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Abstract: Mesenchymal stem cells (MSCs) and their conditioned medium attenuate renal fibrosis in an irreversible
model of unilateral ureteral obstruction (UUO). However, the key components that play a role in the paracrine effects
of MSCs and their mechanisms of action are not well understood. Therefore, in this study, we investigated whether
exosomes released by human umbilical cord mesenchymal stem cells (hucMSC-Ex) would be able to attenuate
renal fibrosis in an irreversible model of UUO and further explored potential mechanisms. In vivo, rats were divided
into four groups: sham operation, sham operation transplanted with hucMSC-Ex, UUO, and UUO transplanted with
hucMSC-Ex. hucMSC-Ex was administered via the left renal artery after total ligation of the left ureter. Rats were
sacrificed after 14 days of obstruction. Renal function such as serum creatinine (Scr) or blood urea nitrogen (BUN)
were monitored over the period. Histological changes, proliferation and apoptosis in tubular epithelial cells, and the
levels of oxidative stress were measured. In vitro, NRK-52E cells were incubated with or without 5 ng/ml TGF-B1 and
co-incubated with or without hucMSC-Ex for 48 h. Apoptosis and the levels of oxidative stress of NRK-52E cells were
also measured. In the UUO group, the level of BUN and Scr, and the level of apoptosis and oxidative stress were all
increased. In addition, the renal tubular injury and tubulointerstitial fibrosis were evident. However, all the above
indices decreased significantly after treatment with hucMSC-Ex. In vitro, hucMSC-Ex significantly inhibited TGF-B1-
induced apoptosis of NRK-52E cells by altering the production of ROS. Furthermore, it was observed that hucMSC-
Ex inhibited apoptosis by inhibiting the activation of p38 mitogen-activated protein kinase (p38MAPK)/extracellular-
signal-regulated kinase (ERK) 1/2 pathway. In conclusion, the results showed that hucMSC-Ex had positive effects
towards UUO-induced renal fibrosis and apoptosis of renal tubular epithelial cells, and its mechanism of action was
associated with inhibition of ROS-mediated p38MAPK/ERK signaling pathway. These data suggest the potential
application of hucMSC-Ex in the treatment of chronic kidney disease, and also reveal the underlying mechanism of
hucMSC-Ex action.
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Introduction

Renal interstitial fibrosis is a common patho-
logical mechanism for the progression of chron-
ic kidney disease (CKD) to end-stage renal
disease. It is characterized by proliferation of
interstitial fibroblasts and excessive extracellu-

lar matrix deposition in renal interstitium [1]. In
the past few years, a large number of studies
have been conducted to clarify the pathogene-
sis of renal interstitial fibrosis, and there has
been increasing evidence that oxidative stress
plays an important role in its progression [2].
After the kidney is damaged, it produces reac-


http://www.ajtr.org

hucMSC-Ex protect against renal fibrosis

tive oxygen species (ROS) that exceed its scav-
enging capacity. Excessive ROS damages the
antioxidant enzymes and causes cell damage
through lipid peroxidation, DNA fragmentation,
and protein damage. In addition, ROS can also
promote the progression of renal interstitial
fibrosis by regulating the infiltration of inflam-
matory monocytes and macrophages [3].

Previous studies have shown that mesenchy-
mal stem cell (MSC) and their conditioned
medium relieve kidney damage and improve
kidney function after UUO [4], ischemic-reper-
fusion injury [5] and platinum-induced kidney
injury [6], suggesting that MSCs can repair
kidney tissue through paracrine effects. The
important role of exosomes in paracrine secre-
tion of MSCs has attracted the attention of
researchers [7]. Exosomes are 40-100 nm
microvesicles that are secreted into the extra-
cellular environment after the intracellular vesi-
clesfuse with the plasma membrane. Exosomes
are composed of lipid bilayers, proteins, mRNA,
and miRNAs. After binding to the cell mem-
brane, the exosomes can transfer biologically
active contents to target cells [8]. Interestingly,
recent studies have shown that exosomes play
a central role in the repair of damaged tissues
by MSCs [9]. Exosomes derived from MSCs
(MSC-Ex) have achieved satisfactory results in
myocardial infarction injury [10] and cisplatin-
induced ovarian granulosa cell apoptosis [11].
However, the effect of MSC-Ex on CKD has not
been reported. Therefore, in this study, we
investigated the antioxidant roles of exosomes
derived from human umbilical cord mesenchy-
mal stem cells (hucMSC-Ex) in CKD and
explored the specific mechanisms by which
they function.

Materials and methods
Ethics statement

The present study was approved by the ethics
committee of the Chongging Medical University
(File No. 2018-023) and adhered to the tenets
of the Declaration of Helsinki. Additionally, the
written informed consent was obtained from all
study participants.

Isolation and identification of hucMSC-Ex

The hucMSCs were isolated, expanded and
identified as our previously described [4, 12].
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Exosomes were extracted from the hucMSCs
supernatant according to the following method.
80% confluent hucMSCs in passage 3 were
washed with PBS and cultured in serum-free
medium for an additional 48 hours. The condi-
tioned medium was collected and centrifuged
sequentially at 300xg for 10 minutes and then
at 2000xg for 10 minutes. After the centrifuga-
tion, the supernatant was filtered using a 0.22-
um filter (Millipore, USA) to remove the remain-
ing cells and cell debris. The supernatant was
then transferred to an Ultra-Clear™ tube (Milli-
pore, USA) and ultra-centrifuged at 100,000xg
for 2 hours to deposit hucMSC-Ex. Afterwards,
the supernatant was decanted. Pelleted huc-
MSC-Ex were resuspended in PBS, centrifuged
at 4000xg until the volume in the upper com-
partment was reduced to approximately 200 pl.
In order to further purification, the liquid con-
taining hucMSC-Ex was laid on top of 30%
sucrose/D,0 cushion in a sterile Ultra-Clear™
tube (Beckman Coulter, Kraemer Boulevard
Brea, CA, USA) and centrifuged at 100,000xg
for 120 minutes at 4°C (Beckman Coulter,
Sorvall, Avanti J-26 XP, fixed angle rotor). huc-
MSC-Ex protein contents were determined
using the BCA assay following the instructions
(Beyotime Biotechnology, China). The morphol-
ogy of the collected exosomes was observed by
transmission electron microscopy (TEM). The
tetraspan molecules CD9, CD63 and CD81
(Abcam, UK) were verified by western blotting.
hucMSC-Ex were stored at -80°C for down-
stream experiments.

In vitro and in vivo experimental models

Rat proximal tubular epithelial cell line (NRK-
52E) was purchased from China Center for Type
Culture Collection (CCTCC). Cells were cultured
in DMEM medium containing 10% fetal bovine
serum (FBS; Gibco, Grand Island, USA) and 2%
penicillin/streptomycin at 37°C with 5% CO,,.
NRK-52E cells were cultured at a density of
1x10° per well in six-well culture plates. Near
confluent NRK-52E cells were incubated with
serum-free media for 24 h to arrest and syn-
chronize the cell growth. After that, the media
were changed to fresh serum-free media that
contained recombinant human transforming
growth factors-B1 (TGF-B1) (R&D, Minneapolis,
MN, USA) (5 ng/ml) with or without hucMSC-Ex
(100 pg). After 48 h, the cells were collected for
protein detection.
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Male Sprague Dawley rats, weighing 190-210
g, were purchased from the Chongqing Medical
University. The rats were raised in standard
cages in a room with constant temperature and
humidity on a 12 hours light-dark cycle. UUO
and sham surgery were performed as previous-
ly described. In brief, rats were anaesthetized
with sodium pentobarbital (30 mg/kg, i.p.), in
the UUO group, the left ureter was exposed and
ligated with 4-0 silk thread, in the sham group,
the left ureter was dissociated but not ligated.
After the model was successfully established,
hucMSC-Ex (200 pg of exosomes dissolved in
PBS) was injected through the left renal artery.
Rats were divided into four groups as follows
(n = 8 for each group): sham group, sham oper-
ation treated with hucMSC-Ex (control group),
UUO group, UUO treated with hucMSC-Ex (huc-
MSC-Ex group). Blood samples were collected
at 0, 3, 7, 14 days post-surgery in order to mea-
sure biochemical analysis, including serum cre-
atinine (Cr) and blood urea nitrogen (BUN). The
rats were sacrificed at the 14" day after sur-
gery. The left kidney was immediately removed
and cut into two coronal sections. A portion of
the kidney was preserved in 4% paraformalde-
hyde at room temperature, and the rest was
stored in liquid nitrogen.

Mitochondrial transmembrane potential

NRK-52E cells in six-well culture plates were
treated as mentioned above. After 48 h, the
culture medium was removed and the cells
were washed with PBS once, 1 ml cell culture
medium with 1 ml JC-1 staining solution were
added and the cells were incubated at 37°C for
20 min. After incubation, the supernatant was
discarded and the cells were washed twice with
JC-1 staining buffer (1x). When the mitochon-
drial membrane potential is high, JC-1 aggre-
gates in the matrix of mitochondria to form a
polymer that can produce red fluorescence.
When the mitochondrial membrane potential is
low, JC-1 cannot accumulate in the matrix of
mitochondria, where JC-1 is a monomer and
can produce green fluorescence. The relative
ratio of red and green fluorescence is used
to measure the proportion of mitochondrial
depolarization.

Annexin V-FITC/PI double staining apoptosis
detection

The Annexin V-FITC/PI apoptosis detection kit
(KeyGEN BioTECH) was used to detect apoptot-
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ic cells according to the manufacture’s proto-
col. Briefly, following treatment of NRK-52E
cells as mentioned above, the adherent cells
were washed once with PBS and the cells were
dissociated with trypsin. The cell suspension
was centrifuged at 1500 rpm for 5 minutes.
After discarding the supernatant, the collected
cells were washed twice with PBS. Then, 500 pl
of binding buffer was added to suspend cells.
After adding 5 ul of Annexin V-FITC and 10 pl of
Pl solution, the mixture was incubated at room
temperature for 15 min. Apoptotic cells were
detected by flow cytometry and quantified
according to the percentage of apoptotic cells.

Histological examination

Paraffin-embedded kidney tissues were cut
into 4 um thick sections and then deparaf-
finized and rehydrated before hematoxylin
eosin (HE), periodic acid-Schiff (PAS) and
Masson trichrome staining. Ten visual fields
were randomly selected in digital images from
each section under high-power fields (magnifi-
cation x400). Tubular damage was scored by
calculation of the percentage of tubules that
displayed cell necrosis, loss of the brush bor-
der, cast formation, and tubular dilatation as
follows: 0, 0 to 5%; 1, 5to 10%; 2, 11 to 25%; 3,
26 to 45%; 4, 46 to 75%, and 5, >76%. Masson
trichrome staining was used to assess the
severity of renal interstitial fibrosis. Fibrotic
areas were quantified in selected fields with the
use of Image-Pro Plus image analysis software,
version 6.0 (Media Cybernetics, Inc., Rockville,
MD, USA). The severity of tubulointerstitial
fibrosis was calculated as the ratio of the fibrot-
ic area to the total selected field.

DCF assay for reactive oxygen species (ROS)

Levels of intracellular ROS were determined
using a peroxide-sensitive fluorescent probe
2', T’-dichlorofluorescein diacetates (DCFH-DA,
Molecular Probes). After the cells were treated
with measures above, DCFH-DA at a final con-
centration of 20 uM was added and the cells
were incubated for 30 min in an incubator with
5% CO, at 37°C. Cells were washed three times
with serum-free medium to remove DCFH-DA
that did not enter the cells. Levels of intracellu-
lar ROS was detected by Microplate Reader
(BioTek Inc, Winooski, VT). The raw data from
each individual experiment were normalized to
untreated cells.
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The same method was used to determine the
level of ROS in the kidney tissue. Briefly, the
tissue homogenate was diluted with 1:20 to 5
mg tissue/mL with ice-cold Locke’s buffer. The
reaction mixture (1 ml) containing Locke’s buf-
fer (pH 7.4), 0.2 ml homogenate and 10 pl
DCFH-DA (5 uM) was incubated at room tem-
perature for 15 min to allow DCFH-DA to enter
the membrane and was hydrolyzed by ester-
ase. After further incubation for 30 min, the
fluorescence intensity was measured using a
spectrophotometer, and the ROS production
was quantified by a DCF standard curve. Data
were expressed as pmol DCF formed/min/mg
protein.

Measurement GSH or MDA in tissue or cells

Cell suspensions or kidney tissue were collect-
ed for detection of malondialdehyde (MDA) and
glutathione (GSH). GSH and MDA assay Kkits
were purchased from Jiancheng Bioengineering
Institute (Nanjing, China). Briefly, in vivo, appro-
priate amount of kidney tissue was rinsed in
cold saline to remove the residual blood, drawn
moisture with filter paper and weighed. The
homogenate medium (0.86% saline) was added
at a pre-setting ratio (weight (g)/volume (ml) =
1:9). After full grinded, 10% tissue homogenate
was centrifuged at 3000 rpm for 10 minutes. In
vitro, the cells were collected and purified by
sonication. The BCA assay kit (Beyotime, China)
was used to determine the protein concentra-
tion in tissues or cells. MDA and GSH were
measured according to the instructions.

Terminal-deoxynucleoitidyl transferase medi-
ated nick end labeling (TUNEL) assay

Tissue slices were dewaxed and hydrated, and
the number of apoptotic cells in the renal tubu-
lar epithelium was measured by the TUNEL
assay using an in situ cell death detection kit
(Roche, Indianapolis, IN, USA) according to the
manufacturer’s instructions.

Immunofluorescent and immunohistochemis-
try

NRE-52E cells were treated as described
above, fixed with 4% paraformaldehyde, and
permeabilized with Triton X100 (Solarbio,
China). The cells slides were then blocked with
5% BSA (BD, USA) and incubated with rabbit
anti-phosphorylated p38 (1:200; CST, USA) or
rabbit anti-phosphorylated Erk1/2 (1:200; CST,
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USA) at 4°C overnight. After washing three
times with PBS, the corresponding fluorescent
secondary antibody (ZSGB-BIO, China) was
added to incubate for 1 hour. The nuclei were
then counterstained with DAPI (Beyotime,
China) and the images were examined under
a fluorescence microscope (K10587; Nikon,
Japan).

The kidney tissue slices underwent dewaxing
and hydration, antigen was retrieved by citric
acid buffer (PH 6.0) microwave antigen retriev-
al. After natural cooling, the endogenous per-
oxidase was blocked with 3% H,0, for 10 min,
then the non-specific protein binding site was
blocked with 0.5% BSA for 1 hour. slices were
incubated at 4°C with 1:200 diluted rabbit anti-
phosphorylated p38 (CST), rabbit anti-phos-
phorylated Erk1/2 (CST), and mouse anti-PCNA
(Abcam), respectively. Slices were washed
three times with PBS, then with the goat anti-
rabbit or anti-mouse antibody (Zhongshan,
Beijing, China) at 37°C for 1 hour. After sections
were counterstained with haematoxylin, posi-
tive staining was developed by incubation with
3, 3’-diamnobenzidine (DAB). The number of
PCNA-positive cells and the intensity of cleaved-
caspase 3, Bax, Bcl-2 were assessed under five
randomly selected high power field (x400).
Image Pro Plus 6.0 was used as a tool to quan-
tify the integrated optical density (IOD) of posi-
tive areas.

Western blot analysis

Kidney tissues and cells were lysed in RIPA Ly-
sis Buffer (Beyotime, China) containing phenyl-
methylsulfonyl fluoride (PMSF), and centrifuged
at 4°C at 12,000 rpm for 20 min. The protein
concentration was measured using the BCA
assay kit (Beyotime, China). SDS-PAGE (Sodium
dodecyl sulfate polyacrylamide gel electropho-
resis) loading buffer was mixed with protein
samples and boiled last for 10 min. The pro-
teins were electrophoresed through SDS-
polyacrylamide gels. After that, proteins were
transferred to PVDF (Polyvinylidene fluoride)
membranes (Millipore, USA). In order to block
nonspecific protein background, membranes
were blocked in 5% skim milk for 1 hour with
shaker. After that, the protein bands were
incubated overnight at 4°C with the following
primary antibodies: rabbit anti-CD9 (1:2000;
Abcam, USA), rabbit anti-CD63 (1:1000; Ab-
cam, USA), rabbit anti-CD81 (1:1000; Abcam,
USA), rabbit anti-p38MAPK (1:1000; CST, USA),
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Figure 1. Characterization of exosomes derived from human umbilical cord
mesenchymal stem cells (hucMSC-Ex). A. Electron microscopy analysis of exo-
somes secreted by hucMSCs (scale bar = 100 nm). B. Exsome-specific markers
CD9, CD63 and CD81 were measured by western blot analysis. Ex exosome;
hucMSC human umbilical cord-derived mesenchymal stem cell.

rabbit anti-phosphorylated-p38MAPK (1:1000;
CST, USA), rabbit anti-ERK1/2 (1:1000; CST,
USA), rabbit anti-phosphorylated-ERK1/2 (1:
1000; CST, USA), Mouse anti-PCNA (1:1000;
Abcam, USA), rabbit anti-Cleaved caspase-3
(1:1000; Abcam, USA), rabbit anti-Bax (1:1000;
Abcam, USA), mouse anti-Bcl-2 antibody (1:
1000; Abcam, USA), B-actin (Zhongshan, Chi-
na). The membrane was then washed three
times with Tris-buffered saline/Tween (TBST)
and incubated in goat anti-rabbit or mouse anti-
bodies (1:500; Zhongshan, China) for 2 hours
at 37°C. Immobilon Western Chemiluminescent
HRP Substrate (Millipore, USA) were used to
detect positive immune reactions.

Statistical analysis

The data obtained from the experiment were
expressed as mean * standard deviation
(mean = SD). The mean value of each group
was compared with one-way analysis of vari-
ance (ANOVA) followed by a Dunnett’s post hoc
test. When the P value is less than 0.05, the
difference was considered to be statistically
significant. All data were analyzed by SPSS
16.0 software.

Results

The characterization of hucMSCs and huc-
MSC-Ex

Flow cytometry analysis showed that hucMSCs

had typical surface markers of mesenchymal
stem cells, high expression of CD73, CD9O,
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CD105, but negative ex-
pression of CD34, CD45,
and HLA-DR. HucMSCs
were induced by adipogen-
ic and osteogenic medium.
After adipogenic induction,
the cells were stained with
oil red O, and red lipid drop-
lets were observed in the
cytoplas. After osteogene-
sis induction, the cells were
stained with alizarin red,
and red mineralized nod-
ules are visible in cell cul-
ture dishes. These results
suggesting that hucMSCs
has the ability to differenti-
ate into adipocytes and
osteocytes [12].

The morphology of hucMSC-Ex was observed
under transmission electron microscope, and it
was seen that the exosomes were round or oval
and had a diameter of about 50-100 nm (Figure
1A). Western blot analysis showed that huc-
MSC-Ex expressed exosomes biomarkers such
as CD9, CD63, and CD81 (Figure 1B).

HucMSC-Ex inhibited morphologic changes of
NRK-52E cells induced by TGF-1

In vitro, we used TGF-B1 to induce NRK-52E
cells to mimic the renal tubular epithelial cells
morphologic changes in CKD and to verify the
effect of hucMSC-Ex on it. After cultured with
serum-free medium for 12 h, NRK-52E cells
were treated with TGF-B1 for another 48 h
with or without hucMSC-Ex. The morphological
features of cell growth were observed under
inverted microscope. Normal NRK-52E cells
were round or oval, and displayed typical cob-
blestone-like morphology. After TGF-B1 induc-
tion, the cells became long spindle-shaped,
and the intercellular junction reduced. How-
ever, hucMSCs-Ex significantly inhibited TGF-
B1-induced NRK-52E cells morphologic chang-
es (Figure 2A).

Effects of in vitro co-culturing of TGF-31-
induced NRK-52E cells with hucMSC-Ex on the
mitochondrial membrane potential

NRK-52E was stained with JC-1 dye and
observed under fluorescence microscope. As
shown in Figure 2B, the red fluorescence indi-
cates that JC-1 aggregates the polymer in the
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Figure 2. The effect of hucMSC-Ex on the morphology and mitochondrial membrane of TGF-B1-induced NRK-52E
cells. A. The effects of hucMSC-Ex on cell morphology transformation. NRK-52E cells changed from a cuboidal to a
spindle shape in response to TGF-B1, whereas treatment with hucMSC-Ex blocked this morphological transforma-
tion. B. Effect of co-culture of TGF-B1-induced NRK-52E cells on the mitochondrial membrane potential (AWm). The
AWm detected by JC-1 fluorescent probe. Red florescence indicates that JC-1 aggregates formed in cells with a high
AWm, whereas green fluorescence indicates that JC-1 monomers formed in cells with low AWm. Ex exosome, huc-
MSC human umbilical cord-derived mesenchymal stem cell, TGF-B1 transforming growth factor 1.

normal NRK-52E cell mitochondria with high
membrane potential, whereas the green fluo-
rescence indicates that JC-1 cannot accumu-
late in the TGF-Bl-induced cell mitochondria
with low membrane potential, thus forming a
monomer. The increase of the ratio of green
fluorescence to red fluorescence represents
the decrease of mitochondrial membrane
potential, suggesting that TGF-B1 induced early
apoptosis of NRK-52E cells. After hucMSC-Ex
treatment, the ratio of green fluorescence to
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red fluorescence decreased, which indicated
that the apoptosis rate of NRK-52E cells
decreased.

HucMSC-Ex inhibited the production of ROS
and oxidative stress in NRK-52E cells induced
by TGF-B1

Many research findings revealed that oxidative

stress may induce apoptosis [13]. To assess
the protective effect of hucMSC-Ex on TGF-B1-
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Figure 3. The effect of hucMSC-Ex on oxidative stress levels in TGF-B1-induced NRK-52E cells. A. The levels of ROS
in each group. B. The levels of GSH in each group. C. The levels of MDA in each group. Values presented as mean +
SD. "P<0.05 versus TGF-B1 alone treated group; #P<0.05 versus control group. Ex exosome, GSH glutathione, huc-
MSC human umbilical cord-derived mesenchymal stem cell, MDA malondialdehyde, ROS reactive oxygen species,

TGF-B1 transforming growth factor 1.

induced apoptosis, we used semi-quantitative
flow cytometry to estimate intracellular ROS
levels based on DCF fluorescence intensity. Our
results show that TGF-B1 induces ROS over-
production in NRK-52E cells. However, huc-
MSC-Ex inhibits oxidative stress by reducing
ROS production. At the same time, we tested
the level of oxidative stress in each group of
NRK-52E cells. Compared with the control gro-
up, the level of GSH in TGF-B1 group decreased,
and the level of MDA increased. However, the
level of GSH in hucMSC-Ex group was signifi-
cantly higher than that in TGF-B1 group, and the
level of MDA was significantly decreased, sug-
gesting that antioxidant stress effects of huc-
MSC-EXx plays an important role in the inhibition
of NRK-52E cells apoptosis (Figure 3).

HucMSC-Ex suppressed TGF-B1-induced apop-
tosis and promoted proliferation in NRK-52E
cells

In order to further study the role of hucMSC-Ex
in inhibiting TGF-B1-induced apoptosis of NRK-
52E cells, hucMSC-Ex were co-cultured with
TGF-B1 in the NRK-52E cells for 48 h. Flow
cytometry analysis showed that the apoptosis
rate of NRK-52E cells induced by TGF-B1 was
10.4%, but the apoptosis rate was reduced to
8.3% after application of hucMSC-Ex (Figure
4A, 4B). Western blot analysis was used to
detect the expression of PCNA, cleaved cas-
pase-3, bax and bcl-2. After TGF-B1 induced
NRK-52E cells apoptosis, the activation level of
cleaved caspase-3 and Bax were significantly
increased, while the level of apoptotic protein
Bcl-2 decreased. After treatment of hucMSC-
Ex, the levels of cleaved-caspase 3 and Bax
decreased, and the level of Bcl-2 increased.
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Western blot also showed a decrease in the
expression level of PCNA after TGF-B1 induced
apoptosis, but the expression of PCNA incre-
ased after treatment of hucMSC-Ex (Figure
4C-G).

Next, we detected the activation level of
P38MAPK/ERK signaling pathway in each
group. Immunofluorescence staining and west-
ern blot showed that TGF-B1 could activate
P38MAPK/ERK signal pathway in NRK-52E
cells, which showed that the expression levels
of p-P38, p-ERK increased, while hucMSC-Ex
inhibited P38MAPK/ERK signaling pathway
activation (Figure 5).

HucMSC-Ex improved renal histomorphology
and renal function in rats with CKD

In order to assess the renal histomorphology of
each group, paraffin specimens were cut to 4
um thickness and stained with HE, PAS and
Masson’s trichrome. There were no obvious his-
tological abnormalities in the sham group and
the control group. At 14 days after operation,
the UUO group showed tubular dilation or
atrophy, vascular collapse, inflammatory cell
infiltration, extracellular matrix deposition, and
significant interstitial fibrosis. However, the
number and extent of renal tubular injury in
hucMSC-Ex group were significantly lower than
those in UUO group. The area of renal intersti-
tial fibrosis in UUO group was significantly high-
er than that in sham group and control group at
14 days after operation. Further, the interstitial
fibrosis area of hucMSC-Ex group was signifi-
cantly lower than that of UUO group (Figure
6A-C). Therefore, hucMSC-Ex can improve the
progression of renal interstitial fibrosis caused
by UUO in CKD.
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Figure 4. The effect of hucMSC-Ex on proliferation and apoptosis in TGF-B1-induced NRK-52E cells. A. Cells were double-stained with Annexin V-FITC and Pl and were
then analysed using flow cytometry. B. Statistical analysis of the proportions of early apoptosis and later apoptosis of NRK-52E cells. C. Western blot analysis of
PCNA, Bax, Bcl-2, and Cleaved caspase-3 protein in each group. D-G. Relative protein expression levels in each group. B-actin used as inner reference and quantified
using densitometric analysis. Values presented as mean + SD. "P<0.05 versus TGF-B1 alone treated group; *P<0.05 versus control group. Bax B-cell lymphoma/
leukemia-2 associated X protein, Bcl-2 B-cell ymphoma/leukemia-2, Ex exosome, hucMSC human umbilical cord-derived mesenchymal stem cell, PCNA proliferat-
ing cell nuclear antigen, TGF-B1 transforming growth factor 1.
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Figure 5. The effect of hucMSC-Ex on expression of p38MAPK,
Erk1/2 in TGF-B1-induced NRK-52E cells. A, B. Immunofluorescent
staining of p-P38 and p-Erk in each group. C. Western blot analysis
of p-P38, P38, p-Erk, and Erk protein in each group. D, E. Relative
protein expression levels in each group. P38MAPK and Erk1/2 used
as inner reference and quantified using densitometric analysis. Val-
ues presented as mean + SD. "P<0.05 versus TGF-B1 alone treated
group; *P<0.05 versus control group. Erk1/2 Extracellular regulated
kinase 1/2, Ex exosome, hucMSC human umbilical cord-derived
mesenchymal stem cell, P38MAPK mitogen-activated protein ki-
nase P38, TGF-B1 transforming growth factor B1.

2 by

o7t :
CAYs
v

e
-
R

PAS

Masson

Tubular injuries

D E
— 50+ pa I
= , 3 sham 52
E 40- E3 Control E
= # E3 uuo =15
£ 30- : K B3 hucMSC-Ex §,
£ i £ 10
3 204 a €
5 : 3
£ 104 ; 5 59
5 : §
@ o B o 0
w

5007

0.54

.1,*"~“¢ e
P e e
>

4

FHAS)

. U

3 Sham

E3 Control
E3 Uuo

B3 hucMSC-Ex

Am J Transl Res 2020;12(9):4998-5014



hucMSC-Ex protect against renal fibrosis

Figure 6. The effect of hucMSC-Ex on the histopathology and function of UUO-induced kidneys. (A) Histopathology
analysis of the kidney in each group. (a-d) H&E staining, (e-h) PAS staining, (i-) Masson’s trichrome staining. (B) Tu-
bular damage was scored by calculation of the percentage of tubules that displayed cell necrosis, loss of the brush
border, cast formation, and tubular dilatation. (C) Area of renal interstitial fibrosis in each group. (D, E) BUN and
Scr values in each group at 0, 3, 7, 14 days. Values presented as mean + SD. "P<0.05 versus UUO group; ¥P<0.05
versus sham and control group. BUN blood urea nitrogen, Ex exosome, HE hematoxylin-eosin, hucMSC human um-
bilical cord-derived mesenchymal stem cell, PAS periodic acid schiff, Scr serum creatinine, UUO unilateral ureteral
obstruction.
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Figure 7. The effect of hucMSC-Ex on oxidative stress levels in UUO-induced kidneys. A. The levels of ROS in each
group. B. The levels of GSH in each group. C. The levels of MDA in each group. Values presented as mean + SD.
“P<0.05 versus UUO group; #P<0.05 versus sham and control group. Ex exosome, GSH glutathione, hucMSC human
umbilical cord-derived mesenchymal stem cell, MDA malondialdehyde, ROS reactive oxygen species, UUO unilateral

ureteral obstruction.

To further assess the number and extent of
renal tubular damage, we stained paraffin sec-
tions with PAS. Sham group and control group
showed renal tubular and glomerular structure
integrity. 14 days after surgery, the UUO group
had atrophy or dilation of the renal tubules, and
the protein cast was formed in the proximal
tubule and the distal tubule. At the same time,
the brush border was destructed and renal
fibrosis was significant. However, the renal
tubular injury was reduced in hucMSC-Ex
group compared to UUO group (Figure 6A-C).
Therefore, hucMSC-Ex transplantation can
reduce renal tubular injury in rats with CKD.
Consistent with the above histological changes,
serum creatinine and urea nitrogen were signifi-
cantly increased after UUO. However, compared
with UUO group, the levels of serum creatinine
and urea nitrogen in hucMSC-Ex group were
decreased at 3 d, 7 d and 14 d after operation,
suggesting that hucMSC-Ex could effectively
delay the deterioration of renal function in CKD
rats (Figure 6D, 6E).

HucMSC-Ex inhibited the production of ROS
and oxidative stress in UUO-induced kidney

ROS plays an important role in UUO-induced
renal injury, which is an oxidative product of
free radicals acting on lipid peroxidation [14].
Some studies have shown that MDA in obstruc-
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tive renal tissue is higher than normal renal tis-
sue [15]. Our study also found that the levels of
MDA and ROS in the UUO group were higher
than those in the sham and control groups, but
hucMSC-Ex could significantly prevent the
increase of MDA and ROS level in UUO-induced
kidney. Compared with sham and control group,
the level of GSH in UUO group was significantly
decreased, but the level of GSH in hucMSC-Ex
group was significantly higher than that in UUO
group (Figure 7).

HucMSC-Ex suppressed UUO-induced apopto-
sis and promoted proliferation in rats

As shown in Figure 8A-D, there were few PCNA-
positive cells and Tunel-positive cells in the
sham and control group. Compared with the
UUO group, the number of PCNA-positive cells
was significantly increased in the hucMSC-Ex
group, while the number of Tunel-positive cells
was significantly reduced. The expression of
Bax, Bcl-2 and cleaved caspase-3 in renal tis-
sue were detected by western blotting. Com-
pared with sham group and control group, the
levels of Bax and cleaved caspase-3 in UUO
group were significantly increased, and their
expression was decreased after hucMSC-Ex
treatment. The levels of Bcl-2 was also altered,
and the level of Bcl-2 in UUO-induced kidney
were significantly increased after hucMSC-Ex
treatment (Figure 8E-H).
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Figure 8. The effect of hucMSC-Ex on proliferation and apoptosis in UUO-induced kidneys. A, B. Tunel-positive cells of renal tubules in each group. C, D. PCNA-positive
cells of renal tubules in each group. E. Western blot analysis of Bax, Bcl-2, and Cleaved caspase-3 protein in each group. F-H. Relative protein expression levels
in each group. B-actin used as inner reference and quantified using densitometric analysis. Values presented as mean + SD. "P<0.05 versus UUO group; #*P<0.05
versus sham and control group. Bax B-cell ymphoma/leukemia-2 associated X protein, Bcl-2 B-cell ymphoma/leukemia-2, Ex exosome, hucMSC human umbilical
cord-derived mesenchymal stem cell, PCNA proliferating cell nuclear antigen, Tunel terminal-deoxynucleoitidyl transferase mediated nick end labeling, UUO unilat-
eral ureteral obstruction.
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Similarly, we detected the activation of P38-
MAPK/ERK signaling pathway in kidney tissue
by immunohistochemical staining and western
blotting. The results showed that p-p38 and
p-ERK were significantly increased in UUO-
induced kidney, and the activation of P38-
MAPK/ERK signaling pathway was significantly
inhibited by hucMSC-Ex treatment (Figure 9).

Discussion

In recent years, MSC have been shown to have
a good prospect in the treatment of autoim-
mune diseases, myocardial infarction, spinal
cord injury and other refractory diseases [16].
MSC transplantation has become a new treat-
ment of nephropathy and has entered clinical
trials [17]. However, the exact mechanism of
MSC repairing kidney injury is unclear. MSCs
are currently known to have multiple differenti-
ation potentials. Nevertheless, more and more
studies have shown that secreted active sub-
stances of MSC play an important role in kidney
injury repair [4, 12]. Recent studies also sug-
gest that exosomes secreted by MSC may be a
new way to deliver repair information [18, 19].

Exosomes is a homogeneous membrane vesi-
cle with a diameter of 40-100 nm secreted by
cells in physiological or pathological conditions
[20]. MSC-Ex contains a large number and a
wide variety of protein, mMRNA and miRNA and
other bioactive substances. MSC-Ex translates
the biologically active substance into the target
cells by membrane fusion or endocytosis,
thereby affecting the function of the target
cells. MSC-Ex can mediate cell-to-cell informa-
tion delivery while also simulating the biological
functions of the MSC, such as promoting tissue
repair and immunoregulation [21]. Our results
show that hucMSC-Ex expresses exosomes
surface markers such as CD9, CD63 and CD81,
and hucMSC-Ex is spherical and has a diame-
ter of about 40-100 nm under transmission
electron microscopy.

Recent studies [22, 23] have shown that UUO-
induced renal damage is associated with oxida-
tive stress-induced renal tubular epithelial
apoptosis, so our aim is to investigate whether
hucMSC-Ex can reduce UUO-induced oxidative
stress injury and reduce renal tubular epithelial
apoptosis. In vivo, we found that hucMSC-Ex
can repair UUO-damaged renal tubules, reduce
renal tubular damage and renal interstitial
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fibrosis, thereby reducing the levels of serum
creatinine and urea nitrogen. In vitro, we first
detected the mitochondrial membrane poten-
tial changes to determine the early apoptosis
of cells. Endogenous or exogenous damage
signals can induce mitochondrial membrane
permeability changes, causing mitochondrial
transmembrane potential decreased, leading
to the apoptosis-related gene expression, and
ultimately lead to cell apoptosis [24]. JC-1 from
the red fluorescence to green fluorescence
means that the mitochondrial membrane
potential decline, representing the cells are in
the early phase of apoptosis. After treatment
with TGF-B1, the ratio of green to red fluores-
cence of NRK-52E cells was increased, and the
ratio decreased after hucMSC-Ex treatment.
We also observed an increase in apoptosis of
renal tubular epithelial cells after TGF-B1 treat-
ment, and a significant reduction in apoptotic
cells after hucMSC-Ex treatment. In addition,
the expression of pro-apoptotic protein Bax
increased, and anti-apoptotic protein Bcl-2
decreased after UUO. After Treatment with huc-
MSC-EX, the expression of Bax protein was sig-
nificantly decreased, and the expression of
Bcl-2 protein was significantly increased. In the
in vitro experiment, we observed the same
phenomenon.

Kidney tissue requires higher oxygen consump-
tion to complete the active transport and reab-
sorption of water and electrolytes, so the
tubules are susceptible to oxidative stress inju-
ry [25]. Studies have shown that renal isch-
emia-reperfusion injury [26] and cisplatin cyto-
toxicity [27] can cause increased oxidative
stress. At present, the pathological damage of
renal injury is mainly associated with ischemia,
hypoxia, and reactive oxygen species [28]. Lipid
peroxidation refers to the process of oxidation
of unsaturated fatty acids under the attack of
oxygen free radicals, resulting in a series of
reactive oxygen species. Lipid peroxidation can
damage the integrity of the membrane, causing
cell inflammation [29]. Our study found that
after hucMSC-Ex treatment, the ROS of UUO
kidney decreased significantly, suggesting that
hucMSC-Ex has a certain antioxidant effect.
MDA is a product of lipid peroxidation, which
can destroy the structure and function of the
cell membrane, also is toxic to cells and can
stimulate the expression of collagen gene in
interstitial cells. Changes in amount of MDA

Am J Transl Res 2020;12(9):4998-5014
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Figure 9. The effect of hucMSC-Ex on expression of P38MAPK, Erk1/2 in UUO-induced kidneys. A. Immunohistochemical staining of p-P38 in each group. B. Total
10D of p-P38 in each group. C. Immunohistochemical staining of p-Erk in each group. D. Total IOD of p-Erk in each group. E. Western blot analysis of p-P38, P38,
p-Erk, and Erk protein in each group. F, G. Relative protein expression levels in each group. P38MAPK and Erk1/2 used as inner reference and quantified using
densitometric analysis. Values presented as mean + SD. “P<0.05 versus UUO group; #P<0.05 versus sham and control group. Erk1/2 Extracellular regulated kinase
1/2, Ex exosome, hucMSC human umbilical cord-derived mesenchymal stem cell, I0D integrated optical density, P38MAPK mitogen-activated protein kinase P38,
UUO unilateral ureteral obstruction.
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represent the level of lipid peroxidation, indi-
rectly reflecting the extent of cell damage [30].
GSH is an important antioxidant and free radi-
cal scavenger, which plays an important role in
maintaining the biological function of cells and
protecting the integrity of cell membrane [31].
The level of MDA in NRK-52E cells induced by
TGF-B1 and UUO kidney was significantly
increased, while the level of GSH was signifi-
cantly decreased. Thus, hucMSC-Ex treatment
can reduce the level of MDA, while increasing
the level of GSH.

We observed that hucMSC-Ex not only inhibit
the apoptosis of renal tubular epithelial cells,
but also promote the proliferation of renal tubu-
lar epithelial cells, showing the number of PCNA
positive cells and protein expression increased.
However, the specific mechanism is still unclear.
Mitogen-activated protein kinase (MAPK) signal
transduction pathway is a class of important
signaling systems in which eukaryotic cells
transduce extracellular signals into the cell and
cause cellular biological responses [32]. Accu-
mulating evidence suggests that members of
the MAPK family play an important role in ROS-
mediated apoptosis [33]. In the three known
MAPK signaling pathways, ERK-associated
intracellular signal transduction pathways are
considered to be classical MAPK signal trans-
duction pathways. It is known that P38MAPK
and ERK1/2 signal transduction pathway re-
gulates cell growth and differentiation, but
growing evidence suggests that activation of
P38MAPK and ERK1/2 also plays a role in
cell death [34]. Our results suggest that the
P38MAPK/ERK signaling pathway is activated
in TGF-B1-induced NRK-52E cells or UUO kid-
ney, thereby initiating apoptosis and promoting
the expression of apoptotic protein cleaved
caspase-3, whereas hucMSC-Ex inhibits P38-
MAPK/ERK signaling pathway, thereby inhibit-
ing the expression of cleaved caspase-3.

Conclusions

Current study has shown that a concurrent
activation of P38MAPK/ERK pathway is invol-
ved in UUO-induced renal injuries and that huc-
MSC-Ex protects UUO kidney against oxidative
stress injuries via inhibition of ROS-activated
P38MAPK/ERK pathway. Continued attempts
to clarify that the target molecules after
P38MAPK and ERK1/2 pathway activation and
the crosstalk of the upstream and downstream
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signaling molecules will help to further clarify
the cellular and molecular mechanisms for the
protective effect of hucMSC-Ex on chronic kid-
ney disease.
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