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Abstract: Renal ischemia-reperfusion injury (RIRI) is one of the main causes for acute kidney injury (AKI). Many
previous attempts failed to adopt a suitable treatment regimen for AKI. Recently, combined melatonin (Mel) and
mesenchymal stem cell (MSC)-derived exosomes (Exo) therapy gave a promising therapeutic option for acute liver
ischemic injury, however this treatment approach has not been tested against RIRI yet. This study tested the hy-
pothesis that administration of exosomes derived from MSCs preconditioned with Mel gave best protection against
RIRI as compared to therapy by MSCs or exosomes derived from non-preconditioned MSCs. Female adult rats (n =
60) equally divided into control group, sham group, RIRI group (induced by bilateral renal arteries clamping), RIRI
+ MSCs group (1 x 10° bone marrow derived MSCs), RIRI + Exo group (250 ug Exo derived from no-preconditioned
MSCs), and RIRI + Mel + Exo group (250 pg Exo derived from Mel preconditioned MSCs). MSCs or Exo was bilater-
ally injected once in each renal artery during reperfusion. The obtained results revealed notable improvement in
RIRI following all treatment (MSCs, Exo, and Exo + Mel) with best improvement in Exo + Mel group as evidenced by:
1) decreased kidney injury histopathological score; 2) reduced blood levels of kidney damage markers [blood urea
nitrogen (BUN) and creatinine]; 3) declined oxidative stress status (MDA level, HIF1a gene, and NOX2 protein); 4)
increased anti-oxidant status (HO1 gene, and SOD, CAT, GPX activities); 5) declined apoptosis (caspase 3 activity
and mRNA, and PARP1, Bax genes), 6) induced anti-apoptotic effect (Bcl2 gene); 7) inhibition of inflammation (de-
creased MPO activity and ICAM1, IL1B, NFkB genes and increased IL10 genes); 8) improved regeneration (bFGF,
HGF and SOX9 proteins); and 9) enhanced angiogenesis (VEGF gene). These data indicate that treatment with
exosomes derived from MSCs preconditioned with melatonin gave best protective effect against renal ischemia-
reperfusion injury as compared to therapy by non-preconditioned MSCs or their exosomes.
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Introduction uses of RIRI [2, 3]. Hence, therapeutic agents

targeting oxidative stress, apoptosis, and infla-

Renal ischemia-reperfusion injury (RIRI) is one
of the main causes for acute kidney injury (AKI).
The latter is a devastating renal dysfunction
syndrome that has the potential to accelerate
the occurrence of chronic kidney disease (CKD)
and further lead to renal failure and high mor-
bidity and mortality. The end phase of CKD ch-
aracterized by irreversible loss of kidney func-
tion obligates dialysis or kidney transplantation
[1]. It was reported that release of free radicals,
mitochondrial dysfunction, induction of apopto-
sis and inflammation are among the main ca-

mmation would be beneficial in clinical appro-
ach of RIRI. Many previous attempts failed to
adopt a suitable treatment regimen for RIRI [3].
However, cell-based therapies using mesenchy-
mal stem cells (MSCs) give a promising hope in
that regard and could be used as effective
treatment for AKI due to MSCs inherent capac-
ity to produce cell phenotype of host organs
and to improve tissue repair and regeneration
[4, B]. Thus, more MSCs within the damaged tis-
sue would meaningfully advance the positive
effects of MSCs therapy. However, a major hin-
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drance of this method is the higher early death
rates of injected MSCs due to hostile microen-
vironment [6, 7]. Oxidative stress, hypoxia-indu-
ced apoptosis, and in-site inflammation are dif-
ferent explanations that were highlighted in the
early death of injected MSCs [8, 9].

Previous studies have hypothesized three tac-
tics to overcome these setbacks. The first appr-
oach is the co-administration of MSCs with
another agent (adjuvant) that has anti-inflam-
matory and antioxidant characteristics. Ideally,
melatonin (Mel), a hormone secreted mainly by
the pineal gland, can improve MSCs viability
and differentiation [10, 11]. Mel acts as a pow-
erful scavenger of free radicals with ability of
oxidative stress and inflammation alleviation,
also it stabilizes the cell membrane making the
cells less susceptible to inflammatory, oxida-
tive, and renal injury [12, 13]. Furthermore, Mel
is widely used as a human dietary supplement
without reporting any side effects [14]. It has
also the ability to reduce RIRI in rats [15]. Mel
was used as an adjuvant for MSCs to foster
their efficacy in the treatment of chronic dis-
eases and cancer [16, 17]. Additionally, a num-
ber of studies showed that MSCs precondi-
tioned by Mel have beneficial therapeutic effect
against ischemic injury in kidney [11], heart
[10], brain [18], lung [19], and bowel [20]. This
may be because MSCs have the melatonin
receptors MT1 and MT2, [12] which showed
higher expression in Mel-pretreated MSCs than
in non-pretreated MSCs [16].

The second approach is injection of microvesi-
cles secreted by MSCs instead of direct MSCs
injection. Exosomes, 20-130 nm vesicles pro-
duced physiologically by all types of cells and
present in all fluids of the body, were found to
be crucial vehicles for the transfer of mem-
brane-enclosed signaling molecules and gene
products including protein, mRNA, and microR-
NA that are vital modulators for intercellular
communications [7, 21-23]. Recent publica-
tions from my laboratory have shown that exo-
somes derived from MSCs possess anti-ap-
optotic, immunomodulatory, anti-inflammatory,
and pro-angiogenic properties [7, 23]. There-
fore, it was not surprising to find that exosomes
derived from renal tubular cells inhibited most
symptoms of RIRI/AKI [1, 24-27]. However, the
actual mechanism by which exosomes can miti-
gate RIRI/AKI have not elucidated yet. A previ-
ous study has reported the ability of MSCs-
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derived exosomes to protect tubular epithelial
cells against death in an in vitro model of RIRI
and this effect involved targeting of some mol-
ecules related to apoptosis and hypoxia by exo-
somal miRNAs [28], suggesting a potential role
for exosomal miRNAs in relieving RIRI.

The third approach is a combined therapy of
Mel and MSCs-derived exosomes. The com-
bined therapy gave a promising therapeutic
option for experimental acute liver ischemic
injury [29], but has not been applied in RIRI/AKI
yet. Besides, this previous study only investi-
gated the effect of a combined therapy of Mel
and MSCs-derived exosomes, but did not add-
ress the effect of exosomes derived from MSCs
preconditioned with Mel. Therefore, this study
was conducted to test the hypothesis that exo-
somes derived from MSCs preconditioned with
Mel may offer superior protection against RIRI
compared to therapy by MSCs or exosomes
from non-preconditioned MSCs.

Materials and methods

Isolation and characterization of MSCs and
their exosomes

MSCs were isolated from bone marrow (BM) of
rat femur and tibia as previously described in
two recent publications from my laboratory [7,
23]. The isolated cells were further confirmed
to be MSCs by flow cytometry (Attune, Applied
Biosystem, USA) using specific stem cell mark-
ers, including two positive markers; anti-CD44,
and -CD90, and a negative marker; anti-CD34
(@ mark for hematopoietic cells), according to
the manufacturer’s instruction (Becton, Dickin-
son). Exosomes were isolated from MSCs by ul-
tracentrifugation at 100,000 g (Optima L-90K;
Beckman Coulter) as previously described by
us [7, 23]. The isolated exosomes were verified
by transmission electron microscopy (JEM2100,
Joel Inc.) and western blotting detection for
specific exosomal proteins [CD63 (1:500),
CD81 (1:500); Santa Cruz].

Animals and experimental design

The experimental protocol was approved by the
Animal Ethics Committee of King Abdulaziz Uni-
versity and was performed in accordance with
the NIH guidelines on animal care. Adult female
rats fed a standard diet ad libitum with free
access to water were housed in plastic cages
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under a controlled temperature (25-27°C) with
a 12 h light/dark cycle. Animals were acclimat-
ed for 7 days before surgery.

Adult female rats (n = 60) with matched weights
(280-320 g) and age were randomized into six
groups (n = 10/group and 5/each time point, 3
days and 4 weeks): control (Cnt), sham, renal
ischemia-reperfusion injury (RIRI), RIRI + MSCs
(MSCs), RIRI + Exo (Exo) and RIRI + Exo+ Mel
(Exo + Mel) groups. Sham-operated animals
were only subjected to laparotomy without
renal artery clamping or any injection. In RIRI
group, rats were anesthetized by intraperitone-
al injection of ketamine (100 mg/kg body wei-
ght, bw) combined with xylazine (100 mg/Kg
bw) and then a midline laparotomy was done
followed by bilateral ischemia for 45 min by
clamping renal vessels using atraumatic vascu-
lar microclamps. During the 30 min reperfu-
sion, vehicle (DMEM, RIRI group) or either MSCs
(1 x 108 cells in 30 pl of DMEM, MSCs group) or
exosomes (250 pg exosomes into 30 ul of
DMEM, Exo and Exo + Mel groups) were inject-
ed in right and left renal arteries in each animal
[23, 30]. In Exo + Mel group, MSCs were pre-
treated with 5 yM Mel (Sigma Aldrich, a Mel so-
lution was prepared at a concentration of 1.15
ug/ml ethanol) for 24 h [11, 31] and the media
was collected to isolate exosomes.

Blood and tissue sampling

Blood samples were collected from the venous
plexuses at the medial canthus of rat eye and
serum was separated by centrifugation as pre-
viously described [22]. Following rats euthani-
zation by cervical dislocation under light anes-
thesia by ether, kidneys were excised and
rinsed by saline and then were divided into
three portions. The first portion was prepared
for ROS/antioxidant and myeloperoxidase
(MPQ) assays via homogenization in ice-cold
PBS. The second portion was immediately fro-
zen to be used for RNA extraction and subse-
quently in real time PCR or for protein extrac-
tion and western blot. The third portion was
preserved in 10% neutral-buffered formalin
solution for histological analysis. All blood and
tissues samples were collected at two different
time points, 3 day and 4 week post-ischemia.

Biochemical analysis

The levels of the two kidney damage markers
creatinine and blood urea nitrogen (BUN) were
determined in serum and plasma, respectively,
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using commercial available kits. The concentra-
tion of the lipid peroxidation biomarker malo-
ndialdehyde (MDA) and the activities of antioxi-
dant enzymes (SOD, CAT, GPX) determined in
kidney homogenates as previously described
[32]. The activity of neutrophil infiltration indi-
cator MPO was determined in renal tissues as
previously described [3]. The cleaved caspase-
3 activity assay was determined on kidney
homogenate as previously described [33].

Histopathological examination

Right and left kidney specimens were dehydrat-
ed in ethanol, cleared in xylene, and impeded in
paraffin, sectioned (4-5 um), and stained with
hematoxylin and eosin (H&E) as previously de-
scribed [34]. The histopathology scoring was
blindly performed depending on the grading of
pathological changes including tubular necro-
sis, cast formation, brush border loss, and tu-
bular dilatation in 10 randomly chosen, non-ov-
erlapping fields (400 x) as follows: O (none), 1
(£ 10%), 2 (11-25%), 3 (26-45%), 4 (46-75%),
and 5 (= 76%) as previously described [35].

Real time PCR

Real time PCR was applied to determine the
changes in the relative expression of the oxida-
tive stress-, antioxidant-, apoptosis-, inflamma-
tion-, and angiogenesis-related genes in kidney
tissues from all rat groups. Total RNA was
extracted from kidney tissue using RNeasy Mini
kit (Qiagen) and its concentration and purity
were detected by a Nanodrop. Purified RNA
samples (4 mg for each) were reverse tran-
scribed into cDNA by Quantiscript reverse tran-
scriptase as previously described [36]. Gene
specific primers were designed by the Primer 3
web-based tool based on the published rat
sequences (Table 1). The real-time PCR reac-
tion was carried out in a tube containing cDNA,
QuantiTect SYBR Green qPCR Master Mix and
gene specific primers which was put in Step-
OnePlus real time PCR system (Applied Bio-
system, USA). The conditions of reaction cycles
and temperature of melting curves were set as
previously described [37]. The quantities criti-
cal threshold (Ct) of target genes were normal-
ized with quantities (Ct) of the internal control
(B actin) as previously described [38].

Western blotting

Western blotting was performed to detect the
changes in proteins expression of target pro-
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Table 1. Primers used for real-time PCR

formed using one way

ANOVA using GraphP-

Gene Forward primer Reverse primer ’
Oxidative stress gdffrlsm ? (GripTP”ad
HIF1a GAAAGAGCCCGATGCCCT TGATATGATCGTGTCCCCAGC ortware, Inc., Lajola,
o CA, USA) followed by
Antioxidant ) P
Tukey’s Honestly Sign-
HO1 . GGAAAGCAGTCATGGTCAGTCA CCCTTCCTGTGTCTTCCTTTGT ificant Difference (Tu-
Apoptosis key’s HSD) test. Signifi-
Bcel2 AGTACCTGAACCGGCATCTG CATGCTGGGGCCATATAGTT P < 0.05.
Caspase 3 GGTATTGAGACAGACAGTGG CATGGGATCTGTTTCTTTGC
PARP1 ACGCACAATGCCTATGAC CCAGCGGAACCTCTACAC Results
Inflammation Identification and
ificati
IL1B CACCTCTCAAGCAGAGCACAG GGGTTCCATGGTGAAGTCAAC ..
characterization of
NFkB CCTAGCTTTCTCTGAACTGCAAA GGGTCAGAGGCCAATAGAGA MSCs and their exo-
IL10 GTTGCCAAGCCTTGTCAGAAA TTTCTGGGCCATGGTTCTCT somes
ICAM1 AGATCATACGGGTTTGGGCTTC  TATGACTCGTGAAAGAAATCAGCTC
Angiogenesis Bone marrow (BM) de-
VEGF GATCATGCGGATCAAACCTCACC CCTCCGGACCCAAAGTGCTC rived MSCs were iso-
Housekeeping lated and identified as
B actin AAGTCCCTCACCCTCCCAAAAG  AAGCAATGCTGTCACCTTCCC previously showed by

teins following different treatments. It was car-
ried out following the manufacturers’ guidelines
and as detailed previously by my laboratory
team [23]. In brief, following determination of
protein concentration by the Bradford method,
equal amounts (50 ug) of protein were sepa-
rated by 10% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and
transferred electrophoretically to a polyvinyli-
dene difluoride (PVDF) membrane. This mem-
brane was then incubated in blocking buffer
(5% nonfat dry milk in PBS containing 0.05%
Tween 20) for 12 h to block the nonspecific
sites. The membranes were then incubated
with primary antibodies against the following
protein NOX2, bFGF, HGF, SOX9 (1:1000, Santa
Cruz) for 1 h at room temperature. The used
secondary antibody was horse radish peroxi-
dase (HRP)-conjugated goat anti-rabbit anti-
bodies (1:5000; Santa Cruz) for 1 h at room
temperature. The washing procedure was re-
peated eight times within one hour. The specific
protein bands were developed using tetrameth-
ylbenzidine (TMB, Sigma). The density of target
protein bands was normalized by 3 actin and all
bands were analyzed by Image J software.

Statistical analysis

Data were presented as mean + standard error
of mean (SEM). The statistical analysis was per-
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us [7, 23]. Briefly, BM
derived cells from rats
were isolated and were cultured in vitro. Ex-
amination of these cells using an inverted mi-
croscope showed presence of adhesive and
fusiform cells assumed to be MSCs (Figure 1A).
The identity of these cells was further con-
firmed by flow cytometry which revealed pres-
ence of high percent of BM-MSCs as indicated
by increased expression of the two MSCs posi-
tive markers CD90 and CD44 and only very few
cells expressed CD34 (a mark for hematopoi-
etic cells, Figure 1B).

Exosomes were successfully isolated and char-
acterized as previously described by my rese-
arch team [7, 23]. In brief, the identity of exo-
somes isolated by ultracentrifugation were con-
firmed using both transmission electron micr-
oscopy (TEM) and western blot (WB). TEM exa-
mination revealed the presence of cup-shaped
or irregular-shaped nanovesicles (20 to 130
nm) in the samples isolated from BM-MSCs
media (Figure 1C). These nanovesicles were
confirmed to be exosomes through detection of
the MSCs-exosomal specific markers CD63
and CD81 using WB (Figure 1D).

Exosomes from Mel pre-conditioned MSCs de-
crease kidney damage score

To assess the level of renal tubules injury, H&E
staining was carried out. Kidneys of rats in the

Am J Transl Res 2019;11(5):2887-2907
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Figure 1. Characterization and identification of cultured MSCs and their exosomes. A. MSCs with their characteristic
fusiform (fibroblast-like) shape were grown after passage 8, Scale bar = 50 ym. B. Characterization of MSCs by flow
cytometer analysis showed that 92.26% and 97.05% of the bone marrow derived MSCs were positive to CD44 and
CD9O0, respectively, while only 1.93% positive for CD34 which considered as negative results. C. Transmission elec-
tron microscopic examination shows small nanovesicles (20-130 nm) in the sample isolated from the MSCs culture
media by ultracentrifugation. D. Western blot analysis of the exosomal protein shows presence of CD63 and CD81.

control and sham groups showed normal histo-
logical structure of renal tubules and glomeruli
at the two time points, 3 day and 4 week (Figure
2A-D). However, the kidneys of rats in RIRI
group showed tubular epithelial cell necrosis
(green arrowheads), tubular dilation (yellow
arrowheads), casts formation and desquamat-
ed tubular epithelia within the tubular lumen
(blue arrowheads) (Figure 2E, 2F). These typi-
cal ischemic lesions were more prominent dur-
ing the acute stage (3 days) than the chronic
stage (4 weeks) of renal injury. However, mono-
nuclear cells infiltration (assumed to be inflam-
matory cells) in the interstitium was only noti-
ced at 4 weeks post-ischemia (yellow arrow,
Figure 2F). These ischemic and pro-inflamma-
tory lesions were alleviated following treatment
with Exo (Exo group) or MSCs (MSCs group)
with or without Mel preconditioning, with the
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best improvement in the Exo + Mel group at 4
weeks (Figure 2G-L). Figure 2M, 2N shows the
pathological scoring of kidney at the two time
points and reveals the presence of highest
score in RIRI group, followed by MSCs group,
then Exo group and finally Exo + Mel group. The
latter showed a very low score close to that of
the control and sham groups, especially at 4
weeks. These data suggest that Exo derived
from Mel preconditioned MSCs treatment was
superior to either treatment with MSCs or Exo
from non-preconditioned MSCs.

Exosomes from Mel pre-conditioned MSCs im-
prove kidney function

The extent of renal function were evaluated by

detection of the two renal dysfunction indices
BUN in plasma and creatinine in serum. BUN

Am J Transl Res 2019;11(5):2887-2907
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Figure 2. H&E staining and the analysis of renal damage score. (A, B) Control group; (C, D) Sham group; (E, F) RIRI
group; (G, H) MSCs group; (1, J) Exo group; and (K, L) Mel + Exo group at 3 days (A, C, E, G, I, K) and 4 weeks (B, D,
F, H, J, L) post-ischemia. In all images, black arrows and arrowheads refer to renal tubules and glomeruli, respec-
tively. (M and N) Pathological scoring of kidney at 3 days (M) and 2 weeks (N). Values were means + SEM (n = 10/
group and 5/each time point). *P < 0.05, **P < 0.01, ***P < 0.001. Scale bars = 50 ym in (E and F); 100 pm in
all remaining images.

and creatinine significantly increased in rats of dramatically declined in RIRI group at 4 weeks
RIRI group at the two time points (3 days and 4 post-ischemia, they remained higher than other
weeks), with highest levels at 3 days, as com- groups. These elevated levels were significantly
pared to the control and sham groups (Table 2). reduced following treatment with Exo (Exo
Although the BUN and creatinine levels were group) or MSCs (MSCs group) with or without
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Table 2. Effect of treatment with MSCs and Exo on kidney
damages parameters in RIRI rats

Animal Plasma BUN (mg/dl) Serum creatinine (mg/dl)
groups 3 days 4 weeks 3 days 4 weeks
Control 19.24+1.05° 18.91+0.91° 1.22+0.03° 1.20+0.02°
Sham 19.78+0.81° 19.11+0.78° 1.25+0.04° 1.21+0.02°

antioxidant related parameters we-
re more prominent at 3 days than at
4 weeks post-ischemia. However, in
either time point the treatment fa-
iled to return the parameters to the
normal values. These results once
again indicate that administration

RIRI 59.05+1.30° 33.12+1.02* 2.51+0.09° 1.60+0.04 of Mel preconditioned MSCs-Exo
MSCs 45.20+1.25° 27.20+0.94° 1.82+0.06° 1.37+0.03" give better attenuated effect on
Exo 40.36+0.85° 22.34+0.82°¢ 1.64+0.07° 1.29+0.02° RIRI and this effect could be medi-

Exo + Mel 29.10+0.91¢ 20.07+0.79° 1.30+0.04° 1.24+0.03° ated, at least in part, by induction of

Data are presented as mean + SEM. Mean values with different superscript
letters (a-e) in the same column are significantly different at (P < 0.05).

Mel preconditioning, with the best improve-
ment in the Exo + Mel group at 4 weeks (Table
2). Surprisingly, values returned to normal in
Exo and Exo + Mel groups at 4 weeks post-isch-
emia. Thus, the disrupted renal function in RIRI
group was relieved after Exo or MSCs treat-
ment, with best effect for Exo derived from
MSCs pretreated with Mel. This implies that
treatment with Mel preconditioned MSCs-Exo
offered an additional benefit for reno-protec-
tion against RIRI.

Exosomes from Mel pre-conditioned MSCs re-
duce oxidative stress and enhance antioxidant
status

To check whether Exo can relive RIRI through
reduction of oxidative stress and improvement
of endogenous antioxidant status, we evaluat-
ed the content of the lipid peroxidation marker
MDA, the activities of the antioxidant enzymes
SOD, GPX and CAT, the mRNA levels of oxidative
stress-related marker HIF1a and the antioxi-
dant-related marker HO1, and protein expres-
sion of the oxidative stress marker NOX2 in rat
kidney from all the groups and the results were
presented in Figure 3. The RIRI group showed
highest levels of MDA content, HIFLax mRNA,
and NOX2 protein, and the lowest levels of the
three antioxidant enzymes and HO1 mRNA as
compared to the control and sham groups.
Injection of MSCs (MSCs group) or Exo derived
from MSCs with (Exo + Mel group) or without
(Exo group) preconditioning by Mel resulted in a
significant decrease in the levels of MDA, HIF 1«
mRNA, and NOX2 protein, and a significant
increase in the levels of the three antioxidant
enzymes and HO1 mRNA, with the best impro-
vement in the Exo + Mel group, compared with
the RIRI group. The changes in oxidative stress/
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antioxidant activities and inhibition
of oxidative stress in injured renal
tissues.

Exosomes from Mel pre-conditioned MSCs de-
cline apoptosis

Another possible pathway by which Exo can
exert their ameliorative effect on RIRI is the
interference with apoptosis in renal cells. He-
rein, this possible apoptosis inhibitory effect
was assessed by measuring the activity of the
final marker of apoptosis, cleaved caspase-3.
Expectedly, the RIRI group exhibited the high-
est cleaved caspase-3 activity relative to the
control and sham groups (Figure 4), while
administration of MSCs or their Exo significant-
ly decreased this activity, with lowest activity
observed in the Exo + Mel group.

Results of caspase 3 activity assay was further
confirmed at a molecular level. The obtained
gPCR results showed a significant upregulation
of the apoptotic markers Bax, PARP1, and cas-
pase 3 and a significant downregulation of the
anti-apoptotic marker Bcl2 in kidneys of RIRI
rats relative to the control and sham rats
(Figure 4). In contrast, treatments with MSCs or
their Exo resulted in a significant reduction in
mMRNA levels of Bax, PARP1, and caspase 3 and
a significant elevation in mRNA level of Bcl2,
with best results in the Exo + Mel group, com-
pared with the RIRI group (Figure 4). Again, the
altered apoptotic and anti-apoptotic conditions
were more remarkable at 3 days than at 4
weeks time point. Interestingly, Exo + Mel group
exhibited values of apoptotic and anti-apoptot-
ic parameters at 4 weeks close to those in the
control and sham groups. Collectively, these
results suggest that the ameliorative effect
MSCs and their Exo on RIRI associated with
inhibition of apoptosis in damaged kidney, with
best results obtained when Exo was obtained
from MSCs preconditioned with Mel.

Am J Transl Res 2019;11(5):2887-2907
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Figure 3. Effect of MSCs or exosomes treatment on oxidative stress (MDA, HIF1a gene, NOX2 protein) and antioxi-
dant (SOD, CAT, GPX enzymes and HO1 gene) status of kidney in RIRI rats at 3 days and 4 weeks time points. Values
are expressed as mean + SEM. Columns carrying different letters are significantly different at P < 0.05.

Exosomes from Mel pre-conditioned MSCs in-
hibit inflammation

Figure 5 displays the change in MPO activity (as
a pro-inflammatory marker and an indicator for
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neutrophil infiltration) and mRNA levels of
inflammation markers ICAM1, IL1[3, NFkB, and
the anti-inflammatory marker IL10 in kidneys
from all groups. At the two time points, the RIRI
group showed the most significantly increased

Am J Transl Res 2019;11(5):2887-2907
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Figure 4. Effect of MSCs or exosomes treatment on apoptosis (caspase 3 activity and mRNA level, Bax, PARP1, and
Bcl2 genes). Data presented as fold change (mean) £ SEM from the control group. Columns carrying different letters

are significantly different at P < 0.05.

and highest MPO level and ICAM1, IL13, NFkB
MRNA levels and the lowest IL10 mRNA level.
Administration of MSCs or their Exo with or
without preconditioning significantly decreased
MPO level and mRNA levels of these inflamma-
tion markers and increased the mRNA levels of
the anti-inflammatory marker, with the best
improvement in the Exo + Mel. This effect was
more notable at 4 weeks than at 3 days time
point but none of these improved parameter
was returned to normal values. These findings
suggest an important role for Exo, with best
effect for those derived from Mel pre-condi-
tioned MSCs, in mitigation of RIRI via at least in
part reduction of the inflammation.

Exosomes from Mel pretreated MSCs improve
regeneration and angiogenesis

Previous studies revealed important roles for
bFGF, HGF, and SOX9 in regeneration of renal
tubules following RIRI [39]. The overexpression
of these regeneration markers was also
induced following treatment with Exo or MSCs
[26]. Herein, we determined the change in the
relative protein expression of these regenera-
tion markers in RIRI kidney after treatment with
Exo or MSCs using western blot. The expres-
sion of bFGF, HGF, and SOX9 proteins were very
weak in control and sham kidneys and RIRI
induced a slight significant increase of these
proteins in kidneys, however, MSCs or Exo tr-
eatment significantly upregulated the expres-
sion of these proteins, with highest expression
in Exo + Mel group, suggested that MSCs or Exo
treatment activated tubular bFGF, HGF, SOX9
expression (Figure 6). In addition, we also in-
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vestigated whether MSCs and their Exo can
mitigate RIRI through modulation of angiogen-
esis. Indeed, administration of MSCs or Exo sig-
nificantly increased the mRNA levels of the
angiogenesis-related gene (VEGF), with best
effect in Exo + Mel group, as compared to RIRI
group which showed lower expression than that
of the control and sham groups (Figure 6).
Again the most prominent effect was noticed at
4 weeks post-ischemia. Thus, MSCs or Exo
could exert its ameliorative effect against RIRI
through induction of regeneration and angio-
genesis in kidney, with better effect for Exo
derived from MSCs preconditioned with Mel.

Discussion

To the best of my knowledge, this may be the
first study to report that administration of exo-
somes derived from MSCs preconditioned with
melatonin (Exo + Mel group) give better amelio-
rative effect against renal ischemic reperfusion
injury (RIRI), induced by bilateral clamping of
renal arteries, than using MSCs or their exo-
somes without precondition. Our overall conclu-
sion was based on the following evidences that
favor the best effect of Exo + Mel group over
that of other treated groups: 1) restored renal
function as indicated by reduced blood levels of
kidney damage markers BUN and creatinine; 2)
declined oxidative stress as revealed by decrea-
sed MDA content and HIF1ax mRNA level, and
NOX2 protein expression; 3) increased anti-oxi-
dants status as indicated by higher activities of
SOD, CAT, GPX and upregulated HO1 gene exp-
ression; 4) decreased apoptosis as evidenced
by decreased activity and gene expression of

Am J Transl Res 2019;11(5):2887-2907
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Figure 5. Effect of MSCs or exosomes treatment on inflammation (MPO, and mRNA levels of ICAM-1, IL1[, NFkB,
and IL10). Data presented as fold change (mean) + SEM from the control group. Columns carrying different letters

are significantly different at P < 0.05.

caspase 3, and declined mRNA levels of PARP1,
Bax and increased mRNA level of anti-apoptotic
marker Bcl2; 5) inhibited inflammation as
showed by decreased MPO activity and mRNA
levels of ICAM1, IL13, NFKB and increased IL10
MRNA level; 6) increased tissue repair and
regeneration as noticed by decreased kidney
injury histopathological score; improved expres-
sion of regeneration-related proteins bFGF,
HGF and SOX9; and 7) enhanced angiogenesis
as judged by increased expression of angiogen-
esis-related VEGF gene.

Several previous studies have investigated the
protective effects of autologous and heterolo-
gous MSCs-derived Exo on in vivo models of
RIRI and found not only a potential ameliorative
effect for these exosomes on RIRI-induced kid-
ney damage but also a subsequent enhance-
ment in tissue regeneration and renal function
[1, 24-27, 40]. However, none of these studies
have investigated the effect of Exo derived
from MSCs preconditioned with Mel. To date,
only one study reported a beneficial effect for
combined therapy of Mel and MSCs-derived
exosomes on acute liver ischemic injury [29].
Again, this previous study did not report the
effect of Exo derived from MSCs precondi-
tioned with Mel. This prompts us to conduct
this study to compare between the effect of
MSCs alone and Exo derived from either MEI
preconditioned or non-preconditioned MSCs on
RIRI. Indeed, we found a superior ameliorative
effect for Mel preconditioned MSCs-derived
Exo on RIRI. Importantly, the obtained data
revealed that the disrupted renal function and
structure in RIRI rats were significantly restored
following MSCs treatment, significantly more
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restored with non-preconditioned MSCs-deri-
ved Exo treatment, and most significantly pre-
served with Mel preconditioned MSCs-derived
Exo treatment.

It is well known that organ ischemic injury and
the resulting necrosis have the potential to acti-
vate a prompt immune response which further
induce inflammatory reaction, and release of
free radicals, which ultimately lead to subse-
quent notable organ damage [41]. Exo+Mel
reno-protective effect involved five possible me-
chanisms of action targeting oxidative stress,
apoptosis, and inflammation and modulating
regeneration and angiogenesis. The first possi-
ble mechanism of action by which Exo+Mel
could attenuate RIRI is the inhibition of oxida-
tive stress and induction of antioxidant status.
In the present study, administration of Mel pre-
conditioned MSCs-derived exosomes mitigated
renal oxidative stress and damage by decreas-
ing MDA content and HIF1Lax mRNA level, and
NOX2 protein expression and increasing anti-
oxidants status by inducing activities of SOD,
CAT, GPX and upregulating HO1 gene expres-
sion in a way much better than MSCs or exo-
somes from non-preconditioned MSCs. Atte-
nuation of renal oxidative stress by these pre-
conditioned exosomes was compatible with
improved renal function (as indicated by redu-
ced serum creatinine and BUN) and enhanced
renal structure (lowest histopathology score)
after the ischemic insult. In agreement, previ-
ous studies showed similar reactive oxygen
species (ROS) inhibitory effect for MSCs-
derived exosomes on RIRI [42, 43].

The second possible mechanism which may be
targeted by Exo+Mel to relive RIRI is the apop-

Am J Transl Res 2019;11(5):2887-2907
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Figure 6. Effect of MSCs or exosomes treatment on regeneration (bFGF, HGF, and SOX9 proteins) and angiogenesis
(VEGF gene). Data presented as fold change (mean) + SEM from the control group. Columns carrying different let-

ters are significantly different at P < 0.05.

tosis. We found that administration of Mel pre-
conditioned MSCs-derived Exo significantly
mitigated apoptosis by decreasing activity and
gene expression of caspase 3, and mRNA lev-
els of PARP1, Bax and by increasing gene
expression of the anti-apoptotic marker, Bcl2 in
kidneys of RIRI in a way much better than treat-
ment with either MSCs or non-preconditioned-
derived Exo. Similar anti-apoptotic effect was
reported for MSCs-derived exosomes against
RIRI [27, 44], cisplatin-induced AKI [45, 46],
and glycerol-induced AKI [47] in rodents. Again,
this anti-apoptotic effect was also associated
with, and could explain, the enhanced tubular
epithelial cells proliferation and improved renal
function and structure.

The third possible mechanism which may be
targeted by Exo+Mel to relive RIRI is the inflam-
mation. Inflammatory cytokines play a pivotal
role in RIRI and so previous studies evoked
some tactics to inhibit inflammation through
targeting macrophages and pro-inflammatory
cytokines to exert reno-protection against RIRI
and AKI [48]. In the present study, administra-
tion of MSCs-derived exosomes inhibited in-
flammation as indicated by decreased MPO
level and ICAM41, IL13, NFKB mRNA levels and
increased IL10 mRNA level in kidney of RIRI
rats. Consistent with our findings, several previ-
ous studies found severe depletion of macro-
phages, decreased expression of the pro-
inflammatory cytokines IL 13, IL6 and increased
expression of the anti-inflammatory cytokines
IL10 in RIRI kidney following administration of
MSCs-derived exosomes, with best effect when
MSCs and their exosomes co-administrated
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[30, 44, 49]. This ameliorative effect for exo-
somes is unlikely to be specific for RIRI only, as
it also works against other models of AKI
including those chemically induced. In rodents
with gentamycin- or glycerol-induced AKI, ad-
ministration of exosomes associated with
downregulation of IL6 and TNF«, and upregula-
tion of IL10 [50, 51]. Thus, our results and
those of the previous studies proved that
MSC-Exo possessed a therapeutic potential on
RIRI, with better effect for Mel preconditioned
MSCs-derived Exo, possibly through ameliora-
tion of inflammation.

The fourth possible mechanism by which
Exo+Mel may mitigate RIRI is the induction of
tissue regeneration. It is well known that the
transcription factor Sox9 plays a pivotal role in
the development of kidney since its disruption
can cause severe renal dysplasia [52].
Moreover, it was reported that the ameliorative
effect of MSCs and Exo on AKI is mediated
through upregulation of Sox9 expression in
renal tubular cells [26]. In agreement, we also
found a significant upregulation in SOX9 pro-
tein expression in kidney of RIRI group treated
with MSCs or Exo with best effect for Exo + Mel
group. We also found a significant higher
expression of bFGF and HGF proteins in kidney
of RIRI following treatment with Exo. Similarly,
administration of MSCs-derived Exo also
increased gene and protein expression of the
bFGF and HGF in kidney of RIRI rats, thereby
improving renal tissue regeneration and
decreased tubular fibrosis [53, 54].

The fifth possible mechanism of action by wh-
ich Exo+Mel could exert reno-protection against

Am J Transl Res 2019;11(5):2887-2907
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RIRI is induction of angiogenesis. Treatment of
RIRI rats with exosomes derived from Mel pre-
conditioned MSCs showed a significantly high-
er expression of the angiogenesis-related mar-
ker VEGF than treatment with MSCs or exo-
somes from non-preconditioned MSCs. Con-
sistent with our data, injection of exosomes
derived from either umbilical cord MSCs or kid-
ney resident MSCs in rats with RIRI increased
renal capillary density by inducing the expres-
sion of several proangiogenic factors, such as
VEGF and IGF1 [54, 55], thereby leading to
improved renal function and suggesting that
these proangiogenic factors may be involved in
exosomes-induced renal repair.

The most important question is why the best
improvement effect was found when injecting
Exo derived from MSCs preconditioned with
Mel rather than when giving either MSCs or
exosomes from non-preconditioned MSCs.
Before answering this question, we have to
know the importance of preconditioning treat-
ment strategy. It is well known that Mel induces
proliferation of MSCs through binding to MT1
and MT2 receptors [56, 57]. Another important
thing is that most of beneficial effect of MSCs is
mediated by their exosomes which contain
MiRNA, mRNA and LncRNA. These exosomal
nucleic acid cargoes are responsible for cell-to-
cell communication through which RNA-based
information transferred to recipient cells [58].
Interestingly, the ameliorative effect of Exo on
RIRI was eliminated when exosomes were pre-
treated with RNase, implying the importance of
exosomal RNA cargo transfer in triggering renal
repair [55]. Similarly, injection of exosomes
lacked IL10 into RIRI rats restricted exosomal
renal repair competence, indicating mediation
of exosomal antioxidant effect via exosomal
IL10 [49]. Moreover, Lindoso, et al. [28] report-
ed that the ameliorative effect of MSCs-derived
exosomes on RIRI and metabolic syndrome
was associated with decreased expression of
some miRNAs involved in apoptosis and hypox-
ia, implying that exosomes can mediate their
ameliorative effect by post-transcriptional tar-
geting for some genes in receipt cells through
exosomal miRNAs. Moreover, it is well known
that exosomes have different subsets of miR-
NAs dependent on the cell type from which they
are originated [23]. Even within the same popu-
lation of cells, the exosomal miRNAs may differ
depending on the physiological status and het-
erogeneity of MSCs and method of exosomes
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isolation [59]. Hence, we would speculate that
Mel preconditioning may induce MSCs to pro-
duce exosomes with higher expression of ben-
eficial RNA cargoes that when transfer to the
recipient cells (renal tissues of RIRI in that
case), they induce renal repair through inhibi-
tion of certain molecules involved in oxidative
stress, apoptosis, and inflammation. Thus, this
preconditioning treatment strategy maximizes
the therapeutic outputs of exosomes compared
with the non-preconditioning strategy. However,
we and most of other studies did not determine
the specific downstream target molecules in
kidney for these exosomal RNA cargoes.
Therefore, further gain and loss of function
experiments are required to specifically deter-
mine the downstream targets for exosomal car-
goes and the downstream targets regulated by
melatonin in MSCs and their exosomes.

The present study showed some limitations.
First, although extensive work was performed
in the current study, the actual underlying me-
chanisms of Exo reno-protective effect for RIRI
remain unclear. However, the obtained data
suggested presence of many factors, but not a
single factor, modulating this reno-protective
effect. Second, using only a single dose regi-
men treatment is doubtful as this dose may be
insufficient to get a sustained effect, thereby
limiting their efficacy for renal repair, although
the present study supported by previous stud-
ies [24, 35, 51, 54] showed that a single dose
of MSCs-exosomes can relieve RIRI/AKI in rats.
This may be attributed to targeting renal tis-
sues macrophages by the majority of injected
exosomes which further transfer them from
kidney to circulation and other remote off tar-
get organs [60]. A previous study reported that
injection of multiple doses of exosomes give
better ameliorative effect on RIRI than single
dose [46]. To date, no available published data
investigated the in vivo effect of gradually in-
creased doses of exosomes on RIRI/AKI or
chronic renal diseases. Therefore, future inves-
tigation are required to unveil a standard treat-
ment strategy for exosomes to adequately indi-
cate number of doses injections and the inter-
val between them.

Despite their competence to relive RIRI and
induce renal cells regeneration, some challeng-
es should be addressed before considering
MSC-derived exosomes as effective therapeu-
tic tool for AKI patients. Among these challeng-
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es are lacking of data to ascertain their safety
and practical limitation for production of large
number of exosomes from MSCs, for identifying
the most appropriate cellular source for exo-
somes (exosomes heterogeneity may lead to
different actions on their recipient cells), and
for choosing the most suitable isolation meth-
od without altering their RNA and protein con-
tents. Until these challenges could be resolved,
exosomes based therapy for RIRI/AKI should
be carefully done. Therefore, future preclinical
and clinical trials are required to elucidate th-
ese uncertainties and overwhelm the challeng-
es accompanied exosome therapy in RIRI/AKI
patients.

Conclusion

The present study reported for the first time
that administration of exosomes derived from
MSCs preconditioned with melatonin gave bet-
ter therapeutic effect on renal ischemia-reper-
fusion induced injury than treatment with MSCs
or exosomes from non-preconditioned MSCs.
This exosomal ameliorative effect mediated, at
least in part, through inhibition oxidative stress,
apoptosis and inflammation and induction of
antioxidant status, regeneration and angiogen-
esis, thereby leading to improved renal repair
and function. This preconditioned treatment
strategy using exosomes could also be useful
in therapy of RIRI/AKI patients. However, future
clinical studies are required to assure whether
this treatment strategy is safe and clinically rel-
evant to patients.
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