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Abstract: This study tested the hypothesis that melatonin (Mel) and adipose-derived mesenchymal stem cell-derived 
exosomes effectively suppress dextran sulfate sodium (DSS)-induced acute inflammatory colitis (AIC) in rats. To de-
termine whether Mel-exosome treatment could ameliorate the severity of AIC, we treated Sprague Dawley rats with 
DSS-induced AIC with Mel, exosomes, or combined Mel-exosome therapy and evaluated the effects on AIC. First, 
to induce an inflammatory response in vitro, we treated HT-29 cells with lipopolysaccharide (LPS) and evaluated 
the response to Mel and/or exosome treatment. We found that expression of NOX-1, NOX-2, MMP-9, NF-κB, iNOS, 
ICAM-1, and COX-2 was significantly higher in HT-29 cells treated with LPS than in control cells, and was signifi-
cantly reduced by either exosome or Mel treatment (P<0.001 for all). In vivo, flow cytometric analysis showed that, 
compared to untreated rats with AIC, the number of circulating inflammatory cells was lowest in rats treated with 
combined Mel-exosome treatment than in rats treated with either Mel or exosomes alone (P<0.0001). Compared 
with controls, as well as Mel or exosome treatment alone, combined Mel-exosome treatment ameliorated the ef-
fects of DSS-induced AIC as evidenced by changes in the expression of markers for inflammation, oxidative stress, 
apoptosis, and fibrosis (P<0.0001 for all). Additionally, histopathological findings showed that colon injury score, 
expression of inflammatory and DNA-damage markers, and bloody stool were all improved following combined Mel-
exosome treatment (P<0.0001 for all). In conclusion, combined Mel-exosome treatment significantly protected the 
rat colon against DSS-induced AIC injury.
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Introduction

Ulcerative colitis (UC) and Crohn’s disease are 
two conditions known as a whole as inflamma-
tory bowel disease. The incidence of UC is esti-

mated to vary from 0.5 to 24.5 per 100,000 
inhabitants worldwide [1]. It is well recognized 
that UC is a chronic inflammatory disease with 
unknown etiology and partially understood 
pathogenesis [2-4]. Starting from the rectum, 
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the disease may frequently involve varying 
lengths of colonic mucosa and typical clinical 
presentations are rectal bleeding and diarrhea. 
Additionally, at least 11% of patients with UC 
have extra-intestinal manifestations such as 
joint involvement, hepatobiliary disease, and 
several types of eye and skin lesions [1]. These 
symptoms frequently affect a patient’s quality 
of life, everyday function, and may lead to psy-
cho-social incapacitation.

The main treatment for UC includes initial medi-
cal management with corticosteroids and anti-
inflammatory agents (e.g., sulfasalazine or 
5-aminosalicylate drugs) in combination with 
rehydration and symptomatic treatment using 
antidiarrheal agents. Surgery is considered 
when medical treatment fails or when a surgi-
cal emergency occurs (e.g., perforation of the 
colon). Surgical approaches including total col-
ectomy (panproctocolectomy) and ileostomy, 
total colectomy, and ileoanal pouch reconstruc-
tion or ileorectal anastomosis; subtotal colec-
tomy with end-ileostomy is recommended in an 
emergency situation [5]. Currently, the treat-
ment of UC remains a formidable challenge to 
clinicians. Not only are the current therapeutic 
modalities only partially effective, but they are 
also frequently associated with undesirable 
systemic side effects. Therefore, a safe and 
effective therapy is eagerly desired by patients 
with persistent UC.

Accumulating evidence has shown that mesen-
chymal stem cells (MSCs), especially adipose-
derived MSCs (ADMSCs), have therapeutic 
potential because of their pro-angiogenic, anti-
inflammatory, and immunomodulatory proper-
ties against ischemia-related organ dysfunc-
tion [6, 7]. Exosomes, which are micro-vesicles 
derived from a variety of cells (e.g., activated or 
apoptotic cells), are membrane fragments with 
sizes ranging from 60-120 nm [8-10]. Addi- 
tionally, depending on the cell type from which 
they are secreted, exosomes contain a rich col-
lection of microRNAs [11]. Furthermore, previ-
ous studies have demonstrated that MSC-
derived exosomes have distinctive properties, 
namely, promotion of angiogenesis, immuno-
modulation, and paracrine effects that pre-
serve organ function following injury in preclini-
cal studies [11-14].

Melatonin (Mel) (N-acetyl-5-methoxytryptami- 
ne), a hormone mainly produced by the mito-

chondria of the pineal gland, is a ubiquitous 
free radial scavenger that exerts anti-oxidative 
effects and ameliorates damage caused by 
reactive oxygen and nitrogen species in all sub-
cellular compartments [15-19]. In addition, a 
number of studies have suggested that the 
anti-inflammatory effects of Mel are attribut-
able to its ability to regulate different molecular 
pathways [16, 20, 21]. Accordingly, the present 
study tested the hypothesis that Mel-exosome 
therapy protects the colon against acute inflam-
matory colitis (AIC) in rats.

Materials and methods 

Ethics

All animal experimental procedures were 
approved by the Institute of Animal Care and 
Use Committee at Kaohsiung Chang Gung 
Memorial Hospital (Affidavit of Approval of 
Animal Use Protocol No. 2015111602) and 
performed in accordance with the Guide for the 
Care and Use of Laboratory Animals (The Eighth 
Edition of the Guide for the Care and Use of 
Laboratory Animals [NRC 2011]).

Animals purchased from BioLASCO Taiwan Co., 
Ltd. were housed in an Association for As- 
sessment and Accreditation of Laboratory 
Animal Care International-approved animal 
facility in our hospital with controlled tempera-
ture and light cycle (24°C and 12/12 light 
cycle).

Animal grouping 

Animals (n = 60) were categorized into the fol-
lowing treatment groups: group 1 (sham control 
(SC)), group 2 (AIC), group 3 (AIC + exosomes 
[50 μM/kg days 5, 7, and 10 after dextran sodi-
um sulfate (DSS) administration]), group 4 (AIC 
+ Mel [50 mg/kg/day on day 5 after DSS 
administration]), and group 5 (AIC + Mel- 
exosome).

DSS-induced AIC model in rats

DSS is a water-soluble, negatively charged sul-
fated polysaccharide with a highly variable 
molecular weight ranging from 5 to 1400 kDa. 
The most severe murine colitis, which closely 
resembles human UC, can be induced following 
administration of 40-50 kDa DSS in the drink-
ing water. The mechanism by which DSS induc-
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es intestinal inflammation is likely the result of 
damage to the epithelial monolayer lining of the 
large intestine, which allows the dissemination 
of proinflammatory intestinal contents (e.g. 
bacteria and their products) into underlying tis-
sue. The DSS colitis model is very popular in 
inflammatory bowel disease research due to its 
rapidity, simplicity, reproducibility, controllabili-
ty, and morphological and symptomatic resem-
blance to UC in humans. Acute, chronic, and 
relapsing models of intestinal inflammation can 
be achieved by modifying the concentration of 
DSS and the frequency of administration [22, 
23].

Here, our experimental model of AIC in rats was 
induced by adding 5% (w/v) DSS (45 kDa; TdB 
Consultance, Uppsala, Sweden) in the drinking 
water for 5 days. The 5% DSS solution was pre-
pared daily using tap water. Animals were euth-
anized by day 14 after AIC induction, and the 
colon and circulatory blood were collected for 
individual study.

Cell culture and lipopolysaccharide (LPS) treat-
ment

The HT-29 human mucus-secreting adenocarci-
noma cell line (ATCC® HTB-38TM; American Type 
Culture Collection, Manassas, VA, USA) was cul-
tured in Dulbecco’s modified Eagle’s minimal 
essential medium (DMEM; Sigma, St. Louis, 
MO, USA) supplemented with 10% (v/v) heat-
inactivated (56°C for 30 min) fetal bovine 
serum (FBS; Sigma), 25 mM HEPES (Sigma), 
100 U/mL penicillin (Sigma, USA), and 100 l g/
mL streptomycin (Sigma) in 25 cm2 culture 
flasks (Falcon, Beckton Dickinson, Sparks, MD, 
USA) at 37°C in 5% CO2. The cultures were sup-
plied with fresh medium every other day and 
trypsinized using a 0.25% Trypsin-EDTA solu-
tion (Sigma) at 37°C. The final cell counts in 
suspension were measured using a hemocy-
tometer. The cell suspension (1 × 105 cells) was 
prepared in 4 mL complete DMEM and trans-
ferred to six-well tissue culture plates (Falcon 
6-well, Beckton Dickinson). Medium was 
changed every other day. 

To elucidate whether Mel and exosomes exert-
ed anti-inflammatory and anti-oxidative stress 
effects, HT-29 cells were treated with LPS as an 
inflammatory stimulator and split into four 
treatment groups: (1) control group (PBS-
treated) (1.0 × 105/well), (2) HT-29 cells (1.0 × 

105) + LPS (1.0 μg/mL), (3) HT-29 cells (1.0 × 
105) + exosomes (50.0 μM) + LPS (1.0 μg/mL), 
and (4) HT-29 cells (1.0 × 105) + Mel (100 μM) 
+ LPS (1.0 μg/mL). HT-29 cells were pre-treated 
with exosomes or Mel for 3 h prior to adding 
LPS for 2 h, followed by LPS washout. The cells 
were then continuously cultured for 6 hours 
prior to being collected for analysis.

Isolation of ADMSCs 

To prepare allogenic ADMSCs, eight Sprague 
Dawley rats were used. Adipose tissue sur-
rounding the epididymis was carefully dissect-
ed, excised, and prepared using methods pub-
lished in our previous reports [6, 7]. After pre-
processing, cell pellets were centrifuged at 
600 × g for 5 minutes at room temperature and 
filtered through a 100 μm filter into a 50-mL 
conical tube. The flow-through was pipetted 
into a new 50 mL conical tube through a 40 μm 
filter. The tubes were centrifuged again at 600 
× g for 5 minutes at room temperature and 
resuspended in saline. An aliquot of cell sus-
pension was removed for cell culture in DMEM-
low glucose medium containing 10% FBS for 14 
days. Approximately 2.0-3.0 × 106 ADMSCs 
were obtained from each rat.

Preparation, isolation, and dosage of exo-
somes

The preparation, isolation, and dosage of AD- 
MSC-derived exosome were performed accord-
ing to our previously published method [24]. 
Briefly, exosomes were isolated from the cul-
ture medium of ADMSCs. The exosomes were 
then purified and the proteins in different exo-
some fractions (1 μg, 2 μg, 10 μg, and 50 μg) 
were separated by SDS-PAGE. The resulting gel 
was stained with Coomassie blue for analysis. 
The following primary antibodies were used: 
mouse monoclonal anti-CD63 (Santa Cruz 
Biotechnology, Dallas, TX, USA), rabbit poly-
clonal anti-tumor susceptibility gene-101 (TS- 
G101) (Abcam, Cambridge, MA, USA), and anti-
β-catenin (Abcam). 

Histopathological scoring assessment of colon 
injury

The criteria for assessing the mucosal damage 
of colon were based on our previous report with 
minimal modification [25]. Briefly, colon speci-
mens were fixed in 4% paraformaldehyde; the 
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crypt-villus orientation was maintained during 
the embedding procedure. Sections of 4 µm 
thickness were stained with hematoxylin and 
eosin (H&E). The degree of colon injury was 
evaluated using a light microscope by two 
senior technicians blinded to the treatment 
protocol.

Briefly, the injury score of colon was catego-
rized from 0 to 5 based on the following criteria: 
grade 0 = mucosa with normal villi; grade 1 = 
development of sub-epithelial space at villus 
apex, frequently associated with capillary con-
gestion; grade 2 = scattered epithelial denuda-
tion on villus tips; grade 3 = denuded tips with 
exposed lamina propria and villus blunting; 
grade 4 = epithelial shedding from both the 
apex and mid-region of the villi, associated with 
shortened and widened villus structure and 
exposure of dilated capillaries; grade 5 = com-
plete destruction of villi and disintegration of 
lamina propria with ulceration.

Assessment of oxidative stress 

The procedure and protocol for evaluating the 
protein expression of oxidative stress have 
been described in detail in our previous reports 
[6, 7, 25]. The Oxyblot Oxidized Protein De- 
tection Kit was purchased from Chemicon 
(Billerica, MA, USA; S7150). DNPH (2,4-dinitro-
phenylhydrazine) derivatization was carried out 
on 6 μg of protein for 15 minutes according to 
the manufacturer’s instructions. One-dimen- 
sional electrophoresis was carried out on a 
12% SDS-polyacrylamide gel after DNPH 
derivatization. Proteins were transferred to 
nitrocellulose membranes that were then incu-
bated in the primary antibody solution (anti-
dinitrophenol (DNP) 1:150) for 2 hours, fol-
lowed by incubation in the secondary antibody 
solution (1:300) for 1 hour at room tempera-
ture. The washing procedure was repeated 
eight times within 40 minutes. Immunoreactive 
bands were visualized by enhanced chemilumi-
nescence (ECL; Amersham Biosciences, Amer- 
sham, UK) which was then exposed to Bio- 
max L film (Kodak, Rochester, NY, USA). For 
quantification, ECL signals were digitized using 
Labwork software (UVP, Waltham, MA, USA). 
For oxyblot protein analysis, a standard control 
was loaded on each gel.

Immunohistochemical (IHC) and immunofluo-
rescent (IF) staining

The procedure and protocol for IF staining have 
been described in detail in our previous reports 

[6, 7, 25]. For IHC and IF staining, rehydrated 
paraffin sections were first treated with 3% 
H2O2 for 30 minutes and incubated with Im- 
muno-Block reagent (BioSB, Santa Barbara, 
CA, USA) for 30 minutes at room temperature. 
Sections were then incubated with primary 
antibodies specifically against intercellular 
adhesion molecule (ICAM)-1 (1:200, Abcam), 
Cox-2 (1:100, Abcam), NAD(P)H quinone dehy-
drogenase (NQO1) (1:400, Abcam), glutathione 
peroxidase (GPx) (1:400, Abcam), CD14 (1:200, 
Santa Cruz Biotechnology), CD68 (1:100, 
Abcam), γ-H2AX (1:500, Abcam), CD3 (1:400, 
Abcam), CD4 (1:500, GeneTex, CA, USA), while 
sections incubated with the use of irrelevant 
antibodies served as controls. Three sections 
of the kidney from each rat were analyzed. For 
quantification, three randomly selected high-
power fields (HPFs) (200 × or 400 × for IHC and 
IF studies) were analyzed in each section. The 
mean number of positively stained cells per 
HPF for each animal was then determined by 
summing all numbers and dividing by 9.

An IHC-based blinded scoring system was 
adopted for semi-quantitative analyses of 
NQO1 and GPx staining in the colon as a per-
centage of positive cells (score of positively 
stained cells: 0 = negative staining; 1 = <15%; 
2 = 15-25%; 3 = 25-50%; 4 = 50-75%; 5 = 
>75%-100%/per HPF).

Western blot analysis 

The procedure and protocol for western blot 
analysis were based on our recent reports [6, 7, 
25]. Briefly, equal amounts (50 μg) of protein 
extracts were loaded and separated by SDS-
PAGE using acrylamide gradients. After electro-
phoresis, the separated proteins were trans-
ferred electrophoretically to a polyvinylidene 
difluoride membrane (Amersham Biosciences). 
Nonspecific sites were blocked by incubating 
the membrane in blocking buffer (5% nonfat 
dry milk in T-Tris-buffered saline [TBS contain-
ing 0.05% Tween-20]) overnight. The mem-
branes were then incubated with the indicated 
primary antibodies for 1 hour at room tempera-
ture. Primary antibodies included: matrix metal-
loproteinase (MMP)-9 (1:3000, Abcam), tumor 
necrosis factor (TNF)-α (1:1000, Cell Signaling, 
Danvers, MA, USA), nuclear factor (NF)-κB 
(1:600, Abcam), interleukin (IL)-1β (1:1000, Cell 
Signaling), ICAM-1 (1:1000, Abcam), IL-6 (1:750, 
Abcam), IL-10 (1:1000, Abcam), toll-like recep-
tor (TLR)-4 (1:500, Novus Biologicals, Littleton, 
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CO, USA), NOX-1 (1:1500, Sigma), NOX-2 (1:750, 
Sigma), NOX-4 (1:1000, Abcam), Cox-2 (1:1000, 
Abcam), mitochondrial Bax (1:1000, Abcam), 
cleaved (c) caspase (c-Casp 3) (1:1000, Cell 
Signaling), cleaved poly (ADP-ribose) poly-
merase (c-PARP) (1:1000, Cell Signaling), 
inducible nitric oxide synthase (iNOS) (1:250, 
Abcam), phosphorylated (p)-Smad3 (1:1000, 
Cell Signaling), p-Smad1/5 (1:1000, Cell 
Signaling), transforming growth factor (TGF)-1β 
(1:5000, Abcam), bone morphogenetic protein 
(BMP)-2 (1:500, Abcam), NQO1 (1:1000, 
Abcam), HO-1 (1:500, Merck, San Diego, CA 
United States), and actin (1:10000, Chemicon, 
Billerica, MA, USA). Membranes were incubat-
ed with a horseradish peroxidase-conjugated 
anti-rabbit immunoglobulin IgG (1:2000, Cell 
Signaling) secondary antibody for 1 hour incu-
bation at room temperature. The washing pro-
cedure was repeated eight times within 1 hour. 
Immunoreactive bands were visualized by 
enhanced chemiluminescence (ECL; Amersham 
Biosciences) and were exposed to Biomax L 
film (Kodak, Rochester, NY, USA). For the pur-
pose of quantification, ECL signals were digi-
tized using Labwork software (UVP).

Fluorescein-based (FITC-dextran 4-kDa) gut 
permeability assay 

To assess gut permeability in vivo, a fluoresce-
in-based assay was performed according to 
previous [26] and our recent [25] studies with 
some modifications. By day 14 after AIC induc-
tion, the lumen of a colon segment (10-15 cm) 
of each group of animals was carefully clamped. 
The 4-kDa FITC-conjugated dextran (FD4; 
Sigma), dissolved in Krebs buffer and protect-
ed from light, was immediately administered 
into the lumen of the clamped colon segment 
at a final concentration of 0.5 mg/mL. One 
hour after colon clamping, the clamp was 
released, and the abdominal wall was closed. 
Following the 60 minutes of colon clamping, 
0.5 mL of arterial blood was sampled, from 
which the plasma was obtained. Fluorescence 
intensity of the plasma was then quickly mea-
sured at an excitation/emission wavelength of 
496/520 nm using a plate reader. The concen-
tration (mg/mL) of FD4 in plasma was calculat-
ed using a standard curve.

Statistical analysis 

Quantitative data were expressed as mean ± 
standard deviation (SD). Statistical analysis 
was performed using ANOVA, followed by the 

Bonferroni multiple-comparison post hoc test. 
SAS statistical software for Windows version 
8.2 (SAS institute, Cary, NC) was utilized. A 
probability value <0.05 was considered statisti-
cally significant.

Results 

Effects of Mel and exosomes on inhibition of 
LPS-induced inflammation and oxidative stress

As expected, the protein expression of MMP-9, 
NF-κB and iNOS, three indicators of inflamma-
tion, was highest in LPS-treated HT-29 cells 
and lowest in the control group (Figure 1A-C). 
Additionally, we found that levels of these 
inflammation markers were significantly higher 
in HT-29 cells treated with LPS and Mel than in 
HT-29 cells treated with LPS and exosomes. 
The protein expression of NOX-1 and NOX-2, 
two indices of oxidative stress, exhibited an 
identical pattern of inflammation across the 
four groups (Figure 1D, 1E). Our findings sug-
gested that both Mel and exosome treatment 
had anti-inflammation and anti-oxidative stress 
effects on HT-29 cells. Cellular expression of 
positively stained ICAM-1 and COX-2, two indi-
cators of cellular inflammatory biomarkers, 
revealed an identical pattern of protein inflam-
matory biomarkers (Figure 1F-O). 

The result of flow cytometric analysis of circu-
lating inflammatory biomarkers showed that 
the numbers of circulating cells expressing 
CD11b/c+, CD14+, and Ly6G+, three indicators 
of inflammatory biomarkers, were highest in 
untreated rats with AIC, lowest in SC rats, sig-
nificantly higher in the AIC-Mel group than in 
AIC-exosome and AIC-exosome-Mel groups, 
and significantly higher in the AIC-exosome 
group than in AIC-exosome-Mel group (Figure 
1P-R). Additionally, ELISA analysis showed that 
the circulating level of IL-6 and TNF-α, two 
inflammatory mediators, reflected the same 
expression pattern across the five groups as 
the flow-cytometry analysis (Figure 1S, 1T).

To confirm the increase of gut permeability, an 
index of mucosal barrier damage was assessed 
using a fluorescein-based gut permeability 
assay in rats with DSS-induced AIC. The results 
showed that the ratio of plasma concentration 
of FD4 was lowest in SC and AIC-exosome-Mel 
groups, highest in the AIC group, and signifi-
cantly higher in the AIC-Mel group than in the 
AIC-exosome group; there was no difference in 
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Figure 1. Effects of melatonin and exosome on inhibiting LPS-induced inflammation and oxidative stress in culturing HT-29 cells, flow cytometric/ELISA analyses of 
circulating inflammatory biomarkers and stool assessment by day 14 after AIC induction, and assessment of fluorescein-based gut permeability by 90 min interval. 
A. Protein expression of matrix metalloproteinase (MMP)-9, * vs. other groups with different symbols (†, ‡, §), P<0.0001. B. Protein expression of nuclear factor 
(NF)-κB, * vs. other groups with different symbols (†, ‡, §), P<0.001. C. Protein expression of inducible nitric oxide synthase (iNOS), * vs. other groups with different 
symbols (†, ‡, §), P<0.0001. D. Protein expression of NOX-1, * vs. other groups with different symbols (†, ‡, §), P<0.0001. E. Protein expression of NOX-2, * vs. 
other groups with different symbols (†, ‡, §), P<0.0001. F-I. Showing immunofluorescent (IF) microscopic finding (400 ×) of cellular expression of intercellular adhe-
sion molecule (ICAM)-1 (green color). J. Analytical result of number of ICAM-1+ cells, * vs. other groups with different symbols (†, ‡, §), P<0.0001. K-N. Showing IF 
microscopic finding (400 ×) of cellular expression of Cox-2 (green color). O. Analytical result of number of Cox-2+ cells, * vs. other groups with different symbols (†, 
‡, §), P<0.0001. Scale bars in right lower corner represent 20 µm. NC = normal control (i.e., treated by vehicles); LPS = lipopolysaccharide; Mel = melatonin; Exo = 
exosome. P. Flow cytometric analysis of circulating number of CD11b/c+ cells, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. Q. Flow cytometric 
analysis of circulating number of CD14+ cells, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. R. Flow cytometric analysis of circulating number of 
Ly6G+ cells, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. S. ELISA analysis of circulating level of IL-6, * vs. other groups with different symbols 
(†, ‡, §, ¶), P<0.0001. T. ELISA analysis of circulating level of TNF-1α, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. U. Th ratio of plasma concen-
tration of FD4, * vs. other groups with different symbols (†, ‡, §), P<0.0001. V. The incidences of diarrhea >5 days, * vs. †, P<0.001. W. The incidence of bloody 
stool, * vs. †, P<0.001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). 
Symbols (*, †, ‡, §, ¶) indicate significance at the 0.05 level. SC = sham control; AIC = acute inflammatory colitis; Mel = melatonin; Exo = exosome. 
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Figure 2. Protein expressions of inflammatory biomarkers and oxidative stress biomarkers in colon by day 14 after AIC induction. A. Protein expression of matrix 
metalloproteinase (MMP)-9, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. B. Protein expression of tumor necrosis factor (TNF)-α, * vs. other 
groups with different symbols (†, ‡, §, ¶), P<0.0001. C. Protein expression of nuclear factor (NF)-κB, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. 
D. Protein expression of interleukin (IL-1β), * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. E. Protein expression of IL-6, * vs. other groups with 
different symbols (†, ‡, §, ¶), P<0.0001. F. Protein expression of Cox-2, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. G. Protein expression of 
intercellular adhesion molecule (ICAM)-1, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. H. Protein expression of toll-like receptor 4 (TLR4), * vs. 
other groups with different symbols (†, ‡, §, ¶), P<0.0001. I. Protein expression of NOX-1, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. J. Protein 
expression of NOX-2, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.001. K. Protein expression of NOX-4, * vs. other groups with different symbols (†, 
‡, §, ¶), P<0.0001. L. Oxidized protein expression, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. (Note: left and right lanes shown on the upper 
panel represent protein molecular weight marker and control oxidized molecular protein standard, respectively). M.W = molecular weight; DNP = 1-3 dinitrophenyl-
hydrazone. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, 
†, ‡, §, ¶) indicate significance at the 0.05 level. SC = sham control; AIC = acute inflammatory colitis; Mel = melatonin; Exo = exosome.



Melatonin and ADMSC-derived exosomes ameliorate DSS-induced colitis

2715	 Am J Transl Res 2019;11(5):2706-2724

FD4 concentration between SC and AIC-
exosome-Mel groups (Figure 1U). We also found 
that the incidence of bloody stool and diarrhea 
>5 days in the five groups followed the same 
pattern as the flow cytometry results (Figure 
1V, 1W).

The effects of Mel and exosome treatment 
on expression of inflammatory and oxidative 
stress biomarkers following DSS-induced AIC

We evaluated the protein expression of MMP-9, 
TNF-α, NF-κB, IL-1β, IL-6, Cox-2, ICAM-1, and 
TLR-4 in the colon 14 days after induction of 
AIC by DSS treatment. We found that expres-
sion of these eight inflammatory biomarkers 
were highest in the colons of rats with AIC, low-
est in SC colons, significantly higher in the 
colons of AIC-Mel-treated rats than in the 
colons of AIC-exosome- and AIC-exosome-Mel-
treated rats, and significantly higher in AIC-
exosome-treated colons than in AIC-exosome-
Mel-treated colons (Figure 2A-H). Additionally, 
the protein expression of NOX-1, NOX-2, NOX-4, 
and oxidized protein, four indicators of oxidative 
stress, were highest in the colons of untreated 
rats with AIC, lowest in SC colons, significantly 
higher in the colons of rats treated with AIC-Mel 
than with AIC-exosome and AIC-exosome-Mel, 
and significantly higher in the colons of AIC-
exosome-treated rats than in AIC-exosome-
Mel-treated rats (Figure 2I-L).

The effects of Mel and exosome treatment on 
protein expression of apoptotic, fibrotic, anti-
inflammatory, anti-fibrotic, and antioxidant bio-
markers following DSS-induced AIC

To determine whether Mel or exosome treat-
ment affected AIC-induced apoptosis, we exam-
ined the protein expression of mitochondrial 
Bax, cleaved caspase 3, and cleaved PARP, 
three apoptosis markers in the colons of rats 
14 days after AIC induction (Figure 3A-C). We 
found that expression of these markers was 
highest in untreated rats with AIC, lowest in the 
colons of SC rats, significantly higher in AIC-
Mel-treated colons than in AIC-exosome- and 
AIC-exosome-Mel-treated rat colons, and sig-
nificantly higher in AIC-exosome-treated colons 
than in those from AIC-exosome-Mel-treated 
rats. Additionally, the protein expressions of 
Smad3 and TGF-β, two indicators of fibrosis, 
demonstrated the same pattern as the apop-
totic markers among the five groups (Figure 3D, 
3E). 

The protein expression of IL-10, an anti-inflam-
matory marker, was highest in SC rats, lowest 
in untreated rats with AIC, significantly lower in 
the colons of AIC-Mel-treated rats than in AIC-
exosome- and AIC-exosome-Mel-treated rats, 
and significantly lower in the colons of AIC-
exosome-treated rats than in those treated 
with AIC-exosome-Mel. Additionally, the protein 
expressions of Smad1/5 and BMP-2, two indi-
ces of anti-fibrosis, exhibited an identical 
expression pattern as IL-10 across the five 
groups (Figure 3F-H).

The protein expression of HO-1 and NQO1, two 
indicators of antioxidant activity, were lowest in 
SC rats, highest in the colons of AIC-exosome-
Mel-treated rats, significantly lower in the 
colons of untreated rats with AIC than in those 
treated with AIC-Mel and AIC-exosome, and sig-
nificantly lower in those treated with AIC-Mel 
than AIC-exosome (Figure 3I, 3J). Together, 
these results suggest an intrinsic response to 
acute inflammatory stimulation occurs in the 
colon and is further enhanced by Mel-exosome 
therapy.

Effects of Mel and exosome treatment on co-
lon injury score and DNA-damage biomarkers 
following DSS-induced AIC

Fourteen days after induction of AIC, H&E stain-
ing demonstrated that colon injury scores were 
highest in rats with untreated AIC, lowest in SC 
rats, significantly higher in rats treated with 
AIC-Mel than AIC-exosome and AIC-exosome-
Mel, and significantly higher in rats treated with 
AIC-exosome than AIC-exosome-Mel (Figure 
4A-F). Additionally, the cellular expression of 
γ-H2AX, an indicator of DNA-damage, exhibited 
an identical pattern as the colon injury scores 
across the five groups (Figure 4G-L).

Effect of Mel and exosome treatment on in-
flammatory biomarkers 

To determine whether Mel and exosome treat-
ments affect inflammation, we examined the 
cellular expression CD14 and CD68, two inflam-
matory biomarkers 14 days after induction of 
AIC. We found that expression of CD14 and 
CD68 were highest in untreated rats with AIC, 
lowest in SC rats, significantly higher in those 
treated with AIC-Mel than AIC-exosome and 
AIC-exosome-Mel, and significantly higher in 
rats treated with AIC-exosome than AIC-
exosome-Mel (Figure 5). Additionally, the cellu-
lar expression of ICAM-1 and Cox-2, two addi-
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Figure 3. Protein expressions of apoptotic, fibrotic, anti-inflammatory, anti-fibrotic and antioxidant biomarkers in 
colon by day 14 after AIC induction. A. Protein expression of mitochondrial Bax, * vs. other groups with different sym-
bols (†, ‡, §, ¶), P<0.0001. B. Protein expression of cleaved caspase 3 (c-Casp 3), * vs. other groups with different 
symbols (†, ‡, §, ¶), P<0.0001. C. Protein expression of cleaved poly (ADP-ribose) polymerase (c-PARP), * vs. other 
groups with different symbols (†, ‡, §, ¶), P<0.0001. D. Protein expression of phosphorylated (p)-Smad3, * vs. other 
groups with different symbols (†, ‡, §, ¶), P<0.0001. E. Protein expression of transforming growth factor (TGF)-β, 
* vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. F. Protein expression of interleukin (IL)-10, * vs. 



Melatonin and ADMSC-derived exosomes ameliorate DSS-induced colitis

2717	 Am J Transl Res 2019;11(5):2706-2724

other groups with different symbols (†, ‡, §, ¶), P<0.0001. G. Protein expression of phosphorylated (p)-Smad1/5, 
* vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. H. Protein expression of bone morphogenic protein 
(BMP)-2, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. I. Protein expression of heme-oxygenase 
(HO)-1, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. J. Protein expression of NQO1, * vs. other 
groups with different symbols (†, ‡, §, ¶), P<0.001. All statistical analyses were performed by one-way ANOVA, 
followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, †, ‡, §, ¶) indicate 
significance at the 0.05 level. SC = sham control; AIC = acute inflammatory colitis; Mel = melatonin; Exo = exosome. 

Figure 4. Assessment of colon injury score and DNA-damaged biomarker in colon by day 14 after AIC induction. A-E. 
Showing the pathological finding of H.E. stain (200 ×) for identification of colon injury scores. F. Analytical result of 
colon injury score, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. Scale bars in right lower corner 
represent 50 µm. G-K. Showing the immunofluorescent microscopic finding (400 ×) for identification of positively-
stained γ-H2AX cells (pink color). L. Analytical result of number of γ-H2AX+ cells, * vs. other groups with different 
symbols (†, ‡, §, ¶), P<0.0001. Scale bars in right lower corner represent 20 µm. All statistical analyses were 
performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). 
Symbols (*, †, ‡, §, ¶) indicate significance at the 0.05 level. SC = sham control; AIC = acute inflammatory colitis; 
Mel = melatonin; Exo = exosome.
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tional inflammatory biomarkers, exhibited an 
identical expression pattern as CD14 across 
the five groups (Figure 6).

Effect of Mel and exosome treatment on cel-
lular expression of antioxidants

To determine whether Mel and exosome treat-
ment affect antioxidant activity, we measured 
expression of NQO1 and GPx, two markers of 

antioxidant activity, in the colon 14 days after 
induction of AIC. We found that NQO1 and GPx 
were lowest in SC rats, highest in rats with 
untreated AIC, significantly higher in rats treat-
ed with AIC-Mel than AIC-exosome and AIC-
Mel-exosome, and significantly higher in those 
treated with AIC-exosome than AIC-exosome-
Mel (Figure 7), suggesting an intrinsic response 
to acute inflammatory stimulation occurs in 

Figure 5. Cellular expressions of inflammation in colon by day 14 after AIC induction. A-E. Illustrating the immunoflu-
orescent (IF) microscopic finding (400 ×) for identification of positively-stained CD14 cells (green color). F. Analytical 
result of number of CD14+ cells, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. G-K. Illustrating 
the IF microscopic finding (400 ×) for identification of positively-stained CD68 cells (green color). L. Analytical result 
of number of CD68+ cells, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. Scale bars in right lower 
corner represent 20 µm. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple 
comparison post hoc test (n = 6 for each group). Symbols (*, †, ‡, §, ¶) indicate significance at the 0.05 level. SC = 
sham control; AIC = acute inflammatory colitis; Mel = melatonin; Exo = exosome.
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colon that is attenuated by Mel-exosome th- 
erapy.

Effects of Mel and exosome treatment on 
colonic immune cell infiltration following DSS-
induced AIC

We next used IHC to measure the expression of 
CD3 and CD4, two indicators of immune cells in 

the colons of our rat models of AIC 14 days 
after induction of AIC. We found that CD3 and 
CD4 expression was highest in rats with 
untreated AIC, lowest in SC rats, significantly 
higher in those treated with AIC-Mel than AIC-
exosome and AIC-exosome-Mel, and signifi-
cantly higher in those treated with AIC-exosome 
than AIC-exosome-Mel (Figure 8).

Figure 6. Inflammatory cell infiltration in colon by day 14 after AIC induction. A-E. Illustrating the immunofluorescent 
(IF) microscopic finding (400 ×) for identification of positively-stained intercellular adhesion molecule (ICAM)-1 cells. 
F. Analytical result of number of ICAM-1+ cells, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. 
G-K. Illustrating the IF microscopic finding (400 ×) for identification of positively-stained Cox-2 cells (green color). L. 
Analytical result of number of Cox-2+ cells, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. Scale 
bars in right lower corner represent 20 µm. All statistical analyses were performed by one-way ANOVA, followed by 
Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, †, ‡, §, ¶) indicate significance at 
the 0.05 level. SC = sham control; AIC = acute inflammatory colitis; Mel = melatonin; Exo = exosome.
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Discussion

This study, which investigated the therapeutic 
impact of Mel-exosome in an experimental 
model of AIC, yielded striking preclinical infor-
mation. First, when compared with SC rats, the 
levels of circulating inflammatory mediators 

were remarkably increased in animals with AIC. 
In contrast, these inflammatory biomarkers 
were remarkably reduced in animals with AIC 
following Mel or exosome therapy and further 
significantly reduced following combined Mel-
exosome treatment. Additionally, colon perme-
ability and injury score were notably higher in 

Figure 7. Cellular expressions of antioxidants in colon by day 14 after AIC induction. A-E. Showing immunohisto-
chemical (IHC) microscopic finding (400 ×) for identification of positively-stained NAD(P)H quinone dehydrogenase 
(NQO) 1 cells (gray color). F. Analytical result of number of NQO1+ cells, * vs. other groups with different symbols (†, 
‡, §, ¶), P<0.0001. G-K. Showing IHC microscopic finding (400 ×) for identification of positively-stained glutathione 
peroxidase (GPx) cells. L. Analytical result of number of GPx+ cells, * vs. other groups with different symbols (†, ‡, 
§, ¶), P<0.0001. Scale bars in right lower corner represent 20 µm. All statistical analyses were performed by one-
way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, †, ‡, §, ¶) 
indicate significance at the 0.05 level. SC = sham control; AIC = acute inflammatory colitis; Mel = melatonin; Exo = 
exosome.
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untreated animals with AIC than in controls; 
Mel or exosome treatment significantly im- 
proved colon permeability and injury score and 
combined Mel-exosome treatment had an even 
greater effect. Lastly, the inflammatory reac-
tion and generation of oxidative stress were 
markedly suppressed by Mel or exosome treat-
ment, not only in HT-29 cell culture, but also in 

the colons of rats with AIC, highlighting that 
these molecular-cellular perturbations could 
play a crucial role in the mechanistic signaling 
of AIC.

An association between increased circulating 
inflammatory cytokines and inflammatory bo- 
wel disease is well recognized [1, 27]. One 

Figure 8. Expressions of immune cells in colon by day 14 after AIC induction. A-E. Showing immunohistochemical 
(IHC) microscopic finding (400 ×) for identification of positively-stained CD3 cells (gray color). F. Analytical result of 
number of CD3+ cells, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. G-K. Showing IHC micro-
scopic finding (400 ×) for identification of positively-stained CD4 cells. L. Analytical result of number of CD4+ cells, 
* vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. Scale bars in right lower corner represent 20 µm. 
All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test 
(n = 6 for each group). Symbols (*, †, ‡, §, ¶) indicate significance at the 0.05 level. SC = sham control; AIC = acute 
inflammatory colitis; Mel = melatonin; Exo = exosome. 
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important finding in our study was that, com-
pared with control group, circulating inflamma-
tory cells (identified by flow cytometric analysis) 
and cytokines (identified by ELISA assessment) 
were substantially higher in untreated animals 
with AIC. Accordingly, our experimental results 
reinforced the findings of previous clinical stud-
ies [1, 27]. Even more importantly, our findings 
further showed that these inflammatory media-
tors were substantially suppressed in animals 
with AIC who were treated with Mel or exosome 
therapy; an even greater effect was observed 
following combined Mel-exosome treatment. 

To confirm whether our animal model of AIC 
was successfully induced, we not only assessed 
the fecal stool (bloody stool assessment), but 
also measured colon leakage/permeability (cir-
culating FD4 fluorescein-dye intensity) as well 
as the colon injury score (pathological findings). 
Our results demonstrated that all of these 
parameters were remarkably increased in ani-
mals with untreated AIC compared with SC ani-
mals, suggesting that our experimental model 
of AIC was successful. Furthermore, we found 
that these parameters were remarkably re- 
duced in animals with AIC following Mel or exo-
some treatment and were further remarkably 
reduced in animals with AIC animals following 
combined Mel-exosome treatment.

Surgical resection with or without anti-cytokine 
antibody therapy, like anti-TNF therapy, is com-
monly considered the last treatment resort for 
inflammatory bowel patients who are refractory 
to medical therapy or are in an emergency situ-
ation [28-30]. However, the long-term prognos-
tic outcome of resection is unsatisfactory and 
unfavorable [30-32]. Accordingly, treatment of 
chronic inflammatory bowel disease remains a 
formidable challenge to clinicians [1, 28-31], 
highlighting the urgent and paramount need to 
find an alternative safe and effective treatment 
modality.

Surprisingly, despite extensive research, the 
underlying etiology/mechanism of inflammato-
ry bowel disease is currently not fully under-
stood [1-5]. An essential finding in the present 
study was that inflammatory and oxidative 
stress biomarkers were notably increased in 
animals with AIC compared with control ani-
mals. Our findings may partially illustrate that 
the underlying mechanism of AIC could be mul-
tifactorial. Of importance was the fact that Mel 
and exosome therapy, and to a greater degree, 

combined Mel-exosome therapy, significantly 
reduced expression of these inflammatory and 
oxidative stress mediators in the colon. Fur- 
thermore, these therapies also resulted in sig-
nificant upregulation of anti-inflammatory cyto-
kines like IL-10, and downregulation of antioxi-
dants like HO-1 and NQO1, in the colon. Our 
findings highlight that Mel-exosome treatment 
may be an alternative treatment option for 
inflammatory bowel disease patients who are 
refractory to medications and are not candi-
dates for surgical intervention.

A principal finding in the present study was that 
the fibrotic, apoptotic, and DNA-damage bio-
markers were significantly enhanced in animals 
with AIC animals compared with SC animals. 
However, these molecular-cellular perturba-
tions were remarkably attenuated in animals 
with AIC following Mel or exosome therapy, and 
further attenuated in animals with AIC treated 
with combined Mel-exosome therapy. Interes- 
tingly, our previous studies have shown that 
Mel [32, 33] and exosome treatment [34-36] 
effectively inhibit expression of fibrotic, apop-
totic, and DNA-damage biomarkers in ischemic 
injured organs. In this way, in addition to being 
consistent with our previous studies [32-36], 
our present findings could, at least in part, 
explain why colon function and tissue were pre-
served by Mel-exosome therapy.

Study limitations

This study has limitations. First, the study peri-
od was only 14 days; therefore, the impact of 
Mel-exosome therapy on the long-term out-
come of AIC was out of the scope. Second, 
despite extensive characterization in the pres-
ent study, the underlying protective mechanism 
of Mel-exosome therapy on AIC is still not fully 
understood. Third, the optimal dosages of Mel 
and exosome were not tested. Therefore, 
whether the therapeutic effect of exosome 
treatment was superior to Mel or vice versa 
remains uncertain.

In conclusion, combined Mel-exosome therapy 
is superior to either one alone for protecting the 
rat colon from AIC injury.
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