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Abstract

Background: Diabetic nephropathy (DN) is considered as one of the most serious complications resulting from
diabetes mellitus and end-stage of renal failure globally. Up to 40% of diabetic patients will develop DN. The
involvement of mesenchymal stem cells (MSCs) in diabetic renal lesions management has been established in
many animal models of DN. The aim is to evaluate the capability of MSCs and their culture medium (CM) to
alleviate DN in streptozotocin (STZ)-induced diabetic rat model. Female albino rats were made diabetic and were
further categorized into 4 subgroups of 15 each: DN group, DN group received fibroblasts, MSCs group received
one dose of 1 x 10° cells of MSCs, and CM group received one dose of 500 ul of CM. In all groups, the treatment
was delivered by intravenous injection (IV) into the tail vein.

Results: MSCs insinuated themselves into the injured kidney as detected by CD44 expression. Biochemical and
histological results showed that MSCs and/or CM effectively attenuated DN manifestations in rat model through
their possible anti-inflammatory (tumor necrosis factor-a and transforming growth factor-B1 were decreased), anti-
apoptotic (Bcl2 was increased while Bax and caspases were decreased), and anti-oxidant role (malondialdehyde was
decreased while glutathione and catalase were increased).

Conclusion: These results provide a potential therapeutic tool for DN management through the administration of

avoiding cell transplantation.

the CM from MSCs that ameliorates the effects of diabetes. It is also possible to treat DN using CM alone thus
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Background

Diabetes mellitus (DM) is a worldwide public health chal-
lenge. WHO estimated that there were around 422 million
people living with diabetes and that there was a rising
trend in the number of people living with DM. Diabetic
nephropathy (DN) is the major micro-vascular complica-
tion in diabetic patients and accounts for approximately
half of all end-stage renal disease globally [1].
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The key characterized features of diabetic nephropathy
include thickened basement membrane of both glom-
eruli and tubules, mesangial cell (MC) hypertrophy,
extracellular matrix accumulation, tubule-interstitial fi-
brosis, and finally glomerular sclerosis which is the lead-
ing cause of micro-albuminuria and renal failure [2, 3].
Over the last decade, many factors have been proposed
to be involved in the pathogenesis of diabetic nephropa-
thies such as genetic and hemodynamic factors, meta-
bolic, oxidative stress, and cytokine signaling [2, 4].

Hyperglycemia is a discriminative pathologic element
in diabetes mellitus which not only generates free radi-
cals but also attenuates antioxidant effects via glycation
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of antioxidant enzymes [5]. The major sources of react-
ive oxygen species (ROS) in DN are advanced glycation
end products (AGEs), autoxidation of glucose, xanthine
oxidase activity, mitochondrial respiratory chain defi-
ciencies, NADPH oxidase, and nitric oxide synthase
(NOS) [6, 7]. Streptozotocin is extensively used to in-
duce diabetes model, and its toxicity is mediated
through nitric oxide (NO) generation that affects pan-
creatic B-cells [8].

Currently available treatments, involving glycemic
and/or blood pressure control, can delay but not
abolish the development of DN [9]. Therefore, there
is an imperative need to develop new, effective thera-
peutic strategies that preserve normal renal function
or halt the progression of diabetic nephropathy.

Mesenchymal stem cells are multipotent progenitor
cells which are non-hematopoietic and can differenti-
ate into many types of cells. Stem cell therapy is con-
sidered as a new promising approach for treatment of
diabetes and its complications [10]. Adipose-derived
MSCs (AD-MSCs) have the capability of differentiat-
ing into cells and tissues which are of mesodermal
origin. They are easily harvested and abundant which
makes them an ideal choice for use [11]. MSCs have
a lot of advantages for use for therapeutic purposes,
such as the capability to migrate to the sites where
tissue injury is present, potent immunosuppressive ac-
tion [12, 13], and safer after infusion of allogeneic
MSCs [14, 15].

It is reported that after the injection of MSCs, they dir-
ectly infiltrate the diseased kidneys [16]. Other studies
have found no evidence for direct MSCs incorporation
into the kidney during the repair processes [17]. Many fac-
tors play a great role in the therapeutic action of MSCs
like their ability to modulate and change local environ-
ment, activation of endogenous progenitor cells, secretion
of several growth factors, and their differentiation potency
to repair diseased tissue [18, 19].

Vascular endothelial growth factor-a (VEGF-A) is a
protein secreted by podocytes that is necessary for the
survival of endothelial cells, podocytes, and mesangial
cells. Human kidney biopsies showed high VEGEF-A
mRNA at early stages of DN, and lower VEGF-A expres-
sion in advanced DN, specifically in sclerotic glomeruli
and mesangial nodules [20, 21]. The decline in VEGF-A
expression as overt DN progresses is thought to be due
to podocyte dropout [22, 23].

Based on the previously mentioned findings, we, there-
fore, raised the hypothesis that cytotherapy by the use of
MSCs transplantation is of benefit in reducing diabetic
nephropathy. Accordingly, this study was undertaken to
evaluate the capability of MSCs to alleviate DN in strep-
tozotocin (STZ)-induced diabetic rat model, to investi-
gate the mechanisms underlying the protective effect of
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MSCs in DN and to mark the signals of paracrine origin
that mediate the action of MSCs.

Methods

Animals and ethics

Seventy-five healthy female albino rats (6~8 weeks)
weighing 150-200 g and ten male albino rats (6 weeks)
weighing 120-140 g were included in this study. They
were obtained from the animal facility house of the fac-
ulty, and they were housed in a light and temperature
controlled room with free access to water and food. All
experimental procedures were done according to guide-
lines of the Institutional Review Board (IRB) for research
studies (reference number is 4920/14-7-2016) and
IACUC (approval number is ZU-IACUC/3/F/90/2018)
for animal research.

STZ-induction of diabetic nephropathy in rats

To establish type 1 diabetic rat model, 50 mg/kg body
weight of STZ (Sigma, St Louis, USA) was dissolved in
0.05 ml saline and injected intraperitoneal into adult rats
twice 4 days apart. Diabetes was defined when a random
rat blood glucose level reading of more than 300 mg/dl
in the 3 continuous days at day 14 after STZ injection
was done [24]. Diabetic nephropathy was confirmed 4
weeks after onset of diabetes mellitus by measuring
serum urea and creatinine in blood and also by histo-
pathological changes scarifying one rat every 2 weeks
[25].

Experimental design

The animals were allocated into the following groups,
control group which received phosphate buffered saline
(PBS) at time of injection, included 15 female albino rats,
and diabetic nephropathy group, comprised 60 female
albino rats that were further categorized into 4 sub-
groups of 15 each: DN group, fibroblast group received
one dose of 1 x 10° HFF-1 cells (a human fibroblast cell
line from American Type Culture Collection (ATCC))
were used as the negative control for migrating cells ac-
cording to Domouky et al. [24], MSCs group received
one dose of 1 x 10° cells of MSCs per rat, and CM
group received one dose of 500 pul of culture medium
(MSCs were cultured with Dulbecco’s Modified Eagle’s
Medium (DMEM) for 24 h. In all groups, the treatment
was delivered by intravenous injection (IV) into the tail
vein.

Preparation of adipose tissue-derived
mesenchymal stem cells (AT-MSCs)

Isolation of AD-MSCs from male rats

AT-MSCs were isolated from the peritoneal adipose
tissue excised from the abdominal region of 6~8-
week-old male albino rats. Adipose tissue was
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enzymatically digested with 0.075% collagenase (type [;
Sigma—Aldrich, St. Louis, MO) in PBS for 1 h at 37 °C
with gentle agitation. The collagenase was inactivated
with an equal volume of DMEM (GIBCO/BRL) sup-
plemented with 10% fetal bovine serum (FBS), and the
infranatant was centrifuged at 1000xg for 5min at
room temperature. The resulting cell pellet was resus-
pended in 160 mM NH4Cl (Stem Cell Technologies
Inc., Vancouver, BC), incubated at room temperature
for 2 min to eliminate contaminating red blood cells,
and filtered through a 100-pm nylon mesh strainer
(Becton Dickinson Labware, Franklin Lakes, NJ) to re-
move debris [26]. The culture of isolated cells was
done according to Raafat et al. [27].

For the conditioned medium-treated groups, the MSCs
were cultured in DMEM without FBS for 24 h. After this
period, the medium was collected, centrifuged, and fil-
tered to remove the cells, treated with an RNase inhibi-
tor (500 U) and administered to the rats [28].

Characterization of AD-derived MSCs

MSCs at day 14 are characterized by their adhesiveness
and fusiform, star, or spindle shape. MSCs by flow cyto-
metric evaluation express CD105, CD73, and CD29 on
their cell surface, and they do not express CD34, CD45,
or MHC-class II.

Blood and tissue sampling

After 12 weeks of STZ injection according to Fang et al.
[25], animals were fasted for half a day, and blood sam-
ples were obtained by puncturing retro-orbital plexus
under light ether anesthesia. All rats were then sacrificed
by cervical dislocation, and tissue was perfused with PBS
solution, containing 0.16 mg/ml heparin to remove any
red blood corpuscles and clots. Both kidneys were
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immediately excised, dried, and weighed. The parts of
the kidney were kept in 10% formalin for the histological
assessment and immune-histochemistry, and then the
kidneys were minced into small parts for different pa-
rameters assessment. The blood samples were left for
30-60 min for spontaneous clotting. Serum samples
were separated for assessment of urea and creatinine.

PCR detection of the Sry gene

Genomic DNA was extracted from the kidney tissue
using the QIAamp DNA purification kit (QIAGEN,
Germany). PCR analysis for Sry gene expression in AD-
MSCs recipient rats was done using primer sequence
listed in Table 1 [29]. The amplification protocol was as
follows: 95 °C for 5 min; then 35 cycles of 95 °C for 355,
50 °C for 60s, and 72 °C for 60s; then 72 °C for 5 min,
using heated lid thermal cycler (Mastercycler® pro,
Eppindorf, Germany).

Reverse transcription PCR for renal localization of
MSC

Total RNA was isolated from the renal tissue with Qia-
genRNeasy Mini kit. RNA was reverse-transcribed to
¢DNA using a Primescript RT Reagent Kit (Takara,
Shiga, Japan). The primers sequences used for CD105
and CD34 are listed in Table 1. PCR was performed for
35 cycles with each cycle comprising 20s at 94 °C, 30's
at 55 °C for CD105 and 60 °C for CD34 and B-actin, and
1 min at 72 °C [30].

Biochemical analysis

Kidney function assessment

Urea level was estimated in accordance to Fawcett and
Scott’s method (1960) [31], and serum creatinine level
was measured in accordance to Henry’s method (1974)

Table 1 Primers sequence of Sry, CD105, CD34, Bax, bcl2, caspase-3, caspase-8, and {3-actin genes

Target Ref seq accession Sequence Product size (bp)

Sry NM_012772 F: 5-TGGGACTGGTGACAATTGTC-3' 402
R: 5-GAGTACAGGTGTGCAGCTCT-3'

CD105 NM_007932 F: 5-AGACAGCTGCCATCTGGATTT-3' 374
R: 5-GGGCACGTGTGTGAGAATAGA-3'

CD34 NM_133654 F: 5-GCGTGAGAATGCCGGTCCA-3' 744
R: 5-TCAGCAAACACTCGGGCCTAA-3"

Bax NM_017059.2 F: 5-GGCGAATTGGAGATGAACTG-3' 120
R: 5-TGCCATCAGCAAACATGTCA-3'

Bcl-2 NM_016993.1 F: 5-ATCCAGGATAACGGAGGCTG-3' 144
R: 5-CAGGTATGCACCCAGAGTGA -3’

Caspase-3 NM_012922.2 F: 5“AATTCAAGGGACGGGTCATG-3" 180
R: 5-TGACACAATACACGGGATCTG-3'

Caspase-8 NM_022277.1 F: 5-GATGAGGCAGAC CTGCT-3' 163
R: 5-CATAGTTCACGCCAGTCAGGAT-3"

B-actin NM_031144.3 F: 5-AGGGAAATCGTGCGTGACAT-3" 150

R: 5-GAACCGCTCATTGCCGATAG-3'

Bcl-2 B cell leukemia/lymphoma, Bax Bcl-2 associated X protein
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[32] by using reagent kit obtained from the Diagnostics
Company (Egypt).

Renal oxidant-antioxidant markers assessment
Malondialdehyde (MDA) [33], reduced glutathione
(GSH) [34], and catalase (CAT) [35] on renal tissues
were assessed in accordance to the respective manufac-
turer’s instructions (Biodiagnostic Tahreer St., Dokki,
Giza, Egypt).

Measurement of tumor necrosis factor-a (TNF-a) and
transforming growth factor-g1 (TGF-f1)

The content of protein in kidney homogenates (Ver-
tishear tissue homogenizer) was determined by Brad-
ford’s method (1976) [36] by using crystalline BSA as
standard. The TNF-a and TGF-f1 levels were quantified
by quantitative enzyme-linked immunosorbent assay
(ELISA) kits according to the manufacturer’s instruc-
tions (TNF-a rat ELISA kit, ab100785 and TGF-P1 rat
ELISA Kkits, ab119558, Abcam, UK). Results are men-
tioned as picogram per milligram protein.

Quantitative real-time PCR (qRT-PCR) for apoptotic
markers gene expression
Expression levels in ¢cDNA were determined by Strata-
gene, MX3000P quantitative PCR System (Agilent Tech-
nologies) and analyzed using the MxPro QPCR Software
(Agilent technologies). Table 1 lists the primer sequences
used for Bax, Bcl2, caspase-3, 8, and p-actin [37, 38].
The PCR was performed on 25pl containing 12.5 pl
2x QuantiFast SYBR Green PCR Master Mix, 1 uM of
each primer, and 5pul cDNA with the following condi-
tions: 95 °C for 5 min, then 40 cycles at 95 °C for 10s,
and combined annealing and extension 60 °C for 30s.
All kits were supplied by (QIAGEN, Valencia, CA, USA).
Samples were assessed in duplicates to make sure the re-
producibility and accuracy of the obtained results.

Histological and immunohistochemical analysis
The kidneys were dissected, washed with phosphate buf-
fer saline, and fixed in 10% formalin solution. Tissue
samples were dehydrated in gradual grades of alcohol,
cleared in xylolthen embedded in paraffin sections. Five
micrometer thickness sections were obtained via using a
microtome, mounted on slides, and subjected to
hematoxylin and eosin stain (H&E) [39], periodic acid
Schiff reaction (PAS) counterstained with hematoxylin
[40], Mallory’s trichrome stain [41], immunohistochemi-
cal staining for detection of CD44 antigen using rat
monoclonal anti CD44 antibody “Neomarkers, Labvi-
sion, USA,” as a marker for mesenchymal stem cells
[42], and immunohistochemical staining for VEGF [43].
The avidin-biotin-peroxidase complex technique was
done as follows for immunohistochemical detection of
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CD44 and VEGF; paraffin sections were deparaffinized
and rehydrated. The endogenous activity of peroxidase
was blocked by 3% solution of hydrogen peroxide for 5
min. Then, the kidney sections were incubated for 30
min with primary antibody. The primary antibody used
was a monoclonal anti-CD44 (Lab Vision Corporation,
Thurmont, California, USA) and monoclonal antibody
for detection of VEGF (anti- VEGF, Lab Vision, USA).
The secondary antibody (biotinylated goat anti-rabbit)
was applied after washing the sections with phosphate
buffer. The slides were rinsed in PBS then incubated
with labelled avidin-biotin peroxidase. Avidin-biotin-
peroxidase complex (Histostain SP kit, Zymed Labora-
tories Inc, San Francisco, USA) is used for immune-
detection of the bound primary antibody. The binding
site was visualized after adding diaminobenzidine (DAB)
which was used as a chromogen, which is converted into
a brown precipitate and Meyer’'s hematoxylin as a
counterstain.

Quantitative morphometric study

Morphometric measurements were performed via using
Leica Q500 Imaging analysis System. The following pa-
rameters were measured: urinary space diameter (USD)
(um) which is the distance between visceral and parietal
layer of the glomerulus, outer diameter of the proximal
convoluted tubules (PCD) (um), outer diameter of the
distal convoluted tubule (DCD) (um), and the area per-
cent (AP) (umz) occupied by collagen fibers within the
glomeruli and around the tubules. Measurements of
USD, PCD, and DCD were assessed in PAS-stained
slides while AP was calculated in Mallory stained sec-
tions. All parameter measurements were detected in
magnification of x 400 for 25 randomly selected glom-
eruli, proximal, and distal convoluted tubules in each
animal.

Statistical analysis

The results for quantitative variables are mentioned as
mean + standard deviation. The means were compared in
a one-way analysis of variance and multiple comparison
post hoc tests. Differences between groups were consid-
ered significant when P values were < 0.05 and highly sig-
nificant when P values were < 0.001. Statistical analyses
were done via the use of SPSS, version 10 (SPSS Inc).

Results

Characterization of AD-MSCs

AD-MSCs were characterized by their adhesiveness and
fusiform shape, spindle, and fibroblast-like cells. Flow
cytometric analysis of cell surface markers on gated cells
showed positive surface expression of CD29, CD73, and
CD105 (PE labelled) while the mainstream of cells
showed negative expression of CD34, CD45, and MHC-
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class II (FITC labelled). This surface marker expression
patterns corresponded to AD-MSC in accordance with
the International Society of Cellular Therapy system.
The kidney sections of AD-MSC group showed a CD44
positive immunoreactive spindle-shaped cell exhibiting
intense brown colored cytoplasmic granules. The posi-
tive CD44 cells are located in-between tubules or incor-
porated with the cells of the kidney tubules (Fig. 1).

Sry gene (402bp) was expressed in male rats from
which AD-MSCs were isolated. It was also detected in
renal cells of female rats that were injected by male-
derived AD-MSCs in MSCs group. The Y-chromosome
marker was neither detected in the control group nor in
the DN group nor in the CM group. MSC-specific
marker CD105 gene (374 bp) was expressed in renal tis-
sue, but CD34 gene (744 bp) was not detected. These re-
sults indicate that our AD-MSCs were consistent with
recognized MSCs.

Effect of MSCs/CM on kidney function tests

Treatment with MSCs/CM showed a significant decrease
in serum creatinine and urea levels (P < 0.01 and P <
0.05, respectively) as compared to DN rats or fibroblast
injected rats. Table 2 shows the kidney function tests in
the studied groups.

Effect of MSCs/CM on markers of oxidative stress in renal
tissue

MDA was significantly (P < 0.001) increased in renal tis-
sue of diabetic nephropathy rats as compared to non-
diabetic rats. There was a highly significant (P < 0.001)
decrease in the levels of GSH and CAT in renal tissue as

-
-y

Fig. 1 Immunohistochemical stained section of renal tubules of
ADMSC for CD44 at magnification x 1000; bar 20 um shows intense
positive reaction in the cytoplasm of spindle shaped MSC which is
incorporated with (arrow) or in between (curved arrow) cells of the
renal tubules
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Table 2 Kidney functions assessment in the different studied
rats’ groups

Studied groups
(number of rats)

Kidney function tests

Serum creatinine (mg/dl) Serum urea(mg/dl)

Control (n = 15) 063 + 0.08 24.66 + 2.86
DN (n = 15) 217 +032° 56.84 + 468°
Fibroblast (n = 15) 22 + 023 60.13 + 0.9°
AD-MSC (n = 15) 1.05 + 0.04°¢ 3840 = 1.09°¢
CM (n = 15) 1.00 + 0.02°¢ 3523 + 1.02°
F 24142 511.12

P < 0,001 P < 0001

One-way ANOVA, post hoc tests, P > 0.05 no significant differences, P < 0.05
significant differences, and P < 0.001 highly significant differences
“Significant difference vs control group

bSignificant difference vs DN group

Significant difference vs fibroblast group

9ISignificant difference vs AD-MSC group

compared to normal control group. MSC/CM treatment
of diabetic nephropathy rats showed a significant de-
crease (P < 0.01) in MDA levels and a significant in-
crease in GSH and CAT (P < 0.05 and P < 0.1,
respectively) as compared to DN or fibroblast injected
rats (Table 3).

Effect of MSCs/CM on TNF-a and TGF- levels in renal
tissue

Diabetic nephropathy and fibroblast injected groups
showed a highly significant (P < 0.001) increase in in-
flammatory markers such as renal TNF-a and TGF-$
levels as compared to normal control rats’ kidneys.
MSC/CM treated rats showed a significant reduction in
TNEF-a (P < 0.001) level and TGF-$ (P < 0.01) (Table 4).
There was an insignificant difference between MSCs and
CM group indicating that the action is paracrine.

Effect of MSCs/CM on apoptotic and anti-apoptotic
markers in renal tissue

Bcl2 gene expression was significantly decreased while
Bax, caspase-3, and caspase-8 were significantly in-
creased in the DN or fibroblast groups as compared to
the control group (P < 0.001). Administration of either
MSCs or CM to DN rats has a reversed response as
there was highly significant increase in Bcl2 gene expres-
sion and decreased Bax, caspase-3, and caspase-8 gene
expression (P < 0.001). There was also non-significant
difference in those genes expression between MSCs/CM
and control group (Fig. 2).

Histological and immunohistochemical results
Hematoxylin and eosin staining findings

H&E stained sections of the control group showed nor-
mal glomeruli lined with visceral and parietal cells with
normal Bowman’s space in between. The tubules,
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Table 3 Oxidative stress markers in the different studied rats’ groups

Studied groups Oxidative stress markers

MDA (nmol/g tissue)

GSH (mg/g tissue) CAT (U/g tissue)

Control (n = 15) 4513 + 724
DN (n = 15) 10532+ 6.1°
Fibroblast (n = 15) 10242 +1.3°
AD-MSC (n = 15) 6331 + 6457°¢
CM (n = 15) 6045 + 4.157P¢
F 57297

P <0001

9587 + 213 862+ 076
7581 + 2.09° 583 + 0.82°
7717 +1.22° 43 +0097°
84.89 + 1.72°¢ 7.86 + 045°¢
82.06 + 2.52°¢ 6.90 + 0357
35506 197.49

<0007 <0001

One-way ANOVA, post hoc tests, P > 0.05 no significant differences, P < 0.05 significant differences, and P < 0.001 highly significant differences

MDA malondialdehyde, GSH reduced glutathione, CAT catalase
Significant difference vs control group

PSignificant difference vs DN group

“Significant difference vs fibroblast group

dSignificant difference vs AD-MSC group

proximal convoluted tubules (PCT) and distal convo-
luted tubules (DCT), showed normal histological appear-
ance (Fig. 3a). H&E stained sections of the diabetic
group showed that the glomeruli appeared to be dis-
torted with expanded Bowman’s space; some of the
glomeruli showed foci of hyalinosis and eosinophilic de-
posits (Fig. 3b). Tubular atrophy with flattening of epi-
thelial cells, broken membranes, and loss of brush
border was observed in PCT also; DCT showed
disorganization and atrophy with dilated lumina (Fig.
3c). Blood vessels showed marked thickening (hyaliniza-
tion) with lymphocytic infiltration (Fig. 3d). H&E stained
sections of fibroblast group exhibited shrunken distorted
glomeruli. The tubules had vacuolated cytoplasm and
darkly stained nuclei. Blood vessels showed thickening
(hyalinization) (Fig. 3e). H&E stained sections of MScs
(Fig. 3f) or CM (Fig. 3g) administration to DN rats re-
vealed marked improvement of renal architecture when

Table 4 TNF-a and TGF-{3 assessment in the different studied
rats’ groups

Studied groups Inflammatory markers

TGF-B1 (pg/mg protein)  TNF-a (pg/mg protein)

Control (n = 15) 80.63 + 1042 18.09 + 0.86
DN (n = 15) 206.17 + 22.30° 4314 +1.13°
Fibroblast (n =15)  210.12 + 11.32° 4022 + 133°
AD-MSC (n = 15) 101.05 + 6.04°¢ 2540 + 029°¢
CM (n = 15) 9815 + 524°¢ 2392 + 0.17°¢
F 591.81 213272

P < 0,001 <0001

One-way ANOVA, post hoc tests, P > 0.05 no significant differences, P < 0.05
significant differences, and P < 0.001 highly significant differences

TNF-a tumor necrosis factor alpha, TGF-B transforming growth factor beta 1
2Significant difference vs control group

BSignificant difference vs DN group

“Significant difference vs fibroblast group

compared to the DN group or fibroblast group. The
glomeruli and tubules appeared nearly similar to normal
control group except that there were minimal focal
tubular lesions which involve few tubules

Mallory staining findings

Examination of renal cortex sections from control group
showed thin blue collagen fibers around renal glomeruli
and tubules (Fig. 4a) while DN group (Fig. 4b) or fibro-
blast group (Fig. 4c) revealed excess blue stained colla-
gen fibers around tubules and around and within the
glomeruli, and foci of interstitial fibrosis were noticed.
Sections of MScs or CM administration to DN rats dem-
onstrated thin blue collagen fibers around renal glom-
eruli and tubules (Fig. 4d, e).

Periodic acid Schiff reaction (PAS) staining findings

The control group showed a positive reaction for PAS in
the form of the thin basement membrane of Bowman’s
capsule and thin tubular basement membrane. Also, a
positive reaction was observed in the luminal brush
border of PCT (Fig. 5a). The kidney tissue of diabetic
group (DN) (Fig. 5b) or fibroblast group (Fig. 5¢) showed
a thick basement membrane of Bowman’s capsule and
diffuse thickening of the tubular basement membrane.
Loss of brush border of PCT was also noted. By PAS-
stained sections of MScs or CM administration to DN
rats revealed improvement in the form of the relatively
thin basement membrane of the Bowman’s capsule and
the tubules. Most of PCT retained their brush border
(Fig. 5d, e)

The immunohistochemical reaction for VEGF

The control group showed a strong positive reaction for
vascular endothelial growth factor (VEGF) expression in
glomeruli and tubules (Fig. 6a). In the diabetic group
(Fig. 6b) or fibroblast group (Fig. 6¢), faint or no reaction
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Fig. 2 mRNA gene expression of Bcl2, Bax, caspase-3, and caspase-8 when normalized to B-actin gene in group | (control), group Il (DN), group Il
(fibroblast), group IV (AD-MSCs treated), and group V (CM). Asterisk (*) indicates high significant difference vs control group, number sign (#)
indicates high significant difference vs DN group, and commercial at (@) indicates high significant difference vs fibroblast group (P value < 0.001)

Fig. 3 H&E stained renal cortex sections at magnification x 400, bar 25 um. a Control group shows normal structure of glomeruli (G) with
Bowman's spaces (S) which is lined by visceral (V) and parietal (P) cells. Proximal tubules (PC) and distal tubules (DC) are also showed. b—d Renal
cortex of diabetic nephropathy group (b) has distorted glomeruli with expanded Bowman space (arrow). The glomeruli showed foci of hyalinosis
and eosinophilic deposits (curved arrow) while tubules show dark stained nuclei (arrows heads). ¢ Some tubules are atrophied (TA); others are
dilated (DT), and some are obliterated (OT). d Blood vessels have marked hyalinization (arrow head). Dark nuclei and a vacuolated cytoplasm
(arrow) are seen within tubules. e Fibroblast group shows distorted shrunken glomeruli (G); blood vessels showed hyalinosis (arrow), and tubules
show dark stained nuclei (arrow head). f ADMSC group shows marked improvement in the glomeruli (G), proximal tubules (PT), and distal tubules
(DT). g Culture media group shows the glomeruli (G), proximal tubules (PC), and distal tubules (DC) appear nearly similar to that of the control
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Fig. 4 Mallory trichrome stained renal cortex sections at magnification x 400, bar 25 pm. a Control group shows thin blue collagen fibers around
renal glomeruli and tubules. b Diabetic nephropathy (DN) group shows excess blue stained collagen fibers around tubules and around and
within the glomeruli, and there are foci of interstitial fibrosis (arrow). ¢ Fibroblast group shows excess collagen fibers within the glomeruli, and
around tubules also foci of interstitial fibrosis (arrow) are noted. d AD-MSCs group with minimal collagen fibers around glomeruli and tubules. e
Culture medium (CM) group shows minimal collagen fibers around glomeruli and tubules

for vascular endothelial growth factor (VEGF) expression
in glomeruli and tubules was found. The MSC or CM
administration to DN rats revealed a positive reaction
for VEGF expression in glomeruli and tubules (Fig. 6d,

e).

Morphometric results

The USD, DCD, and AP were highly significantly in-
creased in DN and fibroblast groups compared to the
control group (P < 0.001). Administration of ADMSCs
or CM to DN rats showed highly significant decrease in
the USD, PCD, and DCD (P < 0.001). No significant
statistical difference was found between ADMSCs or
CM groups and control group (P > 0.05) (Table 5). As
regards the PCD, there was a significant increase in DN
and fibroblast as compared with that of control (P <
0.05). In ADMSC or CM groups, there was a significant
decrease in the PCD compared to DN or fibroblast
groups (P < 0.05); however, no significant difference was
found between ADMSC and CM groups (P > 0.05).

Discussion

Diabetic nephropathy represents one of the serious com-
plications of diabetes mellitus [44]. There was no uncer-
tainty that MSCs played an active role in the treatment

of DN. As the nephrons have a mesenchymal origin, so
MSCs are considered as suitable and striking candidates
which motivate repair of renal tissue. The stromal con-
nective cells are capable of signaling with differentiation
into collecting ducts and nephrons [45]. In this study,
MSCs were used to determine their possible anti-
inflammatory, anti-apoptotic, and anti-oxidant role in
amelioration of renal function in the DN model. Fibro-
blast cell line was used as the negative control for migra-
tion of MSCs. MSC and fibroblast share similar
morphology and cell surface markers, so we had to be
sure that the therapeutic effects of MSC are due to its
unique characteristics and not due to its similarity in
some features to fibroblasts, so we gave fibroblasts injec-
tion to a DN group. MSCs were actually insinuating
themselves into the injured kidneys as detected by CD44
expression in the kidney tissue by immunohistochemis-
try. Similar finding has been registered by Morigi et al.,
who reported homing of mice MSCs in the injured kid-
ney [16].

The kidney of DN group showed expanded Bowman’s
space and deposition of eosinophilic material plus dis-
torted glomeruli with hyalinosis. These changes go hand
in hand with Najafian et al. who reported that the earli-
est sign in DN is microalbuminuria which occurred with
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Fig. 5 PAS-stained renal cortex sections at magnification x 400, bar 25 um. a Control group showing positive reaction for PAS in glomeruli and
tubules with thin basement membranes. b Diabetic nephropathy (DN) group showing diffuse thickening of tubular and glomerular basement
membrane (arrows). ¢ Fibroblast group showing diffuse thickening of basement membrane of glomeruli (arrows) and tubules. d AD-MSCs group
and e culture medium (CM) group showing relatively thin basement membrane

J

histological changes such as deposition of extracellular
matrix and glomerular basement membrane thickening
[46]. Also, Raparia et al. stated that the characteristic
structural changes in DN, including thickening of glom-
erular basement membrane, hypertrophy, and prolifera-
tion of the mesangial cell [47]. Tubules in the same
group DN group showed atrophy, broken membranes,
and loss of brush border of PCT. The above results are
in accordance with Kim et al. [48] and Zafar et al. [49].

In the current study, the DN rat injected with fibro-
blast showed similar biochemical, histological, and mor-
phometric results to DN group. These results support
that fibroblast had no effect in improvement of diabetic
nephropathy. Histological examination of the DN group
after stem cell injection revealed that the histology of
renal corpuscles retained partially the normal appear-
ance of the control group. This result is in concomitant
with Wong et al. who stated that MSCs can regenerate,
differentiate, and/or protect mesangial cells [50]. Also,
the tubules retain normal structure, and this is in agree-
ment with Qian et al. [51] and Wu et al. [52] who dem-
onstrated the ability MSC differentiation into tubular
cells. So, MSCs have been described and considered as
being renotropic [16, 53], and Lv et al. revealed that the
reno-protective effect of MSCs is through reduction of
inflammation and fibrosis [54].

Fifty percent replacement of proximal tubular cells with
donor cells was observed by Ling et al. [55]. Rookmaaker
et al. declared that BM-MSCs participate in regeneration
of the highly specialized glomerular microvasculature by
homing to injured glomerular endothelium and differenti-
ate into endothelial cells [56]. They confirmed previous
observations that BM-MSCs can replace injured mesangial
cells [57] and injured glomeruli [19].

The morphometric analysis of this study exhibited sta-
tistically significant differences of USD, PCD, DCD, and
AP between DN or fibroblast groups to control group.
However, DN rats treated with ADMSC or CM showed
a significant reduction in all these parameters compared
to DN and fibroblast groups. Administration of ADMSC
or CM to DN rats assisted in restoring the morphomet-
ric parameters to normal levels. Morphometric results
are parallel to histopathological results.

The histological and biochemical results of the CM
group showed similar results to the MSCs group. CM
enhanced the recovery of renal function in DN, suggest-
ing that MSCs participate in a regenerative cytokine
environment. It could be hypothesized that the mecha-
nisms that mediate the defensive effects of MSCs could
be paracrine [58]. These results provide a rationale for
the potential therapeutic tool for DN treatment because
the effects of the administration of the CM from MSCs
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Fig. 6 Immunohistochemical staining of VEGF of renal cortex sections at magnification x 400, bar 25 um. a Control group shows positive reaction
for VEGF expression in the tubules and glomeruli. b Diabetic nephropathy (DN) group shows negative reaction for VEGF expression in the tubules
and glomeruli. ¢ Fibroblast group shows negative reaction for VEGF expression in the tubules and glomeruli. d AD-MSCs group and e culture
medium group show positive reaction for VEGF expression in the tubules (arrow) and glomeruli (@rrow head)

ameliorate the effects of diabetes, and it is possible to
avoid cell transplantation in the treatment of DN.
Duffield et al. stated that functional repair is derived
from the contribution of BM-DC to regenerative cyto-
kine production [59]. BM-MSCs seemed to contribute to
3 to 22% of cells regenerating renal tubular [60] and
glomerular cell populations [61] that is the majority of
reparative cells were derived from intrinsic kidney cells.
Oxidative stress plays a chief role in the pathogenesis
of DN in both types of diabetes mellitus, type 1 and 2

[62, 63]. Evans et al. demonstrated that the main pro-
moting factor for the development of DN is the increase
of oxidative stress, not hyperglycemia itself, and this in-
crease leads to endothelial damage [64]. In the current
work, the MSCs and/or CM effectively attenuated the
increased levels of lipid peroxidation product (MDA)
and improved the decreased concentration of antioxi-
dant parameters such as GSH and CAT in DN. Hyper-
glycemia contributes to the increased level of advanced
glycation end products (AGEs) in diabetic renal

Table 5 Morphometric analysis of urinary space proximal tubules and distal tubules diameters and area percent of connective tissue
surrounding the tubules and within the glomeruli in the different studied groups

Studied groups Urinary space diameter (USD)

Proximal tubules diameter (PCD)

Distal tubules diameter Area percent (AP)

(urn) (urn) (DCD) (um?)
Control (n=15)  7.843 + 166 3834 + 577 2168 + 2.76 185 + 2.83
DN (n = 15) 1433 + 2547 445470 + 596 3038 + 2,65 36.34 + 448
Fibroblast (n = 15) 14.948 + 2.14? 4425 + 513 3063 + 243 3643 + 4.16°
AD-MSC (n = 15) 804 + 1.32°¢ 39.21 +5.33 20.84 + 2.57°¢ 20.55 + 2.36°¢
CM (n = 15) 866 + 1.40°¢ 39.77 + 581 2032 + 2.61°¢ 19.90 + 2.46°¢
F 13.048 3623 4432 9841
P 0.000 0011 0.000 0.000

One-way ANOVA, post hoc tests, P > 0.05 no significant differences, P < 0.05 significant differences, and P < 0.001 highly significant differences

“Significant difference vs control group
PSignificant difference vs DN group
“Significant difference vs fibroblast group
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glomeruli [65], which plays a crucial role in formation of
reactive oxygen species (ROS). STZ also significantly ele-
vates the activity of xanthine oxidase, which is consid-
ered as another important cause of ROS [7]. Shah et al.
showed that ROS could activate nuclear factor-Kappa
beta (NF-kpB) which upregulate TGF-p1 in STZ-induced
diabetic kidney dysfunction [66].

TGE-B1 is a fibrogenic growth factor, locally produced
in the kidney. It participates in progressive renal tubular
atrophy by induction of apoptosis in tubular epithelial
cells [67]. In this study, the upregulated TGF-B1 expres-
sion in DN was blunted by MSCs and/or CM. This find-
ing was proved by Mallory trichrome as excess fibrosis
appeared in the glomeruli and around tubules in DN
group while this fibrosis was markedly decreased in
MScs and/or CM group. We suggest that MSCs and/or
CM could hinder hyperglycemia-mediated and ROS-
induced activation of NF-kB signal cascade as well as
upregulation of TGF-f1 in DN.

We tried to focus on the role of TNF-« in diabetic cir-
cumstances. It can activate cell survival, extrinsic apop-
tosis signalling pathways, and stimulation of the kidney
epithelial cells to secrete chemo-attractant factors and
cell adhesion factors [68]. Moreover, it enhances local
production of ROS and alteration of the glomerular ca-
pillary barrier function with resulting proteinuria [69,
70]. TNF-a expression levels were lower in MSCs and/
or CM treated groups as compared with the DN group
in the present study.

TNF-a initiates caspase-8 activation in the cytosol
through death receptor, TNF-R1. Caspase-8 activates ei-
ther type I or type II pathways of programmed cell death
[71]. Caspase-8, in the pathway of type I, directly acti-
vates caspase-3, resulting in apoptosis [72, 73]. In type II
pathway, the caspase-8 promotes cell death depending
on mitochondria apoptotic pathways via Bcl-2 family
protein in the mitochondria [74].

There was a significant elevation in TNF-a levels,
caspase-3, and caspase-8 expression levels in DN
compared to the control group. MSC and/or CM in-
hibit this TNF-a apoptotic pathway by decreasing
TNF-a levels and caspase-3 and caspase-8 mRNA
levels in DN model. Similar results were recorded for
TNF-«a [75] and TGE-f [76].

ROS enhances oxidative stress with a disturbance in
the balance between pro and anti-apoptotic proteins.
When the ratio of Bax/Bcl-2 is elevated, the protect-
ive and defensive effects of Bcl-2 are disrupted, par-
ticularly on the mitochondrial membrane with
increased permeability allowing cytochrome c leakage
into the cytosol and activate caspase-3 and 9 [77, 78].
In our study, we found the decreased expression of
Bax and increased expression of Bcl-2 in MSCs and/
or CM therapy of DN.
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Conclusion

MSC and/or CM have minimized DN supporting the hy-
pothesis that MSCs may exert a paracrine effect on the
damaged tissue. These paracrine effects may be medi-
ated mainly by the RNA-like factors released by MSCs
into the medium because the protective effect of the CM
was blunted by RNase during a long period of incuba-
tion. Therefore, in future clinical applications, it may be
possible to treat this DN using CM alone, thus avoiding
cell transplantations.
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