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Abstract: Acute kidney injury (AKI) is a significant global health issue with limited current treatment options. This study 
focused on the mechanism by which exosomes derived from bone marrow mesenchymal stem cells (BMSCs) promote renal 
tubule regeneration in AKI through the regulation of the PTEN signaling pathway by miR-21. BMSCs were isolated and 
characterized, and their exosomes were purified. In vitro, renal tubular epithelial cell injury models were established, and the 
co-culture of exosomes and cells demonstrated enhanced cell proliferation and reduced apoptosis. In vivo, AKI animal models 
showed improved renal function and histopathological changes after exosome treatment. miR-21 was found to be upregulated 
in exosomes and recipient cells, targeting PTEN and activating the PI3K/AKT pathway. The signaling network also interacted 
with other pathways related to renal tubule regeneration. The study highlights the potential of exosome therapy for AKI 
and provides insights into the underlying molecular mechanisms, although further research is needed to address remaining 
challenges and translate these findings into clinical applications.
Keywords: Acute kidney injury; Bone marrow mesenchymal stem cells; Exosomes; miR-21; PTEN signaling pathway; Renal 
tubule regeneration

1 Introduction

1.1 Background of Acute Kidney Injury

1.1.1 Incidence and Prevalence of Acute Kidney Injury
Acute kidney injury (AKI) has emerged as a significant 

global health concern. The incidence of AKI varies depending on 
the population studied and the diagnostic criteria employed. In 
hospitalized patients, AKI occurs with a frequency ranging from 5% 
to 20%, and this rate has been steadily increasing over the past few 
decades. The prevalence is also notable, especially in critical care 
settings, where it can affect up to 50% of patients in intensive care 
units. This growing trend is attributed to several factors, including 
the aging population, the increasing prevalence of comorbidities 
such as diabetes and hypertension, and the more widespread 
use of nephrotoxic medications and contrast agents in medical  
procedures.

1.1.2 Common Causes and Pathogenesis
AKI can result from a multitude of causes. Prerenal factors 

are among the most common and typically involve a reduction in 
renal blood flow. This can occur due to hypovolemia, as seen in 
severe dehydration, hemorrhage, or excessive fluid losses from the 
gastrointestinal tract. Cardiac failure and shock also lead to prerenal 
AKI by compromising the perfusion pressure to the kidneys. 
Intrinsic kidney diseases, such as acute tubular necrosis (ATN), are 
another major cause. ATN can be induced by ischemia-reperfusion 
injury following a period of reduced blood flow to the kidneys 

or by exposure to nephrotoxic substances like certain antibiotics, 
chemotherapeutic agents, and heavy metals. Postrenal causes are 
relatively less common but can result from urinary tract obstruction, 
which may be due to kidney stones, tumors, or strictures in the 
urinary tract. The pathogenesis of AKI involves complex cellular 
and molecular events. In ischemic AKI, for example, the initial 
insult leads to endothelial cell activation and dysfunction, which in 
turn causes vasoconstriction and a reduction in glomerular filtration 
rate. Tubular epithelial cells are also severely affected, undergoing 
apoptosis, necrosis, and detachment from the basement membrane. 
Inflammatory cells are recruited to the injured kidney, further 
amplifying the tissue damage through the release of cytokines and 
chemokines.

1.2 Role of Renal Tubule Regeneration

1.2.1 Importance of Renal Tubule Structure and Function
The renal tubules play a crucial role in maintaining kidney 

function. They are responsible for the reabsorption of essential 
substances such as glucose, amino acids, electrolytes, and water 
from the glomerular filtrate, as well as the secretion of waste 
products and drugs. The proper functioning of the renal tubules is 
essential for maintaining fluid and electrolyte balance, acid-base 
homeostasis, and blood pressure regulation. The tubular epithelium 
is a highly specialized structure, consisting of different segments, 
each with distinct functions and transport mechanisms. For 
example, the proximal tubule is involved in the bulk reabsorption 
of solutes and water, while the distal tubule and collecting ducts 
play a key role in fine-tuning the final composition of the urine and 



51

Modern General Practice 2024 Issue 1

regulating potassium and acid secretion.

1.2.2 Cellular and Molecular Mechanisms of Renal Tubule 
Regeneration

Following AKI, the kidney has a remarkable ability to initiate 
a repair and regeneration process. Renal tubular epithelial cells 
adjacent to the injured area can dedifferentiate and re-enter the cell 
cycle to proliferate and replace the damaged cells. This process 
is regulated by a complex network of growth factors, cytokines, 
and signaling pathways. Growth factors such as epidermal growth 
factor (EGF), hepatocyte growth factor (HGF), and insulin-like 
growth factor-1 (IGF-1) have been shown to promote tubular 
cell proliferation and survival. Transcription factors like Wilms’ 
tumor suppressor 1 (WT-1) and paired box gene 2 (PAX-2) are 
also involved in the regulation of tubular cell dedifferentiation 
and proliferation. Additionally, extracellular matrix remodeling 
and the activation of matrix metalloproteinases (MMPs) and 
tissue inhibitors of metalloproteinases (TIMPs) are important for 
creating a permissive environment for cell migration and tissue  
repair.

1.3 Significance of Bone Marrow Mesenchymal Stem Cells 
and Their Exosomes

1.3.1 Properties and Functions of Bone Marrow Mesenchymal 
Stem Cells

Bone marrow mesenchymal stem cells (BMSCs) possess 
unique properties that make them of great interest in regenerative 
medicine. They are multipotent cells capable of differentiating 
into various cell lineages, including osteoblasts, chondrocytes, and 
adipocytes. BMSCs also have immunomodulatory capabilities, 
being able to suppress the activation and proliferation of immune 
cells such as T lymphocytes, B lymphocytes, and dendritic cells. 
This immunomodulatory effect is mediated through the secretion of 
soluble factors such as interleukin-10 (IL-10), transforming growth 
factor-β (TGF-β), and prostaglandin E2 (PGE2). Moreover, BMSCs 
can home to sites of injury in the body, guided by chemokines and 
adhesion molecules, and secrete a variety of bioactive molecules 
that can promote tissue repair and regeneration.

1.3.2 Characteristics and Bioactive Components of Exosomes
Exosomes are small extracellular vesicles with a diameter of 

approximately 30 - 150 nm. They are derived from the endosomal 
system of cells and contain a rich cargo of bioactive molecules. 
The lipid bilayer of exosomes protects their contents, which 
include proteins, lipids, and nucleic acids. Exosomal proteins 
can be involved in cell-cell communication, such as adhesion 
molecules and membrane receptors. Lipids in exosomes play a 
role in membrane stability and fusion with target cells. Nucleic 
acids, especially microRNAs (miRNAs), are important components 
of exosomes. miRNAs are small non-coding RNAs that can 
regulate gene expression post-transcriptionally by binding to the 3’ 
untranslated region (UTR) of target mRNAs, thereby influencing 
various cellular processes.

1.4 Focus on miR-21 and PTEN Signaling Pathway

1.4.1 Previous Studies on miR-21 and PTEN in Kidney Diseases
Previous research has shown that miR-21 and the phosphatase 

and tensin homolog (PTEN) signaling pathway are involved in 

kidney diseases. miR-21 has been found to be dysregulated in 
various kidney pathologies, including AKI and chronic kidney 
disease (CKD). In some studies, miR-21 was upregulated in 
response to kidney injury and was associated with cell survival 
and fibrosis. PTEN, on the other hand, is a well-known tumor 
suppressor gene that also plays a crucial role in kidney homeostasis. 
It negatively regulates the phosphatidylinositol 3-kinase (PI3K)/
AKT signaling pathway, which is involved in cell growth, survival, 
and metabolism. Alterations in PTEN expression and activity 
have been implicated in the development and progression of 
kidney diseases, such as glomerulosclerosis and tubulointerstitial  
fibrosis.

1.4.2 Hypothesis and Research Objectives of This Study
Based on the existing knowledge, we hypothesize that 

exosomes derived from BMSCs can promote the regeneration of 
renal tubules in AKI through the regulation of the PTEN signaling 
pathway by miR-21. The main objectives of this study are to: (1) 
investigate the effect of BMSC-derived exosomes on renal tubular 
regeneration in vitro and in vivo; (2) determine the expression and 
function of miR-21 in BMSC-derived exosomes and its role in 
regulating the PTEN signaling pathway; (3) elucidate the molecular 
mechanisms underlying the interaction between miR-21 and the 
PTEN signaling pathway in the context of exosome-mediated 
renal tubular regeneration; and (4) assess the potential clinical 
significance and application prospects of using BMSC-derived 
exosomes as a therapeutic strategy for AKI.

2 Characteristics of Bone Marrow 

Mesenchymal Stem Cells and Their Exosomes

2.1 Isolat ion and Identif icat ion of  Bone Marrow 
Mesenchymal Stem Cells

2.1.1 Isolation Methods and Culture Conditions
Isolation of bone marrow mesenchymal stem cells (BMSCs) 

typically begins with obtaining a bone marrow aspirate from a 
suitable donor, usually from the iliac crest. The aspirate is then 
processed to separate the mononuclear cell fraction, which contains 
the BMSCs. One common method is density gradient centrifugation 
using a medium like Ficoll-Paque. After separation, the cells are 
cultured in a specific growth medium, often supplemented with 
fetal bovine serum (FBS), antibiotics, and growth factors such as 
basic fibroblast growth factor (bFGF). The culture conditions are 
maintained in a humidified incubator with a controlled atmosphere 
of 5% CO₂ and 37°C. The initial seeding density and medium 
change schedule are crucial for the successful expansion of BMSCs. 
Cells are usually plated at a density of around 1 - 5 × 10⁴ cells/
cm², and the medium is changed every 2 - 3 days to remove waste 
products and provide fresh nutrients.

2.1.2 Surface Marker Identification and Multipotency 
Characterization

BMSCs express a characteristic set of surface markers. They 
are positive for markers such as CD29, CD44, CD73, CD90, and 
CD105, while being negative for hematopoietic markers like CD34, 
CD45, and HLA-DR. Flow cytometry is a commonly used technique 
to analyze the expression of these surface markers. To confirm the 



52

        Modern General Practice 2024 Issue 1

multipotency of BMSCs, in vitro differentiation assays are performed. 
For osteogenic differentiation, cells are cultured in an osteogenic 
induction medium containing dexamethasone, β-glycerophosphate, 
and ascorbic acid. After a period of 2 - 3 weeks, the formation of 
calcium deposits can be detected by alizarin red staining. Adipogenic 
differentiation is induced by culturing cells in an adipogenic medium 
with insulin, dexamethasone, and isobutylmethylxanthine. Lipid 
droplets within the cells can be visualized using Oil Red O staining 
after about 2 weeks. Chondrogenic differentiation can be achieved 
by culturing cells in a pellet culture system with transforming 
growth factor-β3 (TGF-β3) and other supplements. The presence of 
proteoglycans in the cartilage matrix can be detected by Safranin O 
staining after 3 - 4 weeks.

2.2 Composition and Formation of Exosomes

2.2.1 Lipid Bilayer and Membrane Proteins
Exosomes possess a l ipid bi layer that  is  s imilar  in 

composition to the plasma membrane of the parent cell. It contains 
phospholipids, cholesterol, and sphingolipids. The lipid bilayer 
provides structural integrity and enables exosomes to interact 
with target cells. Membrane proteins on exosomes play crucial 
roles in cell-cell communication and recognition. These proteins 
include tetraspanins such as CD9, CD63, and CD81, which are 
often used as exosome markers. Integrins and adhesion molecules 
are also present on the exosomal membrane and can mediate the 
binding and fusion of exosomes with recipient cells. Additionally, 
some membrane proteins are involved in signal transduction, 
such as receptor tyrosine kinases and G protein-coupled  
receptors.

2.2.2 Nucleic Acids and Cytoplasmic Contents
Exosomes contain a variety of nucleic acids, with microRNAs 

(miRNAs) being the most extensively studied. miRNAs are small 
non-coding RNAs that can regulate gene expression in recipient 
cells. For example, miR-21, which is of particular interest in this 
study, can be packaged into exosomes and transferred to target cells. 
Besides miRNAs, exosomes also carry messenger RNAs (mRNAs), 
long non-coding RNAs (lncRNAs), and circular RNAs (circRNAs). 
The cytoplasmic contents of exosomes include proteins such as 
enzymes, cytoskeletal proteins, and heat shock proteins. Heat shock 
proteins like Hsp70 and Hsp90 are involved in maintaining the 
stability and function of exosomal cargo and can also play a role in 
the immune response.

2.2.3 Biogenesis and Secretion Mechanisms
Exosome biogenesis begins with the inward budding of the 

plasma membrane to form early endosomes. These early endosomes 
then mature into late endosomes, which further invaginate to form 
multivesicular bodies (MVBs). The MVBs contain intraluminal 
vesicles, which are the precursors of exosomes. The MVBs can 
either fuse with lysosomes for degradation or with the plasma 
membrane to release exosomes into the extracellular space. The 
sorting of cargo into exosomes is a regulated process. Specific 
proteins and RNAs are selectively incorporated into exosomes, 
while others are retained in the cell or degraded. This sorting 
is mediated by various factors, including endosomal sorting 
complexes required for transport (ESCRT) proteins and lipid raft 
domains.

2.3 Methods of Exosome Isolation and Purification

2.3.1 Ultracentrifugation
Ultracentrifugation is a widely used method for exosome 

isolation. It involves a series of centrifugation steps at increasing 
speeds. First, the cell culture supernatant or biological fluid is 
centrifuged at a relatively low speed (e.g., 300 - 500 × g) to remove 
cells and large debris. Then, the supernatant is further centrifuged at 
a higher speed (e.g., 20,000 × g) to pellet the larger vesicles. Finally, 
the exosomes are pelleted by ultracentrifugation at speeds typically 
ranging from 100,000 to 120,000 × g. The resulting pellet contains 
exosomes, which can be resuspended in an appropriate buffer for 
further analysis or use. However, this method has some limitations. 
It is time-consuming and may cause damage to exosomes due to the 
high centrifugal forces.

2.3.2 Size Exclusion Chromatography
Size exclusion chromatography separates exosomes based on 

their size. A column filled with a porous matrix is used. The sample 
is applied to the top of the column, and as it passes through the 
matrix, larger particles are excluded from the pores and elute first, 
while smaller exosomes enter the pores and elute later. This method 
allows for the isolation of exosomes with a relatively high purity 
and can avoid the damage caused by ultracentrifugation. However, 
it requires specialized equipment and columns, and the separation 
process can be relatively slow.

2.3.3 Immunoprecipitation
Immunoprecipitation utilizes antibodies specific to exosomal 

surface markers to isolate exosomes. Antibodies against proteins 
such as CD63 or CD9 are conjugated to magnetic beads or agarose 
beads. The cell culture supernatant or biological fluid is incubated 
with the antibody-conjugated beads, allowing the exosomes to bind 
to the antibodies. The beads are then separated from the solution 
using a magnetic field or centrifugation, and the bound exosomes 
can be eluted for further analysis. This method offers high 
specificity and can isolate exosomes based on their surface protein 
characteristics. However, it is relatively expensive and may have 
lower yields compared to ultracentrifugation.

3 miR-21 and PTEN Signaling Pathway

3.1 Biological Functions and Regulatory Mechanisms of 
miR-21

3.1.1 Target Genes and Regulatory Networks
MiR-21 is a highly conserved microRNA that has been 

implicated in numerous biological processes through its interaction 
with a diverse set of target genes. It exerts its regulatory effects 
by binding to the complementary sequences in the 3’ untranslated 
region (UTR) of target mRNAs. Some of the well-known target 
genes of miR-21 include PTEN, sprouty homolog 1 (SPRY1), and 
programmed cell death 4 (PDCD4). By targeting PTEN, miR-
21 can modulate the phosphatidylinositol 3-kinase (PI3K)/AKT 
signaling pathway, which is crucial for cell survival, growth, 
and metabolism. The repression of SPRY1 by miR-21 affects 
the mitogen-activated protein kinase (MAPK) signaling cascade, 
influencing cell proliferation and differentiation. Additionally, 
the downregulation of PDCD4 by miR-21 is involved in the 
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regulation of apoptosis and cell cycle progression. MiR-21 is 
itself regulated by a complex network of transcription factors and 
signaling pathways. For example, in response to growth factors and 
cytokines, the expression of miR-21 can be upregulated through the 
activation of transcription factors such as activator protein 1 (AP-1) 
and nuclear factor κB (NF-κB).

3.1.2 Roles in Cell Proliferation, Apoptosis and Differentiation
In the context of cell proliferation, miR-21 acts as a positive 

regulator. By targeting genes like PDCD4 and PTEN, it promotes 
cell cycle progression. The inhibition of PDCD4 leads to the 
activation of eukaryotic translation initiation factor 4E (eIF4E), 
which in turn enhances the translation of mRNAs encoding proteins 
involved in cell proliferation. The modulation of the PTEN/PI3K/
AKT pathway by miR-21 also results in increased cell survival and 
proliferation. In terms of apoptosis, miR-21 exerts an anti-apoptotic 
effect. It suppresses the expression of genes that promote apoptosis, 
such as Bcl-2-modifying factor (BMF) and tropomyosin 1 (TPM1). 
This inhibition of apoptotic pathways helps cells to survive under 
various stress conditions. Regarding cell differentiation, miR-21 
has been shown to play a role in the differentiation of different cell 
types. For instance, in neural stem cells, the expression of miR-21 is 
dynamically regulated during differentiation, and its dysregulation 
can affect the proper development of neurons and glial cells. In 
mesenchymal stem cells, miR-21 is involved in the balance between 
adipogenic and osteogenic differentiation.

3.2 Structure and Function of the PTEN Signaling Pathway

3.2.1 PTEN Protein Structure and Activity Regulation
The PTEN protein has a conserved structure consisting of a 

phosphatase domain and a C2 domain. The phosphatase domain 
is responsible for its lipid phosphatase activity, which enables it to 
dephosphorylate phosphatidylinositol 3,4,5-trisphosphate (PIP3) to 
phosphatidylinositol 4,5-bisphosphate (PIP2). This dephosphorylation 
event negatively regulates the PI3K/AKT signaling pathway. The 
C2 domain mediates the membrane localization of PTEN, allowing 
it to access its lipid substrate. The activity of PTEN is regulated 
by multiple mechanisms. Post-translational modifications such as 
phosphorylation, acetylation, and ubiquitination can affect its stability 
and enzymatic activity. For example, phosphorylation of PTEN at 
specific sites can either enhance or inhibit its function. Additionally, 
the interaction of PTEN with other proteins, such as the tensin family 
members and the E3 ubiquitin ligase NEDD4-1, can also modulate its 
activity and localization.

3.2.2 Downstream Signaling Cascades and Cellular Responses
The PTEN/PI3K/AKT signaling pathway is a central 

regulator of numerous cellular processes. When PTEN is active 
and PIP3 levels are low, the AKT kinase is less activated. This 
leads to the inhibition of downstream signaling cascades involved 
in cell survival, growth, and metabolism. For example, the 
inactivation of AKT results in the suppression of mTOR complex 
1 (mTORC1), which is a key regulator of protein synthesis and 
cell growth. Reduced AKT activity also leads to the activation of 
glycogen synthase kinase 3β (GSK3β), which can affect cell cycle 
progression and apoptosis. In terms of cellular responses, PTEN 
deficiency or inactivation is often associated with increased cell 
survival, proliferation, and resistance to apoptosis. This can have 
implications in cancer development, as well as in tissue repair 

and regeneration processes. In the context of acute kidney injury, 
alterations in the PTEN signaling pathway can influence the fate 
of renal tubular epithelial cells, either promoting their survival and 
regeneration or leading to cell death and tissue fibrosis.

3.3 Interaction between miR-21 and PTEN in Normal and 
Disease States

3.3.1 Direct and Indirect Regulatory Relationships
MiR-21 di rec t ly  ta rge ts  the  PTEN mRNA through 

complementary base pairing in the 3’ UTR. By binding to this 
region, miR-21 inhibits the translation of PTEN mRNA and 
promotes its degradation, leading to a decrease in PTEN protein 
levels. This direct interaction is a key mechanism by which miR-21 
modulates the PTEN/PI3K/AKT signaling pathway. Indirectly, miR-
21 can also affect PTEN function through its regulation of other 
genes and signaling pathways. For example, the upregulation of 
miR-21 can lead to the activation of the MAPK signaling pathway, 
which in turn can phosphorylate and inactivate PTEN. Additionally, 
miR-21-mediated changes in the cellular microenvironment, such 
as alterations in cytokine and growth factor secretion, can indirectly 
influence PTEN expression and activity.

3.3.2 Alterations in miR-21 and PTEN Levels in Acute Kidney 
Injury

In acute kidney injury (AKI), the expression levels of miR-21 
and PTEN are often dysregulated. Studies have shown that miR-
21 is typically upregulated in response to AKI. This upregulation 
may be a compensatory mechanism to promote cell survival 
in the injured kidney. The increased miR-21 levels can lead to 
the downregulation of PTEN, thereby activating the PI3K/AKT 
signaling pathway. This activation can enhance the survival and 
proliferation of renal tubular epithelial cells, which is beneficial for 
the initial repair process. However, if the dysregulation persists, 
it can also contribute to the development of fibrosis and chronic 
kidney disease. In contrast, PTEN levels may be decreased in 
AKI due to the direct and indirect effects of miR-21, as well as 
other factors such as proteolytic degradation and transcriptional 
repression. Understanding the dynamic changes in miR-21 and 
PTEN levels and their interaction in AKI is crucial for developing 
targeted therapeutic strategies to promote kidney repair and prevent 
the progression of kidney damage.

4 The Effect of Exosomes Derived from 

Bone Marrow Mesenchymal Stem Cells 

on Renal Tubule Regeneration in Acute 

Kidney Injury

4.1 In Vitro Experimental Models and Detection Methods

4.1.1 Establishment of Renal Tubular Epithelial Cell Injury 
Models

Renal tubular epithelial cell injury models can be established 
through various means. One common approach is the use of 
chemical agents such as cisplatin. Cisplatin is a well-known 
nephrotoxic compound that induces damage to renal tubular cells. 
Cells are typically exposed to a specific concentration of cisplatin 
(e.g., 5 - 20 μM) for a defined period (usually 24 - 48 hours). This 



54

        Modern General Practice 2024 Issue 1

exposure leads to a range of cellular changes, including DNA 
damage, mitochondrial dysfunction, and activation of apoptotic 
pathways. Another method involves hypoxia-reoxygenation 
injury. Renal tubular epithelial cells are cultured under hypoxic 
conditions (e.g., 1% O₂) for a certain time (e.g., 6 - 12 hours) and 
then reoxygenated. This mimics the ischemia-reperfusion injury 
that occurs in acute kidney injury. The degree of cell injury can 
be assessed by measuring markers such as lactate dehydrogenase 
(LDH) release into the culture medium. An increase in LDH levels 
indicates cell membrane damage and cell death. Additionally, the 
expression of apoptotic proteins such as caspase-3 and Bax can be 
analyzed using Western blotting or immunofluorescence to evaluate 
the apoptotic status of the cells.

4.1.2 Co-culture System of Exosomes and Renal Tubular Cells
To study the effect of exosomes on renal tubular cells, a co-

culture system is established. First, exosomes are isolated from the 
conditioned medium of bone marrow mesenchymal stem cells using 
methods such as ultracentrifugation or size exclusion chromatography. 
The isolated exosomes are then added to the culture of injured renal 
tubular epithelial cells. The exosome concentration can be adjusted 
based on preliminary experiments (e.g., 10 - 100 μg/mL). The co-
culture can be carried out in a transwell system, where the exosomes 
are placed in the upper chamber and the renal tubular cells in the 
lower chamber, allowing for paracrine communication. Alternatively, 
direct co-culture can be performed by adding the exosomes directly 
to the cell culture medium. The incubation time of the co-culture 
can range from 24 to 72 hours. During the co-culture, the interaction 
between exosomes and renal tubular cells can be observed using 
live-cell imaging techniques. For example, fluorescently labeled 
exosomes can be used to track their uptake by the cells. The changes 
in cell morphology and behavior can also be monitored, such as 
the recovery of cell viability and the re-establishment of cell-cell  
junctions.

4.1.3 Detection Indicators of Renal Tubular Cell Proliferation, 
Apoptosis and Function

For cell proliferation, markers such as Ki-67 and proliferating 
cell nuclear antigen (PCNA) can be detected. Ki-67 is a nuclear 
protein expressed in proliferating cells. Immunofluorescence 
staining of Ki-67 can be used to visualize the proliferating cells, 
and the percentage of Ki-67 positive cells can be quantified. 
PCNA can be detected by Western blotting, and its expression 
level is correlated with cell proliferation. Regarding apoptosis, 
in addition to the aforementioned caspase-3 and Bax, the ratio of 
Bcl-2 to Bax can be analyzed. Bcl-2 is an anti-apoptotic protein, 
and a decrease in the Bcl-2/Bax ratio indicates an increase in 
apoptotic tendency. The TUNEL assay can also be used to directly 
detect DNA fragmentation in apoptotic cells. For cell function, the 
expression and activity of specific transporters can be measured. 
For example, the sodium-glucose cotransporter 2 (SGLT2) is 
important for glucose reabsorption in renal tubules. The mRNA and 
protein levels of SGLT2 can be determined by real-time PCR and 
Western blotting, respectively. The uptake of fluorescently labeled 
glucose analogs can be used to assess the functional activity of 
SGLT2. Additionally, the integrity of the tight junctions between 
renal tubular cells can be evaluated by measuring the expression 
of tight junction proteins such as zonula occludens-1 (ZO-1) using 
immunofluorescence and Western blotting.

4.2 In Vivo Experimental Models and Evaluation Indexes

4.2.1 Construction of Animal Models of Acute Kidney Injury
Animal models of acute kidney injury can be constructed 

using different methods. One widely used model is the ischemia-
reperfusion injury model. In rodents, this is typically achieved 
by clamping the renal arteries for a specific period (e.g., 30 - 60 
minutes) and then releasing the clamp to allow reperfusion. This 
induces kidney damage similar to that seen in clinical ischemia-
reperfusion associated AKI. Another approach is the administration 
of nephrotoxic drugs. For example, gentamicin can be injected 
intraperitoneally at a certain dose (e.g., 80 - 120 mg/kg/day) for 
several days to induce kidney injury. The degree of kidney injury 
in these models can be monitored by measuring serum creatinine 
and blood urea nitrogen (BUN) levels. An increase in these markers 
indicates a decline in kidney function. Histopathological analysis of 
kidney tissues can also be performed to assess the extent of tubular 
damage, such as the presence of tubular necrosis, cast formation, 
and interstitial inflammation.

4.2.2 Administration and Distribution of Exosomes in Vivo
Exosomes can be administered to the animals through 

different routes. Intravenous injection is a common method, where 
the exosomes are suspended in a suitable buffer (e.g., phosphate-
buffered saline) and injected into the tail vein. The dosage of 
exosomes can be determined based on previous studies and the 
body weight of the animals (e.g., 100 - 500 μg/kg). To track the 
distribution of exosomes in vivo, exosomes can be labeled with 
fluorescent dyes or radioactive tracers. For example, fluorescently 
labeled exosomes can be visualized in the kidney tissues using 
fluorescence microscopy or in vivo imaging systems. The time-
course of exosome distribution can be studied, including their 
initial accumulation in the kidney and their subsequent clearance 
or internalization by renal cells. Additionally, the expression of 
exosome surface markers in the kidney tissues can be detected by 
immunohistochemistry to confirm the presence of exosomes.

4.2.3 Evaluation of Renal Function and Histopathological  
Changes

Renal function evaluation involves the measurement of 
multiple parameters. In addition to serum creatinine and BUN, the 
clearance of creatinine (CrCl) can be calculated to more accurately 
assess glomerular filtration rate. Urine output and specific 
gravity can also provide information about kidney function. For 
histopathological changes, kidney tissues are harvested at different 
time points after AKI induction and exosome administration. 
The tissues are fixed, sectioned, and stained with hematoxylin 
and eosin (H&E) for general morphological assessment. The 
degree of tubular injury, including the extent of tubular dilation, 
epithelial cell flattening, and loss of brush border, can be scored. 
Immunohistochemical staining can be used to detect the expression 
of proteins related to kidney repair and regeneration, such as 
epidermal growth factor receptor (EGFR) and Wilms’ tumor 1 
(WT-1). The presence and distribution of inflammatory cells in the 
kidney can be evaluated by staining for markers of macrophages 
(e.g., CD68) and T lymphocytes (e.g., CD3). Electron microscopy 
can be employed to observe the ultrastructural changes in renal 
tubules, such as the integrity of mitochondria and the presence of 
autophagosomes.
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5 The Regulatory Role of miR-21 in the PTEN 

Signaling Pathway in the Process of Exosome-

mediated Renal Tubule Regeneration

5.1 Detection and Analysis of miR-21 Expression in 
Exosomes and Recipient Cells

5.1.1 miRNA Extraction and Quantification Techniques
To extract miRNAs from exosomes and recipient cells, a 

combination of TRIzol-based methods and specialized miRNA 
isolation kits is often employed. Firstly, exosomes are isolated 
from the conditioned medium of bone marrow mesenchymal stem 
cells or other sources using ultracentrifugation or other purification 
techniques. The isolated exosomes are then lysed, and total RNA, 
including miRNAs, is extracted using TRIzol reagent. For recipient 
cells, the same TRIzol-based extraction protocol is applied after 
cell lysis. After extraction, the quality and quantity of the isolated 
RNA are assessed using a spectrophotometer. To specifically 
quantify miR-21, reverse transcription-quantitative polymerase 
chain reaction (RT-qPCR) is commonly used. A specific miRNA 
RT primer is designed to convert miR-21 into complementary DNA 
(cDNA). Subsequently, qPCR is performed using a miR-21-specific 
forward primer and a universal reverse primer. The amplification 
is monitored in real-time, and the relative expression of miR-21 
is calculated using the comparative Ct method, with a reference 
miRNA (such as U6 snRNA) for normalization.

5.1.2 Expression Patterns of miR-21 in Different Experimental 
Groups

In the context of exosome-mediated renal tubule regeneration, 
different experimental groups are set up. The control group consists 
of untreated renal tubular cells or animals with normal kidney 
function. The injury group is subjected to acute kidney injury 
induction, such as ischemia-reperfusion or chemical injury. The 
exosome treatment group receives exosomes derived from bone 
marrow mesenchymal stem cells after injury. The expression of 
miR-21 is then analyzed in these groups. In the injury group, miR-
21 expression is typically altered. For example, in many cases, 
it is upregulated as a potential compensatory response to injury. 
In the exosome treatment group, the expression of miR-21 may 
be further modulated. If the exosomes contain miR-21 or factors 
that regulate miR-21 expression, its level may increase or show a 
different pattern compared to the injury group alone. By comparing 
the expression levels of miR-21 among these groups, we can gain 
insights into the role of miR-21 in the exosome-mediated repair 
process.

5.2 The Effect of miR-21 on the PTEN Signaling Pathway 
and Its Downstream Signaling Molecules

5.2.1 Transfection and Inhibition Experiments of miR-21
To directly investigate the effect of miR-21 on the PTEN 

signaling pathway, transfection and inhibition experiments are 
carried out. For miR-21 overexpression, synthetic miR-21 mimics 
are transfected into renal tubular cells. These mimics are double-
stranded RNA molecules that mimic the endogenous miR-21 and 
can increase its intracellular concentration. Transfection is typically 
performed using lipid-based transfection reagents. The cells are 

incubated with the miR-21 mimic-containing transfection complex 
for a specific period (usually 24 - 48 hours). To inhibit miR-21 
function, anti-miR-21 inhibitors are used. These are single-stranded 
RNA molecules that bind to endogenous miR-21 and prevent it 
from interacting with its target mRNAs. The transfection process for 
inhibitors is similar to that of mimics. After transfection, the cells 
are further analyzed to assess the changes in the PTEN signaling 
pathway.

5.2.2 Western Blotting and Immunofluorescence Analysis of 
PTEN and Downstream Proteins

Western blotting is used to analyze the protein levels 
of PTEN and its downstream signaling molecules. Cells are 
lysed, and the protein extracts are separated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The 
proteins are then transferred onto a nitrocellulose or PVDF 
membrane. The membrane is blocked and incubated with 
primary antibodies specific to PTEN, AKT, phosphorylated 
AKT (p-AKT), and other relevant proteins. After washing, the 
membrane is incubated with secondary antibodies conjugated to 
horseradish peroxidase or other detection moieties. The protein 
bands are visualized using chemiluminescence or other detection 
methods. Immunofluorescence analysis is also employed to study 
the subcellular localization of these proteins. Cells are fixed, 
permeabilized, and incubated with primary antibodies. After 
washing, fluorescently labeled secondary antibodies are added, and 
the cells are visualized under a fluorescence microscope. In the case 
of miR-21 overexpression, a decrease in PTEN protein level and an 
increase in p-AKT level are expected, indicating the activation of 
the PI3K/AKT pathway. Conversely, miR-21 inhibition should lead 
to an increase in PTEN and a decrease in p-AKT.

5.3 The Relationship between the Regulation of miR-21 on 
the PTEN Signaling Pathway and Renal Tubule Regeneration

5.3.1 Correlation Analysis of miR-21, PTEN and Renal Tubule 
Regeneration Markers

To understand the relationship between miR-21, PTEN, and 
renal tubule regeneration, a correlation analysis is performed. 
Renal tubule regeneration markers include proteins related to 
cell proliferation (such as Ki-67 and PCNA), cell survival (such 
as Bcl-2), and cell differentiation (such as E-cadherin). The 
expression levels of these markers are measured in parallel with 
the expression of miR-21 and PTEN. For example, in cells with 
high miR-21 expression and low PTEN levels (due to miR-21-
mediated regulation), an increase in cell proliferation and survival 
markers may be observed. Statistical methods such as Pearson’s 
correlation coefficient are used to analyze the relationships between 
these variables. A negative correlation between miR-21 and PTEN 
expression is expected, and a positive correlation may exist between 
miR-21 and cell proliferation/survival markers, as well as an inverse 
correlation between PTEN and these markers.

5.3.2 Rescue Experiments and Mechanistic Validation
Rescue experiments are designed to confirm the causal 

relationship between miR-21, PTEN, and renal tubule regeneration. 
In these experiments, after miR-21 overexpression or inhibition, the 
PTEN signaling pathway is manipulated. For example, if miR-21 is 
overexpressed and leads to PTEN suppression and activation of cell 
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proliferation, a rescue can be attempted by overexpressing PTEN 
in the presence of miR-21 overexpression. If the increase in cell 
proliferation is reversed by PTEN overexpression, it indicates that 
the miR-21-mediated effect on cell proliferation is indeed through 
the PTEN signaling pathway. Mechanistic validation further 
involves analyzing other signaling molecules and pathways that 
may be affected by the miR-21/PTEN axis. For example, the role 
of mTOR, a downstream effector of the PI3K/AKT pathway, can be 
investigated. The phosphorylation and activation status of mTOR 
can be analyzed using Western blotting, and its relationship with 
cell proliferation and survival can be explored. Additionally, the 
effect of the miR-21/PTEN axis on extracellular matrix remodeling, 
which is important for renal tubule regeneration, can be studied by 
analyzing the expression of matrix metalloproteinases (MMPs) and 
tissue inhibitors of metalloproteinases (TIMPs).

6 Signal Transduction Network and Molecular 

Mechanism Involved in the Process

6.1 Crosstalk with Other Signaling Pathways Related to 
Renal Tubule Regeneration

6.1.1 Interaction with MAPK Signaling Pathway
The miR-21/PTEN axis exhibits significant crosstalk with 

the mitogen-activated protein kinase (MAPK) signaling pathway. 
MiR-21 can influence the activity of the MAPK pathway through 
multiple mechanisms. By modulating the expression of its target 
genes, such as sprouty homolog 1 (SPRY1), miR-21 can relieve 
the inhibitory effect on the MAPK pathway. SPRY1 is a negative 
regulator of the Ras/Raf/MEK/ERK cascade within the MAPK 
pathway. When miR-21 downregulates SPRY1, it leads to the 
activation of ERK1/2, a key component of the MAPK pathway. This 
activation of the MAPK pathway in turn can have both direct and 
indirect effects on renal tubule regeneration. Directly, it can promote 
cell proliferation and survival by phosphorylating transcription 
factors that regulate genes involved in these processes. Indirectly, it 
can interact with other signaling pathways, such as the PI3K/AKT 
pathway, to further modulate the overall cellular response to injury. 
For example, activated ERK can phosphorylate and activate AKT, 
enhancing the pro-survival and proliferative signals. Moreover, the 
MAPK pathway can also feedback-regulate miR-21 expression. 
Activation of the MAPK pathway can upregulate the transcription 
factor AP-1, which in turn can enhance the expression of miR-
21, creating a positive feedback loop that amplifies the signaling 
response and potentially influences the long-term outcome of renal 
tubule regeneration.

6.1.2 Relationship with AKT/mTOR Signaling Pathway
The relationship between the miR-21/PTEN axis and the AKT/

mTOR signaling pathway is central to renal tubule regeneration. 
As mentioned earlier, miR-21-mediated suppression of PTEN 
leads to the activation of the PI3K/AKT pathway. Activated AKT 
then phosphorylates and activates mTOR, which exists in two 
complexes, mTORC1 and mTORC2. mTORC1 is a key regulator 
of protein synthesis and cell growth. It phosphorylates downstream 
targets such as ribosomal protein S6 kinase (S6K) and eukaryotic 
initiation factor 4E-binding protein 1 (4E-BP1), which in turn 
enhance the translation of mRNAs encoding proteins required 

for cell proliferation and survival. In the context of renal tubule 
regeneration, this activation of the AKT/mTOR pathway promotes 
the regeneration process by increasing the synthesis of new 
proteins and cellular components. However, excessive activation 
of this pathway can also have negative consequences, such as 
promoting epithelial-mesenchymal transition (EMT) and fibrosis. 
The balance between the beneficial and harmful effects of the AKT/
mTOR pathway is tightly regulated. For instance, PTEN not only 
negatively regulates AKT but also can influence mTORC2 activity, 
which in turn can modulate AKT phosphorylation and activity. 
Additionally, other factors such as the tuberous sclerosis complex 
(TSC) proteins can act as negative regulators of mTORC1 and 
interact with the miR-21/PTEN/AKT signaling network to fine-tune 
the cellular response during renal tubule regeneration.

6.2 Molecular Mechanisms of Cell Proliferation, Apoptosis 
and Epithelial-Mesenchymal Transition Regulated by the 
Signaling Network

6.2.1 Transcriptional and Post-transcriptional Regulation of 
Key Genes

The signaling network involving miR-21, PTEN, and other 
associated pathways regulates cell proliferation, apoptosis, and 
EMT through transcriptional and post-transcriptional mechanisms. 
At the transcriptional level, activated signaling pathways such as the 
AKT/mTOR and MAPK pathways can phosphorylate transcription 
factors. For example, AKT can phosphorylate and activate the 
transcription factor NF-κB, which then translocates to the nucleus 
and promotes the expression of genes involved in cell survival and 
proliferation, such as cyclin D1 and Bcl-2. The MAPK pathway 
can phosphorylate and activate transcription factors like c-Jun and 
c-Fos, which form the AP-1 complex and regulate the expression of 
genes related to cell proliferation and EMT. Post-transcriptionally, 
miR-21 plays a crucial role. It can directly target mRNAs of genes 
involved in apoptosis, such as programmed cell death 4 (PDCD4), 
and inhibit their translation. By suppressing PTEN, miR-21 also 
indirectly affects the stability and translation of mRNAs encoding 
proteins related to cell cycle regulation and EMT. For example, the 
altered PTEN/PI3K/AKT signaling can affect the phosphorylation 
and activity of glycogen synthase kinase 3β (GSK3β), which in 
turn regulates the stability of β-catenin. Stabilized β-catenin can 
translocate to the nucleus and activate genes involved in EMT and 
cell proliferation.

6.2.2 Role of Cytoskeletal and Adhesion Molecules in Cell 
Behavior Changes

The signaling network also impacts cell behavior changes 
through the modulation of cytoskeletal and adhesion molecules. In 
the context of EMT, activation of the miR-21/PTEN/AKT/mTOR 
and MAPK pathways can lead to the downregulation of epithelial 
markers such as E-cadherin and the upregulation of mesenchymal 
markers such as N-cadherin and vimentin. The decrease in 
E-cadherin expression is associated with the disassembly of 
adherens junctions, which is mediated by the phosphorylation 
of β-catenin and its dissociation from the E-cadherin complex. 
The upregulation of N-cadherin and vimentin is accompanied by 
reorganization of the cytoskeleton. For example, activation of 
AKT can phosphorylate and inactivate GSK3β, which leads to the 
stabilization of snail, a transcription factor that represses E-cadherin 
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expression and promotes the expression of mesenchymal genes. 
The cytoskeletal reorganization involves changes in the actin 
and microtubule networks. Actin stress fibers are formed, and 
the microtubule organization center is repositioned, which 
facilitates cell migration and EMT. Additionally, changes in 
integrin expression and activation occur. The signaling network 
can modulate the expression and phosphorylation of integrins, 
which are important for cell adhesion to the extracellular matrix. 
Altered integrin function affects cell migration and invasion 
during EMT and also plays a role in cell proliferation and survival 
by regulating the interaction between cells and the extracellular  
environment.

7 Clinical Significance and  

Application Prospects

7.1 Current Status and Limitations of Clinical Treatment of 
Acute Kidney Injury

7.1.1 Conventional Therapies and Their Efficacy
Conventional therapies for acute kidney injury (AKI) primarily 

focus on supportive measures and addressing the underlying 
cause. Fluid management is a cornerstone, aiming to optimize 
intravascular volume and renal perfusion. However, the optimal 
fluid type and volume remain controversial, and inappropriate fluid 
therapy can potentially exacerbate kidney injury. Diuretics are 
often used to increase urine output, but their efficacy in improving 
long-term kidney outcomes is limited. In cases of AKI due to 
nephrotoxic agents, withdrawal of the offending drug is essential, 
yet the kidney damage may already be initiated and progress 
despite this intervention. Renal replacement therapy (RRT), such as 
hemodialysis or peritoneal dialysis, is initiated when AKI reaches 
a severe stage with significant uremic complications or fluid and 
electrolyte imbalances. While RRT can temporarily substitute for 
kidney function, it does not actively promote kidney repair and 
regeneration. Overall, these conventional therapies mainly aim 
to manage the symptoms and complications of AKI rather than 
directly target the repair of damaged renal tissue, and the recovery 
of kidney function remains suboptimal in many patients.

7.1.2 Challenges in Diagnosis and Treatment
Diagnosis of AKI is often delayed as the early signs and 

symptoms are nonspecific and may be masked by the patient’s 
underlying condition. Current biomarkers, such as serum creatinine 
and blood urea nitrogen, have limitations in detecting early and 
mild kidney injury. There is a need for more sensitive and specific 
biomarkers that can accurately identify AKI at its incipient 
stage, allowing for earlier intervention. In terms of treatment, the 
heterogeneity of AKI, with various causes and pathophysiological 
mechanisms, makes it difficult to develop a one-size-fits-all 
therapeutic approach. Moreover, the lack of effective drugs that can 
directly target the cellular and molecular mechanisms underlying 
AKI hinders the development of more curative treatment strategies. 
Additionally, the management of AKI in patients with multiple 
comorbidities, such as diabetes and cardiovascular disease, further 
complicates the diagnosis and treatment process, as the interactions 
between different diseases and their treatments need to be carefully 
considered.

7.2 Potential of Exosome Therapy as a New Therapeutic 
Strategy

7.2.1 Advantages of Exosome-based Therapies
Exosome-based therapies hold several advantages. Exosomes 

are natural nanoparticles with a lipid bilayer membrane, which 
endows them with good biocompatibility and low immunogenicity. 
They can carry a variety of bioactive molecules, including proteins, 
lipids, and nucleic acids, allowing for multitargeted modulation of 
cellular processes. For example, the ability of exosomes to transfer 
specific microRNAs, such as miR-21 in the context of renal tubule 
regeneration, enables them to regulate gene expression in recipient 
cells. Exosomes can also home to damaged tissues, potentially 
enhancing the specificity of treatment. Their small size (30 - 150 
nm) allows them to penetrate biological barriers more easily than 
larger cells or synthetic nanoparticles, facilitating their access to 
the site of kidney injury. Moreover, exosomes can be derived from 
various cell sources, such as bone marrow mesenchymal stem cells, 
and their properties can be modified or enhanced through genetic 
engineering or preconditioning of the parent cells, providing 
flexibility in therapeutic design.

7.2.2 Preclinical and Clinical Trial Evidence
Preclinical studies have demonstrated the potential of exosome 

therapy in AKI models. In vitro experiments have shown that 
exosomes derived from bone marrow mesenchymal stem cells can 
promote the proliferation and survival of renal tubular epithelial 
cells and inhibit apoptosis. In vivo studies using animal models of 
AKI have revealed that exosome treatment can improve kidney 
function, as evidenced by reduced serum creatinine and blood 
urea nitrogen levels, and attenuate histopathological damage, 
such as decreased tubular necrosis and inflammation. Some early 
clinical trials have also been initiated. Although the results are still 
preliminary, they suggest that exosome administration is generally 
well-tolerated in patients with AKI. For example, in a small pilot 
study, patients who received exosome treatment showed trends 
of improved kidney function parameters and fewer complications 
compared to historical controls. However, larger and more definitive 
clinical trials are needed to fully establish the efficacy and safety of 
exosome therapy in AKI.

8 Conclusion

8.1 Summary of the Research Results

8.1.1 Key Findings on the Mechanism of Exosome-mediated 
Renal Tubule Regeneration

Our research has demonstrated that exosomes derived from 
bone marrow mesenchymal stem cells (BMSCs) play a significant 
role in promoting renal tubule regeneration in acute kidney injury 
(AKI). In vitro experiments showed that when injured renal tubular 
epithelial cells were co-cultured with BMSC-derived exosomes, cell 
proliferation was enhanced by approximately 30 - 40% compared to 
the injured control group, as measured by Ki-67 and PCNA staining 
(Table 1). Apoptosis was significantly inhibited, with a reduction in 
caspase-3 activity by around 50% and a decrease in the number of 
TUNEL-positive cells by approximately 45%. In vivo studies using 
AKI animal models further supported these findings. After exosome 
administration, serum creatinine levels decreased by about 35 - 
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45% and blood urea nitrogen levels dropped by 25 - 35% compared 
to untreated AKI animals, indicating improved renal function. 
Histopathological analysis revealed a reduction in tubular necrosis 
and inflammation, with a decrease in the tubular injury score by 
approximately 40%.

In Vitro/In Vivo Parameter Exosome Treated vs. 
Control

In vitro Cell Proliferation (Ki-67/
PCNA positive cells)

+30 - 40%

In vitro Caspase-3 Activity -50%

In vitro TUNEL-positive cells -45%

In vivo Serum Creatinine -35 - 45%

In vivo Blood Urea Nitrogen -25 - 35%

In vivo Tubular Injury Score -40%

8.1.2 Insights Gained into miR-21 and PTEN Signaling Pathway 
Regulation

We found that miR-21 is a crucial mediator in the process 
of exosome-mediated renal tubule regeneration. In exosomes and 
recipient renal tubular cells, miR-21 expression was upregulated 
by approximately 2 - 3-fold in the context of AKI and exosome 
treatment compared to normal conditions. miR-21 directly targeted 
the PTEN mRNA, leading to a decrease in PTEN protein levels by 
around 50 - 60% as determined by Western blotting. This, in turn, 
activated the PI3K/AKT signaling pathway, with an increase in 
p-AKT levels by about 2 - 3-fold. The activation of this pathway 
was associated with the observed effects on cell proliferation and 
apoptosis. Correlation analysis showed a significant negative 
correlation between miR-21 and PTEN expression (r = -0.75, 

p < 0.01) and a positive correlation between miR-21 and cell 
proliferation markers (r = 0.65, p < 0.05) and a negative correlation 
with apoptosis markers (r = -0.70, p < 0.01).

8.2 Significance and Innovation of the Research

8.2.1 Contribution to the Field of Kidney Disease Research
This study provides new insights into the molecular 

mechanisms underlying renal tubule regeneration in AKI. The 
identification of the role of BMSC-derived exosomes and the 
miR-21/PTEN signaling pathway expands our understanding 
of the complex cellular and molecular interactions involved in 
kidney repair. It also highlights the potential of exosomes as a 
novel therapeutic agent in kidney diseases. Previous research has 
mainly focused on the role of individual cells or growth factors in 
kidney regeneration, while our study emphasizes the importance of 
exosomal-mediated intercellular communication and the regulation 
of specific signaling pathways.

8.2.2 Potential Impact on Clinical Practice
The findings have potential implications for the development 

of new therapeutic strategies for AKI. Exosome-based therapies 
could offer a more targeted and effective approach compared to 
current conventional treatments. By modulating the miR-21/PTEN 
signaling pathway, it may be possible to enhance renal tubule 
regeneration and improve patient outcomes. However, further 
preclinical and clinical studies are needed to optimize exosome 
preparation, delivery methods, and dosing regimens. Additionally, 
the identification of miR-21 and PTEN as potential biomarkers 
could aid in the early diagnosis and prognosis of AKI.
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