamide-β-D-
glucopyranoside and citrate buffer. After incubation, the reaction was read at 405 nm. All
results were expressed as optical density (OD) corrected for tissue weight in grams (g).

2.10. Enzyme Immunoassay for Cytokine Measurement by ELISA

Intestinal fragments were weighed and homogenized in 500 µL of buffer containing
protease inhibitor (Complete ®—Roche, Pharmaceuticals, Mannheim, Germany). The
samples were centrifuged at 5000× g for 15 min at 4 ◦C and the supernatants were used for
ELISA reactions (Enzyme-Linked Immunosorbent Assay, BD PharmingenTM, San Diego,
CA, USA). The samples were incubated with capture and detection antibodies for IL-17A
and TNF, according to the manufacturer’s recommendations (BD BiosciencesTM—San Jose,
CA, USA). The reactions were developed with the addition of TMB and stopped with 4M
H2SO4. The readings were performed in a spectrophotometer at 450 nm, and the final
concentration was normalized by the weight of the gut fragment used in the assay and was
expressed as pg/mL/g tissue.

2.11. Immunophenotyping of Spleen Cells and Mesenteric Lymph Nodes

For phenotypic characterization of the T effector memory cells (TEM) and regulatory
T cells (Tregs) from the spleen and MLN, we used antibodies against CD3, CD4, CD8,
CD62L and CD44. For Tregs, the surface (CD3, CD4, CD25) and intracellular antigens
(Foxp3 transcription factor) were labeled. To quantify the production of cytokines by T
lymphocytes, cells were stained for the detection of CD3, CD4, IL-4 and IL-10 markers.
Antibodies used for labeling were conjugated to the fluorochromes FITC, PE, PeCy-7,
BV510, BV421, APC, ALEXA 647 or PERCP (BD PharmingenTM, San Diego, CA, USA),
including the respective isotype controls (BD PharmingenTM, San Diego, CA, USA). Cell
acquisition was performed in a flow cytometer (LSRFortessa—BD BioscienceTM, San Diego,
CA, USA) and the analyses were performed using the FlowJoTM v10 software.

For surface immunostaining, cells were divided into specific tubes and incubated with
50 µL of PBS/1% denatured milk for 30 min at 4 ◦C, to block nonspecific binding sites.
Then, incubation was performed with antibodies specific to CD3, CD4, CD8, CD62L or
CD44, for 30 min at 4 ◦C. Subsequently, the cells were washed with PBS, fixed in PBS 1%
formalin and later acquired in the flow cytometer.

For Tregs, samples were immunostained, after fixation and permeabilization using the
BD PharmingenTM Mouse FoxP3 Buffer Set (BD PharmingenTM, San Diego, CA, USA),
according to the manufacturer’s instructions.

To evaluate the production of cytokines (IL-10 and IL-4), leukocytes were restimulated
in vitro for 4 h with 50 ng/mL of phorbol-12-myristate-13-acetate (PMA—Sigma-Aldrich, St.
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Louis, MO, USA) and 500 ng/mL of ionomycin (Sigma-Aldrich, St. Louis, MO, USA), in the
presence of 1 µL/mL of brefeldin (Golgi stop, BD BioscienceTM, San Diego, CA, USA) at
37 ◦C and 5% CO2. The leukocytes were stained for surface markers, fixed and per-
meabilized using the BD PharmingenTM Transcription Factor Buffer Set (BD Pharmin-
genTM, San Diego, CA, USA), followed by incubation with anti-cytokine antibodies for
intracellular staining.

2.12. Analysis of the Gut Microbiota

To define the relative abundance of bacteria phyla in the gut microbiota, we used feces
samples from mice exposed to DSS, treated or not with antibiotics, MLT or vehicle solutions,
in quantitative PCR (q-PCR) assays. Briefly, fecal DNA extraction was performed according
to the recommendations of the DNeasy® PowerSoil® kit (Qiagen, Hilden, Germany). For
PCR analysis, 10 ng of DNA and 1 uM of forward and reverse primers (Eubacteria—
normalizer gene16S rRNA primer, Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria
and Verrucomicrobia) were used [27]. The primer sequences are described in Table 1.
Differences (∆CT) between Eubacteria cycle threshold (CT) values and the evaluated phyla
were used to obtain normalized levels of each bacteria phylum (2−∆∆CT). The experimental
group that received only DSS was used as a normalizer to define the relative abundance of
each phylum.

Table 1. Primers sequences used in real-time PCR.

Primers Sequences 5′–3′

Actinobacteria Sense TGTAGCGGTGGAATGCGC
Antisense AATTAAGCCACATGCTCCGCT

Bacteroidetes Sense GTTTAATTCGATGATACGCGAG
Antisense TTAASCCGACACCTCACGG

Firmicutes Sense ATGTGGTTTAATTCGAAGCA
Antisense AGCTGACGACAACCATGCAC

Verrucomicrobia Sense TCAKGTCAGTATGGCCCTTAT
Antisense CAGTTTTYAGGATTTCCTCCGCC

Eubacteria Sense ACTCCTACGGGAGGCAGCAGT
Antisense ATTACCGCGGCTGCTGGC

2.13. Statistical Analysis

Statistical analyzes were performed using the Graphpad Prism® 6 software (version
6.0). For all variables, normal distribution and homogeneous variance were tested. When
the distribution was considered normal and with homogeneous variance, the parametric
ANOVA test with Tukey’s post-test was used for three or more groups or Student’s T test
for 2 groups. In cases where the distribution was not Gaussian, a nonparametric Kruskal–
Wallis ANOVA test was used with Dunn’s post-test in the case of three or more groups or
the Mann–Whitney test for 2 groups. Results were expressed as mean ± SEM (standard
error of the mean). The differences observed were considered significant when p was < 0.05
(5%).

3. Results

In the first protocol, to characterize the overall effects of MLT in the experimental
intestinal inflammation, we induced colitis in C57BL/6 mice that were treated with this
hormone in the acute and repair phases of the disease. The long-term follow-up showed
that MLT worsened the DSS-induced intestinal inflammation, especially augmenting the
clinical disease score (Supplementary Figure S1). Then, based on these previous findings,
we established additional models to evaluate the role of MLT in the modulation of colitis.

In the second protocol, mice were exposed to DSS and treated with MLT upon the
onset of the inflammation signs (Figure 1). The results revealed a loss of weight and
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a significant increase in the colitis severity throughout the disease progression, which
culminated in a higher total clinical score in mice treated with MLT (Figure 1B–D). In
accordance, these animals exhibited augmented numbers of circulating total leukocytes
(Figure 1E), including mononuclear cells (Figure 1F) and neutrophils (Figure 1G), thus
confirming the systemic inflammatory effects induced by DSS that were potentiated by
MLT treatment. Indeed, these mice had a trend towards increased intestinal permeability
(Figure 1H), along with significant reduction in IL-17A and a notable TNF production in
the inflamed colon (Figure 1I,J).
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Figure 1. Melatonin (MLT) potentiates the acute inflammation in experimental colitis. Intestinal
inflammation was induced by exposure to 3% dextran sulfate sodium (DSS) in drinking water for
7 days. (A) Mice were treated with MLT (10 mg/Kg) by gavage, from day 3 to 6, and euthanized on
day 7 for sample collection (second experimental protocol). In (B), changes in body weight related
to the first day of colitis induction. (C) Daily clinical disease score and (D) total score throughout
the experimental period. (E) Circulating leukocytes, (F) mononuclear cells and (G) neutrophils. In
(H), intestinal permeability evaluated by detection of FITC-Dextran in sera samples. (I) IL-17A and
(J) TNF levels in the gut of mice with colitis, treated or not with MLT. The cytokines are depicted in
picograms per milliliter, normalized by colon weight. Results are representative of three independent
experiments, with five mice/group. * p < 0.05.

Next, to verify whether MLT could play a role in the recovery of gut inflammation,
the MLT treatment was prolonged until day 13, while the DSS trigger was withdrawn on
day 7 (Figure 2A). In this scenario of our third protocol, MLT had a more outstanding
influence on the colitis outcome. Hormone-treated mice presented higher weight loss and
clinical disease scores than those which did not receive MLT (Figure 2B,C). The worsening
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of clinical signs was accompanied by elevated numbers of circulating total leukocytes
(Figure 2D) such as mononuclear cells (Figure 2E) and neutrophils (Figure 2F). Moreover,
the MLT treatment led to an augmented activity of neutrophils and macrophages in the gut
mucosa (Figure 2G,H, respectively). Despite not observing statistical differences in IL-17A
production (Figure 2I), we noted notable augmented TNF levels in the colon during the
remission of intestinal inflammation in the MLT-treated group (Figure 2J).
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Figure 2. Melatonin (MLT) impairs the recovery from intestinal inflammation. Colitis was induced
by exposure to 3% dextran sulfate sodium (DSS) in drinking water for 7 days. Mice were treated with
MLT (10 mg/Kg) by gavage, daily, from day 3 to 12, and euthanized on day 13 for sample collection
((A), third experimental protocol).). In (B), changes in body weight related to the first day of colitis
induction. (C) Daily clinical disease score and (D) total score throughout the experimental period.
(E) Circulating leukocytes, (F) mononuclear cells and (G) neutrophils. In (H), intestinal permeability
evaluated by detection of FITC-Dextran in sera samples. (I) IL-17A and (J) TNF levels in the gut of
mice with colitis, treated or not with MLT. The cytokines are depicted in picograms per milliliter,
normalized by colon weight. Results are representative of three independent experiments, with five
mice/group. * p < 0.05.

The regulation of the immune response in the gut-draining lymph nodes was also
affected by the MLT treatment of colitis, with an important increase in the frequency of
regulatory T cells, despite a reduced CD3+CD4+ population producing the suppressor
cytokine IL-10 (Figure 3A and Supplementary Figure S2). Apart from MLN, the systemic
spleen response was notably altered by MLT treatment, with an increased accumulation of
TCD4 and TCD8 effector memory cells (Figure 3B and Supplementary Figure S3), in contrast
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to a diminished frequency of regulatory T cells expressing the Foxp3 regulatory marker
(Figure 3B and Supplementary Figure S2). Most interestingly, the splenic TNF production
in mice recovering from colitis and treated with MLT was remarkably higher compared
to those not treated with this hormone (Figure 3B), suggesting that systemic immune
mechanisms related to bacteria control were long-lasting, maintained or potentiated in the
face of MLT treatment of intestinal inflammation.
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itis. Colitis was induced by exposure to 3% dextran sulfate sodium (DSS) in drinking water for
7 days. Mice were treated with MLT (10 mg/Kg) by gavage, daily, from day 3 to 12, and euthanized
on day 13 for sample collection. The frequency (%) of various immune cell subtypes was evaluated
by flow cytometry in the MLN (A) and spleen samples (B). For characterization of effector memory
T lymphocytes (TEM), the CD4+CD62L−CD44+ and CD8+CD62L−CD44+ populations were eval-
uated. The regulatory T cells were characterized by CD3+CD25+Foxp3+ and CD3+CD25-Foxp3+

staining. Identification of CD4 T cells producing IL-4 or IL-10 was also performed in CD3+CD4+IL-4+

and CD3+CD4+IL-10+ populations. The concentration of TNF in both lymphoid organs was deter-
mined and expressed in picograms per milliliter, related to the organs’ weight. These results are
representative of two independent experiments with five mice per group. * p < 0.05.

Subsequently, considering that gut dysbiosis is one of the main features of colitis, we
evaluated the impact of MLT on intestinal microbiota composition. Our findings pointed
to an outstanding direct or indirect influence of the hormone in the composition of the
fecal microbiota, by increasing Actinobacteria in contrast to a reduction in the Bacteroidetes
phyla (Figure 4A,C, respectively), while there was no difference in the Firmicutes or
Proteobacteria population (Figure 4B,E, respectively). Interestingly, MLT led to a notable
increase in Verrucomicrobia phylum in the repair phase of colitis mice treated with this
hormone (Figure 4D).

To deeper understand the role of gut dysbiosis in the deterioration of intestinal inflam-
mation and delayed mice recovery upon MLT treatment, animals were subjected to a wide
spectrum antibiotic therapy for microbiota depletion, before DSS exposure (Figure 4F), in
our fourth experimental protocol. The results showed a remarkable reversion of the disease
phenotype with a faster weight recovery and improvement in colitis clinical score in mice
that were administered MLT (Figure 4G,H, respectively). The disease amelioration was
accompanied by a reduction in blood total leukocytes (Figure 4I), including mononuclear
(Figure 4J) and increased neutrophil numbers (Figure 4K). Most importantly, the gut micro-
biota depletion resulted in a counter regulatory systemic response, as observed with the
increase in CD4 T lymphocytes producing IL-4 and IL-10 cytokines in the spleen of mice
treated with MLT (Figure 4L,M, respectively).
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Figure 4. The systemic and persistent inflammation induced by melatonin (MLT) in the recovery
phase of experimental colitis is reversed by microbiota depletion. The intestinal inflammation was
induced by exposure to 3% dextran sulfate sodium (DSS) in drinking water for 7 days. Mice were
treated with MLT (10 mg/Kg) by gavage, daily, from day 3 to 12, and euthanized on day 13 for feces
collection. Real-time polymerase chain reaction was performed for detection of Actinobacteria (A),
Firmicutes (B), Bacteroidetes (C), Verrucomicrobia (D) and Proteobacteria phyla (E) in fecal samples.
In (F), mice were treated daily with antibiotics (ABX) for 10 days for microbiota depletion, prior to
colitis induction, as described in Material and Methods (fourth experimental protocol). Afterwards,
intestinal inflammation was induced by exposure to drinking water containing 3% sodium dextran
sulfate (DSS) for 7 consecutive days. Mice were treated with MLT (10 mg/Kg) by gavage, daily, from
day 3 to 12, and euthanized on day 13 for sample collection. (G) Weight change (%); (H) clinical
disease score; (I) total circulating leukocytes; (J) frequency of peripheral blood mononuclear cells;
(K) blood neutrophils. In (L,M), spleen T lymphocytes producing IL-4 or IL-10, respectively. The
results are representative of three independent experiments with 5–10 mice per group. * p < 0.05.

In line with that, we also observed a reduction in macrophage activity in the gut
(Figure 5B) and a marked diminishment in proinflammatory cytokine TNF production
in the colon of mice treated with MLT after gut microbiota depletion (Figure 5D). The
neutrophil activity and IL-17 responses were not affected in both groups post antibiotic
therapy (Figure 5A,C, respectively). Regarding the gut microbiota, the differences in
Bacteroidetes were abolished (Figure 5F) and there was not a significant detection of
Proteobacteria phylum. Nevertheless, we found a clear reversal of the composition of the
other phyla, with a reduction in Actinobacteria (Figure 5E), Firmicutes (Figure 5G) and,
most strikingly, Verrucomicrobia phylum (Figure 5H), which was notably increased in the
colitis group treated with MLT when gut microbiota was not depleted. Figure 5I represents
the heat map summarizing the gut microbiota changes in colitis, which was modulated by
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the hormonal therapy. Altogether, our data indicates a gut microbiota-dependent effect of
MLT in the potentiation of intestinal inflammation induced by DSS.
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Figure 5. The melatonin (MLT) effects on longstanding intestinal inflammation and dysbiosis
is dependent on gut microbiota. Mice were treated daily with antibiotics (ABX) for 10 days for
microbiota depletion, prior to colitis induction, as described in Material and Methods. Subsequently,
intestinal inflammation was induced by exposure to drinking water containing 3% sodium dextran
sulfate (DSS) for 7 consecutive days. Mice were treated with MLT (10 mg/Kg) by gavage, daily, from
day 3 to 12, and euthanized on day 13 for sample collection. In (A,B), colon myeloperoxidase (MPO)
and N acetylglucosaminidase (NAG) activities. (C) IL-17A and (D) TNF levels in the gut of mice with
microbiota depletion followed by colitis induction and MLT treatment. The cytokines are depicted
in picograms per milliliter, normalized by colon weight. Relative expression of (E) Actinobacteria,
(F) Bacteroidetes, (G) Firmicutes and (H) Verrucomicrobia phyla in fecal samples. (I) Heat map
summarizing the alterations in the microbiota composition induced by MLT treatment in DSS colitis.
The results are representative of three independent experiments with 10 mice per group. * p < 0.05.

4. Discussion

Disturbances of host microbiota are associated with intestinal disorders that causes
with tissue damage and exacerbated immune responses. Alternative approaches aimed
at the modulation of mucosal inflammation are fundamental for the control of relapsing
chronic diseases that may present with reduced responsiveness to conventional therapies,
such as IBD. Hence, since increasing evidence suggests that MLT could play an important
role in the relationship between inflammation and gut microbiota [28], we explored its
potential modulatory effects in intestinal homeostasis.
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MLT is a tryptophan-derived molecule that influences not only circadian rhythm, but
also microbial metabolism and leukocyte responses, including the regulation of B and
T cells activation [29]. The use of MLT as a possible adjunctive treatment for intestinal
diseases has been reported; however, there is no consensus and some studies point to
controversial effects on IBD. Furthermore, the exact mechanisms by which the hormone
acts on gut immunity are still unclear. Intriguingly, here, we showed that MLT treatment of
experimental colitis led to the worsening, instead of the amelioration, of gut inflammation.

The utilization of MLT in experimental models of colitis [30–33], for a short period of
time or at low dosages, was described as beneficial in constraining inflammation. How-
ever, in the chronic treatment of TNBS-induced colitis, and in some cases of patients
presenting UC or CD, there was a deterioration in intestinal inflammation upon MLT
utilization [19,34,35]. Indeed, despite some supposedly beneficial effects described in the
literature [36], here, we observed a potentiation of intestinal inflammation in MLT-treated
mice, which was dependent on the host gut microbiota.

In our second experimental design, mice were evaluated in the acute phase of inflam-
mation after a four-day MLT administration that was initiated upon the symptom’s onset.
Clinical signs, systemic and gut inflammation were accentuated in the hormone-treated
group, suggesting a harmful effect on colitis. Differently, in Wistar rats exposed to TNBS, a
prophylactic administration of MLT followed by short-term treatment during acute inflam-
mation led to colitis amelioration [35]. On the other hand, the chronic treatment induced
the opposite outcome and was in accordance with our findings of a more notable disease
worsening in the third experimental design, which included a clear difficulty in weight
regaining after DSS withdrawal.

The impaired clinical recovery in both acute and repair phases of colitis in mice treated
with MLT could be linked to the increase in circulating leukocyte and TNF production
in the colon, despite reduced IL-17 cytokine, which is fundamental for gut immunity in
the control of bacteria burden [9]. Corroborating our data, MLT was able to inhibit the
differentiation of Th17 cells in an experimental model of necrotizing enterocolitis [37] and,
in autoimmune uveitis, MLT suppressed Th17 differentiation through the reactive-oxygen
species–TXNIP-HIF1α axis [38]. On the other hand, cytokines with an inflammatory profile
intensify mucosal effector responses, though a consequent deterioration in the intestinal
lamina propria due to excessive inflammation may occur [39].

The increased number of blood monocytes and neutrophils, besides augmenting
myeloperoxidase and macrophages’ activity in the gut of mice exposed to DSS and treated
with MLT, is suggestive of inflammation induction and its long-term persistence. Together
with the elevated TNF, these findings may point to an important host response to the intesti-
nal dysbiosis and bacteria replication. In fact, macrophages play fundamental functions
in the gut, including the resistance to microbiota translocation through the damaged gut
barrier and control of intracellular infections. Moreover, circulating blood monocytes are
able to increase IL-1β production before migration to the inflamed colon, where these cells
are important sources of both IL-1β and TNF [40]. In addition, the neutrophil population,
which is also responsible for bacteria elimination, may be markedly increased in the blood
and mucosa of IBD patients or in experimental colitis, though its excessive or uncontrolled
responses could lead to tissue damage [41–43].

The balance between effector, memory and regulatory T lymphocyte populations drive
the main cellular responses associated with inflammation and antigen clearance [44,45].
Here, we showed that during disease remission, mice treated with MLT had a higher
frequency of effector memory CD4 and CD8 T lymphocytes (TEM) in the spleen, a finding
that could be related to reduced regulatory responses by Foxp3+ cells in the same lym-
phoid organ. In accordance, circulating colitogenic CD4 TEM cells have been observed
during experimental colitis [46], indicating that sites other than the intestine may present
pathogenic lymphocytes able to maintain chronic inflammation. Nevertheless, though the
CD3+Foxp3+ MLN cells were decreased, the concomitant reduction in IL-10 producing
lymphocytes at these draining lymph nodes, together with an outstanding splenic TNF
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production, reiterates the pro-inflammatory potential of MLT in experimental colitis. In
line with that, TNF plays a fundamental role in intestinal inflammation as well as in other
immune-mediated diseases [47,48].

In addition to the uncontrolled immune response, which can be influenced by genetic
and environmental factors, the microbiota is a key element in IBD pathogenesis [49].
These diseases usually present with decreased microbial diversity and gut dysbiosis [50].
Faecalibacterium prausnitzii from the Firmicutes phylum and Bacteroidetes are frequently
reduced in Crohn’s disease patients, while Proteobacteria and Actinobacteria are commonly
increased in comparison to healthy individuals [51,52]. These bacteria translocate through
the intestinal epithelium and replicate, causing inflammation [53].

Here, we observed that MLT treatment of colitis-recovering mice led to augmented
Actinobacteria in contrast to reduced Bacteroidetes phyla, compared to vehicle treated
animals, thus confirming the impairment of gut homeostasis caused by the hormone.
Curiously, a consistent augmented expression of the Verrucomicrobia phylum was ob-
served upon MLT treatment, indicating that Akkermansia muciniphila, a mucin-degrading
bacteria, could be involved in the exacerbation of colitis inflammation in mice with the
hormone supplementation [54]. Indeed, the microbiota depletion by a wide-range antibiotic
therapy before MLT treatment reversed the main inflammatory and clinical parameters
associated with colitis deterioration. These findings were accompanied by a reduction in
Actinobacteria, Firmicutes and Verrucomicrobia phyla.

The degradation of mucin by gut bacteria may facilitate IBD onset, due to a facilitation
of microbes or antigen access to the gut mucosa, where the local inflammatory response is
rapidly triggered. A. muciniphila bacteria, a representative of the Verrucomicrobia phylum,
worsen the gut inflammatory responses induced by S. typhimurium by interfering with local
mucus homeostasis [55]. Interestingly, a recent study reported different modulations of gut
inflammation dependent on Akkermansia muciniphila strains; i.e., while the FSDLZ36M5
isolate protected against colitis, the strains FSDLZ39M14, ATCC BAA-835 and FSDLZ20M4
were not able to induce these beneficial effects. Then, the protective effects assigned to
A. muciniphila in DSS colitis are strain specific [56]. Indeed, A. muciniphila play a dual
role in the gut immunity. Despite these bacteria being widely known to constrain the
inflammatory response, the opposite effect may occur in mice presenting colorectal cancer,
in gnotobiotic animals harboring a specific pathogen or in certain gene deletions, such as in
mice not presenting the gene coding for IL-10 [57]. To provide more detail, these bacteria
are able to induce spontaneous colitis in germ-free IL10−/− mice, whereas NLRP6 limits
their colonization and protects against colitis [57]. Moreover, the replenishment of mice
with A. muciniphila after antibiotic therapy in colitis associated with colorectal cancer led to
damage in the gut barrier, increased bacterial (LPS) translocation as well as augmented local
and systemic inflammatory responses [58]. Then, under these conditions, A. muciniphila
may lead to the worsening of intestinal inflammation [59], thus corroborating our evidence.

As discussed above, our findings are contrary to some previous studies and pointed to
an activation effect of MLT on gut immunity, which was dependent on the local microbiota.
It is known that mice bred or housed in different facilities may differ in their microbiota
and this possibility cannot be ruled out while considering the opposing results presented
here. Another innovation of our study is the hormone supplementation only after the
initial establishment of the colitis signs, i.e., after the breakdown of mucosal immunity,
but before the most severe diseases. In addition, our data are consistent in showing that
the immunological parameters corroborated the worsening of gut inflammation in mice
treated with MLT, despite the known anti-oxidant effects of this hormone [60]. Interestingly,
the mice under the hormonal supplementation not only presented notable signs of colitis
aggravation or delayed recovery, but also increased markers of exacerbated inflammatory
response. These findings confirmed the deleterious effects of MLT on a previously disrupted
gut barrier, indicating that the hormone may have a direct or indirect role in shaping the gut
microbiota or the immune response raised to constrain the local dysbiosis. Nevertheless, the
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amplification of local inflammation may have an undesirable potential to cause persistent
tissue damage and intestinal damage.

In conclusion, despite the fact that MLT could play a protective role in specific condi-
tions of inflammation, we still should be cautious regarding its wide use to treat IBD, since
hormone supplementation may exacerbate the inflammatory responses, depending on the
hosts and on the gut microbiota harbored by them.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microorganisms11020460/s1, Figure S1: Preliminary characteri-
zation of the melatonin (MLT) effects on experimental colitis. Intestinal inflammation was induced by
exposure to 3% dextran sulfate sodium (DSS) in drinking water for 10 days. Mice were treated with
MLT (10 mg/Kg) by gavage, daily, from day 3 to 15 and followed until day 36 (A, first experimental
protocol).). In (B), variation in body weight related to the first day of MLT treatment. (C) Disease
clinical score throughout the experimental period. * p < 0.05; Figure S2: Gating strategies used to
analyze regulatory T cells and intracellular cytokines, stained for flow cytometry acquisition. Lym-
phocytes were delineated according to size (FSC) and granularity (SSC) parameters, followed by CD3
and CD25 gating to assess the regulatory profile. The intracellular expression of Foxp3 was evaluated
in CD3+CD25- and CD3+CD25+ cells by histogram analyzes. CD3+ and CD4+ T lymphocytes were
gated for quantification of the intracellular cytokines IL-10 and IL-4, according to the SSC x cytokine
parameters; Figure S3: Gating strategies used to analyze memory T cells, stained for flow cytometry
acquisition. Lymphocytes were delineated according to size (FSC) and granularity (SSC) parameters,
followed by CD3 gating. For cell subpopulations, the CD4 x CD8 dot plot was used. CD44 expression
was then evaluated in the CD62L+ and CD62L- population, to define central memory T cells (TCM,
CD4+CD62L+CD44+ or CD8+CD62L+CD44+) and effector memory T cells (TEM, CD4+CD62L-CD44+

or CD8+CD62L-CD44+).
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