
https://doi.org/10.1177/20417314211059624

Journal of Tissue Engineering
Volume 12: 1–13 

© The Author(s) 2021
Article reuse guidelines: 

sagepub.com/journals-permissions
DOI: 10.1177/20417314211059624

journals.sagepub.com/home/tej

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons 
Attribution-NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, 

reproduction and distribution of the work without further permission provided the original work is attributed as specified on the SAGE and Open 
Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

Introduction

Chronic kidney disease (CKD) is defined based on the 
presence of structural and functional abnormalities of the 
kidney with a decreased glomerular filtration rate for 
>3 months.1 In the US, the prevalence of CKD is high at 
8%–16% with an associated costs of almost $23 billion, 
representing 6.4% of the entire Medicare budget.2 
Although structural and functional problems of the kidney 
are the main cause of CKD, the present therapeutic strate-
gies target blood pressure, blood sugar, and dyslipidemia, 
which does not address the fundamental etiology such as 
inflammation and fibrosis. Although kidney transplanta-
tion is the best option for enhancing kidney function, there 
are critical limitations to finding a suitable donor.3 Thus, it 
is crucial to find new therapeutic strategies to treat CKD 
that solve the structural problems and dysfunction of the 
damaged kidney.
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CKD progression-related miRNAs. Moreover, the CKD severity was alleviated in the Exocue group via upregulation of 
aquaporin 2 and 5 levels and reduction of blood urea nitrogen and creatinine, resulting in functional recovery of the kidney. 
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Mesenchymal stem cells (MSCs) have emerged as a 
promising therapeutic strategy in regenerative medicine.4 
MSCs isolated from various tissues such as the bone mar-
row (BM), adipose (AD), muscle, and umbilical cord 
(UC), have the ability to differentiate into various cells 
such as osteocytes, endothelial cells, and chondrocytes.5,6 
The paracrine effect of MSCs is also known to not only 
induce tissue regeneration without fibrosis, but also to 
inhibit inflammation.4,6,7 However, the use of MSCs is 
associated with some risks because they can induce 
immune rejection responses and differentiate into cells 
other than those intended, especially tumor cells.7,8 
Moreover, the engraftment rate of cells after MSC trans-
plantation is low.9 Therefore, another promising approach 
using MSCs is required to overcome these drawbacks.

Recent studies to determine the therapeutic effect of 
stem cells and to avoid the risk factors of MSC transplan-
tation have focused on cell-derived substances such as 
exosomes. Exosomes are 50–200 nm soluble microvesi-
cles with a bi-lipid membrane that are secreted by various 
cells.10 Exosomes released from MSCs have anti-apop-
totic, anti-inflammatory, and anti-oxidant effects, which 
are paracrine effects of origin-MSCs.11 Previous studies 
have reported that exosomes derived from MSCs modulate 
the behavior of epithelial cells in kidney disease, migration 
of inflammatory cells in uveitis, and fibrosis of hepatic 
cells in liver failure through the delivery of various bioac-
tive factors such as specific proteins, mRNA, and micro-
RNA (miRNA), which they contained.12–14 Moreover, the 
application of exosomes is safe for clinical use because 
exosomes do not remain at the sites of injection or/and 
injury whereas MSCs settle at the site of injury.15 These 
findings suggest that exosomes could be potential thera-
peutic agents for translational applications using stem 
cells.

To enhance the efficacy of exosomes, origin cells have 
been biologically engineered using various stimuli such as 
pro-inflammatory, growth, and transcription factors and 
mechanical stimulation in the cell engineering field.16 
Melatonin, an endogenous hormone mainly produced and 
excreted by the pineal gland, is one of these stimulus 
options.17,18 Melatonin plays crucial roles in immunoregu-
latory activities by suppressing apoptotic and necrotic 
changes and infiltration of inflammatory cells, and by pre-
venting tissue fibrosis after injury through inhibition of 
fibrogenic effects in injured cells.19 Recent studies have 
demonstrated that stimulation with melatonin enhanced 
the efficacy of stem cells in some diseases such as myocar-
dial infarction, ischemic kidney, acute lung ischemia-rep-
erfusion injury, and hindlimb ischemia.20–25

However, there are no reports on the efficacy of 
exosomes derived from MSCs stimulated by melatonin on 
inflammation and fibrosis as well as kidney function in 
CKD. Therefore, in this study, we hypothesized that 
exosomes from melatonin-stimulated MSCs (Exocue) 

could improve kidney function by modulating inflamma-
tion and fibrosis in CKD, which we investigated by deter-
mining their suppression of inflammation and fibrosis in a 
CKD mouse model.

Materials and methods

Isolation of MSC-derived exosomes

Human AD-derived MSCs were purchased from Sigma-
Aldrich (SCC038; St-Louis, MO, USA). The MSCs were 
cultured in α-minimum essential medium (MEM; Thermo 
Fisher Scientific, Waltham, MA, USA) supplemented with 
10% fetal bovine serum (FBS; Thermo Fisher Scientific) 
and antibiotic solution (100 U/mL penicillin; Thermo 
Fisher Scientific) in a 5% CO2 incubator with humidified 
air at 37°C. When the cells reached 60%–80% confluence, 
they were treated with or without melatonin (1 μM/mL) in 
serum-free medium, which was harvested after 24 h (the 
dose of melatonin was decided according to our previous 
study3). Exosomes were extracted from the medium using 
an exosome isolation kit (Rosetta Exosome, Seongnam, 
Korea) and concentrated using centrifugal filters 
(Millipore, Burlington, MA, USA). Exosomes isolated 
from naïve MSCs treated without and with melatonin were 
used as control exosomes (cExo) and the Exocue groups, 
respectively.

miRNA microarray

miRNA profiling was performed and the data consisting of 
1100 known human miRNAs were analyzed by 
Komabiotech (Seoul, Korea) using Affymetrix miRNA 
microarrays (Affymetrix Inc., Santa Clara, CA, USA). At 
least three exosome samples were used in the experiments. 
The signals were scaled to a median array intensity of 100 
using GCOS 1.2 to compare different arrays and Spotfire 
DecisionSite 8.2 (www.spotfire.com) was used for gene 
profiling analysis.3

Nanoparticle tracking analysis (NTA)

We measured the diameter and concentration of each exo-
some using a NanoSight LM10-HS system (Malvern 
Instruments Ltd., Malvern, UK) with a 688 nm laser. 
Exosomes (10 µL) were diluted 1:100 in phosphate-buff-
ered saline (PBS). The size of the exomes in solution were 
evaluated using zeta potential and particle size analysis 
and the data were analyzed using NTA software version 
2.3 (Malvern Instrument Ltd.).

Cryo-electron microscopy (EM)

Exosomes were absorbed onto 300-mesh electron micros-
copy (EM) carbon grids with a hydrophilic surface and 
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frozen using Vitrobot (Thermo Fisher Scientific) in liquid 
nitrogen. The grids were examined and analyzed using a 
Talos L120C cryo-transmission EM (TEM, Thermo Fisher 
Scientific). We observed and recorded the images using 
light microscopy at 13,000 magnification.

Western blot analysis

Protein extracts of exosomes were separated using 10%–
15% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and the proteins were transferred 
onto a 0.2 μm PVDF membrane. The membranes were 
blocked in 3% skim milk for 1 h and then incubated over-
night with primary antibodies against CD81 and CD9 
(both 1:1000; Santa Cruz Biotechnology, Dallas, TX, 
USA) at 4°C. After washing twice with Tris-buffered 
saline plus Tween (TBST), the membrane was incubated 
with goat anti-rabbit IgG or goat anti-mouse IgG second-
ary antibodies (Abcam, Cambridge, UK). The blots were 
subsequently developed using enhanced chemilumines-
cence (GE Healthcare, Chicago, IL, USA).

In vivo study design

All animal procedures were conducted in accordance with 
the protocol approved by the Institutional Animal Care and 
Use Committee of Soonchunhyang University Seoul 
Hospital (IACUC-SCH-2020-08) and in accordance with 
the National Research Council (NRC) Guidelines for the 
Care and Use of Laboratory Animals. Six-week-old male 
BALB/c mice (Biogenomics, Seoul, Korea) were main-
tained under a 12-h light/dark cycle at 25°C. The mice 
were randomly divided into the following five groups 
(n = 5 each): (1) healthy, (2) PBS-treated CKD, (3) cExo-
treated CKD, (4) 50 μg Exocue-treated CKD, and (5) 
100 μg Exocue-treated CKD groups.

Mice in the CKD groups were fed a 0.25% adenine-
containing diet to induce CKD. After 1 week, the mice 
were injected with PBS, cExo (100 μg), or Exocue (50 or 
100 μg) through the tail vein twice a week for 2 weeks. 
During the experimental period all the mice were fed a 
normal diet and 3 weeks after administration, cortical kid-
ney tissue and blood were harvested from the mice. Left 
kidney tissue samples were histologically evaluated, and 
the right kidney tissue samples were divided into two parts 
for enzyme-linked immunosorbent assay (ELISA) and 
quantitative reverse transcription-polymerase chain reac-
tion (qRT-PCR).

Concentration of protein in cortical kidney and 
serum of CKD mouse model

Collected blood was centrifuged at 1500 rpm for 30 min 
and the upper layer was collected as the serum, which was 
evaluated for levels of tumor necrosis factor (TNF)-α, 

transforming growth factor (TGF)-β, blood urea nitrogen 
(BUN), and creatinine. Harvested cortical kidney tissues 
were lysed with radioimmunoprecipitation assay (RIPA) 
buffer (CUREBIO, Seoul, Korea) and the aquaporin 2 
(AQP2) and AQP5 levels were measured. A quantitative 
sandwich enzyme immunoassay was used to measure the 
serum concentrations of TNF-α, TGF-β, BUN, and creati-
nine and the concentrations of AQP2 and AQP5 in kidney 
tissues. The protein concentration used was 50 μg in all 
experiments. Immunoassays were performed using an 
ELISA kit (Komabiotech, Seoul, Korea) according to the 
manufacturer’s instructions. The optical densities of the 
microplate wells were evaluated by measuring the absorb-
ance using a microplate reader (Thermo Fisher Scientific) 
at a wavelength of 450 nm.

Immunohistochemical, Masson’s trichrome 
(MT), and Picro Sirius red (PSR) staining

Cortical kidney tissue samples were collected, immedi-
ately fixed with 4% paraformaldehyde (CureBio, Seoul, 
Korea), and then embedded in paraffin. For histological 
analysis, the kidney tissue samples were stained with 
Masson’s trichrome (MT) or Picro Sirius red (PSR) to 
determine the presence of fibrosis and the stained tissues 
were examined using light microscopy (U-TVO 63XC; 
Olympus Corp., Tokyo, Japan). The MT and PSR stained 
area were measured using Image J software with installed 
NII plugin (National Institutes of Health, MD, USA).4

Immunofluorescence staining was also performed with 
primary antibodies against cleaved caspase 3 (Novus 
Biologicals, Denver, CO, USA), proliferating cell nuclear 
antigen (PCNA, Abcam), and α-smooth muscle actin 
(SMA; Santa Cruz Biotechnology), followed by secondary 
antibodies conjugated with Alexa Fluor 488 or 594 
(Thermo Fisher Scientific). The nuclei were stained with 
4,6-diaminido-2-phenylindol (DAPI, Sigma-Aldrich), and 
the immunostained samples were examined using a confo-
cal microscope (Olympus, Tokyo, Japan). The apoptosis 
(or proliferation) index was determined as number of cas-
pase-3 (or PCNA) positive cells/total number of 
cells × 100.26

Quantification of miRNA

Total RNA was extracted from the harvested cortical kid-
ney tissues (DNase digested) using mirVana (Thermo 
Fisher Scientific) and miRNAs were synthesized for 
cDNA with A-tailing using an miRNA cDNA synthesis kit 
(ABM, Richmond, BC, Canada). The qRT-PCR (Applied 
Biosystems, Waltham, MA, USA) was performed using a 
SYBR Green Master Mix (Thermo Fisher Scientific). The 
gene expression levels of miR-4270, miR-4739, miR-636, 
miR-320c, miR-572, TGF-β, nuclear factor-kappa B (NF-
kB), insulin-like growth factor-1 (IGF-1), and connective 
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tissue growth factor (CTGF) were evaluated and then nor-
malized to that of β-actin.

Statistical analysis

Two-tailed Student’s t-test and one- or two-way analysis of 
variance were used to determine the significant differences 
among groups, and the results are expressed as the means 
and standard error of the mean (SEM). Three or more 
groups were compared using Dunnett’s or Tukey’s post 
hoc test and the data were considered significantly differ-
ent at p < 0.05.

Results

Characterization of MSC-derived exosomes

The TEM image showed that both cExo and Exocue had 
a spherical nanovesicular morphology without noticeable 
damage (Figure 1(a)). The nanoparticle tracking analysis 
showed that the sizes of the cExo and Exocue particles 
ranged from 50 to 400 nm with an average of 173.02 ± 2.34 
and 177.18 ± 2.84 nm, respectively (Figure 1(b)). 

Western blotting showed that cExo and Exocue expressed 
CD81 and CD9, which are extracellular vesicle (EV) 
markers derived from MSCs (Figure 1(c)). In our previ-
ous study, we found that melatonin regulated the expres-
sion of miRNAs in exosomes isolated from MSCs.3 The 
analysis of miRNA expression in the Exocue group 
showed that levels of the anti-inflammatory and anti-
fibrotic miR-29b-3p, miR-7a-3p, let-7b-5p, let-7c-3p, 
miR-153-3p, miR-26a-2-3p, and miR-846-5p were 
upregulated by 2.42-, 2.95-, 2.20-, 2.03-, 1.98-, 1.34-, 
and 1.84-fold, respectively, compared to levels in the 
cExo group (Figure 1(d)). These results indicate that 
while melatonin stimulation increased anti-inflammation 
and anti-fibrosis-related miRNA expression in exosomes 
isolated from MSCs, it did not alter the characteristics of 
EVs isolated from MSCs.

Exocue decreased inflammation and fibrosis 
related genes in kidney after CKD

After CKD injury, gene expressions related inflammation 
and fibrosis such as TGF-β, NF-kB, IGF-1, and CTGF 
were upregulated. After exosomes treated, TGF-β and 

Figure 1.  Characterization of control exomes (cExo) and exosomes from melatonin-stimulated mesenchymal stem cells (MSCs, 
Exocue) isolated from MSCs. (a) Representative cryo-electron microscopy images of exosomes (scale bar = 100 nm). (b) Size 
distribution of cExo and Exocue measured using nanoparticle tracking analysis. (c) Western blot analysis of extracellular vesicle 
marker proteins CD81 and CD9 in cExo and Exocue. (d) Expression levels of miR-29b-3p, let-7a-3p, let-7b-5p, let-7c-3p, miR-
153-3p, miR-26a-2-3p, and miR-846-5p in cExo and Exocue measured using micro RNA (miRNA) microarray. Values represent 
mean ± standard error of the mean (SEM). *p < 0.05. cExo: control exosome; Exocue: exosome from melatonin-stimulated MSCs; 
MSCs: mesenchymal stem cells.
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NF-kB genes were downregulated in Exocue (50 μg) group 
by 0.37- and 0.09-fold and in Exocue (100 μg) group by 
0.26- and 0.09-fold respectively whereas the genes were 
not downregulated in cExo group (Figure 2(a) and (b)). 
Moreover, IGF-1 and CTGF genes were also suppressed in 
Exocue (50 μg) by 0.36- and 0.25-fold and in Exocue 
(100 μg) group by 0.23- and 0.21-fold respectively mean-
while the genes were not changed in cExo group (Figure 
2(c) and (d)). These results showed that melatonin-stimu-
lated MSCs secreted EVs, which modulated inflammation 
and fibrosis related genes under CKD conditions.

Exocue decreased inflammatory cytokine levels 
in kidney after CKD

In CKD, uremic toxins accumulate in the blood, inducing 
inflammation of kidney tissues. The established CKD 
mouse model exhibited increased levels of pro-inflam-
matory cytokines such as TNF-α and TGF-β (Figure 3(a) 
and (b)). However, cExo and Exocue (100 μg each) 

downregulated the synthesis of TNF-α by 0.86- and 0.81-
fold, respectively. Furthermore, the Exocue (100 μg) 
group showed a 1.52-fold suppression of TGF-β com-
pared to that in the PBS group, whereas cExo did not 
affect the synthesis of TGF-β (Figure 3(a) and (b)). These 
results showed that melatonin-stimulated MSCs secreted 
EVs, which modulated pre-inflammatory cytokines such 
as TNF-α and TGF-β under CKD conditions.

Exocue inhibited apoptosis in the kidney tissues 
and suppressed fibrotic cell proliferation

To investigate the protective effect of Exocue on kidney 
tissues in CKD, we assessed the apoptosis of kidney tissue 
cells in the established murine CKD model after treatment 
with Exocue. Although the PBS group showed increased 
caspase-3 stained cells indicating the apoptosis of kidney 
cells, the cExo group exhibited fewer caspase-3 stained 
cells (0.44-fold) than that of the PBS group. Moreover, the 
Exocue (100 μg) group showed greater reduction of 

Figure 2.  Effect of control exomes (cExo), exosomes from melatonin-stimulated mesenchymal stem cells (MSCs, Exocue), and 
phosphate-buffered saline (PBS) on expression levels of inflammation and fibrosis related genes of kidney tissues 3 weeks after 
injection in CKD mouse model. (a–d) Expression of TGF-β, NF-kB, IGF-1, and CTGF in kidney tissue measured using quantitative 
reverse transcription-polymerase chain reaction (qRT-PCR). Values represent means ± standard error of the means (SEM). 
*p < 0.05, **p < 0.01, and ***p < 0.001 versus healthy mice; #p < 0.05, ##p < 0.01, and ###p < 0.001 versus PBS; and $p < 0.05, 
$$p < 0.01, and $$$p < 0.01 versus cExo. cExo, control exosome; CKD: chronic kidney disease; CTGF: connective tissue growth 
factor; Exocue: exosome from melatonin-stimulated MSCs; IGF-1: insulin-like growth factor-1; NF-kB: nuclear factor-kappa B; TGF-
β: transforming growth factor-β.
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caspase-3 stained cells than that of the cExo group (0.44-
fold). In particular, the effect was dose-dependent with the 
100 μg Exocue group having a significantly fewer cas-
pase-3 stained cells (0.60-fold) than that of the 50 μg 
Exocue group (Figure 4(a) and (c)).

To further explore whether Exocue suppresses the pro-
liferation of fibrosis-related cells, we performed immuno-
fluorescence staining for PCNA and α-SMA in kidney 
tissues of the Exocue-treated CKD murine model. 
Immunofluorescence staining showed that PCNA expres-
sion in the α-SMA-positive area was higher in the PBS-
treated group than healthy mouse which mean that CKD 
increased proliferative ability of fibrosis-related cells. 
However, the PCNA positive cells was reduced in cExo 
group (0.70-fold) compared to the PBS group. Moreover, 
the Exocue (100 μg) group had fewer PCNA positive cells 
than that of the cExo group (0.0.66-fold). Additionally, the 
effect was dose-dependent with the 100 μg Exocue group 
showing a significantly fewer PCNA stained cells (0.76-
fold) than that of the 50 μg Exocue group (Figure 4(b) and 
(d)). These results suggest that Exocue protected kidney 
tissue against CKD by inhibiting the apoptosis of resident 
cells and suppressing the proliferation of fibrosis-related 
cells.

Exocue protects kidney tissues against CKD-
induced fibrosis

In CKD, accumulated uremic toxins in the blood induce 
fibrosis of kidney tissues, leading to kidney dysfunction. 
MT and PSR staining of kidney tissue from the established 
CKD murine model treated with PBS showed severe depo-
sition of collagen, which is related to fibrosis (blue and red 
in the MT- and PSR-stained images, respectively indicated 
fibrotic tissues; Figure 5). However, the cExo group 

showed smaller area stained by MT and PSR (0.55- and 
0.54-fold, respectively) than that of the PBS group. 
Furthermore, the Exocue (100 μg) group showed greater 
reduction of MT and PSR stained area than that of the 
cExo group (0.39 and 0.38-fold, respectively). In particu-
lar, the effect was dose-dependent with the 100 μg Exocue 
group showing a significantly smaller MT and PSR stained 
area (0.65- and 0.56-fold, respectively) than that of the 
50 μg Exocue group (Figure 5). These results suggest that 
Exocue modulated fibrosis through the inhibition of col-
lagen deposition in CKD.

Exocue modulated CKD-related gene 
expression in kidney tissues

A previous study showed that expression levels of miR-
4270, miR-4739, miR-636, miR-320c, and miR-572 in 
kidney tissues are related to CKD.27 To explore how 
Exocue protects against CKD, related miRNA expression 
levels were analyzed in kidney tissues of the CKD mouse 
model using qPCR. After inducing CKD, the expression 
levels of related miRNA such as miR-4270, miR-4739, 
miR-636, miR-320c, and miR-572 were significantly 
upregulated in the PBS-treated group of CKD mice (Figure 
6(a)–(e)). Although cExo treatment did not significantly 
reduce gene expression, Exocue significantly downregu-
lated the expression of miR-4270, miR-4739, miR-320c, 
and miR-572 by 0.36-, 0.08-, 0.69-, and 0.37-fold, respec-
tively, compared to those in the PBS group (Figure 6(a)–
(e)). Moreover, compared to the cExo group, the gene 
expression level of miR-4270, miR-4739, and miR-572 in 
the Exocue group was lower by 0.36-, 0.12-, and 0.45-fold, 
respectively (Figures 6(e) and 56). These data showed that 
Exocue could inhibit the gene expression of miRNAs cor-
related with the severity of CKD in kidney tissues.

Figure 3.  Effect of control exosome (cExo) and exosomes from melatonin-stimulated mesenchymal stem cells (MSCs, Exocue) 
on inflammatory cytokines in blood at 3 weeks after phosphate-buffered saline (PBS) injection in a chronic kidney disease (CKD) 
mouse model. (a and b) Concentration of TNF-α and TGF-β in serum from a CDK mouse model measured using enzyme-linked 
immunosorbent assay (ELISA). Values represent means ± standard error of the mean (SEM). *p < 0.05, **p < 0.01, and ***p < 0.001 
versus healthy mouse and #p < 0.05, ##p < 0.01 versus PBS. cExo: control exosome; Exocue: exosome from melatonin-stimulated 
MSCs; PBS: phosphate-buffered saline; CKD: chronic kidney disease; TNF-α: tumor necrosis factor-α; TGF-β: transforming growth 
factor-β.
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Exocue improved kidney function in CKD model

Tissues of CKD mice showed decreased protein synthesis 
of AQP2 and AQP5, which are water absorption-related 
proteins,28,29 whereas accumulation of these proteins was 
increased following treatment with cExo. However, the 
Exocue group showed 1.30- and 1.33-fold higher concen-
trations of AQP2 and AQP5 proteins, respectively than the 
cExo group did and there were significant differences in 
the concentration of AQP5 between both groups (Figure 
7(a) and (b)). The serum concentrations of BUN and cre-
atinine were significantly increased in the PBS group of 
CDK mice. After cExo treatment, the BUN concentration 
was significantly lower by 0.62 than that of the PBS group, 

but the creatinine concentration was still increased to a 
comparable level to that of the PBS group.

However, concentrations of BUN and creatinine in the 
cExo group were significantly lower (0.23 and 0.33 times, 
respectively) than those in the PBS group were. Moreover, 
the Exocue (100 μg) group showed lower concentrations of 
both BUN and creatinine (0.37- and 0.36-fold, respectively), 
than those of the cExo group. In particular, the effect was 
dose-dependent with the 100 μg Exocue group showing a 
significantly higher inhibition of BUN protein accumulation 
(0.59-fold) than that of the 50 μg Exocue group (Figure 7(c) 
and (d)). These results showed that Exocue could improve 
kidney function through water absorption and filtration of 
BUN and creatinine in CKD conditions.

Figure 4.  Effect of control exosomes (cExo), exosomes from melatonin-stimulated mesenchymal stem cells (MSCs, Exocue), 
and phosphate-buffered saline (PBS) on suppression of apoptosis, proliferation, and fibrosis of resident kidney cells 3 weeks after 
injection in a chronic kidney disease (CKD) mouse model. (a) Images of caspase 3- and (b) PCNA- and α-SMA-stained kidney 
tissues. (c) Casepase-3 positive cells and (d) PCNA positive cells in the kidney tissues. cExo: control exosome; CKD: chronic kidney 
disease; Exocue: exosome from melatonin-stimulated MSCs; PCNA: proliferating cell nuclear antigen; α-SMA: alpha-smooth muscle 
actin. Values represent means ± standard error of the means (SEM). **p < 0.01, and ***p < 0.001 versus healthy mice; ##p < 0.01, 
and ###p < 0.001 versus PBS; $p < 0.05, $$p < 0.01 versus cExo; and Ap < 0.05 versus Exocue (50 μg).
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Discussion

Following are the findings of this study. (1) MSCs treated 
with melatonin secreted exosomes with significantly 
upregulated gene expression of miRNAs such as miR-
29b-3p, miR-7a-3p, let-7b-5p, let-7c-3p, miR-153-3p, 
miR-26a-2-3p, and miR-846-5p, whereas melatonin stim-
ulation did not damage their characteristic EVs. (2) 
Exosomes derived from melatonin-treated MSCs, Exocue, 
suppressed inflammatory cytokines such as TNF-α and 
TGF-β and fibrosis of kidney tissues in the CKD model. 
(3) Exocue reduced gene expression of miRNAs related to 
CKD severity and increased levels of AQP2 and AQP5, 
whereas it reduced BUN and creatinine levels, indicating 
improved kidney function. Taken together, these results 
indicate that the Exocue controlled inflammation and 
fibrosis of kidney tissues and improved kidney function, 
such as water absorption and filtration of wastes from the 
blood in the CKD mouse model.

Exosomes derived from MSCs have been used as a 
promising therapy for neurological, musculoskeletal, cardi-
ovascular, and immunological diseases and disorders.9 
MSC-derived exosomes have been shown to inhibit infiltra-
tion, migration, and proliferation of T cells in autoimmune 
uveitis.12 Exosomes released from the C3H10T1/2 MSC 
line alleviate liver fibrosis and acute liver injury via miRNA 
delivery to endothelial cells.30 Recently, numerous studies 
have focused on cell engineering to enhance the therapeutic 
effect of MSC-derived exosomes.9 Qazi et al.31 suggested 
that MSCs produce exosomes with a higher concentration 
of cytokines and growth factors in a three-dimensional 
porous scaffold condition than those produced under two-
dimensional culture conditions.31

Ma et al.32 loaded miRNA-132 into exosomes of BM 
MSCs to promote angiogenesis in myocardial infarction 
through an electroporation method and they exhibited 
more efficacy on angiogenesis in heart tissues than naïve 
exosomes did.32 In this study, we treated AD MSCs with 

Figure 5.  Effect of control exomes (cExo), exosomes from melatonin-stimulated mesenchymal stem cells (MSCs, Exocue), and 
phosphate-buffered saline (PBS) injection on fibrosis of kidney tissues after 3 weeks in chronic kidney disease (CKD) mouse model. 
(a) Images of MT and PSR staining of kidney tissues. (b) MT positive area and (c) PSR positive area in the kidney tissues. cExo: 
control exosome; CKD: chronic kidney disease; Exocue: exosome from melatonin-stimulated MSCs; MT: Masson’s trichrome; 
PSR: Picro Sirius red. Values represent means ± standard error of the means (SEM). *p < 0.05, **p < 0.01, and ***p < 0.001 versus 
healthy mice; ##p < 0.01, and ###p < 0.001 versus PBS; and $p < 0.05, $$p < 0.01 versus cExo.
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melatonin to improve the anti-inflammatory and anti-
fibrotic effects of their exosomes in treating CKD. After 
treatment with melatonin, MSCs secreted exosomes with 
increased gene expression of miR-29b-3p, miR-7a-3p, let-
7b-5p, let-7c-3p, miR-153-3p, miR-26a-2-3p, and miR-
846-5p, which are related to their anti-inflammatory and 
anti-fibrosis activity. Furthermore, the exosomes main-
tained the morphology, size, and EV markers of naïve 
exosomes. These results indicate that stimulation with 
melatonin induced MSCs to secrete functionally enhanced 
exosomes, which maintained their characteristics.

Chronic inflammation and fibrosis of kidney tissues 
play key roles in the development and progression of CKD 
and interfere in the major kidney function of ultrafiltra-
tion.33,34 Clinical data showed that patients with CKD had 
increased circulating levels of inflammatory cytokines such 
as interleukin-6 and TNF-α and in this study, the serum of 
mice with CKD also showed higher levels of TNF-α and 
TGF-β than that of healthy mice.33 High concentrations of 
cytokines induce the production of other inflammation-
related renal cytokines and chemokines, mast cell activa-
tion, and facilitate collagen deposition and matrix 
metalloproteinase (MMP production), which are crucial 
fibrosis factors in kidney tissues in CKD.34 Thus, modula-
tion of the inflammatory conditions of CKD is critical.

The local inflammatory environment could be con-
trolled by MSCs through the regulation of recruitment or 
polarization of macrophages or both.6 Exosomes of adipo-
cytes stimulated by melatonin have also been shown to 
facilitate macrophage phenotype changes from M1 to M2, 
which is related to anti-inflammatory effects.35 In this 
study, Exocue regulated the expression of pro-inflamma-
tory cytokines such as TNF-α and TGF-β and these effects 
might have been induced by its high concentration of 
miRNA such as miR-29b-3p, miR-7a-3p, let-7b-5p, let-
7c-3p, miR-153-3p, miR-26a-2-3p, and miR-846-5p, 
which are known to suppress the TGF-β signaling path-
way.36–44 In addition, Exocue also prevented the apoptosis 
of resident cells, suppressed proliferation of fibroblasts, 
and decreased α-SMA and thereby inhibited fibrosis of 
kidney tissues from the CKD model.

The suppression of TGF-β signaling influences the for-
mation of fibrosis in kidney tissues because TGF-β modu-
lates the p-Smad2/Smad3 pathway and suppresses 
collagen, fibronectin, and α-SMA synthesis.36–45 Moreover, 
miR-29a suppresses cell proliferation and the expression 
of collagen I and α-SMA, which are involved in cardiac 
fibrosis in rat cardiac fibroblasts.42 Exosomes derived 
from MSCs were also found to suppress fibroblast prolif-
eration by downregulating their FZD6 expression via 

Figure 6.  Effect of control exomes (cExo), exosomes from melatonin-stimulated mesenchymal stem cells (MSCs, Exocue), and 
phosphate-buffered saline (PBS) on expression levels of microRNAs (miRNAs) and chronic kidney disease (CKD)-related markers 
of kidney tissues 3 weeks after injection in CKD mouse model. (a–e) Expression of miR-4270, miR-4739, miR-636, miR-320c, and 
miR-572 in kidney tissue measured using quantitative reverse transcription-polymerase chain reaction (qRT-PCR). Values represent 
means ± standard error of the means (SEM). *p < 0.05, **p < 0.01, and ***p < 0.001 versus healthy mice; #p < 0.05, ##p < 0.01, and 
###p < 0.001 versus PBS; and $p < 0.05 and $$p < 0.01 versus cExo. cExo: control exosome; CKD: chronic kidney disease; Exocue: 
exosome from melatonin-stimulated MSCs.
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miRNA-29-3p in idiopathic pulmonary fibrosis disease.43 
Therefore, our findings suggest that the suppressive effects 
of Exocue on inflammation and fibrosis of kidney tissues 
were probably mediated by the high concentration of miR-
NAs, which are related to the TGF-β signaling pathway. 
Additionally, it has been reported that exosomes have sta-
ble and abundant circRNAs which mediate multiple sign-
aling pathway and the circRNAs act as a sponge of 
microRNAs.46–48 Thus, we suggested that CKD related 
miRNAs, in this study, might be downregulated by circR-
NAs in exosomes. Of course, further study is needed to 
reveal the relationship between circRNAs and miRNAs 
and the healing mechanisms of CKD.

Kidney malfunction of a patient with CKD disrupts 
homeostasis. Moreover, CKD has been implicated as a pri-
mary cause of morbidity and mortality worldwide.2 
Glomerulosclerosis, interstitial fibrosis, and inflammation 
are the main causes of kidney dysfunction and are involved 
in the pathogenesis and progression of CKD to end stage 
renal disease.45 In particular, dysfunction of the mainte-
nance of body water homeostasis leads to various clinical 
conditions associated with water balance disorder and 

different AQPs play a role in water reabsorption to regulate 
urine concentration and dilution.28 Loss of AQP2 function 
induces a severe defect in urinary concentration.49 AQP5, 
the closest homolog to AQP2, is a pivotal protein involved 
in inflammation.50 In this study, Exocue increased the 
expression of AQP2 and AQP5, resulting in the reduction 
of serum BUN and creatinine levels of CKD mouse. These 
results indicate that Exocue improved water absorption and 
waste filtration, which are the main functions of the kidney 
in a CKD mouse model. Taken together, our findings sug-
gest that Exocue could improve kidney function in CKD 
through the maintenance of water homeostasis.

Conclusion

This study demonstrated that Exocue could improve the 
kidney function by modulating inflammation and fibrosis 
of the kidney in a CKD mouse model, which may be medi-
ated through upregulation of miRNA expression (Figure 
8). We suggest that Exocue might be a one of potential 
cell-free therapies to improve kidney function and prevent 
disease progression in patients with CKD.

Figure 7.  Effect of control exomes (cExo), exosomes from melatonin-stimulated mesenchymal stem cells (MSCs, Exocue), and 
phosphate-buffered saline (PBS) on functional recovery of kidney 3 weeks after injection in chronic kidney disease (CKD) mouse 
model. (a and b) Concentrations of AQP2 and AQP5 in kidney tissue from CKD mouse model measured using enzyme-linked 
immunosorbent assay (ELISA). (c and d) Concentrations of BUN and creatinine in serum from CKD mouse model measured using 
ELISA. Values represent means ± standard error of the mean (SEM). *p < 0.05, **p < 0.01, and ***p < 0.001 versus healthy mice; 
#p < 0.05, ##p < 0.01, and ###p < 0.001 versus PBS; $p < 0.05 and $$p < 0.01 versus cExo; and AAp < 0.001 versus Exocue (50 μg). 
AQP2: aquaporin 2; AQP5: aquaporin 5; BUN: blood urea nitrogen; cExo: control exosomes; CKD: chronic kidney disease; Exocue: 
exosomes from melatonin-stimulated MSCs.
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