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against cell death. Acute kidney injury (AKI) j ality in hospitalized
patients. Here, graphene oxide (GO) wa cacy of bone marrow-

a chemotherapy medication used t
Materials and Methods: Cisplatin-i was modeled in male rats. Intraperitoneal

administered in modeled

immunohistochemical (IH

(BUN) in cisplatin-induced AKI in the experimental
g1p. Histopathological evaluation also showed an improve-

) and intratubular debris in the experimental group compared to the
revealed that GO injection alone without MSCs accelerated the
1dney injury induced by cisplatin.

on: This study demonstrated that suspended GO could enhance the efficacy of
he treatment of AKI. GO alone without stem cell accelerates the improvement
isplatin-induced AKI.

rds: graphene oxide, kidney injury, stem cell

Introduction

Due to the unique role of the kidney, it is exposed to toxic compounds and therefore
a frequent target of injury due to toxicity." This can lead to Acute renal failure
(AKI) that affects up to 7% of hospitalized patients. AKI is potentially reversible; it
can be a determining factor in multiple organ failure as well. The mortality rate in
hospital-acquired AKI ranges from 30% to 80%.> Common renal-protective
approaches have presented partial therapeutic effects.’

Previous research have shown that the injection of MSCs can cooperate with
kidney repair mainly by secreting paracrine factors.* Transplantation of human
bone marrow MSCs improves disease symptoms, decreases nephrotoxicity, and
increases the survival of mice with AKI.’

The reason for the limited regenerative effects of MSCs is the loss of their
adhesion after transplantation which induces MSC apoptosis and reduces the
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therapeutic effects of MSC transplantation.® Sufficient
number of stem cells and a tissue damage microenviron-
ment are required by MSCs to promote tissue repair,
thereby limiting their therapeutic effcacy in organ repair.
MSCs secrete cytokines and growth factors with anti-
inflammatory, immunosuppressive, antiapoptotic, and pro-
liferative roles.” This hypothesis demonstrates that the
conditioned medium, where MSC-secreted growth factors
and cytokines are present, could ameliorate renal tubular
injury.’

Previously, we showed the effect of different times of
intraperitoneal injection of human bone marrow MSC-
conditioned medium on gentamicin-induced AKI and con-
cluded that secretory factors of human MSCs can be partly
protective against gentamicin-induced nephrotoxicity.* In
the present study, we sought a method to increase the
effect of the stem cell-conditioned medium on AKI.
Nano GO is a graphene derivative and a new class of
carbon-based materials in a two-dimensional honeycomb
structure. The hydrophilic nature of GO is the result of
many hydroxyl groups on its surface which makes it
resistant to electron transfer. It was proposed for biomedi-
cal applications due to its intrinsic optical properties, small
size, easy use, and large specific surface area.”'° Th
applications include biosensors,®'! drug/gene delivery,”
and antibacterial effects.'®!? Moreover, GO re

cells. Recently, it w
the cardiomyogcas

stem cells 3
property. '

phene for %
15,19

ave confirmed using gra-
on 2D
as been considered as a carrier for

and osteogenesis

Pgenesis
substrates.
therapeutic proteins ®€cause of its more biocompatible and
less toxicity effects.'” Previous researches have demon-
strated that the implantation of GO particles did not exhi-
bit obvious in vivo toxicity.”**' It shows dose-dependent
toxicity; its implantation in mice at a dosage less than
100 mg/kg body weight does not elicit obvious
toxicity.”” Due to the presence of numerous oxygenated
hydrophilic functional groups including phenol, carboxyl,

etc. on its edges, grapheme oxide yields a stable

suspension in water.”> Oxygenated hydrophilic groups
also provide GO with its unique physical, chemical, ther-
mal, and electrical properties.”*?® These hydroxyl and
carboxyl groups made it a negatively charged support.?’
The large number of hydroxyl groups on the surface of GO
increases their biocompatibility, its large surface-to-
volume ratio, and its specific topography, which leads to
its high ability to absorb small molecules and extracellular
matrix (ECM) proteins.*®°

The aim of this work was to apply GO to increase the

effects of the recovery of the conditiozesmacdium in AKI.

ing human AKI. The serum levels of
cellular necrosis, formation of cysts, and intra-
ebris in histological sections were analyzed in
traperitoneal injection of the MSC- conditioned medium,
, and the MSC-conditioned medium mixed with sus-
pended GO groups. Also, the expression of Ki-67 and
terminal deoxynucleotidyl transferase dUTP

nick-end labeling (TUNEL) was analyzed in kidney
cells of different groups. The Ki-67 nuclear protein is
necessary for cellular proliferation®' and TUNEL staining
is used in order to estimate of apoptotic cells.

Materials and Methods

Materials

Natural flake graphite was provided from “Qingdao
Dingding Graphite Products.” GO was extracted from
graphite using H,SO,4 98%, H,O, 30%, and KMnQ,, all
from Sigma-Aldrich. Octanol, styrene, benzoyl peroxide
(BPO), and sodium dodecyl sulfate (SDS) were also
obtained from Sigma-Aldrich.

Preparation of Water-Soluble GO
GO was derived from purified natural graphite according to
the modified Hummer’s method.** Graphite powder (0.5 g)
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was added to 50 mL of H,SO,4 98% in ice bath, and KMnQO,
(2 g) was also added. The rate of addition was carefully
controlled. The stirring was kept for 2 hrs at 10°C, followed
by keeping for 1 hr at 35°C. It was then diluted with 50 mL
of DI water in ice bath at 100°C. After 1 hr, it was further
diluted to nearly 150 mL with DI water. 10 mL of H,O,
30% was added to the mixture. The result was centrifuged
and washed several times with HCI 5% aqueous solution.
The resulting solid was dried at 60°C for 24 hrs.

Characterization
Samples were characterized by scanning electron micro-
scopy (SEM, Philips X130 microscope with an accelerat-
ing voltage of 25kV) and X-ray diffraction (XRD, Philips
Xpert MPD, Co K irradiation). Furthermore, atomic force
microscopy (AFM) as well as transmission electron micro-
scopy (TEM) (PHILIPS, EM208S, Netherlands, at 100 kV
of acceleration voltage) was used for morphology evalua-
tion of Nano GO. Raman spectroscopy was applied to
study layers and crystal structures of GO sheets. The
Raman spectra of graphene films were obtained with
a laser excitation of 632.8 nm at 1.7 mV. The few
layers of GO were also characterized by AFM.

Design Model of Acute Kidney Injury
Male Wistar Albino rats weighing 180-22(Q :
under standard laboratory conditions
cycles) in a room with controlled te

group (n=6) not 4

group (n=6) eceiving cisplatin  at

a dosage of 5mg/kg body weight; the sham group (n=6)
intraperitoneally receiving 500 pL saline on the 5th day
after cisplatin injection; the MSC-conditioned medium
group (n=6) receiving intraperitoneally condition medium
after cisplatin injection; the GO group (n=6) receiving
1.5-mg/kg GO on the 5th day after intraperitoneal cisplatin
injection; the MSC-conditioned medium + GO group
(n=6) receiving 1.5 mg/kg GO + MSC-conditioned med-
um intraperitoneally on the 5th day after cisplatin injec-
tion. On the 9th day after cisplatin injection, kidney and

blood samples of all rats were for biochemical

and histological analysis.

Cell Culture
Human MSCs deri

tomycin. The cell supernatant was used in
f animals after the incubation time. Each rat
SC-conditioned medium intraperitoneally,
b were injected at three equal volumes for three con-

secutive days.

Analyses of Apoptotic Cells

TUNEL staining was applied to observe apoptotic cells in
the kidney tissue. The “In Situ Cell Death Detection Kit,
POD” from Roche was used for this purpose. Kidney
10% (v/v) formaldehyde,
embedded in paraffin, and sliced into Sum sections. The

tissues were fixed with

paraffin-embedded kidney tissue was deparaffinized and

Figure | Phase contrast microscopy of bone marrow-derived MSCs at the first (A), and the third passage (B).

Stem Cells and Cloning: Advances and Applications 2020:13

submit your manuscript 23

Dove


http://www.dovepress.com
http://www.dovepress.com

Foroutan et al

Dove

rehydrate through a graded series of ethanol and double-
distilled water, washed in PBS, incubated for 20 mins at
37°C with proteinase K, permeabilized with 0.1% Triton
x-100 and 0.1% sodium citrate, and finally incubated in
TUNEL solution (450puL of label solution added with
40uL of enzyme solution) for 1 hr. After getting washed
with PBS, the samples were observed under a fluorescent
microscope.

Analyses of Ki-67 Immunostaining
Additional test to confirm cell proliferation such as Ki-67
was performed according to Buzatto et al.*?

Statistical Analysis

Statistical analysis was carried out using SPSS software
ver. 16. Differences among groups were analyzed by one-
way variance analysis (ANOVA) and the Dunnett’s test.

KMnO,+H,SO,

3500 3000 2500 2000 1500 1000
Raman shifts (cm™)

P values less than 0.05 were considered as statistically
significant.

Results

We have developed a novel and simple method to study the
intraperitoneal injection of GO to improve the effects of
MSC therapy on acute kidney injury in a rat model. Figure 2
shows the schematic representation of the GO synthesis and
its characterization. Scanning electron microscopy (SEM)
confirmed the synthesis of GO nanosheets with a quite

(AFM) revealed isolated GO nang
dispersed, with a thickn

of the prepared

2 nm, and thcidteral size om 100 nm to 2 pm,

5 15 25 35 45 55 65 75
20 (degree)

Figure 2 Synthesis of GO nanoparticles from graphite (A), SEM (B), AFM (C), TEM image of the synthesized GO nanosheets (D), Raman spectrum (E), and XRD pattern of

GO nanosheets (F).
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which is typical for GO nanosheets synthesized using
Hummers method.*?

In addition, Raman spectroscopy showed distinctly dis-
ordered crystal structures and GO sheet layers with two
characteristic GO peaks, namely, the D band around
1341 cm ™' and the G band around 1584 cm ' (Figure 2E).
The intensity ratio of D over G band (the R value = ID/IG)
was calculated as 0.91, suggesting the presence of localized
sp> defects.>* Moreover, the x-ray power diffraction (XRD)
pattern of the prepared GO showed a GO characteristic peak
at 26=10.58° resulted from the diffraction on its 002 layer,
along with a broad diffraction peak at 22.29°, which was
interpreted in terms of short-range order in stacked graphene
sheets (Figure 2F). Using the Debye—Scherrer equation
(Eq. 1), the number of graphene layers in our sample was

calculated as 8.%°

La= 089/1/([3002 X COSO()()z),

L = LEl/d()()z7

La [stacking height], g [full-width half maxima-FWHM],
n [number of graphene layers], doo, [interlayer spacing]
were obtained by using the data from XRD patte

Although previous studies have shown that deio
water solutions of GO are highly stable,
clusters in the presence of salts. Such agg

Hit#H

BUN mg/d

o [

Cis

[

CistNCM

Control CistCM

aggregation was therefore very low. This hypothesis was
confirmed using SEM analysis (Figure 2).

Our results showed significantly higher levels of serum Cr
and BUN
Histological sections also showed that cisplatin enhanced

after cisplatin administration (Figure 3).
necrosis, cyst formation and intratubular debris (Figures 4
and 5). Accordingly, a dose of 1.5 mg/kg GO was chosen for
the treatment of AKI. However, a dose of 1.5 mg/kg GO did
not alter Cr and BUN levels (Figures 6 and 7).

The effects of MSCs-conditioned medium, GO, and MSC-

conditioned medium + GO in f ament of AKI were

jinations of kidney tissue
injection significantly

O dose of 1.5 mg/kg made no significant
the biochemical markers of the blood and
pgical features (Figure 7). The MSC-conditioned
medium + GO resulted in a higher level of improvement
of AKI compared to the others (Figures 4 and 7). In
addition, the GO-induced improvement was greater than
that of the MSC-conditioned medium group (Figures 4
and 7). The serum levels of BUN and Cr in the condi-
tioned medium + GO group were lower than those of the
MSC group. Histological findings showed that cellular
necrosis, formation of cysts, and intratubular debris were

g Hokok
1.6
1.4
= 12
£
5 0.8
0.6
0.4
0.2
0 — —

Cis CistNCM

Control CistCM

Figure 3 Intraperitoneal injection of conditioned medium (CM) significantly reduced the level of serum Cr (mg/dL) in AKI rats (A). Values with asterisks (***) were
significantly different from the control group (¥*P<0.001). Values with squares (“*) were significantly different from the cisplatin group (**#P<0.001). Intraperitoneal
injection of CM on the ninth day after cisplatin injection significantly reduced the level of serum BUN (mg/dL) in AKI rats (B). Values with asterisks (***) were significantly
different from the control group (¥**P<0.001). Values with squares (***) were significantly different from the cisplatin group (**P<0.001, n=6).
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Figure 4 The study of histopathologic analysis of the kidney of various tested rats after cisplatin induction. Histological section of cisplatin group; A (necrosis), B (cast
hyaline), and C (intratubular debris). Histological sections of the kidneys of the control groups are normal and non-harmful (G). In the kidneys of the first experimental
group, receiving DMEM + FBS medium (D, E, F), necrosis (green arrow), cast hyaline (blue arrow), and intra-tubular debris (yellow arrow) were found. In the kidneys of
the second experimental group (H), receiving 5% 10° stem cells conditioned medium, it was found only Intra-tubular debris. In the kidneys of the third experimental group
(1), receiving 5%10° stem cells + GO, none of the damage was observed. In the kidneys of the fourth experimental group (J, K), receiving GO, there was found cast hyaline
(J), and Intra-tubular debris (K). In the kidneys of receiving GO (without cisplatin injection), none of the damage was observed (L) and GO had no toxic effect. (H, E)
staining % 400.
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Figure 5 Histopathologic analysis of the kidney of AKI induced by cisplatin of tested rats. Intratubular debris in
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necrosis and cy
medium +

“WBiochemical and histological
d these findings (Figures 4 and 7). Our
ed that the edges of GO hybrid exhibit
good connections with MSCs and biomolecules such as

SEM images s

growth factors (Figure 8). Comparison of MSCs cultured
with and without GO showed MSCs attached to GO
edges, forming a single unit (Figure 8).

In the present study, we compared the Ki-67 expres-
sion in the kidney tissue cells of the control and the AKI
rat model receiving GO and the GO + stem cell-

conditioned medium. Figure 9 indicates an increase in

red to the other groups

Control GO

and BUN on the ninth day after cisplatin injection compared to the control group (n=6).

the number of Ki-67 positive cells in the kidney of the
AKI rat model treated with GO or the GO + MSC-
conditioned medium compared to the AKI rat model
receiving no treatment. Ki-67 positive cells in the AKI
rat model treated with MSCs + GO group (40%) were
more than those of the GO (30%) and cisplatin (10%)
groups. TUNEL staining confirmed a widespread tubular
cell death due to apoptosis following the cisplatin-
induced injury. Our results indicated a decrease in the
number of apoptosis cells in the groups treated with GO
(30%) and MSCs + GO (10%) following cisplatin injec-
tion compared to the cisplatin group (50%) (Figure 10).

Discussion

The results of the present study indicated that the MSC-
derived conditioned medium reduced the level of serum Cr
and BUN (mg/dL) in a rat model of cisplatin nephrotoxi-
city. Such biomedical results were also confirmed through

Stem Cells and Cloning: Advances and Applications 2020:13
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Figure 7 Intraperitoneal injections of the conditioned medium (CM) + GO on the ninth day after cisplatin injection significantly reduced the level of serum Cr and BUN

(mg/dL) in AKI rats. Values with asterisks (***) were significantly different from the control group (***P<0.001). Values with squares (") were significantly different from the

cisplatin group (**P<0.001, n=6).

histological analysis. We showed that the GO + MSC-  antiapoptotic and proliferative effects.’ Secretory factors
derived conditioned medium would prevent kidney cells derived from MSCs can be partly protective against cis-
from undergoing apoptosis, thereby protecting them platin-induced nephrotoxicity.® The results of the present
against tubular injury. The MSC-derived conditioned med-  study showed a method to increase the effect of the stem
ium containing growth factors and cytokines promotes cells on the treatment of the AKI animal model. Our
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attachment of stem cells and
of MSCs was not sufficiently

: VEGA3 TESCAN SEM HV: 20.0 kV WD: 8.03 mm
View field: 69.2 ym 20 pm View field: 69.2 ym Det: SE
SEM MAG: 3.00 kx |Date(m/dly): 11/26/17 | Chemistry & Chemical Enginaering Research Center SEM MAG: 3.00 kx  Date(m/dly): ¥/

Figure 8 SEM images of interactions among GO edges, MSCs, and growth factors derived from stem
growth factors secreted from MSCs (green) to the edges of the silica-GO layer (yellow). In the aj
noticeable (B).

Figure 9 Ki-67 staining in the kidney of various tested rats. (A) Control groups (not receiving any treatment; magnification 400x), (B, C) The group receiving cisplatin;
magnification 100 and 400%, (D) The group receiving 1.5 mg/kg GO after cisplatin injection; magnification 200%, (E, F) The group receiving 1.5 mg/kg GO + MSC-
conditioned medium after cisplatin injection; magnification 100 and 200x. Arrow indicates positive nuclear staining for Ki-67.
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A

ration, adhesion and
have already been
confirmed. al and histological results
ive effects of GO and the MSC-
GO on the treatment of AKI. GO

and the MSC-conditioned medium + GO could improve

showed the p8

conditioned mediu

the injured kidney model through survival of kidney cells
as the result of their limited apoptosis and enhanced pro-
liferation. We found that significantly more kidney cells
were stained with KI-67 in the GO + MSC-conditioned
medium and GO groups following cisplatin induction. The
presence and activity of KI-67 are greatly associated with
cell proliferation.’’ The abundance of KI-67 positive cells

uction. (B, C) Immuno histological sections of the kidneys of the GO and MSC-
red to the cisplatin group (%400).

might strongly indicate the positive effects of GO on tissue
cells’ proliferation for kidney repair. Also, it could be
concluded that GO can accelerate the effects of MSC
therapy in the treatment of AKI.

The most important factor associated with some
pathologies in AKI is oxidative stress.>® Oxidative
stress-related AKI is associated with a decrease in endo-
genous antioxidant levels, and an increase in levels of
reactive oxygen species (ROS) as a toxic factor and
reactive nitrogen species.’” At higher doses, ROS act
as reactive molecules that can damage growth factors
and disrupt cellular integrity.*' ROS not only prevent
cell adhesion, but also induce cell apoptosis.*' The use
of MSCs to treat damaged tissue is normally hindered
by generation of ROS.** Some indicators of cell func-
tion, such as viability, protein secretion, and cell adhe-
sion were all enhanced in MSCs mixed with GO in the
presence of ROS, indicating that GO has a capability to
protect MSCs from ROS, even in harsh conditions.*' As
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expected, when the GO + MSC-conditioned medium
was delivered to the damaged kidney, cells showed
a decreased kidney tissue apoptosis. We examined the
TUNEL expression of kidney cells in different groups to
analyze their apoptotic activity. TUNEL staining con-
firmed a widespread tubular cell death due to apoptosis
following injury induced by cisplatin. Our results indi-
cated a decrease in apoptosis cells in the animal model
of AKI treated with GO and MSCs + GO. Positive
nuclear staining for Ki-67 marker occurred

in greater than 40% of the kidney cells of AKI models
treated with GO + MSC-conditioned medium, which indi-
cated a high proliferative index compare to the GO (32%)
and control (20%) groups, respectively. The results of IHC
staining showed that GO plays a proliferative and antia-
poptotic roles in the repair of damaged tissue.

The GO’s specific topography leads to its high abil-
ity to absorb small molecules and ECM proteins.”®
These properties make GO very attractive for various
applications including drug delivery.?**® The hydrophi-
lic nature of GO is the result of many hydroxyl groups
on its surface which makes it resistant to electron
transfer.*> Our SEM images showed that the edges of
GO exhibit good connections with MSCs and bidga8
cules such as growth factors (Figure 8). Comparisd

Conclusio
The present reatment with MSCs,
to improve AKI. GO
of MSCs, secreted growth
factors T Cs, all important factors in the blood.
It enabled

damaged and 1

SCs to better reach and interact with
Rthy kidney stem cells. Moreover, GO
enhanced cells’ interactions with each other as well as
with ECM. In other words, GO improved recovery
through stem cell transplantation in the kidney. It
appeared that GO increases the effects of stem cell
therapy in AKI, and that GO nanohybrid could be
used in combination with stem cells for the treatment
of diseases, both in vivo and in vitro. We concluded that

GO accelerates absorption and loading of growth

factors, and therefore improves the regenerative and
protective effects of stem cells.
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