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Abstract: Chronic kidney disease (CKD), a global health concern, is highly prevalent among adults.
Presently, there are limited therapeutic options to restore kidney function. This study aimed to inves-
tigate the therapeutic potential of breast milk mesenchymal stem cells (Br-MSCs) and their derived
exosomes in CKD. Eighty adult male Sprague Dawley rats were randomly assigned to one of six groups,
including control, nephropathy, nephropathy + conditioned media (CM), nephropathy + Br-MSCs,
nephropathy + Br-MSCs derived exosomes (Br-MSCs-EXOs), and nephropathy + Br-MSCs + Br-MSCs-
EXOs. Before administration, Br-MSCs and Br-MSCs-EXOs were isolated, identified, and labeled with
PKH-26. SOX2, Nanog, and OCT3/4 expression levels in Br-MSCs and miR-29b, miR-181, and Let-7b in
both Br-MSCs and Br-MSCs-EXOs were assayed. Twelve weeks after transplantation, renal function
tests, oxidative stress, expression of the long non-coding RNA SNHG-7, autophagy, fibrosis, and ex-
pression of profibrotic miR-34a and antifibrotic miR-29b, miR-181, and Let-7b were measured in renal
tissues. Immunohistochemical analysis for renal Beclin-1, LC3-II, and P62, Masson trichome staining,
and histopathological examination of kidney tissues were also performed. The results showed that
Br-MSCs expressed SOX2, Nanog, and OCT3/4, while both Br-MSCs and Br-MSCs-EXOs expressed
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antifibrotic miR-181, miR-29b, and Let-7b, with higher expression levels in exosomes than in Br-MSCs.
Interestingly, the administration of Br-MSCs + EXOs, EXOs, and Br-MSCs improved renal function tests,
reduced renal oxidative stress, upregulated the renal expression of SNHG-7, AMPK, ULK-1, Beclin-1,
LC3, miR-29b, miR-181, Let-7b, and Smad-7, downregulated the renal expression of miR-34a, AKT,
mTOR, P62, TGF-β, Smad-3, and Coli-1, and ameliorated renal pathology. Thus, Br-MSCs and/or their
derived exosomes appear to reduce adenine-induced renal damage by secreting antifibrotic microRNAs
and potentiate renal autophagy by modulating SNHG-7 expression.

Keywords: mesenchymal stem cells; exosomes; miRNA; mRNA; long-non-coding RNA

1. Introduction

Kidney disease is a significant public health concern worldwide, affecting millions
of people of all ages. Chronic kidney disease (CKD) and acute kidney injury (AKI) are
two distinct forms of kidney disease that significantly impact an individual’s health and
well-being. CKD is an irreversible progressive loss of kidney function caused by several
underlying conditions, including diabetes and hypertension. It has a higher prevalence, as,
among ten adults, one suffers from CKD (4.7% in men and 5.8% in women) [1]. AKI is a
rapid loss of kidney function triggered by dehydration, infection, or drug toxicity, resulting
in a reduction in urine output with increased serum creatinine and blood urea nitrogen
levels [2,3]. Many causes potentiate kidney injury, including renal ischemia, hypovolemia,
toxic renal injury, and sepsis [4,5]. However, therapeutic strategies often fail to restore
the deteriorated kidney function and 25% of AKI patient develop CKD, with increasing
mortality levels due to cardiovascular complications, especially coronary diseases [6].
Inflammation and oxidative stress are associated with the development of CKD and halt
the renal repairing mechanism by the podocytes and fibroblast cells and reduce the renal
blood flow via an angiopathic mechanism [7].

The abovementioned consequences initiate an epithelial-to-mesenchymal transition,
where the population of fibroblast/myofibroblast increases and promotes renal fibrosis
upstream regulation of the transforming growth factor-beta (TGF-β)/fibrosis signaling
pathway, resulting in excessive extracellular matrix protein deposition (ECM), thus causing
tubulointerstitial nephritis and glomerulosclerosis [8]. Renal fibrosis leads to CKD and
increases urinary albumin outputs [9]. On the other hand, there are several non-coding
RNAs comprising both microRNAs and long-noncoding RNAs that potentiate or inhibit
the progression of CKD; among those is mir-34a, which activates renal fibrosis via down-
regulating klotho (an endogenous inhibitory of the fibrosis) and induces renal tubular
epithelial-to-mesenchymal transition, thus provoking renal fibrosis [10]. On the contrary,
SNHG-7 long non-coding RNA is an autophagy coactivator since it acts as a sponge for
mir-34a that impedes its AMPK inhibitory action [11,12]. AMPK causes a downstream
regulation for the PI3K/AKT/mTOR pathway and potentially upstream regulates the
expression of ULK1/2 and potentiates the self-repairing mechanism autophagy [13]. Au-
tophagy is one of the cellular conservative mechanisms since it conserves cellular energy,
recycles damaged organelles, and impedes cellular apoptosis [14].

Autophagy plays a crucial role in renal tissue cellular hemostasis and metabolism via
recycling and degrading damaged proteins, organelles, and macromolecules [15]. The ac-
cumulation of toxic protein aggregates, cytoplasmic inclusion bodies, and unfolded protein
responses (UPR) have been noticed in renal cells with autophagy gene knockout that ag-
gravate the progression of the kidney injury and potentiate severe tubular cell damage and
apoptosis [16]. During cellular stress and starvation, autophagy is switched on via a cellular
inhibitory signal for the mammalian target of rapamycin (mTOR); autophagy-related genes
(Atg) are upregulated to conserve cellular nutrient and energy via recycling damaged protein
and organelles rather than the de novo synthesis of them, which requires a lot of cellular
energy that in turn exhausts the starved or injured tissue [17]. The process of autophagy
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comprises macroautophagy, which involves the formation of autophagosomes involving
several steps; the first step is the autophagosome membrane nucleation. This step is essen-
tial for autophagy induction and comprises several molecules. The most important one is
Beclin-1, which interacts with Ambra-1, Rubicon, Atg14L, Bif-1, UVRAG, HMGB-1, IP3R,
and other molecules to form a Beclin 1-Vps34-Vps15 core complex, the so-called phagophore.
Then, the next step is autophagosome membrane elongation, which primarily mediates two
ubiquitin-like conjugation systems that promote the assembly of the ATG16L complex and
the processing of LC3 ((PE) phosphatidylethanolamine). The next step is the membrane matu-
ration and closure, which is promoted by LC3, Beclin 1, the lysosomal membrane proteins
LAMP-1 and LAMP-2, the GTP-binding protein RAB7, the ATPase SKD1, the cell skeleton,
the pH of lysosomes, and possibly presenilin 1 (PS1). The final step is the fusion between the
lysosomes and autophagosome, forming an autophagolysosome complex for recycling the
damaged proteins and organelles, conserving the cellular energy [18].

Current therapeutic regimens for CKD only slow the progression of renal impairment
and its complications; these regimens include hemodialysis, managing anemia, and kidney
transplantation in severe cases [19]. Moreover, kidney transplantation has several limita-
tions, such as lacking live and cadaveric donors and a higher incidence of infection and
cancers due to the long-term immunosuppressive regimens [20]. Thus, the regeneration of
the deteriorated kidney represents a future promising therapeutic strategy for CKD; one
of these regenerative strategies is mesenchymal stem cells transplantation (MSCs). Over
the last decades, MSCs’ implication displayed a promising aid in several chronic diseases,
including CKD, due to their self-renewability and multiplicity to differentiate to many cell
types of different lineage and the secretory potency of these cells for several soluble trophic
and growth factors that induce the internal repairing mechanism via activating the internal
tissue stem cell niches through a paracrine effect [21]. However, several limitations impose
their therapeutic applications, such as pulmonary trapping of MSCs after intravenous
administration that limits their tissue availability, the difficulty in obtaining and producing
consistent sources of MSCs with stable phenotypes, and the risk of forming ectopic tissue,
granuloma, and tumors in several body organs [22,23].

Interestingly, one of MSCs’ regenerative mechanisms is secreting extracellular vesicles
comprising many trophic factors and genetic materials that coordinate repairing mech-
anisms and cellular communications [24]. Among the different types of mesenchymal
stem cells, breast milk-derived mesenchymal stem cells (Br-MSCs) are a valid option, as
they can be obtained with a non-invasive method, expressing a higher level of embry-
onic transcription factors that ensures higher plasticity, multipotency, and regenerative
capacity [25–27]. On the other hand, Br-MSCs could differentiate into many cell types of
different lineage neurons, hepatocytes, pancreatic beta cells, osteoblasts, and adipocytes
under in vitro conditions [27]. They display a higher degree of resistance to challenging
conditions as they could survive GIT conditions, cross intestinal barriers, and circulate
within the cardiovascular system of the infant [28,29].

Exosomes are extracellular vesicles (EVs), with a diameter of 30–150 nm formed by
the fusion of multivesicular cell membranes. They can be released by almost all cells, can
be transferred to target cells through cell-to-cell communication, and can perform a variety
of biological functions. The current progress on exosomes in the diagnosis and treatment of
diseases provides an important basis for their future application in medicine [30]. Unlike
MSCs, their derived exosomes have better tissue distribution, safety, and lower tumori-
genicity and immune-mediated rejection, indeed bridging regenerative regimens towards
the cell-free therapy considered safe and promising reparative implication in regenerative
medicine [31]. Therefore, this study was designed to explore the possible therapeutic
implication of breast milk mesenchymal stem cell-derived exosomes (Br-MSCs-EXOs) in
CKD and to address the underlying regenerative mechanism regarding the epigenetic
regulation of the renal autophagy/fibrotic signaling pathway.
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2. Materials and Methods
2.1. Experimental Animals

Eighty adult male Sprague Dawley rats 220 ± 20 gm and 6–8 weeks old were ob-
tained from the animal house faculty of veterinary medicine, Zagazig University and
were maintained under standard conditions for experimentation on rodents. Nephropathy
was induced in rats via the administration of adenine (Sigma–Aldrich Chemical Co., St.
Louis, MO, USA) 200 mg/kg body weight (b.wt) in 0.5% carboxymethyl cellulose (CMC)
(Sigma–Aldrich Chemical Co., St. Louis, MO, USA) daily for 24 consecutive days [32].

2.2. Isolation and Identification of Breast Milk Mesenchymal Stem Cells (Br-MSCs)

Following informed written consents, twenty milk samples were collected from donor
mothers under septic conditions from Zagazig University’s pediatric hospital. The volume
of each collected breast milk sample from each mother was 15–20 mL. Breast milk mesenchy-
mal stem cells were isolated according to the method developed by Patki et al. [33] and
reported by [34,35]. After the third passage, the cells were identified with flow cytometrical
analysis of positive surface markers (CD105, CD90, and CD73) using CD90FITC, CD73PE,
and CD105 FITC antibodies (Minneapolis, MN, USA) and negative markers (CD34, CD45,
and HLA-DR) using CD34PE, CD45FITC, and HLA-DRPE antibodies (Minneapolis, MN,
USA). The Br-MSCs were labeled with PKH-26 (Sigma Aldrich, St. Louis, MO, USA)
following the manufacturer’s instructions for tracking the transplanted cells [33,34].

2.3. Isolation, Identification, and Electron Microscopy of Breast Milk Mesenchymal Stem Cell Exosomes

Br-MSCs were maintained and incubated for about 12 h in media without fetal bovine
serum (FBS) to exclude isolation of the FBS exosomes and to ensure that the obtained exosomes
were the only ones secreted by the breast milk-derived mesenchymal stem cells. The cell
media were centrifuged at 2000× g for 30 min. Then, the supernatant with the cell-free
culture media was translocated to a new tube without disturbing the pellet. The required
volume of cell-free culture media was added to 0.5 volumes of Total Exosome Isolation reagent
(Invitrogen). After mixing by vortex, incubation was performed at 2 ◦C to 8 ◦C overnight,
followed by centrifugation at 10,000× g for 1 h at 2 ◦C to 8 ◦C. Then, exosomes were present
in the pellet at the tube bottom. The pellet was resuspended. The MSC-derived exosome
cell markers were characterized using FACS, including CD9 and CD63 using CD9PE and
CD63PerCP antibodies (Minneapolis, MN, USA). The exosomes were labeled with PKH-26
(Sigma Aldrich, St. Louis, MO, USA) before their administration in rats.

The ultrastructure examination of Br-MSC-derived exosomes (Br-MSCs-EXOs) was per-
formed using transmission electron microscopy (TEM), where the exosome pellets were
suspended in a mixture of 2.5% glutaraldehyde (Merck KGaA, Darmstadt, Germany), 2%
paraformaldehyde (Sigma-Aldrich Co.), and 0.1 M cacodylate buffer at pH 7.4 and incubated
overnight at 4 ◦C, then fixed with 1% osmium tetroxide (Sigma-Aldrich Co.). After that, the
sample was dehydrated with ethanol and propylene oxide. Finally, the sample was embedded
in agar 100 resin kit (Agar Scientific Ltd., Stansted, UK) and sectioned (50 nm). The ultra-thin
section was stained using lead citrate and uranyl acetate before being investigated under
transmission electron microscopy with the JEM 1200EX (Oxford, UK) [36].

2.4. Experimental Design

Eighty male adult Sprague Dawley rats were allocated into six equal groups, fifteen rats
each. G1: control group that was injected 25 days after starting the experimental procedures
with two doses of 0.25 mL DMEM intraperitoneally with seven day intervals; G2: nephropathy
group (rats received an oral dose of adenine 200 mg/kg dissolved in 0.5 CMC daily for
24 consecutive days and were injected 25 days after starting the experimental procedures with
two doses of 0.25 mL DMEM intraperitoneally with seven day intervals [32]; G3: nephropathy
and treated at day 25 after starting the experimental procedures with two doses of 0.25 mL of
conditioned media with seven day intervals (Nephro + CM); G4: nephropathy and treated
at day 25 after starting the experimental procedures with two doses of 2 × 107 human Br-
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MSCs with seven day intervals between the two doses [35] (Br-MSCs) (Nephro + MSCs);
G5: nephropathy and treated at day 25 from starting the experimental procedures with two
doses of Br-MSC-derived exosomes at 75 µg per rat twice with a seven day interval between
the two doses [37] (Nephro + Br-MSCs-EXOs); G6: nephropathy and treated at day 25 from
starting experimental procedures with two doses of Br-MSCs 2 × 107 and Br-MSCs-EXOs
75 µg with a seven day interval between two doses (the exosomes were injected firstly and
Br-MSCs were infused 3 h post-exosome administration). After 12 weeks, blood samples
from median eye canthus were collected. Then, all rats were euthanized. Kidney tissues
were perfused with phosphate buffered saline (PBS) and rapidly divided into three parts:
first part, 50 mg from a cross section of the kidney, including cortex and medulla, was
collected rapidly on 1 mL Qiazol (Qiagen, Germany) and stored at −80 ◦C for further use in
total RNA extraction; second part was wrapped in aluminum foil and stored at −80 ◦C for
oxidant/antioxidant activity; third portion was maintained in 10% neutral buffered formalin
for histopathological/immunohistochemical studies.

2.5. Administration of Br-MSCs and Br-MSCs-EXOs

Br-MSCs were given at a dose of 2 × 107 dissolved in 0.25 mL of serum-free DMEM
twice (with a seven day interval) intraperitoneally to avoid pulmonary trapping of the
cells [34,35] in the Nephro + Br-MSCs and Nephro + Br-MSCs + EXOs groups. Br-MSCs-
EXOs were administered at a dose of 75 µg dissolved in 0.25 mL of serum-free DMEM
per rat intraperitoneally twice, with a seven days interval [37] in the Nephro + EXOs and
Nephro + Br-MSCs + EXOs groups. Conditioned media is a serum-free media used for exo-
some isolation and was administered in the Nephro + CM group 0.25 mL intraperitoneally
twice at a seven day interval. The Nephro and the control group rats were administered
the same volume of intraperitoneal DMEM twice at a seven day interval.

2.6. Biochemical Analysis

Blood urea nitrogen, serum uric acid, and serum creatinine were measured according
to the manufacturer’s instructions (SPINREACT, Gerona, Spain). Additionally, to deter-
mine the oxidant/antioxidant activity, the renal tissue was homogenized and centrifuged
at 3000 rpm for 10 min; the supernatant was stored at −80 until used. Following manufac-
turer’s instructions, renal malondialdehyde (MDA), reduced glutathione (GSH), catalase
(CAT), and superoxide dismutase (SOD) were measured using the sandwich ELISA method
(MyBioSource, San Diego, CA, USA) and total antioxidant capacity (TAC) was assayed
using a colorimetric assay kit (ABTS, Enzyme method, MyBioSource, San Diego, CA, USA).

2.7. Real-Time PCR

Total RNA was isolated from mononuclear cell layer (MNC), Br-MSCs-EXOs, Br-MSCs,
and kidney tissue using qiazol (Qiagen, Hilden, Germany). The total extracted RNA concen-
tration and quality was determined using NanoDrop® ND-1000 UV—Vis spectrophotometer
(thermos scientific, Waltham, MA, USA). Reverse transcription for mir-34a, mir-29b, mir-181,
Let-7b, and U6 were performed with the sequence of the stem-loop primer listed in Table 1
using a miScript II reverse transcription kit (Qiagen, Santa Clarita, CA, USA) following the
supplier’s instructions. The primers for microRNA were designed using online software
http://www.srnaprimerdb.com (accessed on 15 February 2022) from the microRNA mature
sequence collected from the database for the miRNA https://www.mirbase.org/ (accessed on
15 February 2022). On the other hand, the mRNA was reverse-transcribed with a high-capacity
reverse transcriptase kit (Applied Biosystem, Foster City, CS, USA). Finally, the produced
cDNA was diluted at 1–5, aliquoted, and stored at −20 ◦C for the gene expression study. The
real-time PCR reaction was conducted in a total reaction volume of 20 µL, 10 µL TOPreal™
qPCR 2X PreMIX, SYBR Green with low ROX, (Enzynomics, Daejeon, Republic of Korea),
1 µL of forward and reverse primer supplied by (Sangon Biotech, Beijing, China) Table 1, and
nuclease-free water up to 20 µL, as previously reported in [34,35,38]. The expression levels of
mir-34a, mir-29b, mir-181, and Let-7b were normalized to U6 as the miRNA reference gene

http://www.srnaprimerdb.com
https://www.mirbase.org/
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and mRNA was normalized to Gapdh. The relative expressions of both miRNA and mRNA
were performed with 2−∆∆CT [39].

Table 1. Primer sequence used for real-time PCR.

Gene Forward Primer Reverse Primer bp Accession No. References

TGF-β1 AGGGCTACCATGCCAACTTC CCACGTAGTAGACGATGGGC 168 NM_021578.2 [40]
Smad-7 GAGTCTCGGAGGAAGAGGCT CTGCTCGCATAAGCTGCTGG 84 NM_030858.2 [40]
Smad-3 CTGGGCAAGTTCTCCAGAGTT AAGGGCAGGATGGACGACAT 148 NM_013095.3 [40]
Beclin-1 GAATGGAGGGGTCTAAGGCG CTTCCTCCTGGCTCTCTCT 180 NM_001034117.1 [40]

LC-3 GAAATGGTCACCCCACGAGT ACACAGTTTTCCCATGCCCA 147 NM_012823.2 [40]
mTOR GCAATGGGCACGAGTTTGTT AGTGTGTTCACCAGGCCAAA 94 NM_019906.2 [40]

P62 GGAAGCTGAAACATGGGCAC CCAAGGGTCCACCTGAACAA 183 NM_181550.2 [40]
SNHG-7 TGGCAGTGTCTTAGCTGGTT AACGTGCAGCACTTCTAGGG 81 NR_031850.1

Coli-1 GCAATGCTGAATCGTCCCAC CAGCACAGGCCCTCAAAAAC 176 NM_053304.1 [41]
AMPK GCGTGTGAAGATCGGACACT TGCCACTTTATGGCCTGTCA 103 NM_023991.1
AKT-1 GAAGGAGAAGGCCACAGGTC TTCTGCAGGACACGGTTCTC 111 NM_033230.3
ULK-1 CGTACACTGCCTGACCTCTC AGAGGCCTGTGTCCCAAATG 162 NM_001108341.1

rat Gapdh GGCACAGTCAAGGCTGAGAATG ATGGTGGTGAAGACGCCAGTA 143 NM_017008.4 [35]
human Gapdh GGAGTCAACGGATTTGGTCGT ACGGTGCCATGGAATTTGC 161 NM_002046.7 [35]

mir-29b AACACGCCTGGTTTCACATG GTCGTATCCAGTGCAGGGT
mir-34a AACACGCTGGCAGTGTCTTA GTCGTATCCAGTGCAGGGT
mir-181 AACACGCAACATTCAACGCT GTCGTATCCAGTGCAGGGT
Let-7b AACACGCTGAGGTAGTAGGTT GTCGTATCCAGTGCAGGGT [40]

U6 GCTCGCTTCGGCAGCACA GAGGTATTCGCACCAGAGGA [40]
mir-29b stem-Loop primer GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTAAGC
mir-34a stem-Loop primer GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACAACC
mir-181 stem-Loop primer GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACTCAC
Let-7b stem-Loop primer GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAACCAC [40]

U6 stem-Loop primer AACGCTTCACGAATTTGCGTG [40]

2.8. Histopathological Examination

Five rats per treatment group had their kidney tissue fixed in 10% neutral formalin at
room temperature for 48–72 h before being dehydrated in a series of increasingly stronger
alcohols, immersed in benzene for 20 min, embedded in paraffin, and cut into 5 m thick
slices. Sections were deparaffinized in xylene and stained with hematoxylin and eosin
(HE) to evaluate histopathological changes or with Masson’s trichrome (MTC) to identify
regions of interstitial fibrosis using a Nex ES Special Stainer (Ventana Medical Systems,
Roche Diagnostics Solutions, Tucson, AZ, USA). The slices were then examined under a
light microscope [42].

2.9. Immunohistochemical Analysis

The avidin–biotin–peroxidase complex technique was used for the immunohisto-
chemical staining of tissues. Briefly, formalin-fixed sections were heated for 20 min in a
10 mM citrate buffer (pH 6.0), cooled for 20 min at room temperature, and then subjected
to primary antibodies at 4 ◦C overnight. Beclin-1 antibody, (rabbit polyclonal 1:500, cat.
no. ab217179, Abcam, Cambridge, UK), LC3-III antibody (rabbit polyclonal, 1:4000; cat.
no. NB600-1384, Novus Biologicals, Cambridge, UK), and p62/SQSTM1 antibody, (mouse
monoclonal, 1:40,000, cat. no. WH0008878M1, Sigma-Aldrich, Buchs, Switzerland) were
used. Phosphate-buffered saline (PBS) was used for 2X washing of the stained section with
the primary antibody for 5 min. Sections were successively treated for 15 min with the
peroxidase-conjugated streptavidin (1:3000 in PBS) and the appropriate secondary anti-
body. Visualization of immunolabeling was performed using 0.02% 3,3′ diaminobenzidine
tetrahydrochloride. Hematoxylin counterstained sections were dried in gradient ethanol
and mounted in Canada balsam.

2.10. Statistical Analysis

The mean ± standard error mean (S.E.M) was used to describe continuous variables.
The normality of the data was checked with a Shapiro–Wilk test. In homogeneous data,
one-way analysis of variance (ANOVA) was used, followed by Tukey’s honest significant
difference test for multiple group comparison using SPSS (Version 20; SPSS Inc., Chicago,
IL, USA); a p value less than 0.05 (p < 0.05) was considered statistically significant.
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3. Results
3.1. Identification and Homing of Br-MSCs and Their Derived Exosomes

The isolated cells from breast milk showed a typical fibroblastic appearance; they could
adhere to the bottom of the culture vessels (Figure 1A). On the other hand, these cells were pos-
itive for CD105, CD90, and CD73 and negative for CD34, CD45, and HLA-DR (Figure 1D–I).
Moreover, their derived exosomes showed a positive reaction with CD9 and CD63 when
examined with flow cytometry and appeared as spherical bodies under TEM (Figure 2A–C).
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Figure 1. Identification and homing of Br-MSCs (A–I). (A) Br-MSCs cells 7th of culture, Scale bar 20 µm,
(B) homing of Br-MSCs in rat kidney tissue of Br-MSCs treated group 3rd post-transplantation assayed
by PKH-26, Scale bar 100 µm, (C) homing of Br-MSCs in rat kidney tissue of Br-MSCs + EXOs treated
group 3rd post-transplantation assayed by PKH-26, Scale bar 100 µm, (D) flow cytometry of CD105
positive Br-MSCs, (E) flow cytometry of CD90 positive Br-MSCs, (F) flow cytometry of CD73 positive
Br-MSCs, (G) flow cytometry of CD34 negative Br-MSCs, (H) flow cytometry of CD45 negative Br-MSCs,
(I) flow cytometry of HLA-DR negative Br-MSCs, and (J) % of the mean fluorescent intensity for positive
and negative cell population for CD105, CD90, CD73, CD34, CD45, and HLA-DR.

Interestingly, the transplanted Br-MSCs and/or their derived exosomes could home
injured renal tissue; this was detected by the expression of human GAPDH within the
“rats” renal tissue at 12 weeks (Figure 2D) and the red fluorescence emission that appeared
during the examination of Br-MSCs (Figure 1B), EXOs (Figure 2F), and Br-MSCs and EXOs
(Figure 1C)-treated groups’ renal tissue by fluorescent microscopy on the 3rd day post-
second transplantation. Interestingly, the Br-MSCs showed a higher expression level of
embryonic transcription factors Nanog, OCT4, OCT3, and SOX2 than the mononuclear cell
layer isolated from human peripheral blood that comprised mature adult mesenchymal
stem cells (Figure 2E).

3.2. Br-MSCs and/or Their Derived EXOs Improved Renal Function Tests

The nephropathic and CM-treated rats showed a significant (p < 0.001) elevation in
the mean value of the serum uric acid, creatinine, and urea compared with control rats
(Figure 3A–C). However, Br-MSCs + EXO, EXOs, and Br-MSC-treated groups provoked a
significant (p < 0.001) reduction in the abovementioned parameters in orders compared
with nephropathy and CM-treated groups (Figure 3A–C).
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Figure 2. Identification and homing of Br-MSCs and exosomes and expression of the embryonic
transcriptional factor of Br-MSCs (A–F). (A) TEM photomicrograph of exosomes; (B) flow cytometry
of CD9 positive exosomes; (C) flow cytometry of CD63 positive exosomes; (D) detection of Br-MSCs,
exosomes, Br-MSCs + EXOs in rat renal tissue at the end of the experiment via relative expression
of human Gapdh mRNA at the end of the experiment after 12 weeks; (E) expression of Br-MSCs
embryonic transcriptional factors (Nanog, OCT3/4, Sox2) compared with human mononuclear cell
layer (MNC); (F) homing of exosomes in renal tissue of EXOs rats group 3rd day post-transplantation
assayed by PKH-26, Scale bar 400 µm,; (G) % of the mean fluorescent intensity for positive and
negative cell population for CD9 and CD63, Scale bar 400 µm, (H) representative photomicrograph
for renal tissue of Nephro + CM group under florescent microscope showing negative florescent
signal; *** p < 0.001, @,#,$,* Means bearing different superscripts were significantly different at p < 0.05.

3.3. Br-MSCs and/or Their Derived EXOs’ Impact on Renal Oxidant/Antioxidant Markers

The nephropathy and CM-treated groups had a significant (p < 0.001) increase in the
mean value of lipid peroxidation markers (MDA) and a decrease in the mean value of the
antioxidant marker SOD, GPx, and CAT compared with the control group (Figure 4A–D). On
the contrary, transplantation of Br-MSCs + EXO, EXOs, and Br-MSCs provoked a significant
(p < 0.001) decline in the mean value of lipid peroxidation markers (MDA) and an elevation in
the mean value of the antioxidant marker SOD, GPx, and CAT compared with nephropathic
rats, respectively, compared with nephropathy and CM-treated groups (Figure 4A–D).
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Figure 4. Effect of Br-MSCs and/or their derived EXOs on renal oxidant/antioxidant markers (A–D).
(A) renal MDA (nmol/mg), (B) renal SOD (U/mg), and (C,D) renal CAT (ng/mg). Values are the
mean of (n) 6–8 rats per group ± S.E.M. ** p < 0.01, **** p < 0.0001.
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3.4. Br-MSCs and/or Their Derived EXOs’ Impact on Renal Expression of mir-34a/SNHG-7
/AMPK/ULK-1–AKT/mTOR Signaling Pathway

There was significant (p < 0.001) upregulation in the mean fold change for the relative
expression of mir-34a, mTOR, and AKT and downregulation in the mean fold change for the
relative expression of SNHG-7, AMPK, and ULK-1 in the nephropathy and CM-treated rats
compared with control ones (Figure 5A–F). In contrast, Br-MSCs + EXO, EXOs, and Br-MSCs’
transplantation caused a significant (p < 0.001) downstream regulation of mir-34a, mTOR,
and AKT expression, and upstream regulation in SNHG-7, AMPK, and ULK-1 expression,
respectively, compared with nephropathy and CM-treated groups (Figure 5A–F).
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Figure 5. Effect of Br-MSCs and/or their derived EXOs on renal expression of mir-34a/SNHG-
7/AMPK/ULK-1–AKT/mTOR signaling pathway (A–F). (A) Relative expression of mir-34a/U6
(% control), (B) relative expression of Lncr SNHG-7/Gapdh (% control), (C) relative expression of
AMPK/Gapdh (% control), (D) relative expression of ULK-1/Gapdh (% control), (E) relative expression
of mTOR/Gapdh (% control), and (F) relative expression of AKT-1/Gapdh (% control). Values are the
mean of (n) 6–8 rats per group ± S.E.M. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

3.5. Br-MSCs and/or Their Derived EXOs Affect Renal Histopathology

Examination of H&E-stained sections of the renal cortex of the control group showed
entirely normal histological features (Figure 6A). However, kidneys of nephropathy and
nephropathy + CM groups showed nearly similar histological features characterized by
marked tissue injury in the form of shrinkage of glomerular capillary loops; a parietal
layer of Bowman’s capsule was irregular with wide Bowman’s space. Proximal and distal
tubules were hardly distinguished, with apparent wide spaces between them. The tubular
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epithelium exhibited vacuolation and desquamation into the lumina of the tubules. The
desquamated cells partially obliterated the lumina of some tubules. Moreover, some tubules
showed dark shrunken pyknotic nuclei. Furthermore, foci of inflammatory cell infiltration,
extravasation, and congested thick peritubular vessels were demonstrated in between the
cortical tubules (Figure 6B,C).
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Figure 6. Effect of Br-MSCs and/or their derived EXOs on the renal histopathological changes
(A–F). (A) Photomicrographs of H&E-stained sections showing histological features of control group,
showing a spherical renal corpuscle lined by Bowman’s capsule, the glomerulus (G) appears as a large
cellular mass surrounded by narrow Bowman’s space (star). Proximal convoluted tubules (PT) have a
narrow star-shaped lumen and are lined by acidophilic cuboidal cells with an apical brush border. The
distal convoluted tubules (DT) have a wider lumen and are lined by more cells. (B) Photomicrographs
of H&E-stained sections showing histological features of the nephropathy group showing marked
distorted cortical structures and features of tubule degeneration. The lining epithelium of some
tubules (t) is sloughed into their lumina (arrowhead). Other tubules showed vacuolation of the lining
epithelium with pyknotic nuclei (bifid arrow). Shrunken glomeruli (SG), wide Bowman’s space (star),
and wide spaces between tubules (triangle) are seen. Heavy inflammatory cell infiltration (if) and
thick-walled blood vessels (bv) can be noticed between the tubules. (C) Photomicrographs of H&E-
stained sections showing histological features of nephropathy+ CM group, showing nearly similar
histological findings as in nephropathy group in the form of exfoliated tubular cells (arrowhead),
pyknotic nuclei (bifid arrow), shrunken glomeruli (SG), and wide Bowman’s space (star). Also,
foci of inflammatory cell infiltration (if), wide spaces (triangle) between the tubules (t), and thick-
walled blood vessel (bv) can be noticed. (D) Photomicrographs of H&E-stained sections showing
histological features of nephropathy + MSCs group showing some normal cortical tubules having
wide lumina (DT) and star-shaped lumina (PT). However, the lining epithelium of affected tubules
showed pyknotic nuclei (bifid arrow) and the lumina of some tubules (t) showed exfoliated epithelium
(arrowhead). Shrunken glomeruli (SG), wide Bowman’s space (star), wide spaces between tubules
(triangle), and inflammatory cell infiltration (if) can be seen in the interstitium. (E) Photomicrographs
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of H&E stained sections showing histological features of nephropathy + EXOs group showing
marked restoration of normal cortical tubules architectures that appeared with wide lumina (DT),
star-shaped lumina (PT), and normal glomerular structure (G), surrounded by narrow Bowman’s
space (star). However, the lining epithelium of few affected tubules showed dark nuclei (bifid arrow).
(F) Photomicrographs of H&E-stained sections showing histological features of nephropathy + MSCs
+ EXOs group, showing a histological profile comparable to the control group in the form of normal
glomerular structure (G), surrounded by narrow Bowman’s space (star). Proximal convoluted tubules
(PT) lined by tubular cells have a star-shaped lumen and vesicular nuclei. Distal convoluted tubules
(DT) have wider lumen. Only a few distal tubules (t) showed dark nuclei (bifid arrow) (H&EX 400,
Scale bar = 50 µm). n = 5–6 rats per group.

For the nephropathy + MSCs group, moderate restoration of histopathological renal
architecture was detected in some sections, while others showed persistent injury of the
renal tissue in the form of shrunken glomeruli, wide Bowman’s space, and congested thick-
walled vessels. Wide spaces can be detected between the affected tubules with dark pyknotic
nuclei and some exfoliated cells. Inflammatory cell infiltration can be seen in the interstitium
(Figure 6D). In contrast, administration of EXOs in the nephropathy + EXOs group revealed
marked improvement of the histopathological renal architecture, which was more obvious
than in the nephropathy + MSCs group. However, few histopathological changes indicating
disruption of the renal tissue were still detected in a few sections. These changes were in the
form of pyknotic nuclei in a few tubular epithelial linings, while other nuclei were vesicular;
few exfoliated tubular cells and persistent vast space between affected tubules were apparent.
In addition, a few inflammatory cell infiltrations and congested blood capillaries can be seen
(Figure 6E). On the other hand, cortical renal sections of the nephropathy + MSCs + EXOs
group showed a histological profile comparable to the control group. Proximal and distal
convoluted tubules could be distinguished. Proximal tubules showed narrow star-shaped
lumina, while the lumina of distal tubules were wider. The tubules were lined with deep
acidophilic cuboidal cells, with vesicular nuclei, except for a few distal tubules showing darkly
stained nuclei. Renal corpuscles showed intact structure (Figure 6F).

3.6. Br-MSCs and/or Their Derived EXOs Affect Renal Beclin-1 mRNA and Protein Expression

There was more significant (p < 0.001) downregulation in both mRNA and protein
expression of renal Beclin-1 either in nephropathic rats or CM-treated ones than the control
rats (Figure 7A–D,H). On the contrary, Br-MSCs + EXO, EXOs, and Br-MSC-treated groups
showed more significant upregulation in the mean value of renal Beclin-1 either gene or protein
expression than the nephropathy and CM-treated groups, harmoniously (Figure 7A,E–H).
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Figure 7. Effect of Br-MSCs and/or their derived EXOs on renal Beclin-1 mRNA and protein expression
(A–H). (A) Relative expression of Beclin-1/Gapdh (% control); (B) photomicrographs of anti-Beclin
immune-stained sections of the renal cortical structures in control group showed moderate positive
brown cytoplasmic immunostaining (arrow head) in the epithelial cells of the renal tubules (T) and
glomerular endothelial cells (G); (C,D) photomicrographs of anti-Beclin immune-stained sections of the
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renal cortical structures in nephropathy and nephropathy + CM groups showed marked reduction
in cytoplasmic immunoreactivity in the epithelial cells of the renal tubules (T) and glomerular cells
(G); (E,F) photomicrographs of anti-Beclin immune-stained sections of the renal cortical structures in
nephropathy + MSCs and nephropathy + EXOs groups showed marked increase in the immune reac-
tion (arrow head) in the renal tubular cells (T) and the glomerular cells (G); (G) photomicrographs of
anti-Beclin immune-stained sections of the renal cortical structures in nephropathy + MSCs + EXOs
group showed strong immune reaction similar to that of control group (arrow head) in the epithelial
cells of the renal tubules (T) and the glomerular cells (G); (H) area % of Beclin-1 positive immunostain-
ing. Values are the mean of (n) 6–8 rats per group ± S.E.M. **** p < 0.0001. (Beclin immunoperoxidase
stain counterstained with H.; X400, Scale bar = 50 µm).

3.7. Br-MSCs and/or Their Derived EXOs Affect Renal LC3-II mRNA and Protein Expression

The nephropathy and CM-treated group revealed a significant (p < 0.001) downregula-
tion in both mRNA and protein expression of renal LC3-II compared with the control group
(Figure 8A–D,H). On the opposite side, Br-MSCs + EXO, EXOs, and Br-MSCs’ transplantation in-
duced a significant upregulation in the mean value of gene and protein expression of renal LC3-II
compared with the nephropathy and CM-treated groups correspondingly (Figure 8A,E–H).
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Figure 8. Effect of Br-MSCs and/or their derived EXOs on renal LC3-II mRNA and protein expression
(A–H). (A) Relative expression of Beclin-1/Gapdh (% control), (B) photomicrographs of anti-LC3
immune-stained sections of the renal cortical structures in control group showed strong positive
brown cytoplasmic immunostaining (arrow head) in the epithelial cells of the renal tubules (T) and
glomerular endothelial cells (G), (C,D) photomicrographs of anti-LC3 immune-stained sections of the
renal cortical structures in nephropathy and nephropathy + CM groups showed marked reduction
in cytoplasmic immunoreactivity in the epithelial cells of the renal tubules (T) and glomerular cells
(G), (E,F) photomicrographs of anti-LC3 immune-stained sections of the renal cortical structures in
nephropathy + MSCs and nephropathy + EXOs groups showed marked increase in the immune
reaction (arrow head) in the renal tubular cells (T) and the glomerular cells (G), (G) photomicrographs
of anti-LC3 immune-stained sections of the renal cortical structures in nephropathy + MSCs + EXOs
group showed strong immune reaction similar to that of control group (arrow head) in the epithelial
cells of the renal tubules (T) and the glomerular cells (G), and (H) area % of LC3-II positive immunos-
taining. Values are the mean of (n) 6–8 rats per group ± S.E.M. ** p < 0.01, *** p < 0.001 **** p < 0.0001.
(LC3 immunoperoxidase stain counterstained with H.; X400, Scale bar = 50 µm.)

3.8. Br-MSCs and/or Their Derived EXOs Affect Renal P62 mRNA and Protein Expression

There was a more significant (p < 0.001) upregulation in mRNA and protein expression
of renal P62 of nephropathic and CM-treated groups than the control rats (Figure 9A–D,H).
However, Br-MSCs + EXO, EXOs, and Br-MSCs’ administration showed significant down-
regulation in the mean value of renal P62 mRNA and protein expression compared with
the nephropathy and CM-treated groups, respectively (Figure 9A,E–H).
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Figure 9. Effect of Br-MSCs and/or their derived EXOs on renal P62 mRNA and protein expres-
sion (A–H). (A) Relative expression of P62/Gapdh (% control), (B) photomicrographs of anti-P62
immune-stained sections of the renal cortical structures in control group showed negative cytoplasmic
immunoreaction in the epithelial cells of the renal tubules (T) and very faint reaction in the glomerular
cells (G), (C,D) photomicrographs of anti-P62 immune-stained sections of the renal cortical structures
in nephropathy and nephropathy + CM groups showed strong positive reaction (dark brown color
(arrow head)) in the epithelial cells of the renal tubules (T) and the glomerular cells (G), (E,F) photomicro-
graphs of anti-P62 immune-stained sections of the renal cortical structures in nephropathy + MSCs and
nephropathy + EXOs groups showed a reduction in the immune reaction (arrow head) in the renal tubu-
lar cells (T) and the glomerular cells (G), (G) photomicrographs of anti-P62 immune-stained sections of
the renal cortical structures in nephropathy + MSCs + EXOs group showed very weak immune reaction
in the epithelial cells of the renal tubules (T) and the glomerular cells (G), (H) area % of P62 positive im-
munostaining. Values are the mean of (n) 6–8 rats per group± S.E.M. * p < 0.05, *** p < 0.001**** p < 0.0001.
(P62 immunoperoxidase stain counterstained with H.; X400, Scale bar = 50 µm).

3.9. Expression Pattern of Antifibrotic microRNAs and Effect of Br-MSCs and/or Their Derived
EXOs on Their Expression

Both Br-MSCs and EXOs expressed the antifibrotic microRNAs, mir-29b, mir-181, and
Let-7b; however, the expression level in exosomes was significantly (p < 0.001) higher than
Br-MSCs (Figure 10A). Moreover, the nephropathy group showed a significant (p < 0.001)
downregulation in the expression of mir-29b, mir-181, and Let-7b compared with the control
group. Interestingly, administration of Br-MSCs + EXOs, EXOs, and Br-MSCs significantly
(p < 0.001) upregulated the expression of the aforementioned antifibrotic microRNAs in
order (Figure 10B–D).
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Figure 10. Expression pattern of antifibrotic microRNAs and effect of Br-MSCs and/or their derived
EXOs on their expression (A–D). (A) Expression pattern of mir-29b, mir-181, and let-7b in Br-MSCs
and their derived exosomes, (B) relative expression of renal mir-29b, (C) relative expression of
renal mir-181, and (D) relative expression of renal Let-7b. Values are the means of (n) 6–8 rats per
group ± S.E.M. *** p < 0.001, **** p < 0.0001.

3.10. Br-MSCs and/or Their Derived EXOs’ Effect on the Renal TGF-β/Smad/Fibrotic
Signaling Pathway

There was a significant (p < 0.001) upregulation in the mean fold change of TGF-β,
Smad-3, and coli-1 relative mRNA expression and downregulation in the mean fold change
of Smad-7 relative mRNA expression. In addition, there was a more significant increase in
the mean area % of collagen deposition of the nephropathy and CM-treated groups than
the control one (Figure 11A–G,K). On the contrary, Br-MSCs, EXOs, and Br-MSCs + EXOs’
administration improved the parameters mentioned above significantly (p < 0.001) in rank
order of Br-MSCs + EXO, then EXOs followed by Br-MSCs (Figure 11A–D,E–K).
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ad-3/Gapdh (% control), (C) relative expression of Smad-7/Gapdh (% control), (D) relative expression
of Coli-1/Gapdh (% control), (E) photomicrographs of Masson trichrome-stained sections showing
collagen deposition in between cortical structures (arrow head) in control group showed minimal
collagen fibers among the glomerular capillaries (G) and in the interstitial in between the renal tubules
(T), (F,G) photomicrographs of Masson trichrome-stained sections showing collagen deposition in
between cortical structures (arrow head) in nephropathy and nephropathy + CM groups showed
many collagen fibers among the glomerular capillaries (G) and in the interstitial in between the
renal tubules (T), (H,I) photomicrographs of Masson trichrome-stained sections showing collagen
deposition in between cortical structures (arrow head) in nephropathy + MSCs and nephropathy
+ EXOs groups showed a reduction in the amount of collagen fibers among the glomerular capil-
laries (G) and in the interstitial in between the renal tubules (T), (J) photomicrographs of Masson
trichrome-stained sections showing collagen deposition in between cortical structures (arrow head)
in nephropathy + MSCs + EXOs group showed minimal collagen fibers among the glomerular capil-
laries (G) and in the interstitial in between the renal tubules (T), and (K) Masson trichrome collagen
deposition area %. Values are the mean of (n) 6–8 rats per group ± S.E.M. * p < 0.05, **** p < 0.0001.
(P62 immunoperoxidase stain counterstained with H.; X400, Scale bar = 50 µm.) (Modified Masson
trichrome × 400, Scale bar = 50 µm.)

4. Discussion

In the last few decades, kidney diseases have shown rising prevalence along with
limited therapeutic aids. Moreover, almost all of these therapeutic approaches slow the dis-
eases’ progression and delay the associated complications rather than reversing them [43].
Mesenchymal stem cells (MSCs) are promising as curative strategies that impose and re-
verse the progression of kidney disease via several repairing mechanisms; however, their
application has many limitations, such as limited tissue bioavailability due to pulmonary
trapping after intravenous administration, the tendency to form tumors in a different body
organ, and the difficulty to obtain a stable source of cells with the same phenotype [22,23].
On the other hand, mesenchymal stem cells secrete exosomal vesicles that contain many
soluble trophic and growth factors and genetic material such as mRNA and miRNA that
could ameliorate progressive tissue damage and exert a tissue reparative mechanism [44].
This study showed that the isolated cells showed a typical fibroblastic appearance with a
phenotypic characterization positive for CD90, CD105, and CD73, also negative for CD45,
CD34, and HLA-DR, which illustrated that the isolated cells displayed typical character-
istics of the mesenchymal stem cells [34,35,45]. Conversely, the isolated exosomes were
positive for the exosomal surface markers CD9 and CD63, which are tetraspanin proteins
that distinguish the exosomes from the microvesicles. Moreover, they appeared with TEM
as round vesicles 100–200 nm in diameter, clearly defining that the isolated vesicles were
exosomes [46,47]. The intraperitoneal route was selected to avoid pulmonary trapping
and apoptosis of the infused BM-MSCs that were experienced with the intravenous route
that limited tissue bio-distribution and availability of the transplanted MSCs [48]. The
intraperitoneal route for MSCs infusion was validated in several previous studies [34,35,38].
Regarding the multiplicity of the breast milk-derived mesenchymal stem cells (Br-MSCs),
the MNC layer was used as a representative control that comprised adult mature mesenchy-
mal stem cells representing an easily obtainable source without major invasion since it was
obtained with Ficoll density gradient separation of peripheral blood sample and comprised
all mononuclear cells, including peripheral blood adult mature mesenchymal stem cells.
This was carried out to evaluate the embryonic potency of the breast milk-derived MSCs
over the adult one that ensured higher multiplicity and regenerative capacity of the breast
milk-derived mesenchymal stem cells [49].

AKI and CKD genesis and progression both entail oxidative stress [50]. Oxidative
stress causes renal inflammation, tubular fibrosis, and tubular epithelial cell death, which
promotes the course of KD [51,52]. The current study showed that the nephropathy group
revealed a significant elevation in kidney function tests and lipid peroxidation markers and
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a significant reduction in CAT, SOD, GSH, and TAC activities following [53]. Interestingly,
the administration of Br-MSCs + EXOs, EXOs, and Br-MSCs improved renal function tests
and oxidant/antioxidant status, respectively. Several studies reported that MSCs [54,55]
and exosomes [56] have been used as an antioxidant therapeutic medication for KD. The
antioxidant properties of both MSCs and EXOs upregulate the expression of Calbindin-1,
which sequesters excess calcium and reduces reactive oxygen species (ROS) generation
and reduces apoptosis [57]. Also, MSCs and their derived exosomes could abrogate the
oxidative stress via activation of the Nrf-2/Keap-1 pathway and improve mitochondrial
function by a paracrine effect due to the secretion of several soluble trophic and growth
factors (HO-1, VEGF, IGF, and IDO) [58].

Furthermore, several microRNAs have been implicated in developing renal fibrosis.
Among them is mir-34a via downregulating klotho, an endogenous inhibitor of the renal
fibrosis and activating TGF-β pathway that enhances EMT promoting the transition of
the fibroblast into myofibroblast and increasing extracellular matrix deposition [10]. Also,
mir-34a has been reported to decrease the expression of AMPK and increase the expression
of mTOR that potentiate EMT and increase deposition of the fibrotic proteins [59,60]. The
result of the current work is in accordance with the abovementioned, as the nephropathy
group showed a sharp elevation in the expression of the renal mir-34a, AKT, and mTOR
with marked downregulation in the expression of ULK-1 and AMPK. However, Br-MSCs-
EXOs + Br-MSCs, EXOs, and Br-MSCs’ transplantation significantly downregulated the
expression of mir-34a, AKT, and mTOR and upregulated the expression of AMPK and
ULK-1, respectively, which could be attributed to the long non-coding RNA SNHG-7 that
acted as a sponge for mir-34a and imposed its AMPK inhibitory activity. AMPK activation
could inhibit AKT activation, which in turn could diminish the EMT of the fibroblast to
myofibroblast and reduce extracellular matrix protein deposition [11,12].

Surprisingly, SNHG-7 long non-coding RNA activates directly activated autophagy [61,62].
Autophagy is the cell quality control and repairing system. It is responsible for recycling
the damaged cellular organelles and conserving cellular energy under stress conditions that
potentially coordinate with the ubiquitin system to eliminate the toxic protein that imposes
cellular inflammation and apoptosis [63]. Interestingly, the outcomes of the present work are on
the same ground as the consequence mentioned above, since the nephropathic group showed a
significant downregulation in the expression of SNHG-7 long-noncoding RNA, Beclin-1, and
LC3-II and a prominent upregulation in mir-34a and P62 expression that could actively switch
off the autophagy pathway, increasing renal cellular inflammation and apoptosis [64]. On the
other hand, administration of the Br-MSCs + EXOs, EXOs, and Br-MSCs caused a marked
elevation in the expression of SNHG-7, AMPK, ULK-1, LC3-II, and Beclin-1 and significant
downregulation in AKT, P62, and mTOR, which reflected a dynamic activation of the autophagy
pathway that conserved renal cellular energy and reduced renal cell inflammation and apoptosis,
which could be owed to the potency of Br-MSCs and/or their derived exosomes to upregulate
the expression of the SNHG-7, which in turn upregulated the expression autophagy pathway
that markedly noticed the upregulated mRNA and protein expression of Beclin-1 and LC3-II that
were responsible for autophagic membrane nucleation and elongation [65,66]. Zhang et al. [67]
stated that transplantation of the MSCs alleviated cardiac fibrosis via activating renal autophagy.

Since activation of autophagy aids in the generation of a local anti-inflammatory mi-
croenvironment via increasing CD4+ lymphocyte and inducing the macrophage in an anti-
inflammatory phenotype and promoting expression of peroxisome proliferator–activated
receptor coactivator-1α (PGC-1α)/transcription factor EB (TFEB)-mediated lysosome-
autophagy that coordinate with the ubiquitin system in the degradation of the toxic pro-
tein that serves as auto-antigen [68], thus, limiting the further tissue inflammation and
damage, whereas suppression of autophagy increases production of immunosuppressive
prostaglandin E2 [69].

Moreover, renal interstitial fibrosis is a typical pathophysiological indicator of CKD
progression that invariably progresses to end-stage kidney disease [70]. Renal interstitial
fibrosis is characterized by fibroblast proliferation and an imbalance between the synthesis
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and degradation of ECM, confirming that EMT of renal tubular cells is a crucial process;
inhibiting renal tubular EMT may be a promising strategy for the treatment of CKD [71]. In
addition, many short non-coding miRNAs involved in the regulation of EMT, including
mir-29b [72], mir-181 [73], and let-7b [74], exert an antifibrotic response different from the
cell growth and proliferation action of hsa-let-7c-5p [75]. All the microRNAs mentioned
above abrogate renal fibrosis via inhibiting EMT that burden the transition of the fibroblast
into myofibroblast, thus reducing the deposition of extracellular matrix proteins as well
as the reduction of renal fibrosis. Interestingly, the result of the present investigation
showed that Br-MSCs and their derived exosomes expressed mir-29b, mir-181, and Let-
7b with a significantly higher expression in EXOs than Br-MSCs that clearly illustrated
the antifibrotic effect of the of Br-MSCs and/or their derived exosomes (observed with
the administration of MSCs and/or EXOs in the CKD rat model) [24,76]. Moreover, the
antifibrotic of the microRNAs mentioned above could be attributed to the downstream
regulation of TGF-receptor, TGF-β, and Smad-3 and the upstream regulation of Smad-7,
reducing ECM protein deposition in the renal tissue [74]. Collectively, the results of this
work were in the same line as the aforesaid findings, as the nephropathy group showed
a marked downregulation in the expression of the antifibrotic markers mir-29b, mir-181,
Let-7b, and Smad-7 and upregulation in the profibrotic one, Smad-3, TGF-β, and Coli-1,
which improved with Br-MSCs + EXOs, EOXs, and Br-MScs, respectively. Thus, these
findings illustrated that the Br-MSCs and/or their derived EXOs displayed a renoprotective
and repairing effect via repressing the dynamic of the renal fibrosis by secreting a group of
antifibrotic microRNAs (mir-29b, mir-181, and Let-7b).

5. Conclusions

In conclusion, Br-MSCs and their derived exosomes have the potential to ameliorate
adenine-induced nephropathy and attenuate renal fibrosis through various mechanisms,
including upregulating the expression of long-noncoding RNA NBR-2 to induce renal
autophagy and inhibiting EMT by secreting mir-29b, mir-181, and Let-7b to reduce extra-
cellular matrix protein deposition in renal tissue. Notably, the study highlights cell-free
therapy (exosomes)’s superiority over cell-based therapy (Br-MSCs). However, further
studies are needed to validate these findings and to investigate additional underlying
mechanisms. These novel therapeutic strategies hold great promise for the treatment of
kidney disease and for improving patient outcomes.

Author Contributions: Conceptualization, T.K., A.E.A. and A.H.A.; Methodology, T.K., A.E.A., A.A.
(Asma Alanazi), H.M.A.-G., B.H.I. and A.H.A.; Software, T.K., A.A. (Asma Alanazi), A.M.E., D.M.H.
and A.H.A.; Validation, T.K., D.M.H. and A.H.A.; Formal analysis, T.K., A.E.A., H.M.A.-G., D.M.H.,
B.H.I. and A.H.A.; Investigation, T.K., A.E.A., A.A. (Asma Alanazi), A.M.E., H.M.A.-G., D.M.H.,
H.H.A., B.H.I., D.M.M., C.F. and A.H.A.; Resources, T.K., A.A., H.M.A.-G., M.A.S., H.H.A., B.H.I.,
C.F. and A.H.A.; Data curation, T.K., A.E.A. and A.H.A.; Writing—original draft, T.K. and A.H.A.;
Writing—review & editing, T.K., A.E.A., A.A. (Asma Alanazi), A.M.E., H.M.A.-G., D.M.H., A.E.A.,
H.H.A., B.H.I., C.P. and A.H.A.; Visualization, T.K., A.E.A., M.A.S. and A.H.A.; Supervision, T.K.,
A.E.A., A.M.E., A.A. (Adel Abdelkhalek), C.P. and A.H.A.; Project administration, T.K. and A.H.A.;
Funding acquisition, T.K., C.F. and A.H.A. All authors have read and agreed to the published version
of the manuscript.

Funding: The APC was funded by the project 6PFE of the University of Life Sciences “King Mihai I”
from Timisoara and the Research Institute for Biosecurity and Bioengineering from Timisoara, Romania.

Institutional Review Board Statement: All rats received humane care and the experimental methods
were approved by the Institutional Animal Care and Use Committee of Badr University in Cairo (No.
BUC-IACUC/VET/128/A/2022).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data will be provided upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.



Pharmaceutics 2023, 15, 2149 19 of 21

References
1. Xie, Y.; Bowe, B.; Mokdad, A.H.; Xian, H.; Yan, Y.; Li, T.; Maddukuri, G.; Tsai, C.-Y.; Floyd, T.; Al-Aly, Z. Analysis of the Global

Burden of Disease study highlights the global, regional, and national trends of chronic kidney disease epidemiology from 1990 to
2016. Kidney Int. 2018, 94, 567–581. [CrossRef] [PubMed]

2. Basile, D.P.; Anderson, M.D.; Sutton, T.A. Pathophysiology of acute kidney injury. Compr. Physiol. 2012, 2, 1303–1353. [CrossRef]
[PubMed]

3. Goyal, A.; Daneshpajouhnejad, P.; Hashmi, M.F.; Bashir, K. Acute Kidney Injury. In StatPearls; StatPearls Publishing: Treasure
Island, FL, USA, 2023.

4. Kusaba, T.; Lalli, M.; Kramann, R.; Kobayashi, A.; Humphreys, B.D. Differentiated kidney epithelial cells repair injured proximal
tubule. Proc. Natl. Acad. Sci. USA 2014, 111, 1527–1532. [CrossRef] [PubMed]

5. Wu, V.-C.; Wu, C.-H.; Huang, T.-M.; Wang, C.-Y.; Lai, C.-F.; Shiao, C.-C.; Chang, C.-H.; Lin, S.-L.; Chen, Y.-Y.; Chen, Y.-M.
Long-term risk of coronary events after AKI. J. Am. Soc. Nephrol. 2014, 25, 595–605. [CrossRef] [PubMed]

6. Bucaloiu, I.D.; Kirchner, H.L.; Norfolk, E.R.; Hartle, J.E.; Perkins, R.M. Increased risk of death and de novo chronic kidney disease
following reversible acute kidney injury. Kidney Int. 2012, 81, 477–485. [CrossRef] [PubMed]

7. Kida, Y.; Tchao, B.N.; Yamaguchi, I. Peritubular capillary rarefaction: A new therapeutic target in chronic kidney disease. Pediatr.
Nephrol. 2014, 29, 333–342. [CrossRef] [PubMed]

8. Di Gregorio, J.; Robuffo, I.; Spalletta, S.; Giambuzzi, G.; De Iuliis, V.; Toniato, E.; Martinotti, S.; Conti, P.; Flati, V. The Epithelial-to-
Mesenchymal Transition as a Possible Therapeutic Target in Fibrotic Disorders. Front. Cell Dev. Biol. 2020, 8, 607483. [CrossRef]
[PubMed]

9. Chen, T.K.; Knicely, D.H.; Grams, M.E. Chronic Kidney Disease Diagnosis and Management: A Review. JAMA 2019, 322, 1294–1304.
[CrossRef] [PubMed]

10. Liu, Y.; Bi, X.; Xiong, J.; Han, W.; Xiao, T.; Xu, X.; Yang, K.; Liu, C.; Jiang, W.; He, T.; et al. MicroRNA-34a Promotes Renal Fibrosis
by Downregulation of Klotho in Tubular Epithelial Cells. Mol. Ther. 2019, 27, 1051–1065. [CrossRef]

11. Tian, F.; Wang, J.; Zhang, Z.; Yang, J. LncRNA SNHG7/miR-34a-5p/SYVN1 axis plays a vital role in proliferation, apoptosis and
autophagy in osteoarthritis. Biol. Res. 2020, 53, 9. [CrossRef]

12. Li, Z.-h.; Yu, N.-s.; Deng, Q.; Zhang, Y.; Hu, Y.-y.; Liu, G.; Huang, K. LncRNA SNHG7 Mediates the Chemoresistance and
Stemness of Breast Cancer by Sponging miR-34a. Front. Oncol. 2020, 10, 592757. [CrossRef] [PubMed]

13. Li, Y.; Chen, Y. AMPK and Autophagy. Autophagy: Biol. Dis. 2019, 1206, 85–108. [CrossRef]
14. Tang, C.; Livingston, M.J.; Liu, Z.; Dong, Z. Autophagy in kidney homeostasis and disease. Nat. Rev. Nephrol. 2020, 16, 489–508.

[CrossRef] [PubMed]
15. Kaushal, G.P.; Chandrashekar, K.; Juncos, L.A.; Shah, S.V. Autophagy Function and Regulation in Kidney Disease. Biomolecules

2020, 10, 100. [CrossRef] [PubMed]
16. Yamamoto, T.; Takabatake, Y.; Kimura, T.; Takahashi, A.; Namba, T.; Matsuda, J.; Minami, S.; Kaimori, J.-y.; Matsui, I.; Kitamura, H.; et al.

Time-dependent dysregulation of autophagy: Implications in aging and mitochondrial homeostasis in the kidney proximal tubule.
Autophagy 2016, 12, 801–813. [CrossRef] [PubMed]

17. Galluzzi, L.; Baehrecke, E.H.; Ballabio, A.; Boya, P.; Bravo-San Pedro, J.M.; Cecconi, F.; Choi, A.M.; Chu, C.T.; Codogno, P.;
Colombo, M.I.; et al. Molecular definitions of autophagy and related processes. EMBO J. 2017, 36, 1811–1836. [CrossRef]
[PubMed]

18. Kang, R.; Zeh, H.J.; Lotze, M.T.; Tang, D. The Beclin 1 network regulates autophagy and apoptosis. Cell Death Differ. 2011, 18, 571–580.
[CrossRef] [PubMed]

19. Bello, A.K.; Levin, A.; Tonelli, M.; Okpechi, I.G.; Feehally, J.; Harris, D.; Jindal, K.; Salako, B.L.; Rateb, A.; Osman, M.A.; et al.
Assessment of Global Kidney Health Care Status. JAMA 2017, 317, 1864. [CrossRef]

20. Wong, G.; Turner, R.M.; Chapman, J.R.; Howell, M.; Lim, W.H.; Webster, A.C.; Craig, J.C. Time on Dialysis and Cancer Risk After
Kidney Transplantation. Transplantation 2013, 95, 114–121. [CrossRef]

21. Togel, F.; Hu, Z.; Weiss, K.; Isaac, J.; Lange, C.; Westenfelder, C. Amelioration of Acute Renal Failure by Stem Cell Ther-
apy—Paracrine Secretion Versus Transdifferentiation into Resident Cells. J. Am. Soc. Nephrol. 2005, 16, 1153–1155. [CrossRef]

22. Jeong, J.-O.; Han, J.W.; Kim, J.-M.; Cho, H.-J.; Park, C.; Lee, N.; Kim, D.-W.; Yoon, Y.-S. Malignant Tumor Formation After
Transplantation of Short-Term Cultured Bone Marrow Mesenchymal Stem Cells in Experimental Myocardial Infarction and
Diabetic Neuropathy. Circ. Res. 2011, 108, 1340–1347. [CrossRef] [PubMed]

23. Wang, S.; Guo, L.; Ge, J.; Yu, L.; Cai, T.; Tian, R.; Jiang, Y.; Zhao, R.C.H.; Wu, Y. Excess Integrins Cause Lung Entrapment of
Mesenchymal Stem Cells. Stem Cells 2015, 33, 3315–3326. [CrossRef] [PubMed]

24. Grange, C.; Skovronova, R.; Marabese, F.; Bussolati, B. Stem Cell-Derived Extracellular Vesicles and Kidney Regeneration. Cells
2019, 8, 1240. [CrossRef] [PubMed]

25. Cregan, M.D.; Fan, Y.; Appelbee, A.; Brown, M.L.; Klopcic, B.; Koppen, J.; Mitoulas, L.R.; Piper, K.M.; Choolani, M.A.; Chong, Y.S.; et al.
Identification of nestin-positive putative mammary stem cells in human breastmilk. Cell Tissue Res. 2007, 329, 129–136. [CrossRef]
[PubMed]

26. Fan, Y.; Chong, Y.S.; Choolani, M.A.; Cregan, M.D.; Chan, J.K. Unravelling the mystery of stem/progenitor cells in human breast
milk. PLoS ONE 2010, 5, e14421. [CrossRef] [PubMed]

https://doi.org/10.1016/j.kint.2018.04.011
https://www.ncbi.nlm.nih.gov/pubmed/30078514
https://doi.org/10.1002/cphy.c110041
https://www.ncbi.nlm.nih.gov/pubmed/23798302
https://doi.org/10.1073/pnas.1310653110
https://www.ncbi.nlm.nih.gov/pubmed/24127583
https://doi.org/10.1681/ASN.2013060610
https://www.ncbi.nlm.nih.gov/pubmed/24503241
https://doi.org/10.1038/ki.2011.405
https://www.ncbi.nlm.nih.gov/pubmed/22157656
https://doi.org/10.1007/s00467-013-2430-y
https://www.ncbi.nlm.nih.gov/pubmed/23475077
https://doi.org/10.3389/fcell.2020.607483
https://www.ncbi.nlm.nih.gov/pubmed/33409282
https://doi.org/10.1001/jama.2019.14745
https://www.ncbi.nlm.nih.gov/pubmed/31573641
https://doi.org/10.1016/j.ymthe.2019.02.009
https://doi.org/10.1186/s40659-020-00275-6
https://doi.org/10.3389/fonc.2020.592757
https://www.ncbi.nlm.nih.gov/pubmed/33330080
https://doi.org/10.1007/978-981-15-0602-4_4
https://doi.org/10.1038/s41581-020-0309-2
https://www.ncbi.nlm.nih.gov/pubmed/32704047
https://doi.org/10.3390/biom10010100
https://www.ncbi.nlm.nih.gov/pubmed/31936109
https://doi.org/10.1080/15548627.2016.1159376
https://www.ncbi.nlm.nih.gov/pubmed/26986194
https://doi.org/10.15252/embj.201796697
https://www.ncbi.nlm.nih.gov/pubmed/28596378
https://doi.org/10.1038/cdd.2010.191
https://www.ncbi.nlm.nih.gov/pubmed/21311563
https://doi.org/10.1001/jama.2017.4046
https://doi.org/10.1097/TP.0b013e31827743b4
https://doi.org/10.1681/ASN.2005030294
https://doi.org/10.1161/CIRCRESAHA.110.239848
https://www.ncbi.nlm.nih.gov/pubmed/21493893
https://doi.org/10.1002/stem.2087
https://www.ncbi.nlm.nih.gov/pubmed/26148841
https://doi.org/10.3390/cells8101240
https://www.ncbi.nlm.nih.gov/pubmed/31614642
https://doi.org/10.1007/s00441-007-0390-x
https://www.ncbi.nlm.nih.gov/pubmed/17440749
https://doi.org/10.1371/journal.pone.0014421
https://www.ncbi.nlm.nih.gov/pubmed/21203434


Pharmaceutics 2023, 15, 2149 20 of 21

27. Hassiotou, F.; Beltran, A.; Chetwynd, E.; Stuebe, A.M.; Twigger, A.J.; Metzger, P.; Trengove, N.; Lai, C.T.; Filgueira, L.; Blancafort, P.; et al.
Breastmilk is a novel source of stem cells with multilineage differentiation potential. Stem Cells 2012, 30, 2164–2174. [CrossRef] [PubMed]

28. Arvola, M.; Gustafsson, E.; Svensson, L.; Jansson, L.; Holmdahl, R.; Heyman, B.; Okabe, M.; Mattsson, R. Immunoglobulin-
secreting cells of maternal origin can be detected in B cell-deficient mice. Biol. Reprod. 2000, 63, 1817–1824. [CrossRef]

29. Zhou, L.; Yoshimura, Y.; Huang, Y.; Suzuki, R.; Yokoyama, M.; Okabe, M.; Shimamura, M. Two independent pathways of maternal
cell transmission to offspring: Through placenta during pregnancy and by breast-feeding after birth. Immunology 2000, 101, 570–580.
[CrossRef]

30. Imperato, S.; Mistretta, C.; Marone, M.; Migliaccio, I.; Pulcinelli, I.; Faraone Mennella, M.R. Automodified Poly(ADP-Ribose)
Polymerase Analysisto Monitor DNA Damagein Peripheral Lymphocytes of Floriculturists Occupationally Exposed to Pesticides.
Cells 2019, 8, 137. [CrossRef]

31. Liew, L.C.; Katsuda, T.; Gailhouste, L.; Nakagama, H.; Ochiya, T. Mesenchymal stem cell-derived extracellular vesicles: A
glimmer of hope in treating Alzheimer’s disease. Int. Immunol. 2017, 29, 11–19. [CrossRef]

32. Huang, Y.; Lei, Y.A.N.; Zheng, Z.; Wang, X.; Hu, M.; Liu, R.; Yu, X. Rosiglitazone alleviates injury in rats with adenine-induced
chronic kidney disease. Mol. Med. Rep. 2013, 8, 1831–1835. [CrossRef]

33. Patki, S.; Kadam, S.; Chandra, V.; Bhonde, R. Human breast milk is a rich source of multipotent mesenchymal stem cells. Hum.
Cell 2010, 23, 35–40. [CrossRef] [PubMed]

34. Khamis, T.; Abdelalim, A.F.; Saeed, A.A.; Edress, N.M.; Nafea, A.; Ebian, H.F.; Algendy, R.; Hendawy, D.M.; Arisha, A.H.;
Abdallah, S.H. Breast milk MSCs upregulated β-cells PDX1, Ngn3, and PCNA expression via remodeling ER stress/inflamma-
tory/apoptotic signaling pathways in type 1 diabetic rats. Eur. J. Pharmacol. 2021, 905, 174188. [CrossRef]

35. Khamis, T.; Abdelalim, A.F.; Abdallah, S.H.; Saeed, A.A.; Edress, N.M.; Arisha, A.H. Early intervention with breast milk mes-
enchymal stem cells attenuates the development of diabetic-induced testicular dysfunction via hypothalamic Kisspeptin/Kiss1r-
GnRH/GnIH system in male rats. Biochim. Biophys. Acta (BBA)—Mol. Basis Dis. 2020, 1866, 165577. [CrossRef] [PubMed]

36. Dabrowska, S.; Del Fattore, A.; Karnas, E.; Frontczak-Baniewicz, M.; Kozlowska, H.; Muraca, M.; Janowski, M.; Lukomska, B.
Imaging of extracellular vesicles derived from human bone marrow mesenchymal stem cells using fluorescent and magnetic
labels. Int. J. Nanomed. 2018, 13, 1653–1664. [CrossRef] [PubMed]

37. Liu, Y.; Guo, Y.; Bao, S.; Huang, H.; Liu, W.; Guo, W. Bone marrow mesenchymal stem cell-derived exosomal microRNA-381-3p
alleviates vascular calcification in chronic kidney disease by targeting NFAT5. Cell Death Dis. 2022, 13, 278. [CrossRef] [PubMed]

38. Khamis, T.; Abdelalim, A.F.; Abdallah, S.H.; Saeed, A.A.; Edress, N.M.; Arisha, A.H. Breast milk MSCs transplantation attenuates
male diabetic infertility via immunomodulatory mechanism in rats. Adv. Anim. Vet. Sci. 2019, 7, 145–153.

39. Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2−∆∆CT

Method. Methods 2001, 25, 402–408. [CrossRef]
40. Khamis, T.; Alsemeh, A.E.; Abdullah, D.M. Sacubitril/valsartan (LCZ696) ameliorates hyperthyroid-induced cardiac hypertrophy

in male rats through modulation of miR-377, let-7 b, autophagy, and fibrotic signaling pathways. Sci. Rep. 2022, 12, 14654.
[CrossRef]

41. Ali, R.; Khamis, T.; Enan, G.; El-Didamony, G.; Sitohy, B.; Abdel-Fattah, G. The Healing Capability of Clove Flower Extract (CFE) in
Streptozotocin-Induced (STZ-Induced) Diabetic Rat Wounds Infected with Multidrug Resistant Bacteria. Molecules 2022, 27, 2270.
[CrossRef]

42. Layton, C.; Suvarna, K. Bancroft’s Theory and Practise of Histological Techniques, 7th ed; Elsevier: Amsterdam, The Netherlands, 2013.
43. Forbes, J.M.; Cooper, M.E. Mechanisms of Diabetic Complications. Physiol. Rev. 2013, 93, 137–188. [CrossRef] [PubMed]
44. Birtwistle, L.; Chen, X.-M.; Pollock, C. Mesenchymal Stem Cell-Derived Extracellular Vesicles to the Rescue of Renal Injury. Int. J.

Mol. Sci. 2021, 22, 6596. [CrossRef] [PubMed]
45. Viswanathan, S.; Shi, Y.; Galipeau, J.; Krampera, M.; Leblanc, K.; Martin, I.; Nolta, J.; Phinney, D.G.; Sensebe, L. Mesenchymal

stem versus stromal cells: International Society for Cell & Gene Therapy (ISCT®) Mesenchymal Stromal Cell committee position
statement on nomenclature. Cytotherapy 2019, 21, 1019–1024. [CrossRef] [PubMed]

46. Cheng, L.; Zhang, K.; Wu, S.; Cui, M.; Xu, T. Focus on Mesenchymal Stem Cell-Derived Exosomes: Opportunities and Challenges
in Cell-Free Therapy. Stem Cells Int. 2017, 2017, 6305295. [CrossRef] [PubMed]

47. Mendt, M.; Rezvani, K.; Shpall, E. Mesenchymal stem cell-derived exosomes for clinical use. Bone Marrow Transplant. 2019, 54, 789–792.
[CrossRef] [PubMed]

48. Fischer, U.M.; Harting, M.T.; Jimenez, F.; Monzon-Posadas, W.O.; Xue, H.; Savitz, S.I.; Laine, G.A.; Cox, C.S., Jr. Pulmonary
passage is a major obstacle for intravenous stem cell delivery: The pulmonary first-pass effect. Stem Cells Dev. 2009, 18, 683–692.
[CrossRef] [PubMed]
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