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ABSTRACT
Introduction: Diabetic nephropathy (DN) is one of the most prevalent microvascular consequences of diabetes that results in 
end-stage renal disease. Bone marrow - mesenchymal stem cells (BM-MSCs) and their secreted extracellular vesicles (EVs) 
become prospective treatment approaches for DN.
Aim of the Work: To compare the therapeutic potential of BM-MSCs and EVs on induced diabetic nephropathy in rats.
Materials and Methods: Four young male albino rats were utilized for isolation of BM-MSCs and EVs. Forty-two adult 
male albino rats were divided as follow: Group I (Control group): 18 rats. Group II (treated group): 24 rats, each administered 
an intraperitoneal streptozotocin injection (STZ) once (55 mg/kg body weight). After proved being diabetic (blood glucose 
> 250 mg/dl), they were further subdivided equally into: subgroup IIA (DN subgroup), subgroup IIB (spontaneous recovery 
subgroup), subgroup IIC (DN + BM-MSCs) and subgroup IID (DN + EVs). At the end of the research, blood and urine samples 
were taken for biochemical evaluation. For light, electron, and histo-morphometric investigations, the kidneys were removed 
and processed. The collected data underwent statistical analysis.
Results: Histological examination of DN subgroup revealed irregular thickened glomerular basement membrane (GBM), 
detached apoptotic endothelial cells, vacuolated parietal cells, effacement of the secondary processes of podocytes, 
inflammatory cells infiltration, mesangial cell proliferation and mesangial matrix expansion. These findings were confirmed 
biochemically by significant increase of kidney parameters, oxidative and inflammatory markers with significant decrease of 
antioxidant markers. Morphometric studies showed significant increase of GBM thickness and area percentage of collagen 
fibers. Treatment with BM-MSCs alleviated renal corpuscles histological changes and improved biochemical markers and 
morphometric analysis induced by diabetes. The administration of EVs revealed better results.
Conclusion: MSCs and EVs could be quite beneficial for treating DN. However, EVs have promising therapeutic modality 
over transplanted BM-MSCs with fewer side effects.
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INTRODUCTION                                                             
Diabetes mellitus (DM) is a worldwide pandemic 

health issue that is estimated to affect 700 million people 
in 2045 on the basis of the latest International Diabetes 
Federation report[1]. Persistent hyperglycemic status induce 
mitochondria to generate a lot of reactive oxygen species 
(ROS), resulting in oxidative stress in cells[2], inflammation, 
increased advanced-glycation end-products (AGEs) and 
hence, grave micro- and macrovascular problems[3,4]. The 
most severe microvascular issue associated with DM 
is diabetic nephropathy (DN) which is assumed to be 
the main factor contributing to end-stage renal disease. 
(ESRD)[5]. DN is a chronic, advanced multifactorial 
disorder affecting about 45% of type I DM and type II DM 
patients and increasing their morbidity and mortality[6]. The 
traditional drug therapy of DN mostly couldn’t prevent the 
development of ESRD that necessitates renal replacement 
therapy as dialysis and kidney transplantation[7]. Dialysis 

could adversely affect the patient’s quality of life and 
represents an economic burden[8]. Meanwhile, for patients 
with ESRD, kidney transplantation is the only viable 
treatment. Nevertheless, scarcity of organ donors and 
potential organ rejection limit its application[9]. Therefore, 
exploring new therapeutic strategy to treat or prevent this 
highly destructive condition and improve patients’ survival 
and quality of life is mandatory.

Regenerative medicine is a novel emerging medical 
arena that aims to improve or replace the damaged 
tissues and restore their normal function. Stem cell-based 
technology or their secreted extracellular vesicles are 
emerged to be a potentially beneficial technique in this 
biomedicine field[10].

Mesenchymal stem cells (MSCs) have been a 
significant research topic among the numerous varieties of 
stem cells due to their special qualities like self-renewal 
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capability, pluripotency, intrinsic homing ability and 
low immunogenicity[11]. Transplantation of bone marrow 
mesenchymal stem cells (BM-MSCs) has been widely 
employed in studies for cardiovascular, immunological, 
and neurological illnesses, with promising outcomes[12,13]. 
It possesses immunomodulatory, anti-apoptotic, anti-
fibrotic, angiogenic and anti-inflammatory properties 
granting their therapeutic potentials[14,15].

Recently, extracellular vesicles (EVs), a new 
promising therapeutic modality, have attracted a lot of 
interest due to their parts in cell-to-cell communication, 
immunomodulation and angiogenesis[16]. EVs are naturally 
occurring nanoparticles released from all cells into their 
environment[17]. They are lipid-bilayer vesicles containing 
lipids, proteins and various nucleic acids that are essential 
in maintaining cellular homeostasis. They can be extracted 
in vitro from cell-conditioned medium as well as from 
various bodily fluids such plasma, saliva, urine, semen, 
and breast milk[18]. They can be categorized into three 
types: microvesicles, exosomes and apoptotic bodies. 
Surface-expressed ligands help EVs engage with target 
cells[19]. Extracellular vesicles (EVs) decreased the extent 
of the infarct in a rat model of acute myocardial infarction 
when given systemically[20]. Following a stroke, MSC-
EVs may have a neuroprotective impact[21]. They reduced 
pulmonary inflammation in acute lung damage models 
and aided liver regeneration in drug-induced liver damage 
models[22,23]. Their potential benefits have been credited 
with their anti-inflammatory and anti-fibrotic properties, 
implying that MSCs-EVs may offer a unique therapeutic 
option for diseases[24].

The purpose of this study was to evaluate the renal 
corpuscle's histological alterations in adult male albino 
rats after STZ-induced diabetes. Furthermore, comparing 
the therapeutic potential of BM-MSCs versus their EVs in 
improving streptozotocin induced diabetic nephropathy.

MATERIALS AND METHODS                                               

Chemicals
Streptozotocin was obtained from Sigma, Aldrich (St. 

Louis, MO, USA).

Citrate buffer was made by Biochemistry Department, 
Faculty of Medicine, Alexandria University.

In-vitro methods
In-vitro study was performed at the Center of Excellence 

for Research in Regenerative Medicine and its Applications 
(CERRMA), Faculty of Medicine, Alexandria University.

Isolation of BM-MSCs[25,26] 

Four albino rats (weighing 27-33 g, aged 2 weeks) 
purchased from the Animal House of Physiology 
Department, Faculty of Medicine, Alexandria University 
were sacrificed using overdose of chloroform anesthesia. 
Under a vertical laminar air-flow hood with an aseptic 
technique, the femurs with the surrounding muscular 

tissues were obtained bilaterally, soaked in 70% ethanol for 
2 minutes for disinfection, then the muscles were scraped 
off and phosphate buffer saline (PBS) (Biowest, USA) was 
used to wash the bones.

After that, both ends of the femur were cut and flushed 
the marrow cavity with complete culture media (CCM) 
repeatedly to obtain bone marrow cell suspension. CCM 
was prepared by use of low glucose Dulbecco’s Modified 
Eagle’s Medium (LG-DMEM, Lonza, Switzerland) 
combined with 10% Fetal Bovine Serum (FBS, Hyclone, 
Logan, UT, USA), 1% L-glutamine, and 1% Penicillin/
Streptomycin (Lonza, Switzerland). Then, the bone 
spicules and clumps were removed from the bone marrow 
cell suspension by filtering it through a 70 µm filter mesh 
before centrifuging it at 1000 x g for five minutes. The 
formed cell pellets were re-suspended in CCM, conveyed 
into t-25 cm2 flasks and incubated in CO2 incubator in a 
humidified atmosphere at 37οC and 5% CO2. After 48 hours 
of culture, the culture media was changed to eliminate non-
adherent hematopoietic cells, and it was then changed once 
every two to three days to feed the cells until they reached 
80 to 90 % confluency.

After the primary culture reaching 80-90% confluency, 
the adherent BM-MSCs cells were detached with a trypsin-
EDTA solution (Thermo Fisher Scientific, USA) after 
being washed twice with PBS, centrifuged at 1500 xg for 
5 min, and then reseeded in CCM. Further passages were 
done until reaching passage 3 (P3). The cells were counted 
using a hemocytometer under the phase contrast inverted 
microscope (Olympus CKX41SF, Japan), and their viability 
was assessed using the trypan blue exclusion test. At P3, the 
BM-MSCs were employed in this experiment after being 
trypsin-EDTA solution-detached, suspended in PBS.

Characterization of BM-MSCs

•	 Inverted phase contrast microscope: was used for 
daily examination of the cultured cells to assess 
their morphology and exclude contamination                                                                                                                                    
(inverted microscope: Olympus CKX41SF,                
Japan)[25].

•	 Colony forming unit fibroblast assay (CFU-F) 
was done at P3 to characterize BM-MSCs for their 
proliferation and clonogenic capacity. After fixing 
the cells, crystal violet stain 3% (Sigma-Aldrich, 
St. Louis, Missouri, USA) was used to stain them 
and colonies were seen with a phase contrast 
inverted microscope[27].

•	 Immunophenotyping of BM-MSCs by 
fluorescence-activated cell sorting (FACS) flow 
cytometry analysis

Fluorescent-labeled monoclonal antibodies were used 
to characterize the surface markers of passage 3 MSCs. 
The cells were trypsinized and then rinsed with PBS before 
being incubated for 30 min, in the dark, with different 
fluorescent-labeled monoclonal antibodies CD 44 PE, CD 
90 FITC and CD 45 (Abcam, Cambridge UK)[26,27].
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Isolation of EVs[26]

At CERRMA, the conditioned media of BM-MSCs 
at P3 was collected after culturing of the cells in serum 
free media (SFM) and incubated for 24 hours. SFM was 
formed of DMEM low glucose, 1% L-glutamine and 1% 
penicillin/streptomycin without FBS. After 24 hours, the 
conditioned medium was collected and kept at −80 °C, and 
then CCM was supplied to the adherent cells for another 24 
hours to feed the cells and preserve the culture. The next 
day, the CCM was replaced again with SFM for another 24 
hours and then collected and stored. This procedure was 
repeated every other day for 14 days. 

By using a differential centrifugation procedure, the 
EVs were separated from the conditioned media that had 
been obtained. First, it was centrifuged at 2000 xg for 20 
min to precipitate dead cells and cell debris at CERRMA. 
Then, at the Institute of Graduate Studies and Research 
(IGSR), Alexandria University, the supernatant was 
ultracentrifuged at 100.000 xg for 70 minutes (Beckman 
Coulter Optima XE-100 Ultracentrifuge, roater 50.2 Ti) to 
form EVs pellet at 4 °C. Finally, at CERRMA, the pellet 
was redissolved in 100 µl of sterile PBS in the laminar flow 
hood to form an EVs suspension. 

Characterization of EVs[26,28]

•	 Transmission electron microscope (TEM) was 

employed to evaluate the size and shape of EVs. A 
drop of EVs suspension was loaded to copper grids, 
removed the excess by filter paper, stained with 
1% uranyl acetate, dried at room temperature, then 
studied under TEM at the Electron Microscopy 
Unit, Faculty of Science, Alexandria University 
(JEOL- JSM 1400 Plus, Tokyo, Japan).

•	 Zeta sizer Nanoparticle analyzer was done to 
measure the average size at Central Lab, Faculty of 
Pharmacy, Alexandria University (Malvern, UK). 

•	 The total protein content of EVs suspension was 
measured using the Lowry method, at Biochemistry 
Department, Faculty of Medicine, Alexandria 
University. This procedure was repeated 3 times 
and an average was taken.

In vivo study and experimental design (Figure 1)
Forty-two adult male albino rats (6–8 weeks old, 

150–200 g), were bought and kept in regular housing and 
laboratory settings in the Animal House of Physiology 
Department, Faculty of Medicine, Alexandria University. 
The protocol was permitted by the institutional review 
board of animal experiments of Faculty of Medicine, 
Alexandria University. Animals were randomly divided as 
follow 

Fig. 1: Diagram representing the in vivo experimental design for the study.
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Group I (control group): 18 rats were distributed 
evenly into 3 subgroups:

•	 Subgroup IA: 6 rats maintained under standard 
housing conditions (negative control group).

•	 Subgroup IB: 6 rats received a single intraperitoneal 
injection of 1 ml citrate buffer (vehicle of STZ).

•	 Subgroup IC: 6 rats received a single 200 μl of 
phosphate buffer saline (PBS) via the tail vein 
(vehicle of BM-MSCs and EVs).

Animals of the control group were sacrificed by 
overdose anesthesia (injection of 100 mg/kg phenobarbital) 
after 4 weeks.

Group II (diabetic group): 24 rats that had been 
fasting all night got a single dose of streptozotocin (STZ) 
(55 mg/kg body weight) dissolved in freshly made 0.1 M 
cold citrate buffer, pH 4.5 by intraperitoneal injection. 
The following 48 hours after injection, rats were allowed 
to food and drink with 5% glucose solution to prevent 
sever hypoglycemia and early death due to massive 
insulin released from damaged pancreatic β-cells. Blood 
glucose levels were measured after 3 days of injection. The 
rats with blood glucose levels less than 250 mg/dl were 
substituted meanwhile; the diabetic rats with blood glucose 
> 250 mg/dl were further enrolled in the experiment[29,30] 

and subdivided evenly into 4 subgroups each of 6 rats:

•	 Subgroup IIA (DN subgroup): represented the 
experimental model for diabetic nephropathy. 
The rats were sacrificed after 4 weeks of injection 
(induction period).

•	 Subgroup IIB (spontaneous recovery subgroup): 
after induction of DN, each rat was left with 
no further treatment to assess the potential for 
spontaneous recovery.

•	 Subgroup IIC (DN + BM-MSCs): following the 
induction period of DN, each rat received a single 
dose of 1.0 × 106 BM-MSCs suspended in 1 ml 
PBS via the tail vein[31,32]. 

•	 Subgroup IID (DN + EVs): each rat were given 
a single dose of 100 μg BM-MSC-EVs dissolved 
in PBS via the tail vein following the induction 
period of DN[33].

Animals of subgroups IIB, IIC and IID were sacrificed 
after anesthesia (100 mg/kg phenobarbital) 6 weeks later.

Biochemical analysis
Assessment of kidney functions

At the end of each experimental period, 24-hour urine 
was taken before scarification to assess urine protein (mg/
dl) using lowry method. Then, the rats were anesthetized 
using phenobarbital and blood samples were got from the 
abdominal aorta, centrifuged at 5000 xg for 10 min and the 
sera were served at measurement of blood urea nitrogen 
(mg/dl) using enzymatic colorimetric method according 

to the manufacturers’ manual and serum creatinine 
(mg/dl) using kinetic reaction method according to the 
manufacturer’s protocol[29,30,34]

Oxidative stress parameters

Serum malondialdehyde (MDA) and total antioxidant 
capacity (TAC) were assessed from sera samples according 
to manufacturers’ instructions to assess oxidative and 
antioxidative serum levels using colorimetric method[35].

Inflammatory marker, Interleukin- 6 (IL-6)

According to the manufacturer's instructions 
(Biosciences, San Diego, USA), ELISA kits were applied 
to measure the levels of the inflammatory cytokine IL-6 
in all animals. Anti-IL-6 polyclonal antibody and biotin 
conjugated anti-IL-6 polyclonal antibody were employed 
as detecting antibodies. After the avidin-biotin-peroxidase 
complex was added, TMB substrate was added. The 
absorbance was measured at 450nm[36].

Histological methods
Both kidneys were dissected out from each rat carefully 

and processed for:

Light microscopic study

One kidney from each rat was obtained. 10% neutral 
buffered formalin was used for fixation of the specimens. 
Then, they dehydrated in ascending grades of alcohol, 
cleared in xylol, embedded in soft paraffin then in hard 
paraffin. Hematoxylin and eosin (H&E) and Masson's 
trichrome stain were applied to 5 µm thick sections 
of the paraffin blocks containing kidney tissues. Then 
they examined using the light microscopy at CERRMA 
(Olympus Tokyo, Japan, BX41)[37]. 

Electron microscopic study

From each rat, the other kidney was immediately cut 
into small cubes of (0.5-1 mm3), fixed in 3% phosphate 
buffered glutaraldehyde at 4 °C and post-fixed in 1% 
osmium tetroxide in phosphate buffer for 1-2 hours. Then, 
the samples were embedded in epon after being dried with 
graded ethanol. Ultrathin sections (80 nm thick) were cut. 
Lead citrate and uranyl acetate were used to stain them 
after they were placed on copper grids. The kidney tissue 
was examined by the TEM and digital photomicrographs 
were taken at the Electron Microscopy Unit, Faculty of 
Science, Alexandria University[38].

Histo-morphometric study

The thickness of the glomerular basement membrane 
(GBM) using images taken at x10,000 magnification 
from electron microscopic sections and the area percent 
of collagen using images taken at x400 magnification 
from Masson's trichrome stained slides, were measured 
using the NIH Fiji© Image J software program. For each 
group, 10 randomly selected points of the two parameters 
were measured in 10 different non overlapping fields. 
The measurements for GBM were taken at the epithelial 
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side of the GBM and excluding the mesangial area of 
the glomerular capillary loop. All measurements were 
statistically analyzed[39,40].

Statistical analysis of the results

The statistical program for social sciences (SPSS, 
version26.0; IBM, Chicago IL, USA) software package 
was used to assess the biochemical and morphometric 
results. The mean between the various subgroups was 
compared using a one-way ANOVA test and pair-wise 
comparison was done using Post Hoc Test (Tukey). The 
data presented as the mean ± SD. P≤0.05 was considered 
statistically significant[41].

RESULTS                                                                                  

Characterization of the isolated rat BM-MSCs
After 24 hours of the initial seeding (passage 0; P0), 

cultured cells appeared rounded, non-adherent of variable 
sizes (Figure 2a). Seventy-two hours of primary culture 
(P0), the cells started to be adherent to the culture flask and 
appeared spindle shape with tapering ends or polygonal 
with multiple small cytoplasmic processes. Other cells were 
rounded in shape and floating (Figure 2b). Until passage 
3 reached 80–90 % confluency, the cellular shape and 
proliferative potential were maintained (Figure 2c). The 
CFU-F assay revealed that the cultivated BM-MSCs have 
strong clonogenic and proliferative abilities, as evidenced 
by their accumulation into distinct islands (colonies) that 
were recognized using crystal violet staining (Figure 2d). 
The flow cytometric analysis of cell-surface markers 
of BM-MSCs at P3, showed that 92.02% of cells were 
positive for anti CD44 and 96.11% of cells were positive 
for anti CD90, while only 0.17% of cells were positive for 
anti CD45 (Figures 3a,b)

Characterization of BM-MSCs-EVs

Examination of BM-MSCs-EVs using TEM revealed 
rounded vesicles of variable sizes surrounded by a lipid 
bilayer (Figure 4a). The isolated vesicles had a mean size 
of 221.1 nm and an intensity of 96.8% as measured by 
Zeta sizer (Figure 4b). The total protein content of the EVs 
suspension was estimated 473 µg/ml of protein, confirming 
the efficiency of the isolation protocol and high content of 
EVs. 

Biochemical results
Kidney functions

Regarding the mean levels of blood urea nitrogen 
(BUN), serum creatinine and urine protein, the various 
control subgroups (IA, IB and IC) did not show any 
significant difference statistically. Induction of diabetes in 
subgroup IIA (DN) led to statistically significant increase 
in the levels of BUN, serum creatinine and urine protein 
compared to the control subgroup IA. This increase persisted 
in subgroup IIB (spontaneous recovery subgroup) with a 
statistically significant increase compared to subgroup IIA. 

On the other hand, the mean levels of BUN, serum 
creatinine and urine protein revealed a significant decrease 
in subgroups IIC and IID (DN + BM-MSCs and DN + EVs 
subgroups respectively), in comparison with subgroups 
IIA and IIB. While subgroup IIC (BM-MSCs) displayed 
significant increase in the measured parameters of kidney 
functions compared to the control subgroups, subgroup 
IID (DN + EVs) did not show significant difference when 
compared to the control subgroups. In addition, subgroup 
IID showed significant improvement of kidney function 
parameters when compared to subgroup IIC (Histogram 1).

Oxidative stress parameters

a- Serum Malondialdehyde (MDA) 

MDA levels in the serum were found to be significantly 
higher in subgroups IIA and IIB (diabetic nephropathy and 
spontaneous recovery subgroups respectively) as compared 
to the control subgroups which showed no statistical 
difference among them. In addition, subgroup IIB revealed 
significant increase when compared to subgroup IIA.

Inversely, MDA levels were significantly decreased in 
subgroups IIC and IID (DN + BM-MSCs and DN + EVs 
subgroups respectively), in comparison with subgroups 
IIA and IIB. No significant difference was detected 
when comparing subgroup IID to the control subgroups 
with statistically significant decrease when compared to 
subgroup IIC. (Histogram 2 a)

b- Serum total antioxidant capacity (TAC)

The mean amounts of TAC in the serum were 
significantly lower in subgroups IIA and IIB (diabetic 
nephropathy and spontaneous recovery subgroups 
respectively) as compared to the control subgroup IA. 
While, the mean level of TAC in subgroup IIB showed 
significant reduction in comparison to subgroup IIA. 

The rats received MSC and EVs (subgroups IIC and 
IID) exhibited significant rise in the mean TAC levels as 
compared to DN and spontaneous recovery subgroups 
(subgroups IIA and IIB). However, rats received EVs 
(subgroup IID) did not exhibit significant differences 
compared to the control subgroups with statistically 
significant increase as compared to rats received MSCs 
(subgroup IIC). (Histogram 2 b)

c- Serum IL-6

In the present work, the mean serum IL-6 levels did 
not differ significantly among the control subgroups (IA, 
IB and IC). 

The mean levels of serum IL-6 revealed a significant 
rise in subgroups IIA, IIB and IIC when compared to the 
control subgroups. Interestingly, subgroup IIB showed a 
significant elevation when compared to subgroup IIA, 
while subgroup IIC revealed a significant decrease in 
comparison with subgroups IIA.

As regard subgroup IID, there was no significant 
difference in comparison with control subgroups, while 
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it showed significant decrease when compared with 
subgroups IIA, IIB and IIC. (Histogram 2 c) 
Light microscopic results (H&E stain)

Group I (control group): In the renal cortex, light 
microscopic examination of renal corpuscles of control 
subgroups rats (IA, IB and IC), revealed almost the 
same normal histological findings. The renal corpuscles 
contained tufts of glomerular capillaries surrounded by 
Bowman’s capsule. The Bowman’s capsule showed an 
inner visceral layer adherent to the glomerular capillaries 
and outer parietal layer with Bowman's space appearing 
between the two layers. The parietal layer appeared as an 
intact regular outer coat of Bowman’s capsule and is made 
up of simple squamous epithelium with flattened nuclei 
(Figure 5).

Group II:
1.	 Subgroup IIA (DN; diabetic nephropathy subgroup): 

Distorted architecture of renal corpuscles was 
depicted on light microscopic examination of 
subgroup IIA. Some renal corpuscles showed 
hypercellular broadening glomeruli with congested 
glomerular capillaries, obliteration of Bowman's 
space and tuft adhesion between parietal cells and 
podocytes.  Others exhibited shrunken glomeruli 
with widening of Bowman's space. Parietal layer 
of Bowman’s capsule was interrupted while some 
parietal cells were swollen, enlarged and protruded 
into Bowman's space. Mesangial matrix expansion 
appeared as acellular eosinophilic material. 
Arteriolar hyalinization with thickened wall and 
periglomerular mononuclear cellular infiltration 
were also seen (Figures 6 a-d).

2.	 Subgroup IIB (spontaneous recovery subgroup): 
Light microscopic analysis of the renal cortex 
of subgroup IIB showed marked affection of 
the renal corpuscles’ architectures. Shrunken, 
lobulated glomeruli with marked broadening 
of Bowman’s spaces were noticed. Congested 
glomerular capillaries were seen. Some parietal 
cells of Bowman’s capsule appeared enlarged 
and protruded into the Bowman’s space. Areas of 
interrupted parietal layer of Bowman’s capsule 
were also noticed (Figure 7).

3.	 Subgroup IIC (DN + BM-MSCs): Light microscopic 
examination of the renal corpuscles of subgroup 
IIC demonstrated partial restoration of corpuscles 
architecture. Normal glomerular capillary tufts 
surrounded by regular intact parietal cell layer were 
seen. Few foci of mesangial expansion with some 
congested glomerular capillaries and congested 
peritubular blood vessel were also observed (Figure 
8a). 

4.	 Subgroup IID (DN + BM-MSCs-EVs): When 
compared to diabetic rats, the renal corpuscles of 
subgroup IID rats revealed noticeable structural 
improvement almost regaining the normal 
histological architecture. The renal corpuscle 
appeared with regular outline and intact parietal 

layer of Bowman’s capsule. Bowman's space was 
normal and uniform. Some congested glomerular 
capillaries were noticed (Figure 8b).

Masson’s trichrome stain 
Masson’s trichrome stained sections of the control 

subgroups (IA, IB and IC) revealed few collagen fibers 
mostly around the Bowman’s capsule, among the 
glomerular capillaries and within the narrow peritubular 
interstitial tissues (Figure 9a). 

Subgroup IIA (diabetic nephropathy subgroup) showed 
a noticeably augmented deposition of the collagen fibers 
between the glomerular tuft of capillaries. A considerable 
amount of collagen fibers was observed around the 
renal corpuscles and in between the renal tubules                                                                                                     
(Figure 9b). Furthermore, subgroup IIB (spontaneous 
recovery subgroup) revealed destructive collagen 
deposition in the intraglomerular tissue between the tuft of 
capillaries, in Bowman’s capsule and around renal tubules 
(Figure 9c).

Nevertheless, collagen deposition was significantly 
decreased after injection of BM-MSCs and EVs in subgroup 
IIC and IID (DN + BM-MSCs and DN + EVs subgroups 
respectively) with some collagen fiber being seen among 
the glomerular capillaries in subgroup IIC (Figures 9d, e).

Quantitative morphometric analysis of the area 
percentage (%) of collagen deposition 

Our findings were statistically supported by the results 
of the morphometric analysis of the area percentage of 
collagen deposition. Between the various control subgroups 
(IA, IB and IC), the mean area % of collagen did not show 
any significant difference (P<0.05). Subgroup IIA (diabetic 
nephropathy subgroup) and subgroup IIB (spontaneous 
recovery subgroup) rats had a statistically significant 
increase in the area percent of collagen deposition as 
compared to the control group with a statistically significant 
increase in subgroup IIB compared to subgroup IIA. 
Inversely, on comparing subgroups IIC and IID (DN + BM-
MSCs and DN + EVs subgroups respectively) to subgroup 
IIB, they displayed a significant reduction in the area % of 
collagen deposition with a statistically significant decrease 
in subgroup IID compared to subgroup IIC. Meanwhile, 
subgroup IID did not reveal any significant difference with 
respect to the control subgroups (Figure 9 f).

Electron microscopic results
Group I (control group): Electron microscopic 

inspection of ultrathin sections of renal corpuscles of 
control group revealed normal ultra-structural findings, 
which were almost the same in all control subgroups 
(IA, IB and IC). The renal corpuscles were surrounded 
by an intact parietal layer of attenuated cells with 
flattened euchromatic nucleus. The renal corpuscles 
revealed glomerular capillaries lined by fenestrated 
endothelial cells with attenuated euchromatic nucleus. 
Podocytes wrapping the glomerular capillaries appeared 
as large stellate cells with multiple primary cytoplasmic 
processes. They exhibited euchromatic nucleus, cisternae 
of rER and multiple mitochondria. Secondary processes 
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arising from the primary processes of podocytes were 
numerous, regularly spaced by filtration slits that were 
bridged with slit diaphragm and resting on the glomerular 
basement membrane. The glomerular basement membrane 
appeared thin, regular with a trilamellar pattern; central 
lamina densa that lies between laminae rara externa and 
interna. Its thickness was ranging from 98.83- 149.74 nm                                   
(Figures 10 a-c).

Group II:

1.	 Subgroup IIA (diabetic nephropathy subgroup): 
Ultrastructure examination of renal corpuscles of 
subgroup IIA demonstrated variable pathological 
changes. The parietal cells of Bowman’s capsule 
appeared enlarged, protruding into Bowman’s 
space exhibiting vacuolated cytoplasm with 
focal adhesions to podocytes. The glomerular 
capillaries appeared congested and surrounded 
by an irregularly thickened basement membrane. 
The thickness of GBM was ranging from 275.69 
to 990.73 nm. Some lining endothelial cells 
exhibited dark rounded nucleus that protruded 
into the capillary lumen. Others showed focal loss 
of fenestrations. Detached apoptotic endothelial 
cells from glomerular basement membrane with 
dark nucleus were also seen. Secondary processes 
of podocytes appeared irregularly spaced with 
areas of flattening and effacement, while primary 
processes showed electron dense deposits. 
Mesangial cell proliferation was noticed in between 
the glomerular capillaries. Extensive mesangial 
matrix deposition appeared between the glomerular 
capillaries encroaching on their lumina and forming 
subendothelial deposits. Furthermore, numerous 
inflammatory cells were seen in the capillary 
lumina. Some of them exhibited adhesion to the 
endothelial cells; others showed transmigration 
with podosome formation (Figures 11 a-f).

2.	 Subgroup IIB (spontaneous recovery subgroup): 
Electron microscopic examination of the renal 
corpuscles of subgroup IIB showed marked 
ultrastructure affection. The parietal cells of 
Bowman’s capsule appeared enlarged with irregular 
nuclei, dilated perinuclear cisternae and some 
cytoplasmic vacuoles. The glomerular capillaries 
were surrounded by an irregular glomerular 
basement membrane with focal thickening and 
loss of the trilamellar pattern. The thickness of 
GBM was ranging from 401.82 to 1035.17 nm. 
The lining endothelial cells showed focal loss 
of fenestration. Moreover, podocytes exhibited 
multiple mitochondria, dilated cisternae of rER 
and dilated cisternae of Golgi complex. Most of 
their secondary processes were irregularly spaced 
with areas of flattening, effacement and electron 
dense deposits. Mesangial cells with mesangial 
matrix expansion were seen encroaching on the 
capillary lumina. Finally, some inflammatory 
cells were also noticed inside the capillary lumen 
(Figures 12 a-d).

3.	 Subgroup IIC (BM-MSCs treated subgroup): 
On examining the renal corpuscles of subgroup 
IIC rats, partial improvement of corpuscles 
architecture was detected. The parietal cells of 
Bowman’s capsule appeared attenuated with 
flattened nuclei and some cytoplasmic vacuoles. 
The glomerular capillaries were surrounded by a 
nearly thin glomerular basement membrane that 
exhibited a trilamellar pattern. Focal thickening of 
GBM was also noticed. The thickness of GBM was 
ranging from 125.76 to 336.75 nm. The glomerular 
capillaries were lined by fenestrated attenuated 
endothelial cells. Podocytes exhibited euchromatic 
nucleus and multiple of rER. Their primary 
processes showed multiple lysosomes with myelin 
figure and electron dense deposits, while their 
secondary processes appeared numerous regularly 
spaced, separated by filtration slits and resting 
on thin glomerular basement membrane. Few 
secondary processes fused together with flattening. 
Mesangial cells with irregular euchromatic 
nuclei were seen in between glomerular 
capillaries and embedded in the mesangial matrix                                                                
(Figures 13 a-d). 

4.	 Subgroup IID (BM-MSCs-EVs treated subgroup): 
Electron microscopic examination of the renal 
corpuscles of subgroup IID rats exhibited evidently 
a preserved normal histological ultrastructure of 
the renal corpuscles. The renal corpuscles were 
surrounded by attenuated parietal cells with 
flattened euchromatic nuclei. The glomerular 
basement membrane appeared thin and regular 
with a trilamellar pattern. Focal thickening of 
GBM was also notice. The thickness of GBM was 
ranging from 103.70 to 192.34 nm. The glomerular 
capillaries were lined by fenestrated endothelial 
cells with attenuated euchromatic nucleus. 
Podocytes exhibited euchromatic irregular 
nucleus, multiple cisternae of rER, numerous 
mitochondria and large autophagolysosome. Most 
of their secondary processes appeared regularly 
spaced, while few showed fusion and flattening. 
Mesangial matrix was noticed between the 
glomerular capillaries (Figures 14 a- c). 

Histo-morphometric results of GBM thickness
The mean levels of glomerular basement membrane 

thickness in the different control subgroups (IA, IB and 
IC) were almost the same with no significant difference 
in subgroup IB and IC as compared with subgroup IA (at 
P ≤0.05). There was a significant increase in the mean 
values of GBM thickness in subgroups IIA and IIB when 
compared to the control subgroups.

In subgroups IIC and IID (the treated subgroups with 
BM-MSCs and BM-MSCs-EVs respectively), the mean 
levels of GBM thickness showed a significant decrease 
comparable to subgroups IIA and IIB. However, there was 
no significant difference in the values of subgroups IIC 
and IID in comparison with control subgroups (at P ≤0.05) 
(Histogram 3)
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Fig. 2a-d: Representative light photomicrographs characterization of BM-MSCs: a) Passage zero (P0) of BM-MSCs after 24 hours of the initial seeding, 
showing rounded, non-adherent cultured cells of variable sizes (arrow heads). b) P0 after 72 hours of cultivation, displaying some adherent cells, with either 
spindle (black arrows) or flat polygonal (red arrows) shapes. Other cells appear small rounded and floating (arrowheads). c) P3 with about 80-90% confluency. 
d) CFU-F assay for P3 cultured cells, showing colonies formation with crystal violet stain. (Phase contrast inverted microscope, Mic. Mag. a,b: x200, c,d: 
x100).
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Fig. 3a, b: Scattered plot charts for flow cytometric analysis of cell-surface markers of BM-MSCs at P3. a: 92.02% of the cultivated cells displayed the MSC 
marker (CD44) (upper left quadrant). b: 96.11% of the cultured cells exhibited the MSC marker (CD90) (lower right quadrant), while only about 0.17% of the 
cultured cells were positive for the hematopoietic marker (CD45) (upper left quadrant).
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Fig. 4a, b: Characterization of MSCs-EVs. a: A transmission electron photomicrograph of EVs’ suspension, showing rounded membranous vesicles of 
variable sizes. Inset: Higher magnification illustrating a single vesicle surrounded by a lipid bilayer of a 150.28 nm size. (Mic. Mag. a: x12.000, inset: x60.000). 
b: The size distribution of EVs by Zeta sizer.
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Fig. 5: Light photomicrograph of the renal cortex of the control subgroup IA, revealing a renal corpuscle with a glomerulus (G) containing a tuft of capillaries. 
The parietal layer of Bowman’s capsule is made up of simple squamous epithelium with flattened nuclei (arrow). The visceral layer is adherent to the 
glomerular capillaries (wavy arrow). ; Bowman’s space. H&E stain (Mic. Mag. x400)
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Fig. 6a-d: Light photomicrographs of the renal cortex of subgroup IIA (diabetic nephropathy subgroup) showing: a&b) hypercellular glomeruli (G1 & G2) 
with congested capillaries (arrowheads). Some parietal cells of Bowman’s capsule appear with enlarged nuclei and protruding into the Bowman’s space 
(arrows). Broadening of renal glomeruli with obliteration of Bowman’s spaces (*) and tuft adhesion (wavy arrows) in a. Mesangial matrix expansion (dotted 
arrows) and arteriolar hyalinization with thickening of the wall of arteriole (A) are seen in b. c) distorted renal corpuscles with shrunken glomeruli (G1 & 
G2) and widening of Bowman’s space (^). Interrupted parietal layer of Bowman’s capsule (dotted arrows) while other parietal cells are swollen (arrows). (^) 
congested glomerular capillaries. d) periglomerular mononuclear cellular infiltration (I) and congested glomerular capillaries (arrowheads). Bowman’s space 
(*) shows marked widening. G; glomerulus. H&E stain (Mic. Mag. a-d x400)
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Fig. 7: Light photomicrograph of the renal cortex of subgroup IIB (spontaneous recovery subgroup), illustrating renal corpuscles with shrunken lobulated 
glomeruli (G1 and G2) and congestion of intraglomerular capillaries (arrowheads) in G2. Bowman’s spaces show marked widening (*). Some parietal cells 
appear enlarged and protruding into the Bowman’s space (arrows). Note; area of interrupted parietal layer of Bowman’s capsule (double arrow). H&E stain 
(Mic. Mag. x400)
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Fig. 8a, b: Light photomicrographs of the renal cortex: a) subgroup IIC (DN + BM-MSCs) showing a regular intact layer of parietal cells of the Bowman’s 
capsule (arrow). Foci of mesangial expansion are also noticed (dotted arrow). Congested intraglomerular capillary tufts (arrowheads) and peritubular blood 
vessel (BV) are additionally seen. *; Bowman’s space. b) Subgroup IID (DN + EVs) showing restoration of normal glomerulus architecture (G) with intact 
regular parietal layer of Bowman’s capsule (arrow). Bowman’s space appears normal and regular (^). (^) congested glomerular capillaries. H&E stain (Mic. 
Mag. a&b x400)
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Fig. 9 a-e: Photomicrographs of Masson’s trichrome stained renal cortex sections. a) Control subgroup IA: normal distribution of tiny collagen fibers around 
the Bowman's capsule (thick arrow), between the glomerular tuft of capillaries (thin arrow) and in the interstitium between the renal tubules (arrowhead). 
b& c) Subgroups IIA and IIB (diabetic nephropathy and spontaneous recovery subgroups) showing extensively expanded deposition of collagen fibers in the 
intraglomerular tissue between the tuft of capillaries (thin arrows) with evident increase deposition in pericapsular areas around the renal corpuscles (thick 
arrows) and the interstitium in peritubular areas (arrowheads). d&e) Subgroups IIC and IID (DN + BM-MSCs and DN + EVs respectively): noticeable decrease 
in collagen fibers is seen around the Bowman's capsule (thick arrow) and in between the renal tubules (arrowhead). Some collagen fiber among the glomerular 
capillaries (thin arrow) is still seen in d, while normal distribution of collagen deposition nearly similar to the control group in e. G; glomerulus. Mic. Mag. 
a-e x400
f: A Histogram depicting the morphometric statistical analysis comparison between the subgroups investigated based on the mean area percent of collagen 
deposition. a; indicates significant statistical difference compared to the control subgroup IA. b; indicates significant statistical difference compared to the 
diabetic nephropathy subgroup. c; indicates significant statistical difference compared to subgroup IIC (P≤0.05).
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Fig. 10 a-c: Electron micrographs of a renal corpuscle of the control subgroups (subgroups IA, IB and IC) showing: a) Glomerular capillary (C) lined by 
endothelial cells (EC) with euchromatic nucleus (Ne) and surrounded by a podocyte (PC). The podocyte (PC) exhibits euchromatic nucleus (Np) and numerous 
regularly spaced secondary processes (P2) arising from primary processes (P1). Parietal cell (Pa) appears attenuated with flattened euchromatic nucleus (Npa). 
Mesangial matrix (*) is seen between glomerular capillaries. RBC; red blood corpuscle. BS; Bowman’s space. b) Glomerular capillary (C) lined by fenestrated 
(red arrows) endothelial cells and surrounded by a podocyte (PC) is noticed. The podocyte (PC) exhibits multiple mitochondria (m) and cisternae of rER (r). 
The glomerular basement membrane (BM) appears with a trilamellar pattern; central lamina densa lying between laminae rara externa and interna. Numerous 
secondary processes (P2) are regularly spaced by filtration slits (blue arrows) and resting on the glomerular basement membrane. RBC; red blood corpuscle. SS; 
subpodocytic space. N; nucleus of podocyte. c) The glomerular basement membrane (BM) appears regular and thin with thickness about 146.10 nm. Secondary 
processes (P2) are regularly spaced by filtration slits bridged with slit diaphragm (red arrow) C; capillary. PC; podocyte. N; nucleus of podocyte. Mic. Mag. 
a) x 2000, b) x 6000, c) x 10.000.
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Fig. 11 a-f: Electron micrographs of renal corpuscles of subgroup IIA (diabetic nephropathy subgroup) revealing: a) Parietal cells (Pa) are enlarged and 
protruding into Bowman’s space (BS). They exhibit vacuolated cytoplasm (V) and focal adhesions with podocytes (blue arrows). Podocyte (PC) appears with 
indented nucleus (N). The glomerular capillaries (C) are surrounded by glomerular basement membrane with focal thickening (red arrows). RBC; red blood 
corpuscle. b) Mesangial cells proliferation (M) is seen in between glomerular capillaries with mesangial matrix expansion (*) encroaching on the capillary 
lumina (yellow arrows). The glomerular basement membrane shows focal thickening (red arrows). Endothelial cell (EC) appears with dark rounded nucleus 
(N) protruding into the capillary lumen (C). RBC; red blood corpuscle. c) Numerous inflammatory cells (I1 & I2) are seen in the capillary lumen adhering 
to the endothelial cells (blue arrows) with podosome formation (P) in I2. Glomerular capillaries (C) are surrounded by irregular basement membrane (BM) 
with subendothelial deposits (red arrows). Increased mesangial matrix (*) is also noticed between the glomerular capillaries. RBC; red blood corpuscle. SS; 
subpodocytic space. d) The lining endothelial cell (EC) of a glomerular capillary (C) appears with dense heterochromatic nucleus (N). Focal areas of non-
fenestrated endothelium (blue arrows) with subendothelial deposits (yellow arrows) are seen. Some secondary processes of podocyte are irregularly spaced 
with areas of flattening and fusion (black arrows). Primary processes of podocyte (P1) show electron dense deposits (D) and mitochondria (m). BM; basement 
membrane, RBC; red blood corpuscle, SS; subpodocytic space. e) Detached apoptotic endothelial cell (EC) from glomerular basement membrane exhibiting 
dark nucleus (N). Mesangial matrix (*) encroaching on the glomerular capillary lumen (red arrows) is also seen. SS; subpodocytic space, C; glomerular 
capillary. f) The glomerular basement membrane exhibits focal thickening (red arrows) about 448.17 nm thick. Secondary processes of podocyte are irregularly 
spaced with areas of flattening and effacement (black arrows). Focal loss of fenestrations (blue arrows) of endothelial cells is also detected. RBC; red blood 
corpuscle, P1; Primary process, SS; subpodocytic space. Mic. Mag. a, b& c) x 2000, d&e) x 4000, f) x 10.000
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Fig. 12 a-d: Electron micrographs of renal corpuscles of subgroup IIB rats (spontaneous recovery subgroup) illustrating: a) Glomerular capillaries (C) 
surrounded by irregular glomerular basement membrane with focal thickening (blue arrows). Parietal cells (Pa) appear enlarged with irregular nuclei (Npa), 
dilated perinuclear cisternae (yellow arrows) and cytoplasmic vacuoles (V). M; mesangial cell, PC; podocyte, Np; nucleus of podocyte, RBC; red blood 
corpuscle, BS; Bowman’s space. b) Mesangial cell (M) and matrix expansion are encroaching on the capillary lumina (blue arrows). Inflammatory cell (I) is 
noticed inside the capillary (C). Focal thickening of the glomerular basement membrane (red arrows) is also seen. PC; podocyte, RBC; red blood corpuscle. c) 
Glomerular basement membrane with loss of the trilamellar structure (BM) and focal thickening (red arrows). Podocyte (PC) appears with dilated cisterna of 
rER (r). Secondary processes of podocyte are seen fused together with flattening and effacement (black arrows). Focal loss of fenestration (blue arrows) of the 
endothelial cells is also noticed. SS; subpodocytic space, EC; endothelial cell. d) Podocyte (PC) with multiple mitochondria (m), dilated cisternae of rER (r) 
and dilated cisternae of Golgi complex (G). Electron dense deposits are seen (D) in podocyte’s processes. The glomerular basement membrane (BM) shows 
focal thickening (red arrows) about 431.68 nm thick. SS; subpodocytic space, N; nucleus of podocyte. Mic. Mag. a) x 2000, b) x 3000, c) x 6000, d) x 10.000.
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Fig. 13 a-d: Electron micrographs of renal corpuscles of subgroup IIC rats (DN + BM-MSCs subgroup) illustrating: a) A glomerular capillary (C) surrounded 
by nearly thin glomerular basement membrane (BM) with focal thickening (red arrows). Podocyte (PC) exhibits euchromatic nucleus (Np) and multiple of rER 
(r). Parietal cell (Pa) is attenuated with flattened nucleus (Npa) and cytoplasmic vacuoles (V). RBC; red blood corpuscle. I; inflammatory cell, BS; Bowman’s 
space. b)  Mesangial cells (M) with irregular euchromatic nuclei (N) embedded in mesangial matrix (*). Glomerular capillaries (C) lined by fenestrated 
endothelial cells (red arrows) are also seen. BM; basement membrane, P1; primary process of podocyte, P2; secondary processes. c) Multiple lysosomes (L), 
myelin figure (MF) and electron dense deposits (D) are seen in podocyte’s processes. The glomerular basement membrane (BM) retains its trilamellar pattern. 
Some secondary processes (P2) of podocyte appear regularly spaced while others appear with flattening and effacement (red arrows). SS; subpodocytic space, 
C; glomerular capillary. d) Regular thin glomerular basement membrane (BM) about 125.76 nm thick with a trilamellar structure. A glomerular capillary (C) 
lined by fenestrated (red arrows) endothelial cells is also seen. Numerous regularly spaced secondary processes (P2) are resting on the glomerular basement 
membrane and separated by filtration slits (blue arrows). PC; podocyte, N; nucleus of podocyte, P1; primary process of podocyte. Mic. Mag. a&b) x 3.000, c)
x 6000, d)x 10.000.
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Fig. 14 a-c: Electron micrographs of renal corpuscles of subgroup IID rats (BM-MSCs-EVs subgroup) revealing: a) Glomerular capillaries (C) lined by 
fenestrated endothelial cells with euchromatic nucleus (Ne). Podocyte (PC) exhibits euchromatic irregular nucleus (Np). Attenuated parietal cell (Pa) with 
flattened euchromatic nucleus (Npa) is also seen. Mesangial matrix is noticed (*) between the glomerular capillaries. BM; basement membrane, P2; secondary 
processes, RBC; red blood corpuscle, BS; Bowman’s space. b) A podocyte (PC) surrounding glomerular capillaries (C) is seen with large autophagolysosomes 
(A), cisternae of rER (r), numerous mitochondria (m) and multiple lysosomes (L). Restoration of numerous regularly spaced secondary processes (P2) with 
focal area of flattening (blue arrows) is also seen. The glomerular capillaries are surrounded by nearly normal glomerular basement membrane (BM) with 
a trilamellar pattern. Focal thickening of glomerular basement membrane (red arrows) is also noticed. SS; subpodocytic space, EC; endothelial cell. c) 
Restoration of nearly regular thin glomerular basement membrane (BM) about 117.87 nm thick. Notice a glomerular capillary (C) lined by fenestrated (red 
arrows) endothelial cells and surrounded by regularly spaced secondary processes (P2) of podocyte (PC). r; rER, SS; subpodocytic space, Blue arrows; filtration 
slit. Mic. Mag. a) x2000, b)x4000, c)x 10.000

Histogram 1: The mean values of a; blood urea nitrogen (BUN), b; serum creatinine and c; urine protein among the studied subgroups. a; indicates significant 
statistical difference compared to the control subgroup IA. b; indicates significant statistical difference compared to the diabetic nephropathy subgroup. c; 
indicates significant statistical difference compared to subgroup IIC (P≤0.05).

Histogram 2: The mean values of serum a; malondialdehyde (MDA), b; total antioxidant capacity (TAC) and c; IL-6 among the experimental subgroups. a; 
indicates significant statistical difference compared to the control subgroup IA. b; indicates significant statistical difference compared to the diabetic nephropathy 
subgroup. c; indicates significant statistical difference compared to subgroup IIC (P≤0.05).
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Histogram 3: Comparison of the examined subgroups based on the mean 
glomerular basement membrane thickness (GBM). a; indicates significant 
statistical difference compared to the control subgroup IA. b; indicates 
significant statistical difference compared to the diabetic nephropathy 
subgroup (P≤0.05).

DISCUSSION                                                                                 

Diabetes is one of the common syndromes whose 
commonness is increasing massively worldwide. Diabetic 
nephropathy (DN) is a chronic, progressive frustrating 
catastrophe of DM which is a multifactorial disorder 
characterized by various metabolic and hemodynamic 
imbalances[42]. In many populations, it is regarded as the 
most frequent cause of end-stage kidney disease (ESKD), 
accounting for 28% of people starting renal replacement 
therapy (RRT) in the United Kingdom, and 44% in the 
United States and 38% in Australia[43,44]. 

In the current work, diabetes was induced by 
intraperitoneal injection of streptozotocin (STZ) in rats. 
STZ-induced pancreatic damage is regarded a classic 
animal model for diabetes mellitus type I. Its gains were 
mostly similar to those observed in human diabetic 
nephropathy[45]. STZ induces selective cytotoxicity 
to pancreatic β cells via binding to glucose transport 
protein 2 (GLUT2) on their cell membrane, thus eliciting 
structural damage of β-cells, alkylation and methylation 
of its DNA and cellular oxidative stress with subsequent 
hyperglycemia[46,47].

Conventional current therapies are not totally competent 
in the medication of DN, suggesting that auxiliary 
understanding of the molecular basis of the pathogenesis 
of DN is vital for the value-added therapy of this disease. 

In the current research, light and electron microscopic 
examination of diabetic nephropathy subgroup (subgroup 
IIA) revealed hypercellular glomeruli with mesangial cell 
proliferation and mesangial matrix expansion encroaching 
on the glomerular capillaries’ lumina and forming 
subendothelial deposits in many renal corpuscles. Also, 
the glomerular basement membrane appeared irregularly 
thickened with loss of the trilamellar pattern. This was 
confirmed by morphometric analysis.

According to Nasef and M Khateib[34] diabetic 
nephropathy is caused by an interplay between advanced 
glycation end products (AGEs) and oxidative stress (OS). 

Chronic hyperglycemia induces formation of AGEs via 
non-enzymatic binding of sugars to amino acid groups 
of proteins, nucleic acids and lipoproteins[48]. AGEs bind 
to receptors on macrophage cells, podocytes, and tubular 
cells resulting in a release of a huge portion of reactive 
oxygen species (ROS), which damages cells by upsetting 
the equilibrium between the antioxidant and oxidative 
systems[49].

Moreover, AGEs enhance transcription of several 
factors as transforming growth factor β1 (TGF-β1), 
insulin-like growth factor I, II (IGF) and platelets 
derived growth factor (PDGF). These factors stimulate 
synthesis of several extracellular matrix   components as 
collagen I, IV, laminin and fibronectin causing mesangial 
expansion, glomerulosclerosis, GBM thickening as well 
as subendothelial deposits[50] which were confirmed 
by Masson's trichrome stain in the present research. 
Furthermore, AGEs can enhance the expression of the 
angiotensin II (Ang II) receptors[51]. Angiotensin II 
enhances protein permeability in glomerular capillaries 
and stimulates mesangial cell proliferation and mesangial 
matrix buildup[52]. 

In addition, persistent hyperglycemia stimulates 
collateral pathways for glucose metabolism such as 
the polyol, hexosamine and protein kinase C (PKC) 
pathways. Stimulated polyol pathway induces increase of 
ROS production and cellular damage[53]. Also, activated 
hexosamine and PKC pathways stimulate mesangial 
cell for expression of several molecules such as TGF-β, 
fibronectin, endothelin-1 and vascular endothelial growth 
factor (VEGF) resulting in mesangial matrix expansion 
and GBM thickening[54].

Another important postulated mechanism of diabetic 
nephropathy is that chronic hyperglycemia induces 
inhibition of pro-autophagic transcription factor EB (TFEB) 
with subsequently suppression of autophagy pathway, 
accumulation of extracellular matrix and disruption of the 
GBM integrity[55,56]. 

In the present study, light microscopic examination 
of renal corpuscles of subgroup IIA revealed congested 
glomerular capillaries with periglomerular mononuclear 
cellular infiltration. This finding was confirmed 
ultrastructurally by presence of numerous inflammatory 
cells inside capillary lumina with adhesion to endothelial 
cells and transmigration with podosome formation. 
The inflammatory process is an important postulated 
mechanism of diabetic kidney injury. The accumulated 
AGEs and ROS activate nuclear factor κB (NF-κB) that 
enhance transcription of inflammatory gene such as IL-6, 
TNF-α and monocyte chemoattractant protein-1 (MCP-1) 
with subsequent infiltration of monocytes, macrophages 
and lymphocytes[57].  Du et al.[58] added that MCP-1 induces 
monocyte invasion into mesangium and vascular damage 
with increase production of ROS, metalloproteinases and 
proinflammatory mediators that worsen kidney injury and 
progression of DKD.  
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In this study the mean level of serum IL 6 showed 
significant rise in diabetic rats (subgroup IIA) as compared 
to control group. This increase confirms the previous 
explanation and was in accordance with Qi et al.[59] who 
declared that formation of MCP-1 by renal mesangial cells 
in response to hyperglycemia can lead to the accumulation 
and activation of mononuclear macrophages in the kidney 
as well as the secretion of a variety of growth factors and 
inflammatory transmitters.

In the current work, many ultrastructural changes 
were detected in the endothelial glomerular cells. Loss 
of endothelial fenestration was adopted by Finch et al.[60]

who investigated the impact of diabetes on glomerular 
endothelial cell fenestrae in human and mouse kidney. 
They postulated that loss of fenestration could be attributed 
to decreased expression of Eps Homology Domain 3 
(EHD3) proteins, one of endosomal transport proteins 
in glomerular endothelial cells which lead to aberrant 
VEGF signaling. In addition, some lining endothelial cells 
appeared apoptotic with dark nucleus and detached from 
glomerular basement membrane. Previous studies[61-63]

have shown that hyperglycemia induces these changes 
by different mechanisms. First; increase level of cleaved 
caspase-3 in glomerular endothelial cells in relation to 
high glucose level. Second; high glucose level inhibits of 
endothelial nitric oxide synthase (eNOS) and induction of 
endothelial oxidative damage. Lastly; increased expression 
of VEGF-A from injured podocytes induces caveolae 
formation and diaphragms on endothelial fenestrae leading 
to dysfunction of endothelial cells and their detachment 
from GBM. 

Podocytes are essential in preserving the integrity and 
permeability of the glomerular filtration barrier[64]. DN 
subgroup showed irregularly spaced secondary processes 
of podocyte with areas of flattening and effacement. Gil 
et al.[65] attributed these changes to hyperglycemia that 
induces activation of transient receptor potential canonical 
6 (TRPC6) calcium channel causing calcium influx into 
podocytes.  Increased intracellular calcium results in 
reorganization of actin filaments, disruption of nephrin, slit 
diaphragm, zonula occludens-1 (ZO-1) and consequently 
secondary process effacement. Also, Rein and Bader[66] 
explained flattening and effacement of podocytes̕ 
secondary processes by local increase in Ang II and VEGF 
which suppress expression of nephrin. 

Another ultrastructure finding concerning podocytes 
is their primary processes showed electron dense deposits. 
This is attributed to high level of IL-6 that cause change of 
fine actin stress fibers into thick bundles of cortical actin 
filaments that could act as a nidus for actin condensation with 
disruption of slit diaphragms[67]. Activation of endothelin 
receptors (ET-1)  on podocyte also mediates calcium influx 
that leads to activation of NF-κB and β-catenin signaling 
pathways with subsequent rearrangement of actin filaments 
and podocyte injury[68].

Our results revealed changes in parietal cells of 
Bowman’s capsule at light and electron microscopic 
examination. These findings could be attributed to high level 
of ROS which induce DNA damage, lipid peroxidation and 
protein damage in several renal cells[69]. Hyperglycemia 
could also induce hypertrophy, cell cycle arrest, vacuolar 
degeneration and apoptosis in parietal cells[70].

On microscopic examination, obliteration of Bowman's 
space with tuft adhesion between parietal cells and 
podocytes appeared. This could be due to glomerular 
expansions with structural contacts between intact 
podocytes and parietal cells inducing formation of tuft 
adhesions[71]. On the other hand, shrunken glomeruli with 
widening of Bowman's space in some renal corpuscles 
were noticed in DN animals. This can be attributed to 
structural damage of various cellular components by 
oxidative stress[34,49,72]. 

In addition, light microscopic examination of renal 
cortex revealed arteriolar hyalinization with eosinophilic 
acellular deposits and tunica media thickening. This 
finding could be due to intramural deposition of plasma 
proteins and lipids within the arteriolar wall[73].

In the present study increase level of MDA and lower 
level of TAC in the sera of rats in diabetic and recovery 
subgroups (IIA&B) were noticed. These changes were in 
accordance with Nasef and M Khateib[34] and Hosseinzadeh 
et al.[74] who postulated that accumulation of free radicals 
result in lipid peroxidation of membrane lipids associated 
with significant increase MDA. They added that impaired 
activities of antioxidant defense mechanisms lead to 
significant decrease in TAC level.

The renal histological findings in the current study 
went parallel with the serological results as they revealed 
significant rise in the levels of blood urea nitrogen 
and serum creatinine in subgroup IIA. These were in 
accordance with some researches[75,76] who postulated 
that disruption of GFB integrity due to mesangial cell 
proliferation, matrix expansion and thickening of GBM 
can result in a decreasing the glomerular filtration rate and 
also impairment of kidney functions. 

Significant increase in urine protein was also found 
in DN subgroup. This may be explained by cell damage 
due to accumulation of ROS. Alomari et al.[29] and Moratal                                                                        
et al.[77] postulated that ROS stimulate angiotensin II (Ang 
II) synthesis that causes an increase in intraglomerular 
pressure and glomerular permeability resulting in 
glomerular hyperfiltration and proteinuria. 

In the present study, kidneys of subgroup IIB 
(spontaneous recovery subgroup) showed no improvement 
in the histological, biochemical and morphometrical results 
but worsen signs of degeneration were noticed representing 
irreversibility of STZ induced diabetic nephropathy due to 
persistent damage of β-cells[78].
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Parallel to our results, a recent rat study[79]demonstrated 
that retinal samples obtained 12 weeks after diabetes 
induction showed no improvement in histological results 
with worsening symptoms of degeneration in the retinas, 
indicating that STZ-induced diabetic retinopathy is 
irreversible.

The majority of currently available treatments aimed 
at people who have advanced stages of DN. To postpone 
or perhaps eliminate this essential complication, it is 
desirable to design methods that target early stages of DN. 
Stem cell therapy has become one of the most promising 
treatment options for DN thanks to the development 
of contemporary medical technology in the field of 
regenerative medicine[80,81].

In the current study, rats of subgroup IIC which 
received a single dose of BM-MSCs after induction of 
diabetic nephropathy, showed moderate improvement in 
both biochemical profile and microscopic examinations 
with restoration of the architecture of renal corpuscles as 
compared to the DN subgroup. These results are in line 
with those of Abdel Aziz et al.[82] who discovered that 
delivering MSCs to patients decreased serum urea and 
creatinine, enhanced kidney function, and retained normal 
renal histology. The exact mechanism of the therapeutic 
potential of BM-MSCs is still not fully understood. 
However, several researchers attributed their therapeutic 
potential to paracrine mechanism through secretion of 
several growth factors, cytokines and chemokines such as 
VEGF, basic fibroblast growth factor (b-FGF), monocyte-
chemoattractant protein- 1and insulin growth factor-1 
(IGF-1) and hence their ability to influence the local 
environment, activate endogenous progenitor cells, and 
modify immune response[83,84].  

Ni et al.[85] demonstrated that bone marrow-derived 
cells can colonize afflicted glomerular endothelium, 
transform into endothelial cells, and contribute in 
angiogenesis and renewal of the highly specialized 
glomerular microvasculature. There is evidence also that 
when oxidant-damaged mesangial cells are cocultured 
with MSCs in an in vitro system, MSCs can be trans- 
differentiated into mesangial cells[86]. 

According to Gad et al.[87], and Almeida et al.[88], 
mesenchymal stem cells can improve the renal alterations 
in DN due to its anti-inflammatory effects. They postulated 
that MSCs secrete HGF that decrease expression of pro-
inflammatory cytokines as TNF-α, IL-1β and IL-6, and 
enhance expression of anti-inflammatory IL-10 and VEGF. 
Moreover, MSCs can secrete prostaglandin E2 (PGE2) 
that induce transition of macrophage into M2 phenotypes, 
hence the inflammatory process is suppressed and insulin 
sensitivity improved[89]. Furthermore, B lymphocyte 
proliferation and antibody generation are both suppressed 
by MSC[90]. This was confirmed in our study by the 
significant reduction of serum IL-6 in this subgroup when 
compared to diabetic nephropathy subgroup.

Interestingly, in the current study, significant reduction 
in the area % of collagen deposition was detected in MSCs 
treated animals. MSCs have an antifibrotic effect through 
suppression of TGF-β signaling pathway and collagens type 
I and IV deposition[91]. MSCs could also up-regulate organ-
protective Interleukin-10 (IL-10) which is an antifibrotic 
agent[92]. Some investigators[93] also studied attenuating 
mesangial growth after injection of umbilical cord 
mesenchymal stem cells (UC-MSCs) in diabetic mice that 
mimics the role of human MSCs in decreasing profibrotic 
molecule. In contrast, other investigators noticed that BM-
MSCs had no effect on fibrosis reduction[94,95]. Carvalho 
et al.[96] experimented on liver tissue and discovered that 
fibrosis was not reduced. Pecanha et al[97] whom employed 
skeletal muscle tissue also had a large scar. 

Another explanation of the potential therapeutic effect 
of BM-MSCs, is that they can ameliorate oxidative stress 
which is an important damaging mechanism for developing 
diabetic kidney disease. In vitro, MSC-derived isolated 
mitochondria increased the synthesis of mitochondrial 
SOD and Bcl-2 while inhibiting ROS generation[80,98]. These 
could explain significant reduction in serum MDA level 
and significant increase in serum TAC level in BM-MSCs 
treated group when compared to the diabetic nephropathy 
subgroup. In addition, MSCs have an angiogenic effect 
that could enhance renal vascular regeneration, and anti-
apoptotic effect which enhance podocyte survival via 
production of trophic factors as epidermal growth factor 
(EGF), stimulation of  expression of nephrin, podocin, 
synaptopodin and ZO-1[99]. These effects could improve 
diabetic induced  podocytes injury.

In this context, BM-MSCs represent a good therapeutic 
strategy to alleviate diabetic kidney injury, but there are 
many challenges that limit their use. The source of MSCs 
could affect their proliferation capability and efficacy. 
Safety of transplantation, tumorigenic formation and 
senescence of stem cells are all challenging for using 
MSCs as therapy[100].

EVs have got attention for their potential value 
for treatment of various diseases including kidney 
diseases[101,102]. In comparison to their secreted cells, EVs 
are considered more stable, less immunogenic, easily 
modified and could be stored for long period. In addition, 
the small size of EVs allows better tissue penetration and 
lower risk of embolization with intravascular injection 
than cell injection. EVs are also non-replicating vesicles 
hence there is no tumorigenic potential associated with 
their use[103,104].

Rats of subgroup IID that received a single dose EVs 
after induction of diabetic nephropathy, revealed evident 
histological structure improvement of renal corpuscles that 
was confirmed with the biochemical and morphometric 
results.

These outcomes were in line with those of Ebrahim 
et al.[105], who discovered that exosomes significantly 
improved renal function and restored renal tissues 
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histologically. According to He et al[106], MSC-derived 
exosomes were exhibited to be involved in glucose 
homeostasis via autophagy-related AMP-activated protein 
kinase (AMPK) pathway suppression.

One of the pivot cargos of EVs is micro RNAs that 
promote a number of therapeutic outcomes.  Mao et 
al.[107] and Peng et al.[108] stated that miRNA-let-7a could 
suppress oxidative stress and apoptosis in renal cells via 
reducing ubiquitin-specific protease 22 (USP22). Faruk 
et al.[109] also postulated that improvement of adrenal 
injury following fluoride consumption was attributed to 
suppression of oxidative stress by BM-MSCs-EVs. This 
was in accordance with our results that showed significant 
reduction in serum MDA and significant elevation of serum 
TAC as compared to the diabetic nephropathy subgroup.

Moreover, Xiang et al.[110] discovered that anti-
inflammatory effect of EVs was due to miR-223 and miR-
124-3p/Ern1 of EVs which upregulate anti-inflammatory 
cytokines as IL-10 and downregulate of proinflammatory 
mediators and adhesion molecules as IL-6 and TNF-α. In 
our work, this was proved by significant reduction of serum 
IL-6 in EVs-treated subgroup comparable to DN subgroup.

Furthermore, Liu and Holmes[111] attributed the 
anti- fibrotic effect of EVs to miRNA-222 that could 
decrease expression of fibronectin and collagen type I 
caused by autophagy suppression in hyperglycemic state.  
Interestingly, our research showed that subgroup IID had 
the control pattern of collagen deposition. 

Eventually, large autophagolysosome detected in 
podocytes implies that exosomes can activate autophagy 
to protect renal function[112]. The stimulation of 
autophagy by MSC-derived exosomes was discovered to 
ameliorate insulin resistance and directly regulate glucose 
metabolism[101].

The kidney biomarkers have also improved, supporting 
the therapeutic efficacy in EVS in subgroup IID along with 
the improvement in the histological structure of kidney 
tissue. Blood urea nitrogen, serum creatinine and urine 
proteins were all considerably improved and returned 
to their control ranges according to comparable earlier 
studies[113].

CONCLUSION                                                                              

EVs as a cell-free therapy offer a unique and promising 
therapeutic line to MSC transplantation in the management 
of diabetic kidney disease. It provides several advantages 
when compared to MSCs. However, several difficulties 
must be overcomed before the issue can be fully addressed.

To achieve the highest therapeutic potential, it is 
necessary to standardize a high-efficiency isolation 
approach and create a database of EVs absorption, 
distribution, metabolism, and excretion. Also, to discover 
the reno-protective mechanisms within the EVs, as well as 
their way of action, more research would be required.
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الملخص العربى

دراسة مقارنة لتأثير الخلايا الجذعية الوسطية للنخاع العظمى مقابل حويصلاتهم المفرزة 
علي الكريات الكلوية فى اعتلال الكلية السكرى فى الجرذان

إيمان مجدى محمد موسى، إنعام فيليب قلادة، صافيناز حسين صفوت، سيلفيا كميل صديق ساويرس

قسم الهستولوجيا وبيولوجيا الخلية - كلية الطب - جامعة الإسكندرية  

المقدمة: يعد اعتلال الكلية السكرى واحدة من أكثر نتائج الأوعية الدموية الدقيقة انتشارا لمرض السكرى التى تؤدى 
إلى المراحل النهائيه لمرض الكلى. أصبح العلاج بالخلايا الجذعية الوسطية المشتقة من النخاع العظمى وحويصلاتها 

المفرزة خارج الخلية بروتوكول علاج محتمل لاعتلال الكلية السكرى. 
الهدف: لمقارنة التأثير العلاجى المحتمل للخلايا الجذعية الوسطية المشتقة من النخاع العظمى والحويصلات المفرزة 

خارج الخلية على اعتلال الكلية السكرى المستحث فى الجرذان.
مواد وطرق البحث: تم استخدام أربعة ذكور جرذان بيضاء صغيرة فى عزل الخلايا الجذعية الوسطية المشتقة من 
النخاع العظمى والحويصلات المفرزة خارج الخلية. تم تقسييم اثنين وأربعين من ذكور الجرذان البيضاء البالغة على 
 24 المعالجة(:  )المجموعات  الثانية  المجموعة  جرذا.   18 الظابطة(:  )المجموعات  الأولى  المجموعة  التالى:  النحو 
جرذا، تلقى كل فأر حقنة واحدة داخل التجويف البريتونى من الأستريبتوزوتسين )55 مجم / كجم من وزن الجسم(. 
بعد التأكد من اصابتهم بالسكرى )معدل السكر فى الدم < 250 مجم / ديسيلتر( ، تم تقسيمهم بالتساوى إلى المجموعة 
الفرعية الثانية أ )المجموعة الفرعية لاعتلال الكلية السكرى(، المجموعة الفرعية الثانية ب )المجموعة الفرعية للتعافى 
النخاع  من  المشتقة  الوسطية  الجذعية  بالخلايا  المعالجة  الفرعية  )المجموعة  ج  الثانية  الفرعية  المجموعة  التلقائى(، 
العظمى( و المجموعة الفرعية الثانية د )المجموعة الفرعية المعالجة بالحويصلات المفرزه خارج الخلية(. فى نهاية 
التجربة، تم جمع عينات الدم والبول للتحليل البيوكيميائى. كما تم استئصال الكلى ومعالجتها لدراستها بالميكرسكوب 

الضوئى و الإلكترونى والشكلى النسيجى القياسى. ثم خضعت البيانات المجمعة للتحليل الإحصائى. 
النتائج: كشفت الدراسة الهستولوجية للمجموعة الفرعية لاعتلال الكلية السكرى عن عدم انتظام سمك الاغشيه الكبيبيه 
القاعديه و انفصال الخلايا البطانية المستماتة مع وجود  فجوات بالخلايا الجدارية، كما تم طمس الأزرع الثانوية لكثير 
من الخلايا الرجلاء،و تسلل الخلايا الإلتهابية مع تكاثر خلايا المسراق وتوسع مطرس مسراق الكبيبة .و قد تم تأكيد هذه 
النتائج كيميائيا عن طريق زيادة ذات دلاله احصائيه فى متغيرات الكلى، علامات الأكسدة والإلتهاب وإنخفاض ذا دلاله 
احصائيه  بعلامات مضادات الأكسدة. و ايضا أظهرت الدراسة الشكلية القياسية عن زيادة ذات دلاله احصائيه  فى سمك 
الغشاء الكبيبى القاعدى و نسبة المساحة لألياف الكولاجين. هذا و قد خفف العلاج بالخلايا الجذعية الوسطية المشتقة من 
النخاع العظمى التغيرات الهستولوجية بالكريات الكلوية كما حسن من العلامات البيوكيميائية والتحليل الشكلى القياسى 

المستحث بمرض السكرى. وكشف إعطاء الحويصلات المفرزه خارج الخلية عن نتائج أفضل.
الإستنتاج: يمكن أن تكون الخلايا الجذعية الوسطية المشتقة من النخاع العظمى و الحوصيلات المفرزه خارج الخلايا 
مفيدة إلى حد كبير فى علاج اعتلال الكلية السكرى.مع الاخذ فى الاعتبار إن الحويصلات المفرزه خارج الخلية لديها 

طريقة علاجية واعدة مع آثار جانبية أقل عن الخلايا الجذعية الوسطية المزروعة .


