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Abstract Inflammatory bowel disease is a chronic inflam-
matory dysfunction of the gastrointestinal tract. This study
explored the hypothesis that melatonin has beneficial func-
tions in the mouse model of colitis induced by dextran
sodium sulfate (DSS), with a specific focus on the expres-
sion of intestinal inflammatory cytokines and the serum lev-
els of amino acids. The results revealed that mice with mela-
tonin supplementation had a reduction in weight loss and
disease index induced by DSS treatment. Melatonin stifled
the expression of colonic IL-17 in mice with DSS-induced
colitis. Melatonin also lowered the serum levels of Asp, Ser,
Met, and Leu (p < 0.05), but increased those of Glu and Cys
(p < 0.05). Thus, melatonin treatment is promising and may
function as a potential adjuvant therapy to alleviate the clini-
cal symptoms of patients with inflammatory bowel disease.
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Introduction

Inflammatory bowel disease (IBD), such as Crohn’s disease
(CD) and ulcerative colitis (UC), affects the gastrointesti-
nal tract (GIT) and is characterized by recurrent diarrhea,
abdominal pain and discomfort, and weight loss. Various
environmental, genetic, and host factors contribute to the
development of IBD (Vora et al. 2012), which is a long-
term condition with the potential to severely degrade the
quality of life. There are more people in Western nations
with this disease, although doctors are starting to see an
increase in the number of diagnoses across Asia (Engel and
Neurath 2010). The development of IBD is characterized
by the expression of pro-inflammatory cytokines, such as
tumor necrosis factor alpha (TNF-a), interleukin (IL)-1p,
and IL-17, and the activation of inflammatory signaling,
such as nuclear factor kappa B (NF-xB) (Algieri et al. 2013;
Trivedi and Jena 2012). An increase in intestinal permeabil-
ity is another indicator for the development of IBD (Toedter
et al. 2012). A suitable anti-inflammatory may help to allevi-
ate the symptoms of IBD and minimize the damage to the
intestinal tract.

Another indicator for the development of IBD is the
alteration of amino acid metabolism. For example, an early
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investigation showed that hyperhomocysteinemia is more
common in IBD patients than in healthy controls, suggesting
a possible pathogenetic link between IBD and amino acid
metabolism (Romagnuolo et al. 2001). Indeed, in our previ-
ous study using a mouse model, we also found a significant
alteration in the serum levels of amino acids with the devel-
opment of IBD (Ren et al. 2014c; Liu et al. 2017). Three
days after DSS treatment, a lower serum level of tryptophan
and a higher serum level of glutamine were observed. Seven
days after DSS treatment, the serum levels of tryptophan,
y-amino-n-butyric acid, glutamic acid, and aspartic acid
had decreased. Further studies have demonstrated that the
development and progression of IBD can be significantly
shaped by dietary supplementation with amino acids, such
as L-tryptophan (Kim et al. 2010), L-cysteine (Kim et al.
2009), L-arginine (Ren et al. 2014c; Coburn et al. 2012), and
L-glutamine (Ren et al. 2014c; Crespo et al. 2012). These
compelling investigations suggest that amino acid metabo-
lism greatly influences the etiology of IBD.

There is increasing evidence to suggest that melatonin has
anti-inflammatory properties and may reduce the symptoms
of colitis (Esposito and Cuzzocrea 2010; Spreer et al. 2006;
Mauriz et al. 2013; Ren et al. 2017a). Melatonin is a potent
antioxidant that is produced by various tissues and supports
the management of circadian rhythms (Marquez et al. 2006).
As it exists in large quantities in the gastrointestinal tract,
it has the potential to influence its health and function in a
substantial way (Nosal’ova et al. 2007; Ren et al. 2017b).
For example, previous study found that melatonin improves
the intestinal morphology in the weanling mice (Ren et al.
2017c¢). The current study aimed to explore the effects of
melatonin in mice with DSS-induced colitis, focusing on the
expression of inflammatory cytokines and the serum levels
of amino acids.

Materials and methods
Animals and experimental design

Thirty 8-week-old mice, each weighing approximately 23 g,
were used in this study. With a completely randomized
design, the mice were allotted to three different treatment
groups: the CTRL group, fed a basal diet (Ren et al. 2014a
and b) and normal water; the DSS group, with basal diet and
water with 5% DSS; and the MELDSS group, with basal diet
and water with 5% DSS and 0.2 mg/mL melatonin. The mice
were housed at a temperature of 22—24 °C and a humid-
ity level of 55-60% with a 12-h light/dark rotation (lights
activated at 08:00). All mice were administered a basal
diet for 3 days prior to the start of the study. For the fol-
lowing 7 days, the animals were permitted to eat and drink
freely. On day 8, the mice were weighed to determine the
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average amount of weight gain in each day. They were then
humanely terminated and samples of blood were taken as
previous report (Liu et al. 2017). Colon samples were col-
lected for histological analysis or frozen in liquid nitrogen
for gene expression analysis. Our experimental design was
conducted with the full approval of the Animal Care and
Use Committee of the Institute of Subtropical Agriculture,
Chinese Academy of Sciences. All methods and practical
steps were in line with animal welfare rules in China.

Histological analysis

Histological grading of colitis symptoms was performed
according to our previous report (Liu et al. 2017). Briefly,
after fixing the colon tissue in 10% formalin, hematoxylin
and eosin staining (H&E staining) was performed to allow
histological characterization of the colitis (Varshney et al.
2013; Liu et al. 2017). Lesions, including inflammation,
edema, erosion, cryptitis, ulcers, and goblet cell hyperpla-
sia, were scored using a scale of zero to four. A score of
zero indicated no colitis or epithelial thickening; a score of
one indicated an increased number of mucosal leukocytes
and/or slight epithelial cell hyperplasia; a score of two indi-
cated multiple loci of inflammation, leukocytic mucosal
and submucosal infiltration, and/or marked epithelial cell
hyperplasia; a score of three indicated extensive mucosal
and submucosal leukocytes, depletion of mucin-secreting
goblet cells, and/or pronounced epithelial cell hyperplasia;
and a score of four indicated extensive transmural leukocytic
infiltration, crypt abscesses, and/or marked epithelial cell
hyperplasia (Liu et al. 2017).

Serum amino acid analysis

The serum from the blood samples was collected via cen-
trifugation at 2000 rpm for 10 min at 4 °C. Sulfosalicylic
acid (2.7 mL) and the supernatant (300 pL) were added
to a sealed centrifuge container. The two substances were
shaken together and allowed to rest for 15 min before being
centrifuged at 1000 rpm for 10 min at 4 °C. Following this,
the supernatant was filtered through a 0.45-pm membrane
and analyzed using a Hitachi L-8900 automatic amino acid
analyzer.

RT-PCR

The total RNA was extratced from the colon tissues
according to methods described in previous reports (Ren
et al. 2016a; Ren et al. 2017d). The RNA was treated with
DNase I (Invitrogen, USA) according to the manufactur-
er’s instructions. The amount of total RNA in the sam-
ples was determined spectrophotometrically at 260 nm.
The amplification reactions were conducted using an ABI
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Prism 7900HT Sequence Detection System. The relative
levels of genes were calculated according to the 27(AAC)
method, where Ct = (Cttarget - Ctﬁ—actin)treatmenl - (Ctlarget -
Ctg_actin)control- The primers used in this study are summa-
rized in Table 1.

Statistical analysis

The statistical analysis was conducted using the SPSS 22.0
software. The data are expressed as the mean + standard
error of the mean (SEM). Values in the same row with dif-
ferent superscripts are considered to be significantly differ-
ent (p < 0.05), whereas values with the same superscripts
are considered to be not significantly different (p > 0.05).
Collective comparisons were carried out by ANOVA (one-
way analysis of variance) with Levene’s test and Tukey’s
multiple comparison test.

Results

In terms of the diagnosis of IBD, clinicians place a major
emphasis on weight loss. For the DSS mice, the results
showed a substantially greater degree of weight loss
(p < 0.05). These mice were unable to gain weight in the
same way as the CTRL mice. However, treatment with mela-
tonin appeared to alleviate this process (p < 0.05) (Fig. 1A).
Furthermore, mice in DSS group were observed to exhibit
substantially more colitis symptoms than the CTRL mice
and the MELDSS mice (Fig. 1B).

Table 2 shows the analysis of the serum levels of amino
acids. For the DSS mice, there was a substantial increase
in the level of Gln and decrease in the levels of His and
Phe (p < 0.05) relative to the control mice. Meanwhile, for
the MELDSS mice, the levels of Asp, Ser, Met, and Leu
decreased substantially (p < 0.05), but those of Gln and Cys
rose by a significant amount (p < 0.05) in comparison to the
DSS mice.

Table 1 Primers used in this

Primers GenBank access number Sequence of primer Product
study length
(bp)
IL-4 NM_021283.2 F: GAGCCATATCCACGGATGCGACAA 382
R: CATGGTGGCTCAGTACTACGAGTA
IL-10 XM_021175612.1 F: GCCACATGCTCCTAGAGCTG 71
R: CAGCTGGTCCTTTGTTTGAAA
TNF-a XM_021218154.1 F: AGGCACTCCCCCAAAAGAT 192
R: TGAGGGTCTGGGCCATAGAA
IL-17 NM_010552.3 F: TACCTCAACCGTTCCACGTC 119
R: TTTCCCTCCGCATTGACAC
IL-18 XM_006510028.3 F: AGACAACTTTGGCCGACTTC 203
R: CCTTCACAGAGAGGGTCACA
IL-22 XM_006513865.3 F: GCTCAGCTCCTGTCACATCA 73
R: CACTGTCTCCTTCAGCCTTCT
IL-23 NM_031252.2 F: AGTGTGAAGATGGTTGTGAC 194
R: CTGGAGGAGTTGGCTGAG
Tlrd XM_006509283.3 F: TTCAGAACTTCAGTGGCTGGATT 64
R: CCATGCCTTGTCTTCAATTGTTT
B-Actin NM_007393.5 F: AACGAGCGGTTCCGATGC 79
R: GTAGTTCATGGATGCCACAGG
Fig. 1 Impact of melatonin A B
treatment on A the body weight 30 51 b
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Table 2 Effect of melatonin on the serum amino acids (pg/mL)

CON group DSS group MEL group p value
Asp 3.18 £ 0.07 3.58+0.19 2.48 +0.22¢ 0.004
Gln 3004 +0.56 3621 +0.71° 40.88 + 1.84°  <0.001
Lys 88.35+442  99.98 +6.77 93.46 +2.09 0.181
His 1416 +0.54 1252 +041* 12.46 +0.64 0.037
Arg  40.68 + 1.3 44.56 +3.39 41.91 £ 0.84 0.363
Gly 2358 +1.18  24.64 +1.27 24.82 +1.25 0.554
Ser 2374 +£197 2419+ 1.44 18.78 + 1.32° 0.018
Cys 3+0.34 2.94 +0.29 4.09 +0.37° 0.035
Thr 91.8+1.85 93.38+3.6 95.08 + 3.36 0.705
Tyr 1195 +0.52  12.11 =+ 0.57 12.08 + 0.58 0.845
Ala 46.09 091  46.18 +3.37 44.46 +3.13 0.716
Phe 17.28 £0.17  15.24 +0.23 14.7 + 0.36 <0.001
Val 24.88 +1.04  26.13 +0.85 25.22 +0.88 0.396
Met  18.62+1.37 18.03 £1.35 13.85 + 0.65° 0.014
Ile 12.06 £0.55  12.88 +0.32 11.71 £ 0.65 0.136
Leu 1852 +£0.76  19.63 +04 17.29 + 0.67° 0.015
Trp 2243 +£0.28  21.64 +£0.59 20.22 £ 0.45 0.086
Pro 125 +0.8 9.9+ 1.26 10.35 + 0.89 0.114

® The amino acids in DSS group differ from the CTRL group with
p <0.05

® The amino acids in DSS group differ from the CTRL group with
p <0.01

¢ The amino acids in MELDSS group differ from the DSS group with
p <0.05

4 The amino acids in MELDSS group differ from the DSS group with
p <0.01

No significant differences were observed in the levels of
IL-18, IL-23, IL-4, TLR4, or IL-22 (Fig. 2). Unlike the DSS
mice, a substantial reduction in TNF-a (p < 0.05) was found
for the MELDSS mice (Fig. 2). Furthermore, the level of
IL-17 increased by a significant amount for the DSS mice
(p < 0.05) in comparison with the CTRL mice. However,
upon the treatment with melatonin, this increased level of
IL-17 was interrupted and controlled (p < 0.05) (Fig. 2).

Discussion

IBD in human patients is defined by recurrent episodes of
acute inflammation within the gastrointestinal tract. This can
cause severe discomfort, which is one of the hardest symp-
toms for patients with this disease to deal with (Lobaton
et al. 2014; Gasparetto and Guariso 2013). In this study, 5%
DSS was used to trigger the development of acute colitis in
mice and explore the effects of melatonin on DSS-induced
colitis. The outcomes appear to support the idea that DSS-
induced colitis leads to increased weight loss.

According to the results of our study, Gln was more abun-
dant in DSS mice than in control mice (p < 0.05). However,
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MELDSS mice exhibited higher levels of Gln than DSS
mice (p < 0.05). In a previous experiment, we discovered
that the profile of serum amino acids is altered in subjects
with DSS-induced colitis (Ren et al. 2014c). Crucially, the
prescription of glutamine treatments appears to be an effec-
tive method for increasing biochemical and clinical func-
tions. This involves the activation of the myosin light chain
kinase (MLCK), NF-kB, and PI3K-Akt signaling channels.
This phenomenon was tested in a murine colitis model of
injury and repair, but the outcomes were similar to those
of human subjects (Ren et al. 2014c¢). The presence of ris-
ing Gln volumes in the DSS mice suggests that, for IBD
sufferers, the substance can be used to alleviate inflamma-
tory responses and enhance the health of metabolic tissues.
Within the intracellular pool and mammalian plasma sys-
tems, Gln is the most abundant free amino acid and per-
forms a number of functions relating to physical health and
wellbeing. For instance, it is essential for the proliferative
regulation of rapidly dividing immune cells and enterocytes
(Altman et al. 2016).

Much evidence has been presented to demonstrate that
melatonin has powerful anti-inflammatory, anti-apoptotic,
and antioxidant qualities (Trivedi and Jena 2013; Chung
et al. 2014), and as such, it may hold the key to more suc-
cessful IBD treatments. Melatonin plays a number of vital
neurohormonal functions. As it is closely related to seroto-
nin, it suppresses the smooth muscle cell contractions and
detrimental gastrointestinal activity triggered by serotonin. It
is not completely clear why melatonin is present in the GIT
at such abundant levels. The levels of melatonin in the GIT
are usually around 400-fold greater than those in the pineal
gland (Thor et al. 2007). We do know that it is manufactured
in the enterochromaffin cells that make up the gut. Studies
have also shown that it cannot be created without the contri-
bution of L-tryptophan (Chen et al. 2011). According to our
earlier research, the influence of melatonin on inflammation
is significant and, therefore, melatonin should be considered
a potential treatment for IBD and similar conditions (Trivedi
and Jena 2013; Motilva et al. 2011). For some time, clini-
cians have used corticosteroids, immunosuppressants, bio-
logical agents, and aminosalicylates to treat the symptoms
of IBD (Bressler et al. 2015). However, they are also in the
process of examining many other potential treatments, such
as probiotics, new biologics, prebiotics, and peroxisome
proliferator-activated receptor y agents (Shen et al. 2014b;
Shen et al. 2014a).

The contribution of cytokines is significant, particularly
when it comes to the immunopathogenesis of IBD. It has
been shown that the administration of DSS resulted in the
production of pro-inflammatory cytokines in and around the
diseased region (Beloqui et al. 2013). These authors discov-
ered that treatment with melatonin actually attenuates the
increase of IL-17 within the jejunum. The induced Th17
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Fig. 2 Impact of melatonin treatment on the expressions of colonic inflammatory cytokines. The relative gene expression level determined by
RT-PCR was shown in A (TNF-a), B (IL-17), C (IL-4), D (IL-10), E (IL-18), F (IL-22), G (IL-23), and H (TLR4)

(iTh17) and natural Th17 (nTh17) cells are responsible for
creating IL-17 (Ren et al. 2016b; Ren et al. 2017b). IL-17
supports the migration of monocytes and neutrophils via
chemokine processes to the damaged areas of the body. This

is considered to have an important influence on how autoim-
mune conditions emerge and develop (Koga et al. 2014). Our
results indicate that treatment with melatonin is an effective
way to reduce IL-17 levels and, consequently, alleviate the
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symptoms of chronic IBD (where they involve the contribu-
tion of IL-17 as part of their original progression). For IBD
patients, substantial levels of pro-inflammatory cytokines are
normally observed. These include IL-6, TNF-a, and IL-1p
(Reimund et al. 1996). However, it should be noted that,
in the present study, the DSS mice did not exhibit higher
levels of pro-inflammatory cytokines (IL-1p) or higher than
usual colonic activity. The level of TNF-a did rise by a small
amount (p > 0.05). TNF-a is a pleiotropic cytokine that con-
tributes to various inflammatory functions and is closely
connected to the development of IBD. It has been demon-
strated to influence the stimulation of cytotoxic, acute, and
apoptotic phase reactions, adhesion molecule activities, and
increases in intestinal permeability (Hyam et al. 2013). For
this reason, melatonin has the potential to serve as a long-
term immunoregulator and anti-inflammatory compound.

In summary, this study has revealed that melatonin treat-
ment is an effective way to control and alleviate IBD symp-
toms and regulate inflammatory processes. Furthermore,
melatonin highly shapes the serum levels of amino acids.
These results indicate that melatonin is a valuable form of
adjuvant treatment for patients suffering from IBD. In spite
of this, additional research is needed to confirm this connec-
tion and further elucidate the relationships between mela-
tonin and the GI tract and other parts of the body.
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