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a b s t r a c t

Introduction: Acute kidney injury (AKI) is a common health problem that leads to high morbidity and
potential mortality. The failure of conventional treatments to improve forms of this condition highlights
the need for innovative and effective treatment approaches. Regenerative therapies with Renal Pro-
genitor Cells (RPCs) have been proposed as a promising new strategy. A growing body of evidence
suggests that progenitor cells differentiated from different sources, including human embryonic stem
cells (hESCs), can effectively treat AKI.
Methods: Here, we describe a method for generating RPCs and directed human Embryoid Bodies (EBs)
towards CD133þCD24þ renal progenitor cells and evaluate their functional activity in alleviating AKI.
Results: The obtained results show that hESCs-derived CD133þCD24þ RPCs can engraft into damaged
renal tubules and restore renal function and structure in mice with gentamicin-induced kidney injury,
and significantly decrease blood urea nitrogen levels, suppress oxidative stress and inflammation, and
attenuate histopathological disturbances, including tubular necrosis, tubular dilation, urinary casts, and
interstitial fibrosis.
Conclusion: The results suggest that RPCs have a promising regenerative potential in improving renal
disease and can lay the foundation for future cell therapy and disease modeling.
© 2024, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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1. Introduction

Acute kidney injury (AKI) is a decline in kidney function, leading
to disruptions in metabolic, electrolyte, and fluid homeostasis [1,2].
Depending on the cause, AKI can precipitate chronic or end-stage
renal disease (ESRD), which in turn, is a risk factor for various
complications, including cardiovascular disease [2]. AKI affects
millions of people, with an overall mortality rate of over 25% per
year [3]. Volume loss, chemotherapeutic agents, sepsis, ischemia,
diabetes, hypertension, and exposure to nephrotoxic drugs such as
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aminoglycosides are the most important causes of AKI [4,5].
Gentamicin, themost commonly used aminoglycoside, is one of the
most important causes of kidney injury, affecting 10e15% of hos-
pitalized patients [6].

Kidney transplantation and dialysis are the only effective op-
tions for treating End Stage Renal Disease (ESRD). However, despite
being effective, kidney transplantation is not a readily accessible
approach due to the lack of donors. Dialysis, however, reduces the
patient's quality of life [7]. Thus, despite the limited success of
conventional treatments in controlling the underlying cause and
ameliorating AKI [8], developing new therapeutic strategies to
improve kidney function seems essential. A notable approach in-
volves renal progenitor-based regenerative medicine strategies.
Various studies have shown the potent role of adult tissue-isolated
progenitor cells in several models of kidney injury [9e11].
CD133þCD24þ cells are a group of renal progenitor cells in the
human kidney that reside in different segments of the nephron and
are known for multiple capabilities, such as self-renewal and dif-
ferentiation into renal epithelial cells, in vitro and in vivo [12e14].
According to various studies, these cells are 2e4% of total kidney
cells and regenerate kidney tissue during injury [12]. However, the
limited number of these cells in the kidney, the lack of access to the
cell source in patients, and their limited differentiation potentials
have limited the use of these cells [15]. In recent years, stem cells,
including embryonic stem cells (ESCs) and induced pluripotent
stem cells (IPSCs), have received considerable attention in
addressing this problem due to their potential to differentiate into
different cell types. Many studies have shown the potent role of
these cells in animal models of kidney injury [16e18]. However,
their pluripotency has raised concerns about their use, such as the
risk of tumorigenesis and ethical limitations. In more recent ap-
proaches, several groups have produced renal lineage cells, such as
progenitor cells, by exposing embryonic cells and IPSC to various
inducing factors such as fibroblast growth factor (FGF), retinoic acid
(RA), activin (A), and bone morphogenetic proteins (BMPs) [19,20].
In addition, various findings show that pluripotent cell-derived
renal progenitor cells can localize to and stably integrate into
damaged kidney sites, such as the proximal tubule [10,21]. How-
ever, the effect of human embryonic cell-derived CD133þCD24þ

progenitor cell transplantation on kidney regeneration and
improvement of AKI has never been studied. Here, we enriched and
isolated CD133þCD24þ renal progenitors and investigated their
effects in a mouse model of gentamicin-induced kidney injury. The
intraparenchymal administration of RPCs showed that they could
engraft into injured tubules and attenuate oxidative stress and
apoptosis. Moreover, they could ameliorate renal histological
changes caused by gentamicin-induced injury and reduce fibrosis
progression.

2. Materials and methods

2.1. Material

For this research, human ESCs (Royan H5) at passages 40e60
and CD133þCD24þ renal progenitor cells were purchased from
Royan Institute. while Minimum Essential Medium were obtained
from Thermo Fisher (Thermo Fisher Scientific, Massachusetts, USA).
In this study we used fetal bovine serum (FBS, Gibco Life Technol-
ogies, USA), penicillin and streptomycin (Gibco Life Technologies,
USA), osteogenic differentiation medium (Gibco Life Technologies,
Germany) and alkaline phosphatase (Sigma-Aldrich, USA), alizarin
red dye (Sigma-Aldrich, USA), oil red dye (Sigma-Aldrich, USA),
knock-out serum replacement (Gibco), non-essential amino acids
(Gibco Life Technologies, USA), glutamine (Gibco Life Technologies,
USA), b-mercaptoethanol (Sigma-Aldrich, USA), basic fibroblast
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growth factor (bFGF, Sigma- Aldrich, USA), Accumax (Sigma-
Aldrich, USA), bovine serum albumin (BSA, Sigma- Aldrich, USA),
propidium iodide (PE) -conjugated mouse anti-human CD133
(Miltenyi Biotec, USA) and fluorescein isothiocyanate (FITC) -con-
jugatedmouse anti-human CD24 (Abcam, USA) antibodies, primary
anti-Human Nuclear Antigen antibodies (anti-HNA, Abcam, USA),
anti-AQP1 (Abcam, USA), and anti-AQP2 (Abcam, USA). Addition-
ally, TNF a, IL-1, IL-2, IL-6, IL-10, TGF-b, and IFN g were obtained
from Sigma Aldrich, USA.
2.2. Human ESCs culture

Human ESCs (Royan H5) obtained from the Royan Institute at
passages 40e60 were expanded using on mitomycin C-treated
mouse embryonic fibroblasts (MEFs) feeder cells in hESCs medium
in a 5% (v/v) CO2 atmosphere with 95% humidity at 37 �C. Every
other day, the medium was changed.
2.3. Embryoid body-based differentiation of human ESCs

Differentiation of human embryonic stem cells into
CD133þCD24þ renal progenitor cells was carried out by forming
embryoid bodies (EBs). For this purpose, hESCs were transferred to
non-adherent bacterial dishes containing the same embryonic
hESCs culture medium in the absence and presence of various
concentrations of bFGF (100, 150, 200, and 250 ng/ml). The EBs
were harvested for 5, 7, and 9 days after the inception of EB for-
mation. The cell culture medium was refreshed every other day.
2.4. CD133þCD24þ renal progenitor cells sorting

To identify CD133þCD24þ renal progenitor cells derived from
hESCs, the expression of CD133 and CD24 monoclonal antibodies
against cell surface markers was screened, and two positive selec-
tion markers were isolated using FACS. On days 5, 7, and 9, the co-
expression of CD133 and CD24 in EBs exposed to different con-
centrations of bFGF or absent bFGF was assessed. EBs were first
treated with Accumax and disassociated into single cells. Following
that, the cells were washed twice with PBS and incubated for
20 min at 4C in a blocking buffer (PBS with 5% bovine serum al-
bumin (BSA). The cells were then washed with PBS again before
being stained for 45 min at 4 �C with propidium iodide (PE) -con-
jugated mouse anti-human CD133 (1:100) and fluorescein iso-
thiocyanate (FITC) -conjugated mouse anti-human CD24 (1:200)
antibodies. FACS analysis was performed using BD FACSAria (BD
Bioscience, San Jose, CA) according to the manufacturer's protocols,
and sample analysis was performed using FlowJo software (version
10.6.2).
2.5. In vivo experiments and animal maintenance

This study was approved by the Research Ethics Committee at
Shahid Beheshti University of Medical Sciences, Tehran, under the
code No. (IR.SBMU.LASER.REC.1402.012). All in-vivo experiments
were carried out under ARRIVE guidelines (https://arriveguidelines.
org). Male NMRI mice (6e8 weeks old, 30e35g weight) were pur-
chased from Royan Institute and housed in a well-ventilated room
with 12 h of light/12 h of darkness and free access to food andwater.
The Pasteur Institute in Iran provided male BALB/C nude mice (6e8
weeks old,18e22 g bodyweight).Micewerekept in ventilated cages
in sterile conditions, with free access to sterile water and food.

https://arriveguidelines.org
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2.6. Gentamycin-induced kidney injury mouse model and
experimental design

The kidney injury was induced by gentamicin (Exir Pharma-
ceutical Co.) 96 healthy male NMRI mice were randomly assigned
to 12 experimental groups (n ¼ 8 per group) to determine the
effective dose for induction of injury. Mice were given gentamicin
intraperitoneally every day for 7 days (80,100,150, and 200mg/kg),
and their renal function was tested 10, 14, and 21 days later. All
animals died within three days of receiving the 200 mg/kg dose.
The dose of 100 mg/kg was chosen as the effective dose of
gentamicin-induced kidney injury based on renal function analysis,
which was confirmed by the nude mice test. For evaluation of the
nephroprotective effect of CD133 þ/CD24þ ESCs-derived RPCs
against gentamicin-induced kidney damage and their homing in
the affected area, 32 BALB/C nude (n ¼ 8 per group) mice were
randomly divided into four groups. The first group was the control
animals; the second was treated with gentamicin (100 mg/kg/i.p/7
days), and two other groups received an intraperitoneal injection of
gentamicin (100 mg/kg/i.p/7 days), and after 24 h were received an
intraparenchymal injection of saline or ESCs-derived of CD133 þ/
CD24 þ RPCs (5 � 105 cells/mouse) into the right kidney.

2.7. Renal function analysis

Renal functionwas evaluated by serum urea, creatinine, sodium,
and potassium levels. The animals were anesthetized with keta-
mine (100 mg/kg)/xylazine (10 mg/kg) on a predetermined day,
and blood samples were collected. All blood samples were centri-
fuged for 10 min at 3000 rpm, and serumwas stored at �80 �C. Bio
diagnostics kits were used to assess the intended markers under
the manufacturer's instructions.

2.8. Kidney index

The renal index was calculated by dividing the right kidney
weight by body weight and then multiplied by 100. This was done
after weighing each mouse at the end of the experiment period.

2.9. Renal histopathological analysis

The kidneys were immediately removed and fixed in 10%
formalin after the mice were sacrificed on the predetermined days.
After dehydrating and embedding in paraffin, all samples were
sectioned into 5 mm thick sections and stained for histopathologic
analysis with hematoxylin-eosin, periodic Acid-Schiff, and Mas-
son's trichrome or Sirius red stain, and the severity of the injury
was scored blindly. Light microscopy was used to assess the degree
of renal tissue injury in a semi-quantitative way. Histological
changes were graded on a scale of 0e4 based on the extent of
tubular necrosis, tubular dilatation, urinary casts, and interstitial
fibrosis: 0 ¼ normal; 0.5 ¼minimal; 1 ¼mild; 1.5 ¼moderate; and
2 ¼ marked.

2.10. Immunohistochemistry

Kidney tissue samples were fixed in 10% formalin for 24e48 h
and embedded in paraffin after standard processing procedures for
immunohistochemical analysis. After washing with PBS and cell
permeabilizationwith 0.3% Triton, the slides were blockedwith 10%
goat serum and incubated overnight at 2e8 �C with the primary
anti-Human Nuclear Antigen antibodies (anti-HNA, 1:100, Abcam,
USA), anti-AQP1 (1:100, Abcam, USA), and anti-AQP2 (1:100,
Abcam, USA). The slides were then incubated for 1 h with sec-
ondary antibodies. Finally, all slides were counterstained with DAPI
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and analyzed using fluorescent microscopy (Olympus) after adding
glycerol and PBS solutions.

2.11. TUNEL assay for apoptosis analysis

Evaluating apoptosis in renal samples was analyzed by TUNEL
(terminal-deoxynucleotidyl transferase-mediated nick end label-
ing) assay according to the manufacturer's protocol.

2.12. Enzyme-linked immunosorbent assay (ELISA) for
inflammatory cytokine measurement

Tissue levels of TNF-a, IL-1, IL-2, IL-6, IL-10, TGF-b, and IFN-g
were measured using an ELISA kit under the manufacturer's rec-
ommendations. A few pieces of removed tissue pieces were ho-
mogenized with a homogenization medium, and the supernatant
was then gathered after centrifugation. Following washing and
incubation, an enzyme conjugate was added to each well along
with 200 ml of the sample and standard. after more incubation and
washing, a stop solution was then added to each well and the op-
tical density was assessed at 405 nm using an ELISA reader. The
concentration of each factor was calculated based on the slope of
the line.

2.13. Statistical analyses

The results were expressed as the mean ± standard deviation
(SD). Data analysis was performed by One-way analysis of variance
(ANOVA) followed by the Tukey-Cicchetti test for group compari-
sons or t-test for unpaired data. P < 0.05 Values were considered to
have statistical significance.

3. Result

3.1. Detection and isolation of ESC-derived renal progenitor cells
using CD133/CD24 markers

Fig. 1A depicts an overview of the spontaneous differentiation of
hESCs into renal progenitor cells. CD24 and CD133 surface markers
were used to distinguish RPCs from EBs, and cells were isolated
using flow cytometry considering both markers. On day 9, the
highest number of double-positive CD133þCD24þ cells (39.5%)
were isolated from renal progenitor cells at a bFGF concentration of
150 ng/ml (Fig. 1B and C). FACS was used to isolate and purify
differentiated cells under these conditions, which were then used
in animal studies.

3.2. Gentamicin induces kidney injury in mice

In a gentamicin dose-detection study, mice serum urea and
creatinine levels were gradually increased until day 10 at drug
doses of 80 and 150 mg/kg and then increased again after a tem-
porary decrease on day 14. These levels were always significantly
higher than the control values (Fig. 2). The serum creatinine level in
mice given 100 mg/kg increased with a drop on day 14 and was
significantly higher than in the control group. The urea level
gradually increased from day 10 and was significantly higher than
the control group on days 14 and 21. Gentamicin-induced renal
lesions including epithelial cell necrosis, brush border loss, tubular
dilation, urinary casts, and interstitial fibrosis were also seen in
different doses (Supplementary Fig. 1). Kidney histopathology
scores revealed that gentamicin (100 and 150 mg/kg) treatment
caused more kidney damage than the control group; however, the
damage was more severe at dose 150 than at other doses.



Fig. 1. Differentiation and enrichment of human EBs into renal progenitor cells (RPCs). (a) Schematic description of human ESCs differentiation protocol to renal progenitor
cells (RPCs). (b) Flow cytometric analysis of CD133 and CD24 co-expression in hESCs at days 5, 7, and 9 without or with different concentrations of bFGF (100, 150, 200, and 250 ng/
ml). the EBs treated with 150 ng/ml bFGF on day 9 showed the highest double-expression of CD133 and CD24 and were selected for isolation of CD133þCD24þ RPCs by FACS. (c) The
results of the antibodies screening are presented in the bar graph. Scale bars: 100 mm ****P < 0.0001, **P < 0.01 and, *P < 0.05.
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Fig. 2. Evaluation of different doses of gentamicin on renal function. (a) An overview of the protocol used to determine gentamicin doses in NMRI mice. (b) The effect of
different doses of gentamicin on serum biochemical factors in NMRI mice. (c) verification of gentamicin-determined dose (100 mg/kg) in Nude mice. Cr, serum creatinine.
****P < 0.0001, ***P < 0.001, **P < 0.01, and *P < 0.05.
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3.3. Transplantation of ESCs-derived CD133þCD24þ renal
progenitor cells ameliorate kidney injury in mice

As shown in schematic Fig. 3A, we tested the renoprotective
potential of ESC-derived CD133þCD24þ renal progenitor cells
obtained on day 9 in a murine model of gentamicin-induced
kidney injury. Following 14 days, intraparenchymal injected
ESC-derived RPCs were found in various parts of the kidneys of
mice, as shown by human nuclear antigen (HNA) (Fig. 3B);
stained areas show engraftment of about 11% of HNA-positive
cells per high power field (HPF). Furthermore, immunofluores-
cence staining with AQP1 and AQP2 shows that CD133þCD24þ
510
cells were transplanted into mouse proximal convoluted tubules
and collecting ducts (Fig. 4A and B). Serum Urea, creatinine and
potassium levels were significantly lower in the group
transplanted with CD133þCD24þ progenitor cells than in the
gentamicin group and gentamicin-treated mice given saline 14
days after transplantation. The levels of serum sodium were
measured and compared, and no significant differences was
found (Fig. 5A). Renal histology in mice treated with ESC-derived
RPCs was greatly improved, as shown by a considerable reduc-
tion in renal histological score in terms of tubule dilatation,
urinary cast, loss of brush boundary, and epithelial cell necrosis
(Fig. 5B).



Fig. 3. CD133þCD24þ RPCs regenerative potential in gentamicin-induced AKI. (a) A schematic description of cell therapy and sample collection protocol. (b) CD133þCD24þ RPCs
identified in gentamicin-treated mice by HNA staining (red), expressed AQP1 (yellow arrow), and AQP2 (orange arrow). Scale bars: 100 mm.
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3.4. Treatment with ESC-derived CD133þCD24þ RPCs protecting
against the gentamicin-induced renal oxidative state

Superoxide dismutase (SOD) concentration in serum was used
to assess gentamicin-induced renal tissue oxidative stress, which
was confirmed by immunofluorescence staining with a SOD1
antibody. Serum SOD concentrations in the RPC-treated group
increased significantly more than in the gentamicin-treated and
gentamicin receiving groups (Fig. 6A). Furthermore, SOD1 IFC
staining confirmed this issue, revealing that the protein expres-
sion level of SOD1 in the RPCs-treated group is significantly
higher than in the gentamicin and gentamicin/saline groups
(Fig. 6B).
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3.5. CD133þCD24þ RPCs relieve inflammation in gentamicin-
induced kidney injury

To assess the potential effects of CD133þCD24þ RPC trans-
plantation on tissue inflammation, the levels of cytokines such as
IL1, IL2, IL6, IL10, TGF-b, TNF-a, and IFN-g were measured using an
ELISA assay after following 14 days. The renal value of pro-
inflammatory cytokines including IL-1b, IL2, IL-6, TNF-a, TGF-b,
and IFN-g was significantly higher in the gentamicin group than in
the control group, but significantly lower after cell transplantation
in the gentamicin group (Fig. 7). In addition, the level of these cy-
tokines was significantly higher compared to the cell-receiving
group, showing the transplantation of RPCs had a beneficial



Fig. 4. The effects of CD133þCD24þ RPCs transplantation on expression of proximal convoluted tubule and collecting duct markers. Immunostaining of different groups'
renal sections with AQP1 (A) and AQP2 (B) antibodies revealed that the expression level of these markers was significantly higher in the cell administration group than in the
gentamicin- or saline-treated groups. Scale bars: 100 mm. ****P < 0.0001, ***P < 0.001, **P < 0.01, and *P < 0.05.
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Fig. 5. Cell therapy using CD133þCD24þ RPCs for acute gentamicin injured kidney in Nude mice. (a) Analysis of serum levels of biochemical factors in different groups,
including control, gentamicin-treated group, and mice receiving RPC transplant or saline injection. (b) Representative photographs of mice's kidney sections from different groups
on day 14 after RPC transplantation. loss of the brush border (white triangle arrow), tubular necrosis (black arrow), tubular dilatation (black asterisks), urinary casts (black triangle
arrow), fibrosis (white arrows), and glomerular basement membrane thickness (orange arrow) were shown in 20x and 100x. H&E staining shows a marked improvement in renal
tissue construct in the cell-receiving group compared to the untreated control group. As seen in the PAS and SR stained slides, the preservation of renal tubule integrity and
interstitial fibrosis in the cell recipient group were lower than in the untreated group, respectively. The renal injury score was calculated using a semi-quantitative approach. Cre,
creatinine; Na, sodium; K, potassium H&E, Hematoxylin, and eosin; PAS, periodic Acid-Schiff; SR, Sirius Red; Scale bars: 100 mm, 20 mm ***P < 0.001, **P < 0.01, and *P < 0.05.
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impact on the reduction of inflammation. The level of these cyto-
kines increased with a similar pattern in the gentamicin/saline
group but not significantly compared to the control group. In
contrast, the anti-inflammatory cytokine IL-10 levels were signifi-
cantly higher in the RPCs receiving group compared to the genta-
micin and gentamicin/saline groups, and slightly lower in these
groups compared to the control group (Fig. 7). Overall, trans-
plantation of CD133þCD24þ RPCs reduced pro-inflammatory
cytokine levels while increasing anti-inflammatory cytokine IL-10
levels.
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3.6. Effects of CD133þCD24þ RPCs on apoptosis in the injured
kidney

TUNEL assay was used to assess apoptosis in renal tissue. The
number and proportion of TUNEL-positive cells were significantly
higher in animals with kidney damage and mice given gentamicin/
saline, but lower in the RPCs-treated group (Fig. 8). ImageJ 1.8.0
software analysis revealed that the color intensity of the cell-
receiving group was lower than that of the gentamicin and genta-
micin/saline groups.



Fig. 6. Effect of CD133þcd24þ RPCs administration on oxidative damage in gentamicin-treated AKI mice. (a) The SOD level in gentamicin-treated nude mice kidney samples
was measured by serum biochemical analysis (a) and immunostaining (b). Scale bars: 100 mm. ***P < 0.001, **P < 0.01, and *P < 0.05.
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4. Discussion

Acute kidney injury, a potentially fatal clinical condition, is a
common problem characterized by decreased renal function and
affects 10e15% of hospitalized patients [22]. Gentamicin, a common
treatment for gram-negative bacterial infections, can lead to renal
damage, limiting its use [23,24]. Our findings show that trans-
planting embryonic stem cell-derived enriched CD133þCD24þ

RPCs into nude mice can reverse gentamicin-induced kidney injury
and improve renal function and construction. Several studies have
shown that renal progenitors derived from hESCs/iPSCs adminis-
tration can improve renal injury in a variety of experimental
models. However, because all cells, including pluripotent stem cells,
RPCs, and other differentiated cell types, were transplanted in these
studies, it is unclear whether the administration of pluripotent
stem cell-derived renal progenitors contributes to the attenuative
effects on kidney injury and ameliorates the injury or not
[19e21,25e27]. In this study, we showed the therapeutic potential
of embryonic stem cell-derived renal progenitor cells by trans-
planting the purified population and using double expression of CD
133 and CD 24 markers and flowcytometric sorting.
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Researchers have used a variety of methods for the adminis-
tration of stem/progenitor cells into damaged tissue, including tail
vein and intrarenal artery injection, as well as intraparenchymal
injection [21,28e31]. Cellular uptake, kidney preservation, and
systemic safety are the most important therapeutic considerations
for cell-based therapy, regardless of approach [29]. However,
intravenous cell delivery is often associated with the accumulation
of injected cells in non-target organs such as lungs, reducing
treatment effectiveness [32,33]; Although cell delivery through the
intrarenal artery is associated with an increase in the number of
transplanted cells, microvasculature occlusion by the injected cells
remains a challenge for this method [16,34]. As a result, the intra-
parenchymal method seems more effective. In our study, we used
the intraparenchymal injection method to transfer the cells. The
exact process of gentamicin-induced kidney damage is not
completely known, but it is primarily linked to oxidative stress,
inflammation, and tubular necrosis [35]. After filtering by the kid-
neys, a small fraction of gentamicin (about 5e10%) is absorbed and
accumulated in certain kidney cells' organelles [36], leading to their
disruption and the activation of pathways that result in cell death
[37]. This process by affecting mitochondria [38] involves oxidative



Fig. 7. Effect of CD133þCD24þ RPCs administration on the expression of proinflammatory, anti-inflammatory, and fibrotic factors following acute renal gentamicin injury
14 days post-treatment. CD133þCD24þ RPC treatment contributed to lower expression of IL-1b, IL2, IL-6, TNF-a, and IFN-g as the proinflammatory cytokines and TGF-b as a
proinflammatory and fibrotic marker in mice compared with gentamicin- or saline-treated groups. The expression level of the anti-inflammatory factor IL-10 was significantly
higher in the cell-treated group than in other groups. **P < 0.01, and *P < 0.05.
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stress and an increase in apoptotic cells [39,40]. like other studies,
we found that gentamicin increased oxidative stress and the
number of apoptotic cells and showed the administration of pro-
genitor cells effectively reduced these items, however, their exact
role and mechanism of action were not investigated in this study.

Gentamicin-induced oxidative stress triggers an inflammatory
response [41]. This process involves NF-kB, a factor responsible for
regulating inflammatory pathways and cytokines. Gentamicin has
been found to increase the expression of NF-kB [41,42], which,
when released in response to increased ROS production, leads to
the transcription of several inflammatory factors like TNF-a and IL-
6. These cytokines promote leukocyte/macrophage infiltration and
ROS production, which exacerbates renal injury [43]. The accu-
mulation of mononuclear cells in the renal interstitium and the
activation of macrophages and lymphocytes, is linked to the release
of more inflammatory, pro-inflammatory, and pro-fibrotic cyto-
kines, which intensify the phenotypic response in epithelial and
endothelial cells and cause apoptosis and EMT [44,45]. TGF- is a key
regulator of fibrosis and an important stimulator of EMT, and it
plays a role in the development of fibrosis by inducing the gener-
ation of myofibroblasts [46,47]. In our study, as in earlier studies,
the expression of pro-inflammatory and fibrotic factors such as IL1,
IL2, IL6, TGF–b, TNF-a, and IFN-g was elevated in the gentamicin
group [36,48].
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The administration of CD133þCD24þ RPCs reduced pro-
inflammatory factors while increasing anti-inflammatory IL-10
production. Given the decrease in TGF-b factor expression in the
cell-treated group, RPCs are likely to contribute to the improve-
ment of fibrosis by participating in the pathways involved in TGF-b
inhibition. However, a more detailed analysis of their signaling
mediators is required to determine exactly how these cells function
in alleviating inflammation and fibrosis. The role of renal progen-
itor cells in improving the renal injury process is hotly debated.
There are two main mechanisms by which these cells participate in
reducing damage and developing regeneration: The first mecha-
nism, known as the “cell pathway,” is the homing and differentia-
tion of progenitor cells into functional cells and the replacement of
damaged cells. Another mechanism is the “paracrine pathway,”
which is the secretion of humoral and soluble factors by these cells
[49,50]. Several studies have found that exogenous progenitor cells
can be integrated into damaged tubes. Progenitor cells' ability to
differentiate into different cell types is thought to explain their
protective effects [10,11,21,51]. Even when paracrine mechanisms
are involved, the deployment of injected cells is thought to be more
effective in achieving the desired therapeutic properties. Indeed,
cells in damaged tissue are exposed to a beneficial inflammatory
environment, which can influence their behavior in a bidirectional
manner [52]. CD133, a surface molecule expressed on progenitor



Fig. 8. TUNEL staining of the nude mice kidney sections after gentamicin-induced AKI. Administration of CD133þCD24þ RPCs contributed to reduced apoptotic cells in
damaged kidneys compared with gentamicin- and saline-treated groups. Scale bars: 100 mm. ***P < 0.001, **P < 0.01, and *P < 0.05.

M. Bahrami, H.A. Abbaszadeh, M. Norouzian et al. Regenerative Therapy 27 (2024) 506e518
cells, is involved in theWnt/-catenin signaling pathway and plays a
role in inducing and regulating cellular proliferation after damage
by stabilizing b-catenin as the primary target of Wnt [53].

Several studies have shown that paracrine mechanisms are
primarily responsible for the healing and preservation of the
damaged organ during cell injection [33,54,55]; As the lack of
kidney transplantation of injected cells in some studies and the
improvement of kidney structure and function in these studies
clearly confirm this matter [33,54]. According to research, renal
progenitor cells secrete a variety of trophic factors that promote
kidney regeneration by increasing cell proliferation and decreasing
apoptosis [54,55]. Several growth factors with renoprotective
properties, such as HGF, VEGF, and NAGF, have been identified in
these cells [56e59]. HGF is a potential anti-fibrotic cytokine that
inhibits TGF/Smad signaling and prevents EMT [59]; therefore,
renal progenitor cells can be said to play a role in upregulating HGF
and downregulating TGF. According to the findings of one study, CD
133þ progenitor cells secrete FGF2 and inhibin-A in addition to HGF
[39,60]. FGF2 acts as a growth factor, accelerating the process of
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post-injury regeneration and preventing apoptosis [61]. Inhibin-A
functions as a TGF antagonist and is involved in the processes of
proliferation, differentiation, and apoptosis [60]. By secreting
erythropoietin, CD 133þ progenitor cells can limit renal fibrosis
after injury [6]. Other therapeutic factors effective in kidney injury
have been reported to be secreted by renal progenitor cells as
vesicles and microvesicles [39,55,62e64]. Functional analysis of EV
proteins secreted from CD 133 þ cells in a study identified a set of
proteins related to cell maintenance and cell cycle, negative regu-
lation of apoptosis, specific proteins related to protection against
oxidative stress such as SOD, and proteins related to angiogenesis
as Von Willebrand [56,65]. Decorin and cyclin D1 are two other
factors secreted by CD 133þ progenitor cells as microvesicles [39].
Decorin is a potent TGF-b signaling antagonist, and its expression
reduces fibrosis and inflammation [66,67]; This factor is also
involved in apoptosis and the cell cycle, and it can be activated via
WNT signaling [68,69]. Although these evidences support the ef-
ficacy of CD 133þ progenitors, we did not specifically investigate
their paracrine function and effectiveness in our study, and more
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detailed evaluations are required. It is recommended to evaluate
the impact of these cells in more advanced models and within the
clinical setting.

5. Conclusion

Our findings show hESCs- CD133þCD24þ RPC intraparenchymal
administration significantly attenuates renal injury and helps with
the restoration of renal function following gentamicin-induced
injury. Cell therapy using CD133þCD24þ RPCs may represent a
cutting-edge therapeutic strategy to treat renal failure.
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