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Abstract

This review outlines the role of regenerative medicine in surgical applications, focusing on stem cells and exosomes. Among 
the most important features of stem cells are their unique ability to differentiate into various cell types, which make them stand 
out in regeneration and repair. Recent advances highlight the effectiveness of not only these cells themselves but also the 
exosomes, the nano-sized extracellular vesicles they produce, in this regeneration. On the other hand, exosomes assure 
additional advantages concerning low immunogenicity and high bioavailability but have raised problems in standardization and 
safety. In fact, the introduction of these stem cell and exosome technologies is changing the management of surgical patholo-
gies and offering hope for diseases hitherto considered incurable. In this review, the use of stem cell therapies in various 
surgical diseases is categorized and examined, their clinical importance is emphasized, and the deficiencies in research stud-
ies are indicated. Therefore, the results are promising for treatments, but more standardized protocols and expanded research 
on long-term safety and effectiveness are needed.
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Resumen

Esta revisión describe el papel de la medicina regenerativa en aplicaciones quirúrgicas, enfocándose en células madre y exo-
somas. Entre las características más importantes de las células madre destaca su capacidad única de diferenciarse en diversos 
tipos celulares, lo que las hace sobresalir en regeneración y reparación. Los avances recientes resaltan la efectividad no solo 
de estas células en sí mismas, sino también de los exosomas (las vesículas extracelulares de tamaño nanométrico que pro-
ducen) en estos procesos de regeneración. Por otro lado, los exosomas ofrecen ventajas adicionales relacionadas con baja 
inmunogenicidad y alta biodisponibilidad, aunque han planteado problemas en cuanto a estandarización y seguridad. De hecho, 
la introducción de estas tecnologías de células madre y exosomas está transformando el manejo de patologías quirúrgicas y 
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Introduction

Stem cells, which have the ability to differentiate into 
various cell types, play a crucial role in regenerative 
medicine, particularly in surgical applications. These 
cells can be classified according to their differentiation 
potential, ranging from totipotent, which can form all 
tissue types, to unipotent, which are limited to a single 
cell type1. Unique properties of stem cells, such as dif-
ferentiation, self-renewal, and survival, make them 
invaluable for tissue regeneration and repair. In recent 
years, the importance of stem cell-derived exosomes 
in intercellular interactions has become more promi-
nent, and their preference for use has also increased1,2. 
Exosomes carry proteins, lipids, and nucleic acids, 
making them potent tools for diagnostics and therapeu-
tic interventions. The use of exosomes in clinical set-
tings offers advantages such as reduced immunogenicity 
and improved bioavailability2,3. However, the lack of 
optimizations of fixed and worked protocols still brings 
some difficulties in terms of security. The integration of 
stem cell and exosome technologies is paving the way 
for innovative treatments in surgery, offering hope for 
patients with previously untreatable conditions1-3.

This review aims to thoroughly analyze and examine 
the studies related to stem cell research conducted in 
various surgical diseases and within the broader context 
of surgical and medical sciences. By critically evaluating 
the methodologies and outcomes of these studies, we 
intend to provide a detailed understanding of their sig-
nificance and potential clinical applications. The review 
seeks to shed light on the advancements in stem cell 
therapies specific to surgical conditions while also con-
sidering their implications for general medical practice. 
In addition, this analysis will identify existing gaps in the 
research and suggest directions for future studies, ulti-
mately contributing to the advancement of stem cell-
based treatments in both surgical and medical fields.

Stem cell system

Stem cells have the ability to transform into many cell 
types according to their source and differentiation 

potential. These cells have great potential for future 
therapeutic use in the fields of tissue regeneration and 
repair. Just like every cell has specific characteristics, 
stem cells need to have certain features to be stem 
cells. Among these features are self-renewal and dif-
ferentiation1. Self-renewal refers to a cell’s capacity to 
divide and create other cells with the same characteris-
tics, while differentiation refers to the ability to create 
other cell types that perform different biological func-
tions2. If we classify stem cells, we can divide them into 
four groups according to their developmental potential: 
totipotent, pluripotent, multipotent, and unipotent 
(Fig. 1). In this section, we will discuss the classification 
of stem cells. First, totipotent stem cells are differenti-
ated cells capable of forming all tissues of the embryo 
and extra-embryonic tissues. These cells are obtained 
from the fertilized oocyte and the first blastomeres. They 
are also present in the early stages of the embryo and 
have a very broad differentiation potential4. Pluripotent 
stem cells are also having the ability to differentiate into 
the body’s three germ layers: ectoderm, endoderm, and 
mesoderm. Pluripotent stem cells play a key role in 
disease models, drug release systems, cell therapy, and 
provide an important experimental platform5. There are 
several methods for the differentiation of pluripotent 
stem cells, including chemical activin A and the growth 
factor BMP-46. Unlike totipotent cells, they cannot pro-
duce cells from extra-embryonic tissues. Multipotent 
stem cells, the most distinctive feature, are their ability 
to differentiate into a specific tissue. They are generally 
used for the regeneration of various body tissues. These 
stem cells have more limited differentiation abilities 
compared to other stem cells6. Finally, unipotent stem 
cells are groups of stem cells with limited capabilities, 
similar to multipotent stem cells. It can only differentiate 
into the cell type in their niche. For example, muscle 
stem cells can only lead to mature muscle cells7. Char-
acterization of stem cells various factors affects stem 
cell cultures. These factors include cell density, density 
of feeder cells, growth factors, microbial contamination, 
and others. Techniques such as flow cytometry, karyo-
typing, fluorescence in situ hybridization, single-nucleo-
tide polymorphism, immunocytochemistry, and western 

ofreciendo esperanza para enfermedades hasta ahora consideradas incurables. En esta revisión se categoriza y examina el 
uso de terapias con células madre en diversas enfermedades quirúrgicas, se enfatiza su importancia clínica y se señalan las 
deficiencias en los estudios de investigación. Por lo tanto, los resultados son prometedores para los tratamientos, pero se 
necesitan protocolos más estandarizados y una investigación ampliada sobre la seguridad y efectividad a largo plazo.

Palabras clave: Medicina regenerativa. Células madre. Exosomas. Aplicaciones clínicas. Cirugía.
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Figure 1. Stem cell types.

blot are preferred for the genetic characterization and 
analysis of stem cells. Some types of stem cells, espe-
cially pluripotent stem cells, are more prone to genetic 
instability and chromosomal changes and should be 
frequently observed. Stem cells express unique and 
specific combinations of transcription factors, cell sur-
face proteins, and cytoplasmic proteins8.

Exosomes technology: how does it work in 
clinical?

Exosomes are nano-sized extracellular vesicles natu-
rally secreted by eukaryotic and prokaryotic cells, with 
diameters ranging from 30 to 150  nm and attracting 
intense interest in the field of biotechnology as they 
participate in intercellular communication9. Although the 
biogenesis mechanism of exosomes is controversial, in 
general, they are synthesized in early and late endo-
some stages of the cell and released outside the cell 
when these endosomes fuse with the plasma mem-
brane10. Their biological functions and characteristics 
differ according to the cell types from which they are 
released and they carry a large amount of information 
due to their proteins, lipids, and nucleic acids. For this 
reason, they are considered as potential biomarkers to 
be used in the diagnosis and treatment of diseases. 
Animal-derived exosomes (ADEs) from mammals and 
plant exosomes, which have been increasingly studied 
in recent years, are the two main categories of naturally 
derived exosomes11. ADEs secreted by macrophages, 
mesenchymal stem cells (MSCs), dendritic cells, 

endothelial cells, and tumor cells play key roles in a 
variety of vital processes, including cell growth, prolif-
eration, and differentiation, intercellular communication, 
angiogenesis, inflammation, immune responses, and 
tumor formation and development11-13. A study found 
that plant-derived exosome-like nanoparticles (PDENs) 
for the 1st  time in carrot cells in 196714 and over time, 
studies have shown that nano-sized EVs obtained from 
plant cells have structures similar to mammalian exo-
somes15,16. Therefore, these EVs were called “plant-
derived exosome-like nanoparticles”17. Since their 
discovery, PDENs have been studied for their pharma-
cological effects in various areas such as tumor, liver 
diseases, and skin wound healing18. Plant exosomes 
have a larger nanoparticle size and a complex content 
of small RNAs, proteins, lipids and other metabolites like 
mammalian exosomes19. The differences between the 
two forms of exosomes are detailed in table 119,20-28.

Although ACEs offer various benefits as therapeutic 
targets, diagnostic indicators, and drug delivery report-
ers, their clinical translation remains elucidated due to 
limitations such as possible toxicity, tissue-specific tar-
geting issues, and low efficiency. PDENs have the 
advantages of not being detected by the immune sys-
tem and having better bioavailability. They can also 
target specific organs, have fewer side effects, and 
dissolve faster19,29. Its use in the surgical field attracts 
attention in a wide range of areas, especially from wound 
studies to IVF, central nervous system applications to 
orthopedics10,29.
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Characterization techniques have been improved to 
the morphological and physicochemical properties of 
exosomes, as well as to distinguish and differentiate 
them from other extracellular vesicle subsets. There are 
three commonly used characterization methods for 
observing the morphology of exosomes: transmission 
electron microscopy, scanning electron microscopy, 
and atomic force microscopy30. While the advantage of 
these methods is that they require fewer samples, the 
disadvantage is that the preparation methods of the 
sample may cause shape changes. The most fre-
quently used methods to determine the size distribution 
of exosomes are dynamic light scattering and nanopar-
ticle tracking analysis (NTA). Fast and real-time obser-
vation makes the NTA method more advantageous. 
Western-blot and enzyme-linked immunosorbent assay 
methods are preferred for the determination of surface 
proteins of exosomes, while flow cytometry is used for 
exosomal biomarkers, allowing qualitative and quantita-
tive analysis of exosomes. Flow cytometry offers high 
throughput and multi-channel analysis with few sam-
ples. The three approaches have the drawback of being 
arduous, complicated, and time-consuming31.

Exosome biogenesis involves endocytosis, early 
endosome formation, multivesicular body (MVB) for-
mation, and ultimately exosome release32,33. Exo-
some biogenesis begins with the accumulation of 
material taken up from the plasma membrane 
through endocytosis in the early endosomes34. At 
this stage, endocytic vesicles are detached from the 
plasma membrane and taken into the cell. Early 
endosomes are the first stop for molecules taken up 
from the cell surface for sorting and processing of 
materials35. At this stage, biomolecules, lipids, or 
proteins that are present on the cell surface and 
come from outside the cell are taken up by endocy-
tosis and transported to early endosomes. Early 
endosomes mature into late endosomes. In this step, 
MVBs are formed36. MVBs are intraluminal vesicles 
(ILVs) containing large endosomal structures. ILVs 
are the precursors of exosomes and are formed by 
budding from the inner membrane of MVBs33. This 
process is critical for intracellular signaling and pro-
tein transport. MVB formation is an important step 
in intracellular transport and material processing. 
The formation of ILVs is regulated by the endosomal 
sorting complex required for transport (ESCRT) 
mechanism and ESCRT independent mechanisms36. 
ESCRT Mechanism: ESCRT-0 Complex (Recog-
nizes and recruits ubiquitinated forms of surface 
proteins. This complex is the first step in the 

selective transport of proteins), ESCRT-I, ESCRT-II 
Complexes (Locates on the inner membrane of the 
MVB and creates a bend. These complexes play a 
key role in the budding step of ILVs), and ESCRT-III 
Complex (Completes membrane bending and 
ensures budding of ILVs into the MVB. ESCRT-III 
regulates the final closure of the membrane and the 
formation of ILVs)37. VPS4 ATPase: Ensures the sep-
aration of ESCRT complexes from the membrane 
and is effective in terminating the process38. ESCRT 
Independent Mechanisms: Tetraspanins, Crohn’s 
disease (CD)63, CD81, and similar tetraspanin pro-
teins play an critical role in ILV formation39. Tetraspa-
nins promote ILV budding by forming membrane 
microdomains. Membrane microdomains are formed 
by local accumulation of lipids such as lipid raft and 
ceramides. These microdomains ensure membrane 
budding and ILV formation40. MVBs are transported 
intracellularly along cytoskeletal elements (microtu-
bules and actin filaments). MVBs can follow two 
main pathways; lysosomal degradation and exosome 
secretion by fusion to plasma membrane MVBs fuse 
with lysosomes and digest the material inside them. 
The lysosomal degradation pathway is effective in 
recycling proteins and clearing intracellular waste. 
In the other pathway, MVBs go to the plasma mem-
brane and fuse there, releasing the ILVs inside them 
as exosomes. This process allows the active mate-
rial to be transported out of the cell and the exo-
somes to perform their biological functions33. 
Exosomes perform various biological functions after 
being released out of the cell (Fig. 2).

Transfer to humans: good manufacturing 
practices (GMP) conditions

They have a critical role as a safe and cell-free 
therapy in many immunological and degenerative dis-
eases. Nonetheless, the isolation and translation to 
clinical applications might be restricted by insufficient 
large-scale manufacturing techonologies. There are 
many details and practices that need to be taken into 
consideration under GMP standards before applying 
it to the clinical trials41-43. It is important to evaluate 
cytotoxicity, hemolysis, and DNA damage of exo-
somes at the cellular levels and to test their effects at 
the animal levels including tissues, organs and their 
biodistribution42. Furthermore, it is crucial to test endo-
toxin levels, bacterial sterility, and mycoplasma detec-
tion and stored at (–80)°C until use43.



M. Azizoglu et al.  Stem cells and exosome

89

Figure 2. Exosomes biogenesis.

It must be applied in the methods including cell 
culture, exosome extraction, purification, and charac-
terization for physical structure and bioactivity func-
tion under GMP condition. The ultracentrifugation is 
most critical in isolation of exosomes among these 
methods in the clinical trials. Exosome applications 
in clinical trials also have some challenges including 
non-homogenity, fast clearance from the body, and 
long-term preservation stability. To achieve clinical 
success, therapeutic doses and routes of administra-
tion need to be standardized41.

Applying regenerative medicine in surgery

General surgery field

Liver failure resulting from portal vein thrombosis is 
a challenging and frequently encountered condition 
with difficult management and treatment. A systematic 
review by Stutchfield et al. Indicated that after the 
injection of stem cells isolated from peripheral blood 
mobilized with granulocyte colony stimulating factor or 
from the iliac crest bone marrow, induced pluripotent 
stem cells (iPSC), bone marrow MSCs (BMMSC), and 
adult stem cells (SSC) into the portal vein or hepatic 
artery, liver regeneration was observed44. Although it 

is believed that embryonic stem cells would also 
accelerate hepatic regeneration, studies on embry-
onic stem cells remain insufficient due to ethical con-
cerns44. In cases of lymphedema following mastectomy 
and axillary dissection surgery for breast cancer diag-
nosis, a decrease in lymphedema and an increase in 
lymphangiogenesis were demonstrated following 
combined therapy with traditional decongestive treat-
ment and intramuscular injection of adipose stem cells 
(ASC) containing MSC45. It is difficult to achieve posi-
tive results in surgery for complex perianal fistulas 
(CD or cryptoglandular type) in the short and long 
term. However, recent metaanalyses and clinical stud-
ies indicate that MSCs transplantation may be an 
effective and sustainable therapeutic method for the 
treatment of complex perianal fistulas in both short 
and long term46-49. For the treatment of pelvic organ 
prolapse, the use of autologous muscle-derived cells, 
fibroblasts, or MSCs added to bioresorbable, frag-
mentable, and potentially growth-promoting scaffolds 
is considered an alternative to traditional surgical 
reconstructive methods50. Proctitis is a complication 
frequently encountered as a result of radiation therapy 
in the treatment of various pelvic malignancies (rectal, 
gynecological, and urological cancers). The studies 
indicate that MSCs therapy can be considered as an 
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alternative treatment method in the management of 
this complication, in addition to treatment methods 
such as argon plasma coagulation, laser, radiofre-
quency ablation, and cryoablation. A  study by Kim 
et al. on rats showed that stem cell application reduced 
fibrosis and increased new cell proliferation51,52.

Gastroenterology and hepatology field

Liver is an important organ of human immune sys-
tem. It is known that many liver diseases occur due 
to immune homeostasis imbalance53. MSCs are non-
hematopoietic stem cell with self-renewal and differ-
entiation capacity53. Studies have shown that they can 
re-establish the immune hemostasis, inhibit the acti-
vation of innate and adaptive immune cells, promote 
tissue regeneration, alleviate liver damage, and 
increase liver function53-55. MSCs exhibit these func-
tion mainly through their excreted extracellular vesi-
cles (MSC-EV) and exosomes which are important 
component of these paracrine secretion. However, 
due to the breadth of the subject, this review will 
mainly focus on the clinical applications of MSCs. Dif-
ferent cell types with different delivery routes are used 
either allogenic or autologous. BMSCs were com-
monly used, followed by umbilical cord-derived MSCs 
and adipose-derived MSCs. Although there are 
reports with hepatic arterial and intrahepatic injection, 
peripheral intravenous line is the most commonly 
used delivery route53. In vivo studies demonstrated 
beneficial effect of MSC on certain liver diseases. It 
has been suggested that their beneficial effect is elic-
ited through promoting anti-inflammatory M2 macro-
phage polarization and increasing IL-10  secretion in 
non-alcoholic steatohepatitis; increasing Treg/TH17 
proportion in autoimmune hepatitis (AIH); activating of 
NLRP3 inflammasome and downregulating the Inter-
leukin 6 (IL-6) signal pathway in acute liver failure, 
downregulating the tumor necrosis factor α (TNF-α) 
and Interleukin-1 β (IL1β) expression in liver fibrosis, 
downregulating CD154 expression, and enhancing the 
shift of TH17 toward Treg in ischemic liver disease. 
Focusing on different liver disease, autologous 
BMMSC transplantation revealed inconsistent results 
in non-viral etiology. A single-blinded controlled clini-
cal trial performed with 27 decompensated cirrhotic 
patient including hepatitis C virus (HCV), hepatitis B 
virus (HBV), and AIH patients could not demonstrate 
any beneficial effect54,55. Another single-center ran-
domized controlled study evaluated 9 grade  2-3 cir-
rhotic patients. They received 5 IV infusions of 1.0 × 

106  cells/kg, BM-MSC twice a week for 2  week and 
another dose at 3rd week. Although MSC leads to sig-
nificant improvement in Child-Pugh and model for 
end-stage liver disease (MELD) scores, 90-day sur-
vival rates were similar between the MSC and placebo 
groups56. Similarly, a randomized controlled clinical 
trial enrolling alcoholic cirrhotic patient reported no 
impact of BM-MSC on liver histology57 Despite these 
disappointing results, studies with viral hepatitis and 
AIH seem more promising. In a prospective controlled 
randomized study, enrolling 110 HBV-related acute on 
chronic liver failure patient BM-MSC treatment 
decreased the severe infection rate and increased 
survival rate at the 24-week after transplantation58. 
Furthermore, in long-term follow-up, peripheral allo-
genic umbilical cord-derived MSCs (UC-MSC) therapy 
markedly improved liver function and reduced the vol-
ume of ascites in patients with HBV-related decom-
pensated liver cirrhosis up to 75 month59,60. In another 
study enrolled with HBV infected cirrhotic patient, BM-
MSC was given through hepatic artery injection and 
improvement of liver function was observed through 
downregulating TH17 and promoting Treg develop-
ment, at 24  week follow-up61. Similar encouraging 
results are reported also in HCV infection-related liver 
disease. Peripheral vein infusion of autologous BM-
MSC in HCV-related cirrhosis demonstrated improve-
ment in liver function in a prospective randomized 
phase II clinical trial62,63. Regarding AIH, in fact, there 
are considerable amount of in vitro and in vivo studies 
related to the effect of stem cell on AIH64. However, 
clinical implications of these seem weak. The effect 
of allogenic MSC was evaluated in one study. The trail 
enrolled 26  patients with cirrhosis related to AIH. 
Patient received mainly UC- MSC through peripheral 
line. Although mean alanine transaminase level 
decrease was not significant at 6 month, and 2 years 
follow-ups, MELD score improvement was significant 
at 6  months65. There are also reports that allogenic 
BM-MSC safely improved quality of life and liver func-
tion in suboptimal ursodeoxycholic acid (UDCA) resis-
tant primary biliary cirrhosis66.

Another area where stem cell-based therapies have 
been suggested as promising source to improve dis-
ease state is inflammatory bowel diseases (IBD). 
Although the etiology of IBD has not been highlighted; 
completely, yet dysregulation of innate and adaptive 
immune pathways contributes to the development of 
aberrant inflammation67. Theoretically, stem cell trans-
plantation can reset the dysregulated immune system, 
re-establish the immune homeostasis, and repair and 
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supplement intestinal epithelial cells leading to remis-
sion. To date, there have been numerous clinical stud-
ies on stem cell transplantation for the treatment of 
IBD utilizing different MSC origin. Nevertheless, most 
of these studies have confirmed the efficacy of MSCs 
in treating CD with desirable safety and seems highly 
promising approach for especially fistulizing perianal 
CD. However MSC, still less effective in luminal dis-
ease68. The application line of MSC has also been 
shown to be effective in achieving remission. For IBD 
treatment, intravenous, intraperitoneal, or local appli-
cation is possible. Compared to peripheral or intra-
peritoneal injection, local applications have been 
found to be more effective in PFCD67,68.

The clinical studies demonstrated encouraging 
results with adipose tissue-derived stem cell and dar-
vadstrocel/Cx601 (Takeda) (allogeneic adipose-derived 
stem cells), which has already entered clinical treat-
ment. A phase III multicenter randomized, double-blind 
placebo-controlled trail studied the efficacy of alloge-
neic ASC transplantation on treatment refractory CD 
with draining complex perianal fistula. The study com-
prised 212 patients who were assigned into treatment 
and placebo groups and received a single injection of 
Cx601 cells or placebo in addition with standard treat-
ment. The study evaluated magnetic resonance imag-
ing (MRI) proofed closure of all openings, and absence 
of draining fistulas termed as combined remission and 
clinical remission respectively at short term. At 24-week, 
a significantly greater proportion of patients treated with 
Cx601 versus placebo, achieved combined remission 
(51% vs. 36%, p = 0.021). Moreover, significantly less 
adverse event was observed in ASCT-(cx-601) treated 
group compared to placebo (17% vs. 29%, respec-
tively). Same authors assessed the durable effect of 
Cx-601 in a second trail and observed that the efficacy 
and safety maintained for up to 52  weeks after treat-
ment. A  significant proportion of the treatment group 
compared to control group had combined remission at 
52  weeks after treatment (56.3% vs. 38.6%, respec-
tively)67. The authors concluded that Cx601 is an effec-
tive and safe treatment for patients with refractory, 
complex, and active perianal fistulas both in short and 
long term. Consistent with this result Barnhoorn et al. 
reported even longer durable clinical remission, fistula 
closure up to 4  years in previously BM-MSC trans-
planted treatment resistant perianal CD patients68. 
MSCs have also been reported as an effective and safe 
treatment for intractable intraluminal IBD. A  random-
ized controlled trail enrolled 82 patients with refractory 
intracavitary CD. Forty-one of the patients were 

assigned to receive 1 × 106 UC MSCs/kg once a week. 
They injected a total of four peripheral intravenous infu-
sions and assessed after 12 months of treatment. The 
clinical disease activity index decreased by 62.5 ± 23.2 
in the intervention group compared to 23.6 ± 12.4 in 
the control group69. The studies on ulcerative colitis and 
MSCs therapy are also progressing. As in CD, local 
injection with colonoscope of MSCs has shown promis-
ing results also in ulcerative colitis70. In contrast, intra-
venous injection warrants further investigation. 
A  single-center randomized controlled trail evaluated 
the efficacy and safety of Human Umbilical Cord MSCs 
in moderately active ulcerative colitis patient. The study 
included 70  patients who were randomly and almost 
equally assigned into treatment and control group 
(34 vs. 36 patients, respectively). The patient received 
MSC twice through peripheral vein. In addition to stable 
baseline 5ASA therapy, a third dose was administered 
through interventional catheterization into the superior 
mesenteric artery at a 7-day interval. The median Mayo 
score improved in the intervention group at 3 months 
after cell therapy and reached its lowest level at 
6 months. It, then, continued or fluctuated slightly dur-
ing the 24-month follow-up period. The clinical response 
rate was 85.3% in the intervention group and 16.7% in 
the control group. Interestingly, this study did not show 
any changes in mean plasma cytokine levels, including 
TNF-α, IL-6, and Interferon-γ. It failed to show any 
changes, which were shown to be significantly attenu-
ated in the luminal Crohn’s disease cohort treated with 
MSC culture in combination with AZA71.

Pediatric surgery and pediatric urology 
field

Pediatric surgery is relatively the most recently estab-
lished discipline within the field of medicine. Conse-
quently, it is expected that pediatric surgery lags 
significantly behind other medical fields in terms of 
advancements in stem cell research. Indeed, while 
branches such as internal medicine and orthopedics 
lead the way in stem cell applications, discussions 
about the implementation of stem cell techniques in 
pediatric surgery have only just begun to emerge in 
recent medical conferences. Recently, the application 
of stem cell therapy in adults with liver cirrhosis has 
yielded promising results72,73. A study involving 12 chil-
dren with BA who received stem cell transplantation 
showed mixed outcomes. Follow-up indicated decreased 
cholangitis and improved liver function in some patients, 
though five children succumbed to ongoing cirrhosis74. 
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In 2011, Sharma et al. reported on how bone marrow 
cell transplants helped 11  patients with biliary atresia 
that had previously undergone the Kasai operation75. 
They found that patients who received stem cell therapy 
along with the Kasai operation showed improvements 
in their health compared to those who only had the 
Kasai procedure. Another study conducted by Nguyen 
et al., from 2017 to 2019 investigated the use of an 
autologous bone marrow cells (BMMNC) to treat liver 
cirrhosis caused by biliary atresia in children who had 
already undergone the Kasai operation76. The research 
involved 19 children, where bone marrow was collected 
and specific cells were separated. These cells were 
then infused into common hepatic artery twice over 
6-month intervals. The study showed no overall side 
effects. Although one child passed away during the 
study period, the remaining 18 children demonstrated 
improvements in liver function, as evidenced by lower 
pediatric end-stage liver disease scores and improved 
biochemical markers. The research findings indicated 
that the use of BMMNC infusion could be a beneficial 
approach to improving liver function in children with bili-
ary atresia. In addition, Nguyen et al. reported a signifi-
cant decrease in the incidence of cholangitis following 
the administration of BMMNC. Before receiving BMMNC, 
all patients had experienced one or more episodes of 
cholangitis, but none of them experienced cholangitis 
after the treatment. Recently, some clinical trials on the 
application of stem cells in biliary atresia patients have 
been initiated. We also have an ongoing study where 
we are applying stem cell therapy in biliary atresia 
(NCT06564740)77. The protocol and infusion method for 
stem cell application in patients with biliary atresia are 
illustrated in figure. 3.

Stem cell therapy is also crucial in treating necro-
tizing enterocolitis (NEC)78. The recent emergence 
of stem cell therapy, which exhibits multi-directional 
differentiation capacity, self-renewing potential, and 
good abundance, has positively affected intestinal 
barrier function79,80. However, it can also lead to 
increased apoptosis in the presence of inflammatory 
reactions. These beneficial results have been stud-
ied recently for treating NEC diseases78-80. Yet, it is 
unknown whether the benefits of stem cells in NEC 
are preventive or protective, which might also deter-
mine the optimal time for delivery81. Experimental 
models simulating the condition of NEC suggest that 
stem cell therapy is effective. A full-term infant with 
NEC was operated on at Day 22 after birth and 
received intravenous UC-MSCs postoperatively. The 
circulation perfusion in the mesenteric area was 

remarkably improved. Stem cells in this case 
improved the prognosis of NEC and prevented short 
bowel in a critical infant82.

Undescended testis is another diagnosis in pediatric 
surgery where there are significant future expectations 
for stem cell applications. It has been reported that 
BM-MSCs may differentiate into various types of cells 
at the site (and even locally fused with adjacent tissue), 
or act as chemoattractants to recruit local endogenous 
stem/progenitor cells to participate in compensating for 
damaged tissues83-85. One such study was conducted 
by Alhefnawy et al., using a single-dose intratesticular 
injection of MSCs in adult patients with non-obstructive 
azoospermia (NOA)86. In their study, out of 87 patients, 
18  (20.7%) showed the presence of sperm in their 
semen at various times. As far as we know, there has 
not yet been published any article regarding stem cell 
applications in children for undescended testis. Unde-
scended testis, a common condition in children, is an 
important cause of NOA. From this viewpoint, stem cell 
therapy may provide a promising option for patients 
undergoing surgery for undescended testis87.

Musculoskeletal (MSK) system diseases

MSK disorders are a wide range of diseases and 
conditions that affect the muscles, bones, joints, and 
associated connective tissues. MSK disorders related 
disabilities can lead to loss of productivity, work absen-
teeism, early retirement, and increased healthcare 
costs88. MSCs, obtained from various autologous and 
allogenic sources, have promising effects on MSK 
pathologies, attributed to their ability for self-prolifera-
tion and multipotency. All clinical studies conducted 
today are based on the ability of mSCs to undergo 
osteochondrogenic differentiation, their ability to sup-
port stem cells in the bone marrow, their ability to sup-
press the immune system, and their trophic effects89.

In MSK practice, MSCs are mostly used in cartilage 
lesions. MSCs create normal articular cartilage or 
mature hyaline-like tissue even in full-thickness cartilage 
defects through paracrine cell signaling90-94. In a study, 
autologous BMMSC found to be as efficient as autolo-
gous chondrocyte implantation95. In another study of 
patients with knee osteoarthritis divided into two groups, 
high tibial osteotomy was treated with autologous MSC 
injection or arthroscopy. It was observed that the chon-
dral defects of the MSC injected group closed better, 
but no clinical difference was found96. Centeno et al.97 
examined the patients treated by high-dose or low-dose 
bone marrow aspirate concentrate (BMAC) injections. 
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Figure 3. Stem cell application model for biliary atresia patients (infusion to common hepatic artery through femoral arterial cannulation).

In the evaluations made in terms of pain and functional-
ity, positive and significant improvements were observed 
in both. Another study examined the efficacy of BMAC 
injections in knee and hip osteoarthritis (OA). Approxi-
mately 13 months after the injection, improvements in 
Western Ontario and McMaster Universities Osteoar-
thritis Index (WOMAC) scores were seen98. In addition, 
long-term improvements in WOMAC scores have been 
reported in OA patients treated with platelet-rich plasma 
injections99.

The inner 1/3 of the meniscus is a vascular. This 
area has no healing potential. Izuta et al.100 reported 
avascular zone repair using mesenchymal tissue in the 
fibrin matrix in animal experiments of meniscal tears 
adipose tissue originated mesenchymal cells differen-
tiate to menischal cells. Pak et al.101 reported an 
increasing improvement in MRI of patients with Grade 2 
meniscus tear after treated with autologous adipocyte-
derived mesenchymal cells injection 3, 6, 12, and 
18 months after the procedure. There is also a study 
suggesting that allogeneic MSCs have healing poten-
tial meniscus volume in some patients102.

After the osteogenic potential of MSCs was dem-
onstrated in vitro, studies showing their osteoblastic 
activities and contributions to bone formation in vivo 
were published103-106. Hidaka et al.107 reported in a 
study that there was better union and fusion in the 
vertebral fracture area with the application of bone 
marrow cells.

Osteonecrosis may occur due to different causes or 
due to systemic steroid use. Abnormal proliferation of 
fat cells, fat accumulation in osteocytes, causes high 
intraosseous blood pressure and blood circulation dis-
orders. This leads to osteonecrosis of the femoral 
head108. Treatment of osteonecrosis by MSC trans-
plantation depends on the osteogenic effect of the 
transplanted cells on the femoral head109,110.

MSC applications are also very promising in osteo-
genesis imperfecta by increasing type-1 collagen pro-
duction, osteoblastic differentiation, and bone mineral 
density111.

There are studies showing that MSC has effects on 
tendon and disc degeneration112-119. Awad et al.112 have 
shown that MSCs promote healing in tendinopathy of 
rabbits. Chong et al.113 showed that MSCs are 
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effective in the early phase of tendon healing on the 
rabbit Achilles tendinopathy. Hernigou et al.114 revealed 
by ultrasound and MRI that all 45 patients who under-
went MSC injection during arthroscopic rotator cuff 
repair recovered within 6  months, and 67% of the 
45  patients (30  patients) who did not undergo MSC 
recovered within 6 months, and they reported that the 
rate of rerupture decreased over time. Selek et al.115 
reported that MSC application increased tendon 
strength due to antiapoptotic effects. The cell-based 
therapies have entered the literature as a highly suit-
able treatment strategy for patients with intermediate 
stages of intervertebral disc degeneration. The clinical 
studies have shown the potential impact of allogeneic 
BMSCs in terms of safety and feasibility116,117. Regres-
sion of vacuum phenomenon in MRIs of patients with 
intervertebral disc degeneration 2  years after MSC 
therapy has been reported118. In a pilot study, autolo-
gous BM-MSCs were incorporated in the nucleus 
pulposus and reported an increase in disc height and 
water content of NP, improvement in LBP, and disabil-
ity at 12 months of injection119.

Effect of exercise on stem cells

It is a widely accepted view that regular exercise 
has a regenerative and protective effect on the human 
body. This includes cardiac regeneration, neural 
regeneration, bone development, and muscle regen-
eration120,121. Exercise training is considered safe, sim-
ple and has extensive health effects122. In a study 
published in 2024, Takegaki et al.123 discovered that 
the intramuscular injection of MSCs activated the tran-
scription of insulin-like growth factor 1 and muscle 
protein synthesis 72 h after three bouts of resistance 
exercise. In addition, the injection of MSCs was found 
to increase protein ubiquitination, suggesting that 
basal muscle protein turnover may be augmented fol-
lowing consecutive resistance exercise. Guerci et al.124 
showed that serum response factor, a ubiquitous tran-
scription factor expressed in muscle, can regulate the 
synthesis of IL-6, an event necessary for satellite cell 
proliferation in response to mechanical exercise in 
rodents. Taken together, these studies suggest an 
important role for the paracrine factor milieu in satel-
lite cell activation after exercise. Finally, in a review 
by Song (2022)121, current evidence suggests that 
mechanical loading is beneficial for better callus prop-
erties and faster bone regeneration. The clinical stud-
ies in elderly fracture patients have shown improved 
healing and MSK function125.

Neurosurgery field

The stem cell studies in the field of neurosurgery 
also include the principles of tissue engineering. 
Peripheral and central neuroengineering include stem 
cell and exosome transport systems, conduit scaf-
folds, and graft discs126-130. These studies face various 
difficulties in translating from the clinic to practice. The 
studies on nerve damage with exosomes, compared 
to stem cells, may be more efficient in terms of ethical 
issues and controllability of toxicity, with lower immu-
nogenic, teratogenic, and tumorigenic capacity. It is 
hopeful that nanomedical practitioners can transform 
the laboratory and clinical studies conducted so far 
into more practical applications in the future129. In par-
ticular, in traumatic brain injury and some ischemia 
studies, exosome and stem cell therapies target neu-
roinflammation by preventing cell death. Gao and col-
leagues have shown that exosomes from reprogrammed 
neuronal stem cells used in stroke stimulate both neu-
roinflammation and neurogenesis131. In another study, 
it was discovered that neuronal stem cell exosomes 
added to the medium with stress with H2O2 increased 
cell survival132. It has been demonstrated that exo-
somal miR-146a-5p derived from umbilical cord MSC 
can improve the activation and neuroinflammation of 
microglia cells in vitro and in vivo133.

In a clinical study published in 2024, four cerebral 
palsy patients who were unable to stand or walk without 
external support were administered UC-MSCs intrathe-
cally, intravenously, and intramuscularly at 1 × 106/kg 
6 times allogeneically and measured using the Modified 
Ashworth Scale (MAS). A significant change was seen 
in MAS measurements on both sides, but no significant 
change was found in cognitive functions134. Especially 
in peripheral nerve injuries, combination therapies that 
include tissue-engineered neural conduits, scaffolds, 
stem cells, or exosomes are among the most current 
areas of nerve tissue engineering. In complete nerve 
transection injuries, compared to stem cell/exosome 
applications alone, stem cell/exosome applications car-
ried as combination therapy in the scaffold significantly 
increase nerve terminal integration and neural stem cell 
differentiation efficiency127,135.

In a peripheral nerve injury study conducted at the 
clinic and published in 2024, microvesicles of 5 billion 
MSCs were applied in conjunction with sural autograft 
for repair in a case example of left radial nerve damage. 
At the 10th week, findings were obtained that the nerve 
was reinnervated. It was shown electroneurophysiologi-
cally that the patient still maintained regeneration at the 



M. Azizoglu et al.  Stem cells and exosome

95

end of the 6th month136. Bioink forms can be produced 
by combining gel systems with various biomaterials that 
trigger neuronal differentiation, such as graphene. The 
cells or exosomal structures to be carried in these 
injectable systems are promising, especially in surgical 
applications such as nerve ending bonding128.

In a study conducted by Giovannelli et al. in 2023, 
after creating a mouse and neuron traumatic brain 
injury model, it was observed that after mesenchymal 
exosomal treatment, mitophagy was activated by 
mediating the putative kinase protein 1/Parkinson pro-
tein 2 E3 ubiquitin-protein ligase pathway. Thus, it was 
observed that it reduced neuronal cell death and sup-
pressed apoptosis, pyroptosis, and ferroptosis137. The 
use of exosomes in drug delivery systems is also a 
topic of interest, especially in neurology. When exo-
somes were loaded with dopamine and compared with 
control groups on cells in the in vitro 2D and 3D Par-
kinson’s disease model, it was observed that EXO/
DOP formulations improved proliferation, increased 
survival and neuroprotective activity126. Its activity was 
tested, and its neuroprotective activity was interpreted 
by artificial intelligence. As can be understood from 
here, the production of exosomes of approximately 
100 nm size obtained from WJ-MSCs has become the 
focus of attention with their neuroprotective activities 
and ability to cross the blood-brain barrier130,138.

Urology field

Erectile dysfunction (ED) affects sexual function and 
the capacity to sustain an erection139. To effectively 
treat ED, it is crucial to use a therapeutic strategy that 
fosters blood vessel growth, safeguards nerves, and 
supports tissue regeneration140. Various medications 
have been employed to manage this condition, with 
phosphodiesterase type-5 inhibitors being the most 
frequently prescribed by healthcare professionals139,140. 
Stem cell technology shows promise in treating ED. 
Specifically, MSC secretome therapy leverages the 
paracrine effects of stem cells, eliminating the risk of 
tumor formation and offering a minimal immune 
response. This method presents a significant potential 
solution for ED treatment, overcoming limitations of 
traditional therapies141. In 2010, Bahk et al. conducted 
the first human clinical trial using allogeneic umbilical 
cord MSCs to treat ED in patients with diabetes mel-
litus142. The study included seven men, aged 57-83, 
who received an intracavernous injection of 1.5 × 
107  cells. Within 1  month, most participants experi-
enced a return of spontaneous morning erections, and 

these improvements were sustained throughout the 
6-month follow-up period142. Yiou et al. demonstrated 
that a single intracavernous injection of autologous 
BMMSCs was both safe and effective in treating vas-
culogenic ED143 In a randomized controlled trial (RCTs), 
Mirzaei et al. demonstrated that an intracavernous 
injection of autologous MSCs (5-6 × 107) significantly 
improved sexual function in the majority of diabetic 
patients144. Protogerou et al. developed a technique 
that integrates adipose tissue-derived MSCs (AT-
MSCs) with components of the stromal vascular frac-
tion145. They administered cultured AT-MSCs suspended 
in platelet lysate plasma and observed significant 
improvements in erectile function at 1, 3, and 6 months 
post-treatment, with no reported adverse effects.

Recent advances in understanding the pathology 
and molecular mechanisms of urinary incontinence 
have opened the door to exploring stem cell therapy as 
a potential solution for restoring continence146. Over 30 
prospective single-center and multicenter studies, 
including follow-up assessments, have been conducted 
to evaluate the feasibility, safety, and efficacy of cell 
therapy in treating female stress urinary incontinence 
(SUI)147. Mahboubeh et al. reported that periurethral 
injections of autologous adult mucosa-derived stem 
cells were not inferior to the less invasive mini-sling 
procedure. The stem cell group experienced shorter 
intervention times, reduced hospital stays, and fewer 
complications. This pilot randomized trial demonstrated 
that stem cell therapy and mini-sling surgery produced 
comparable results in medium-term follow-up148.

Approximately 1% of all males and 10-15% of infertile 
men are affected by azoospermia, a condition charac-
terized by the complete absence of sperm in the ejacu-
late, as determined through the analysis of centrifuged 
semen samples149. In a study, a single intratesticular 
injection of pure MSCs was administered to treat 
patients86. Among the 87 azoospermia patients treated, 
18 (or 20.7%) exhibited the presence of sperm in their 
semen at various intervals post-treatment. In a phase 
I clinical trial, an innovative treatment approach using 
autologous BMMSCs was developed for NOA (87). The 
study included 80 patients, 40 receiving BM-MSC ther-
apy and 40 undergoing hormone therapy. BM-MSCs 
were transplanted into the testicular network using 
microTESE. After 6 months, improvements in hormone 
levels and sperm concentration were observed. Nota-
bly, 9  patients (22.5%) with secondary infertility and 
azoospermia showed successful outcomes with this 
treatment. The protocol and infusion method for stem 
cell application in patients with azoospermia are 
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illustrated in figure. 4. Stem cell therapies, particularly 
those involving mesenchymal MSCs, offer promising 
advancements in treating conditions such as ED, SUI, 
and NOA in urology area. These approaches demon-
strate significant potential by improving outcomes and 
addressing limitations of traditional treatments, with 
minimal side effects.

Ophthalmology field

The studies on stem cells and exosome application 
in areas such as age-related macular degeneration 
(AMD), corneal damage and diseases, diabetic reti-
nopathies, glaucoma, and various autoimmune eye 
diseases have become quite current and interesting. 
There are still controversial points regarding the dos-
age applications, toxicity status, and standardization 
of target-oriented transport systems of exosomes pro-
duced for these areas150.

It has been stated that human exosomes of MSCs 
alleviate retinal ischemia by preventing retinal thinning 
against oxygen-induced retinopathy induced in mouse 
models151. MicroRNA-126-transferred MSC exosomes 
were shown to effectively suppress hyperglycemia-
induced retinal inflammation both at the gene expres-
sion level and by retinal immunohistochemical section 
examinations152.

There are studies suggesting that exosomes released 
from retinal astroglial cells that form the blood-retinal 
barrier can reduce retinal vascular leakage and that 
they contain anti-angiogenic components, which are a 
new treatment model for age-related macular degen-
eration. Recently, periocular injection models have 
been developed by taking more advantage of the anti-
inflammatory properties of exosomes153.

In a study, the neuroprotective and neuritogenic 
effects of BMMSCs-derived exosomes were investi-
gated in a rat optic nerve crush model after weekly 
intravitreal application. It was observed that exosomes 
provided regeneration of retinal ganglion cells and 
preservation of axonal integrity154.

Corneal damage, one of the causes of visual impair-
ment, is identified by corneal opacity. In a study con-
ducted in 2022, exosomes obtained from iPSCs were 
loaded onto time-release heat-sensitive chitosan hydro-
gels and both miRNA release profiles and regional cell 
regeneration were examined155.

In another study, it was reported that in a mouse 
model of retinal ischemia-reperfusion injury, exosome-
loaded degradable polymeric biomaterial poly(lactic-
co-glycolic acid) microcapsules caused retinal 

thickness to return to a level close to the healthy retina 
control group with prolonged release156.

In addition, topical applications can also be used. 
Spray products with nano-sized exosomes, cellular or 
biomaterials, increased area of effect and long-term 
release can be produced. The important advantages 
of these products are that they prevent infection for-
mation and reduce the need for intravitreal or extra-
ocular injections. It is thought that the use of these 
new generation regenerative products with high added 
value will increase, especially in common diseases 
such as glaucoma.

Previous studies have explored various routes for 
stem cell administration, including subretinal, supracho-
roidal, and intravitreal approaches157-162. For instance, 
Both Oner et al. and Limoli et al. utilized adipose tissue-
derived stem cells (ADSCs) delivered through the supra-
choroidal route161,162. Öner et al. reported significant 
improvements in best-corrected visual acuity (BCVA) at 
the 6-month follow-up161. Importantly, no adverse effects, 
such as proliferation, rejection, or severe ocular or sys-
temic complications, have been documented in these 
ocular applications161-163. Patients with dry AMD demon-
strated improvements in BCVA at 6 and 12 months post-
stem cell therapy compared to baseline, indicating its 
potential efficacy163. Subgroup analyses revealed vari-
able BCVA outcomes based on stem cell types, such as 
human embryonic stem cell-derived retinal pigment epi-
thelium, ADSCs, and CD34+ bone marrow-derived stem 
cells163. A  meta-analysis of RCTs further supports the 
potential of SCT to enhance BCVA in patients with dry 
AMD163.

Cardiovascular diseases field

Ischemic heart disease (IHD), also known as coro-
nary heart disease or coronary artery disease, is one 
of the major causes of heart failure (HF), especially in 
developed countries164-166. Various strategies are being 
pursued to protect the injured myocardium and to pre-
vent adverse cardiac remodeling167-169. Surgical revas-
cularization has been shown in several studies to be 
an effective and preferred treatment strategy for 
patients with IHD170. Song et al. demonstrated that 
autologous bone marrow stem cell transplantation, in 
combination with coronary artery bypass grafting 
(CABG), improves left ventricular function compared to 
CABG alone170,171. In these patients, stem cells can be 
administered either intramyocardially (IM) or intracoro-
narily (IC)172,173. Qi et al. performed bypass surgery 
using the saphenous vein and injected approximately 
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Figure 4. Stem cell application model for azoospermia patients (injection into testicular parenchyma).

Table 1. Differences in composition and size between ADEs and PDENs

Paramaters Animal‑derived exosomes Plant‑derived exosome‑like nanoparticles References

Size (nm) 30‑150 50‑500 9,20

Proteins Membrane transporters (Fusion proteins, chaperones, 
cytoskeletal proteins) MVB synthesis proteins (tetras 
panin proteins, cell adhesion molecules, MHC molecules)

Cytosolic proteins (actin, proteolysis enzymes) membrane 
transporters (aquaporin, chloride channels)

21‑23

Lipids Cholesterol sphingomyelin glycosphingolipid 
phosphatidylserine

Phosphatidic acid phosphatidylethanolamin 
phosphatidylcholine digalactosyl monoacylglycerol 
digalactosyl diacylglycerol monogalactosyl diacylglycerol

24,25

Nucleic acids DNA
mRNA
miRNA
mtDNA
lncRNA

DNA
mRNA
miRNA
non‑coding RNA

26‑28

ADEs: Animal‑derived exosomes; PDENs: plant‑derived exosome‑like nanoparticles; MVB: multivesicular bodie; MHC: major histocompatibility complex.

107 autologous BMMNCs through IC through a 1-min 
infusion during the procedure172. This method resulted 
in a greater improvement in the left ventricular 

dyssynchrony compared to CABG alone. On the other 
hand, Ulus et al. administered 70 × 107 autologous 
BMMNCs to one group and 25 × 106 allogenic 
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Figure  5. Stem cell application model for cardiovascular disease (injection route: intracoronary, intramyocardial, transendocardial,  
and intravenous).

UC-MSCs to another, both through IM injection into 
ischemic areas173. They observed that IM administra-
tion of UC-MSCs combined with CABG resulted in 
greater scar tissue reduction and improved ventricular 
wall function compared to autologous BMMNCs. How-
ever, the administration route and dose of stem cells 
remain controversial, requiring further research to its 
their efficacy and safety171.

Despite advances in pharmacological treatments and 
implantable cardiac devices, clinical outcomes for HF 
patients remain suboptimal, highlighting the need for 
innovative therapies174-176. Various types of stem cells 
have been increasingly utilized in recent years to 
enhance clinical outcomes in HF patients177. A  meta-
analysis of 36 RCTs concluded that both BMMNCs and 
MSCs effectively improve left ventricular ejection frac-
tion (LVEF) in patients with heart failure, with no sig-
nificant difference observed between the two cell 
types177. Stem cell injection routes included 

intracoronary, intramyocardial, transendocardial, and 
intravenous. All routes significantly improved LVEF, 
while transendocardial injection showed superior out-
comes for reducing major adverse cardiac events177.

Although, some RCTs in patients with dilated cardio-
myopathy (DCM) indicated that stem cell therapy did 
not significantly improve left ventricular function in 
cases of non-ischemic DCM178-182, on the other hand, a 
systematic review and meta-analysis of 11 RCTs 
involving 637 patients indicated that stem cell therapy 
may have a beneficial effect on the prognosis of patients 
with non-ischemic DCM183. Another RCT involving 
55 patients demonstrated that IC stem cell administra-
tion improved ventricular remodeling, enhanced exer-
cise tolerance, and increased overall survival rates in 
patients with DCM184. The optimal type and quantity of 
stem cells, along with the most effective route of admin-
istration, remain contentious issues in the field of 
regenerative medicine for cardiovascular diseases. It is 
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important to note that these challenges highlight the 
need for further research, more detailed analyses, and 
large multicenter studies to establish reliable and effec-
tive therapeutic strategies. The methods of stem cell 
administration in cardiovascular diseases are illustrated 
in figure 5.

This review highlights the promising potential of stem 
cells and exosomes in regenerative medicine and surgi-
cal applications, yet certain limitations must be 
addressed. The heterogeneity in study designs, includ-
ing variations in cell types, dosages, and administration 
routes, complicates the establishment of standardized 
protocols and hinders the comparability of findings. 
While initial results are encouraging, robust long-term 
safety and efficacy data remain scarce, limiting clinical 
translation. Furthermore, the lack of consensus on the 
optimal stem cell type, quantity, and administration 
route adds complexity to defining effective therapeutic 
strategies. Ethical concerns, such as equitable access 
and cost considerations, are also underexplored. To 
address these challenges, future research must focus 
on multicentric RCTs with standardized methodologies 
to ensure safe and effective integration into clinical 
practice.

Conclusion

Stem cell-based therapies have demonstrated signifi-
cant success and acceptable safety profiles with in 
various used surgery to date. The advances in MSCs 
therapies, particularly those involving genetic modifica-
tions such as gene transfer or transduction, have shown 
promise in enhancing therapeutic outcomes. For exam-
ple, strategies leading to overexpression of anti-inflam-
matory cytokines or inhibition of pro-inflammatory 
cytokines as well as modifications such as addition of 
pro-inflammatory cytokines to the culture medium have 
been effective in optimizing the therapeutic potential of 
MSCs. In addition, techniques to improve the homing 
ability of stem cells or exosomes, including the addition 
of surface markers, have further amplified their efficacy. 
Despite these promising developments, there are still 
challenges that may impede the widespread clinical 
translation of these therapies. Potential therapeutic 
risks, such as tumorigenesis and the high costs associ-
ated with these advanced treatments, remain significant 
concerns. Future clinical trials should therefore prioritize 
addressing these risks by focusing on strategies to mini-
mize heterogeneity, determining the optimal routes of 
infusion, and establishing standardized protocols for 
dosage and infusion frequency. In addition, there is a 

need for the production of stem cells and exosomes 
under GMP conditions, their effective and safe applica-
tion in the clinic, optimization of production and applica-
tion protocols, and support with RCTs. The studies 
examined in this review include studies emphasizing the 
safety and efficacy of these treatments in comprehen-
sive and diverse patient populations. Such studies are 
very important for determining therapeutic strategies 
and ensuring the safe integration of innovative exosome 
and stem cell-based therapies into standard clinical 
practices.

Funding

The authors declare that they have not received 
funding.

Conflicts of interest

The authors declare no conflicts of interest.

Ethical considerations

Protection of humans and animals. The authors 
declare that no experiments involving humans or ani-
mals were conducted for this research.

Confidentiality, informed consent, and ethical 
approval. The study does not involve patient personal 
data nor requires ethical approval. The SAGER guide-
lines do not apply.

Declaration on the use of artificial intelligence. 
The authors declare that no generative artificial 
intelligence was used in the writing of this 
manuscript.

References

	 1.	 Biehl JK, Russell B. Introduction to stem cell therapy. J Cardiovasc Nurs. 
2009;24:98-103.

	 2.	 Zakrzewski W, Dobrzyński M, Szymonowicz M, Rybak Z. Stem cells: 
past, present, and future. Stem Cell Res Ther. 2019;10:68.

	 3.	 Kalra K, Tomar PC. Stem cell: basics, classification and applications. Am 
J Phytomed Clin Ther. 2014;2:919-30.

	 4.	 Cai J, Chen H, Xie S, Hu Z, Bai Y. Research progress of totipotent stem 
cells. Stem Cells Dev. 2022;31:335-45.

	 5.	 Priester C, MacDonald A, Dhar M, Bow A. Examining the characteristics 
and applications of mesenchymal, induced pluripotent, and embryonic 
stem cells for tissue engineering approaches across the germ layers. 
Pharmaceuticals (Basel). 2020;13:344.

	 6.	 Worku MG. Pluripotent and multipotent stem cells and current therapeu-
tic applications: review. Stem Cells Cloning. 2021;14:3-7.

	 7.	 De Kretser D. Totipotent, pluripotent or unipotent stem cells: a complex 
regulatory enigma and fascinating biology. J Law Med. 2007;15:212-8.

	 8.	 International Stem Cell Initiative, Adewumi O, Aflatoonian B, Ahrlund-Ri-
chter L, Amit M, Andrews PW, et al. Characterization of human embryo-
nic stem cell lines by the International Stem Cell Initiative. Nat Biotechnol. 
2007;25:803-16.

	 9.	 He B, Cai Q, Qiao L, Huang CY, Wang S, Miao W, et al. RNA-binding 
proteins contribute to small RNA loading in plant extracellular vesicles. 
Nat Plants. 2021;7:342-52.



Cirugía y Cirujanos (Eng). 2025;93(1)

100

	 10.	 Inanir C, Ekici L. Eksozomlar: kompozisyonlari, biyolojik fonksiyonlari ve 
biyoaktif bileşiklerin taşinmasindaki potansiyelleri. Akad Gıda. 
2020;18:421-32.

	 11.	 Paskeh MD, Entezari M, Mirzaei S, Zabolian A, Saleki H, Naghdi MJ, 
et al. Emerging role of exosomes in cancer progression and tumor 
microenvironment remodeling. J Hematol Oncol. 2022;15:83.

	 12.	 Wu F, Li F, Lin X, Xu F, Cui RR, Zhong JY, et al. Exosomes increased 
angiogenesis in papillary thyroid cancer microenvironment. Endocr Relat 
Cancer. 2019;26:525-38.

	 13.	 Yi Q, Xu Z, Thakur A, Zhang K, Liang Q, Liu Y, et al. Current unders-
tanding of plant-derived exosome-like nanoparticles in regulating the 
inflammatory response and immune system microenvironment. Pharma-
col Res. 2023;190:106733.

	 14.	 Regente M, Corti-Monzón G, Maldonado AM, Pinedo M, Jorrín J, de la 
Canal L. Vesicular fractions of sunflower apoplastic fluids are associated 
with potential exosome marker proteins. FEBS Lett. 2009;583:3363-6.

	 15.	 Akuma P, Okagu OD, Udenigwe CC. Naturally occurring exosome vesi-
cles as potential delivery vehicle for bioactive compounds. Front Sustain 
Food Syst. 2019;3:23.

	 16.	 Li D, Yao X, Yue J, Fang Y, Cao G, Midgley AC, et al. Advances in 
bioactivity of MicroRNAs of plant-derived exosome-like nanoparticles and 
milk-derived extracellular vesicles. J Agric Food Chem. 2022;70:6285-99.

	 17.	 Tajik T, Baghaei K, Moghadam VE, Farrokhi N, Salami SA. Extracellular 
vesicles of cannabis with high CBD content induce anticancer signaling 
in human hepatocellular carcinoma. Biomed Pharmacother. 
2022;152:113209.

	 18.	 Xiao J, Feng S, Wang X, Long K, Luo Y, Wang Y, et al. Identification of 
exosome-like nanoparticle-derived microRNAs from 11 edible fruits and 
vegetables. PeerJ. 2018;6:e5186.

	 19.	 Zhang Z, Yu Y, Zhu G, Zeng L, Xu S, Cheng H, et al. The emerging role 
of plant-derived exosomes-like nanoparticles in immune regulation and 
periodontitis treatment. Front Immunol. 2022;13:896745.

	 20.	 Xie F, Zhou X, Fang M, Li H, Su P, Tu Y, et al. Extracellular vesicles in 
cancer immune microenvironment and cancer immunotherapy. Adv Sci 
(Weinh). 2019;6:1901779.

	 21.	 Mashouri L, Yousefi H, Aref AR, Ahadi AM, Molaei F, Alahari SK. Exo-
somes: composition, biogenesis, and mechanisms in cancer metastasis 
and drug resistance. Mol Cancer. 2019;18:75.

	 22.	 Wang Y, Wang J, Ma J, Zhou Y, Lu R. Focusing on future applications 
and current challenges of plant derived extracellular vesicles. Pharma-
ceuticals (Basel). 2022;15:708.

	 23.	 Zhang M, Viennois E, Prasad M, Zhang Y, Wang L, Zhang Z, et al. 
Edible ginger-derived nanoparticles: a novel therapeutic approach for the 
prevention and treatment of inflammatory bowel disease and colitis-as-
sociated cancer. Biomaterials. 2016;101:321-40.

	 24.	 Aquilano K, Ceci V, Gismondi A, De Stefano S, Iacovelli F, Faraonio R, 
et al. Adipocyte metabolism is improved by TNF receptor-targeting small 
RNAs identified from dried nuts. Commun Biol. 2019;2:317.

	 25.	 Zhu S, Yao F, Qiu H, Zhang G, Xu H, Xu J. Coupling factors and exo-
somal packaging microRNAs involved in the regulation of bone remode-
lling. Biol Rev Camb Philos Soc. 2018;93:469-80.

	 26.	 Teng Y, Ren Y, Sayed M, Hu X, Lei C, Kumar A, et al. Plant-derived 
exosomal MicroRNAs shape the gut microbiota. Cell Host Microbe. 
2018;24:637-52.e8.

	 27.	 Dad HA, Gu TW, Zhu AQ, Huang LQ, Peng LH. Plant exosome-like 
nanovesicles: emerging therapeutics and drug delivery nanoplatforms. 
Mol Ther. 2021;29:13-31.

	 28.	 Yang B, Chen Y, Shi J. Exosome biochemistry and advanced nanotechno-
logy for next-generation theranostic platforms. Adv Mater. 2019;31:e1802896.

	 29.	 Maas SL, de Vrij J, van der Vlist EJ, Geragousian B, van Bloois L, 
Mastrobattista E, et al. Possibilities and limitations of current technolo-
gies for quantification of biological extracellular vesicles and synthetic 
mimics. J Control Release. 2015;200:87-96.

	 30.	 Soo CY, Song Y, Zheng Y, Campbell EC, Riches AC, Gunn-Moore F, 
et al. Nanoparticle tracking analysis monitors microvesicle and exosome 
secretion from immune cells. Immunology. 2012;136:192-7.

	 31.	 Wang X, Xia J, Yang L, Dai J, He L. Recent progress in exosome 
research: isolation, characterization and clinical applications. Cancer 
Gene Ther. 2023;30:1051-65.

	 32.	 Chen J, Li P, Zhang T, Xu Z, Huang X, Wang R, et al. Review on stra-
tegies and technologies for exosome isolation and purification. Front 
Bioeng Biotechnol. 2021;9:811971.

	 33.	 Hanson PI, Cashikar A. Multivesicular body morphogenesis. Annu Rev 
Cell Dev Biol. 2012;28:337-62.

	 34.	 Huotari J, Helenius A. Endosome maturation. EMBO J. 2011;30:3481-500.
	 35.	 Scott CC, Vacca F, Gruenberg J. Endosome maturation, transport and 

functions. Semin Cell Dev Biol. 2014;31:2-10.
	 36.	 Henne WM, Buchkovich NJ, Emr SD. The ESCRT pathway. Dev Cell. 

2011;21:77-91.
	 37.	 Hurley JH, Hanson PI. Membrane budding and scission by the ESCRT 

machinery: it’s all in the neck. Nat Rev Mol Cell Biol. 2010;11:556-66.
	 38.	 Babst M. MVB vesicle formation: ESCRT-dependent, ESCRT-indepen-

dent and everything in between. Curr Opin Cell Biol. 2011;23:452-7.

	 39.	 Jo H, Shim K, Jeoung D. Exosomes: diagnostic and therapeutic implica-
tions in cancer. Pharmaceutics. 2023;15:1465.

	 40.	 Arya SB, Collie SP, Parent CA. The ins-and-outs of exosome biogenesis, 
secretion, and internalization. Trends Cell Biol. 2024;34:90-108.

	 41.	 Lotfy A, AboQuella NM, Wang H. Mesenchymal stromal/stem cell 
(MSC)-derived exosomes in clinical trials. Stem Cell Res Ther. 2023;14:66.

	 42.	 Gu Z, Yin Z, Song P, Wu Y, He Y, Zhu M, et al. Safety and biodistribu-
tion of exosomes derived from human induced pluripotent stem cells. 
Front Bioeng Biotechnol. 2022;10:949724.

	 43.	 Lau HC, Han DW, Park J, Lehner E, Kals C, Arzt C, et al. GMP-compliant 
manufacturing of biologically active cell-derived vesicles produced by 
extrusion technology. J Extracell Biol. 2022;1:e70.

	 44.	 Stutchfield BM, Forbes SJ, Wigmore SJ. Prospects for stem cell transplan-
tation in the treatment of hepatic disease. Liver Transpl. 2010;16:827-36.

	 45.	 Maldonado GE, Pérez CA, Covarrubias EE, Cabriales SA, Leyva LA, 
Pérez JC, et al. Autologous stem cells for the treatment of post-mastec-
tomy lymphedema: a pilot study. Cytotherapy. 2011;13:1249-55.

	 46.	 Wang H, Jiang HY, Zhang YX, Jin HY, Fei BY, Jiang JL. Mesenchymal 
stem cells transplantation for perianal fistulas: a systematic review and 
meta-analysis of clinical trials. Stem Cell Res Ther. 2023;14:103.

	 47.	 Cheng F, Huang Z, Li Z. Efficacy and safety of mesenchymal stem cells 
in treatment of complex perianal fistulas: a meta-analysis. Stem Cells Int. 
2020;2020:8816737.

	 48.	 Cheng F, Huang Z, Li Z. Mesenchymal stem-cell therapy for perianal 
fistulas in Crohn’s disease: a systematic review and meta-analysis. Tech 
Coloproctol. 2019;23:613-23.

	 49.	 Ciccocioppo R, Klersy C, Leffler DA, Rogers R, Bennett D, Corazza GR. 
Systematic review with meta-analysis: safety and efficacy of local injec-
tions of mesenchymal stem cells in perianal fistulas. JGH Open. 
2019;3:249-60.

	 50.	 Boennelycke M, Gras S, Lose G. Tissue engineering as a potential 
alternative or adjunct to surgical reconstruction in treating pelvic organ 
prolapse. Int Urogynecol J. 2013;24:741-7.

	 51.	 Kim WH, Yoo JH, Yoo IK, Kwon CI, Hong SP. Effects of mesenchymal 
stem cells treatment on radiation-induced proctitis in rats. Yonsei Med J. 
2023;64:167-74.

	 52.	 Bansal N, Soni A, Kaur P, Chauhan AK, Kaushal V. Exploring the mana-
gement of radiation proctitis in current clinical practice. J Clin Diagn Res. 
2016;10:E1-6.

	 53.	 Wu R, Fan X, Wang Y, Shen M, Zheng Y, Zhao S, et al. Mesenchymal 
stem cell-derived extracellular vesicles in liver immunity and therapy. 
Front Immunol. 2022;13:833878.

	 54.	 Mohamadnejad M, Alimoghaddam K, Bagheri M, Ashrafi M, Abdollahza-
deh L, Akhlaghpoor S, et al. Randomized placebo-controlled trial of 
mesenchymal stem cell transplantation in decompensated cirrhosis. Liver 
Int. 2013;33:1490-6.

	 55.	 Watanabe T, Tsuchiya A, Takeuchi S, Nojiri S, Yoshida T, Ogawa M, 
et  al. Development of a non-alcoholic steatohepatitis model with rapid 
accumulation of fibrosis, and its treatment using mesenchymal stem cells 
and their small extracellular vesicles. Regen Ther. 2020;14:252-61.

	 56.	 Schacher FC, Martins Pezzi da Silva A, Silla LM, Álvares-da-Silva MR. 
Bone marrow mesenchymal stem cells in acute-on-chronic liver failure 
grades 2 and 3: a Phase I-II randomized clinical trial. Can J Gastroen-
terol Hepatol. 2021;2021:3662776.

	 57.	 Lanthier N, Lin-Marq N, Rubbia-Brandt L, Clément S, Goossens N, 
Spahr L. Autologous bone marrow-derived cell transplantation in decom-
pensated alcoholic liver disease: what is the impact on liver histology 
and gene expression patterns? Stem Cell Res Ther. 2017;8:88.

	 58.	 Lin BL, Chen JF, Qiu WH, Wang KW, Xie DY, Chen XY, et al. Allogeneic 
bone marrow-derived mesenchymal stromal cells for hepatitis B virus-re-
lated acute-on-chronic liver failure: a randomized controlled trial. Hepa-
tology. 2017;66:209-19.

	 59.	 Zhang Z, Lin H, Shi M, Xu R, Fu J, Lv J, et al. Human umbilical cord 
mesenchymal stem cells improve liver function and ascites in decompen-
sated liver cirrhosis patients. J Gastroenterol Hepatol. 2012;27:112-20.

	 60.	 Shi M, Li YY, Xu RN, Meng FP, Yu SJ, Fu JL, et al. Mesenchymal stem 
cell therapy in decompensated liver cirrhosis: a long-term follow-up analy-
sis of the randomized controlled clinical trial. Hepatol Int. 2021;15:1431-41.

	 61.	 Xu L, Gong Y, Wang B, Shi K, Hou Y, Wang L, et al. Randomized trial 
of autologous bone marrow mesenchymal stem cells transplantation for 
hepatitis B virus cirrhosis: regulation of Treg/Th17 cells. J Gastroenterol 
Hepatol. 2014;29:1620-8.

	 62.	 Salama H, Zekri AR, Medhat E, Al Alim SA, Ahmed OS, Bahnassy AA, 
et al. Peripheral vein infusion of autologous mesenchymal stem cells in 
Egyptian HCV-positive patients with end-stage liver disease. Stem Cell 
Res Ther. 2014;5:70.

	 63.	 El-Ansary M, Abdel-Aziz I, Mogawer S, Abdel-Hamid S, Hammam O, 
Teaema S, et al. Phase II trial: undifferentiated versus differentiated 
autologous mesenchymal stem cells transplantation in Egyptian patients 
with HCV induced liver cirrhosis. Stem Cell Rev Rep. 2012;8:972-81.

	 64.	 Lotfy A, Elgamal A, Burdzinska A, Swelum AA, Soliman R, Hassan AA, 
et al. Stem cell therapies for autoimmune hepatitis. Stem Cell Res Ther. 
2021;12:386.



M. Azizoglu et al.  Stem cells and exosome

101

	 65.	 Liang J, Zhang H, Zhao C, Wang D, Ma X, Zhao S, et al. Effects of 
allogeneic mesenchymal stem cell transplantation in the treatment of liver 
cirrhosis caused by autoimmune diseases. Int J Rheum Dis. 
2017;20:1219-26.

	 66.	 Wang L, Han Q, Chen H, Wang K, Shan GL, Kong F, et al. Allogeneic 
bone marrow mesenchymal stem cell transplantation in patients with 
UDCA-resistant primary biliary cirrhosis. Stem Cells Dev. 2014;23: 
2482-9.

	 67.	 Panés J, García-Olmo D, Van Assche G, Colombel JF, Reinisch W, 
Baumgart DC, et al. Expanded allogeneic adipose-derived mesenchymal 
stem cells (Cx601) for complex perianal fistulas in Crohn’s disease: a 
phase 3 randomised, double-blind controlled trial. Lancet. 2016;388: 
1281-90.

	 68.	 Barnhoorn MC, Wasser MN, Roelofs H, Maljaars PW, Molendijk I, Bon-
sing BA, et al. Long-term evaluation of allogeneic bone marrow-derived 
mesenchymal stromal cell therapy for Crohn’s disease perianal fistulas. 
J Crohns Colitis. 2020;14:64-70.

	 69.	 Tian CM, Zhang Y, Yang MF, Xu HM, Zhu MZ, Yao J, et al. Stem cell 
therapy in inflammatory bowel disease: a review of achievements and 
challenges. J Inflamm Res. 2023;16:2089-119.

	 70.	 Guo G, Tan Z, Liu Y, Shi F, She J. The therapeutic potential of stem 
cell-derived exosomes in the ulcerative colitis and colorectal cancer. 
Stem Cell Res Ther. 2022;13:138.

	 71.	 Zhang J, Lv S, Liu X, Song B, Shi L. Umbilical cord mesenchymal stem 
cell treatment for Crohn’s disease: a randomized controlled clinical trial. 
Gut Liver. 2018;12:73-8.

	 72.	 Peng L, Xie DY, Lin BL, Liu J, Zhu HP, Xie C, et al. Autologous bone 
marrow mesenchymal stem cell transplantation in liver failure patients 
caused by hepatitis B: short-term and long-term outcomes. Hepatology. 
2011;54:820-8.

	 73.	 Sang W, Lv B, Li K, Lu Y. Therapeutic efficacy and safety of umbilical 
cord mesenchymal stem cell transplantation for liver cirrhosis in Chinese 
population: a meta-analysis. Clin Res Hepatol Gastroenterol. 
2018;42:193-204.

	 74.	 Gupta DK, Sharma S, Venugopal P, Kumar L, Mohanty S, Dattagupta S. 
Stem cells as a therapeutic modality in pediatric malformations. Trans-
plant Proc. 2007;39:700-2.

	 75.	 Sharma S, Kumar L, Mohanty S, Kumar R, Datta Gupta S, Gupta DK. 
Bone marrow mononuclear stem cell infusion improves biochemical para-
meters and scintigraphy in infants with biliary atresia. Pediatr Surg Int. 
2011;27:81-9.

	 76.	 Nguyen TL, Nguyen HP, Ngo DM, Ha TH, Mai KA, Bui TH, et al. Auto-
logous bone marrow mononuclear cell infusion for liver cirrhosis after the 
Kasai operation in children with biliary atresia. Stem Cell Res Ther. 
2022;13:108.

	 77.	 Available from: https://clinicaltrials.gov/study/NCT06564740
	 78.	 Drucker NA, McCulloh CJ, Li B, Pierro A, Besner GE, Markel TA. Stem 

cell therapy in necrotizing enterocolitis: current state and future direc-
tions. Semin Pediatr Surg. 2018;27:57-64.

	 79.	 Sajeesh S, Broekelman T, Mecham RP, Ramamurthi A. Stem cell derived 
extracellular vesicles for vascular elastic matrix regenerative repair. Acta 
Biomater. 2020;113:267-78.

	 80.	 Pisano C, Besner GE. Potential role of stem cells in disease prevention 
based on a murine model of experimental necrotizing enterocolitis. 
J Pediatr Surg. 2019;54:413-6.

	 81.	 Eaton S, Zani A, Pierro A, De Coppi P. Stem cells as a potential therapy 
for necrotizing enterocolitis. Expert Opin Biol Ther. 2013;13:1683-9.

	 82.	 Akduman H, Dilli D, Ergün E, Çakmakçı E, Çelebi SK, Çitli R, et al. 
Successful mesenchymal stem cell application in supraventricular tachy-
cardia-related necrotizing enterocolitis: a case report. Fetal Pediatr 
Pathol. 2021;40:250-5.

	 83.	 Lue Y, Erkkila K, Liu PY, Ma K, Wang C, Hikim AS, et al. Fate of bone 
marrow stem cells transplanted into the testis: potential implication for 
men with testicular failure. Am J Pathol. 2007;170:899-908.

	 84.	 Yang S, Bo J, Hu H, Guo X, Tian R, Sun C, et al. Derivation of male 
germ cells from induced pluripotent stem cells in vitro and in reconstitu-
ted seminiferous tubules. Cell Prolif. 2012;45:91-100.

	 85.	 Zhang D, Liu X, Peng J, He D, Lin T, Zhu J, et al. Potential spermato-
genesis recovery with bone marrow mesenchymal stem cells in an 
azoospermic rat model. Int J Mol Sci. 2014;15:13151-65.

	 86.	 Alhefnawy MA, Elmorsy G, Bakry S, El-Amrosy H, Mearaj I, Sabra EA, 
et al. Evaluation of human bone marrow mesenchymal stem cells in the 
treatment of non-obstructive azoospermia. Arch Ital Urol Androl. 
2024;96:12285.

	 87.	 Zhankina R, Zhanbyrbekuly U, Askarov M, Zare A, Jafari N, Saipiyeva D, 
et al. Improving fertility in non-obstructive azoospermia: results from an 
autologous bone mar-row-derived mesenchymal stromal/stem cell phase 
i clinical trial. Int J Fertil Steril. 2024;18:60-70.

	 88.	 World Health Organization Fact Sheets. Available from: https://www.who.
int/news-room/fact-sheets/detail/musculoskeletal-conditions [Last acces-
sed on 2024 May 10].

	 89.	 Akgün I. Kas iskelet sistemi hastalıklarında kök hücre uygulamaları. 
TOTBİD Derg. 2017;16:266-75.

	 90.	 Koga H, Engebretsen L, Brinchmann JE, Muneta T, Sekiya I. Mesenchy-
mal stem cell-based therapy for cartilage repair: a review. Knee Surg 
Sports Traumatol Arthrosc. 2009;17:1289-97.

	 91.	 Khan WS, Johnson DS, Hardingham TE. The potential of stem cells in 
the treatment of knee cartilage defects. Knee. 2010;17:369-74.

	 92.	 Tan SH, Kwan YT, Neo WJ, Chong JY, Kuek TY, See JZ, et al. Intra-ar-
ticular injections of mesenchymal stem cells without adjuvant therapies 
for knee osteoarthritis: a systematic review and meta-analysis. Am J 
Sports Med. 2021;49:3113-24.

	 93.	 Doyle EC, Wragg NM, Wilson SL. Intraarticular injection of bone 
marrow-derived mesenchymal stem cells enhances regeneration in knee 
osteoarthritis. Knee Surg Sports Traumatol Arthrosc. 2020;28:3827-42.

	 94.	 Wilke MM, Nydam DV, Nixon AJ. Enhanced early chondrogenesis in 
articular defects following arthroscopic mesenchymal stem cell implanta-
tion in an equine model. J Orthop Res. 2007;25:913-25.

	 95.	 Teo AQ, Wong KL, Shen L, Lim JY, Toh WS, Lee EH, et al. Equivalent 
10-year outcomes after implantation of autologous bone marrow-derived 
mesenchymal stem cells versus autologous chondrocyte implantation for 
chondral defects of the knee. Am J Sports Med. 2019;47:2881-7.

	 96.	 Wakitani S, Imoto K, Yamamoto T, Saito M, Murata N, Yoneda M. Human 
autologous culture expanded bone marrow mesenchymal cell transplan-
tation for repair of cartilage defects in osteoarthritic knees. Osteoarthritis 
Cartilage. 2002;10:199-206.

	 97.	 Centeno CJ, Al-Sayegh H, Bashir J, Goodyear S, Freeman MD. A dose 
response analysis of a specific bone marrow concentrate treatment pro-
tocol for knee osteoarthritis. BMC Musculoskelet Disord. 2015;16:258.

	 98.	 Rodriguez-Fontan F, Piuzzi NS, Kraeutler MJ, Pascual-Garrido C. Early 
clinical outcomes of intra-articular injections of bone marrow aspirate 
concentrate for the treatment of early osteoarthritis of the hip and knee: 
a cohort study. PM R. 2018;10:1353-9.

	 99.	 Anz AW, Hubbard R, Rendos NK, Everts PA, Andrews JR, Hackel JG. 
Bone marrow aspirate concentrate is equivalent to platelet-rich plasma 
for the treatment of knee osteoarthritis at 1 year: a prospective, rando-
mized trial. Orthop J Sports Med. 2020;8:1-9.

	100.	 Izuta Y, Ochi M, Adachi N, Deie M, Yamasaki T, Shinomiya R. Meniscal 
repair using bone marrow-derived mesenchymal stem cells: experimen-
tal study using green fluorescent protein transgenic rats. Knee. 
2005;12:217-23.

	101.	 Pak J, Lee JH, Lee SH. Regenerative repair of damaged meniscus with 
autologous adipose tissue-derived stem cells. Biomed Res Int. 
2014;2014:436029.

	102.	 Vangsness CT Jr., Farr J 2nd, Boyd J, Dellaero DT, Mills CR, LeRoux-Wi-
lliams M. Adult human mesenchymal stem cells delivered via intra-arti-
cular injection to the knee following partial medial meniscectomy: a 
randomized, double-blind, controlled study. J  Bone Joint Surg Am. 
2014;96:90-8.

	103.	 Goshima J, Goldberg VM, Caplan AI. Osteogenic potential of culture-ex-
panded rat marrow cells as assayed in vivo with porous calcium phos-
phate ceramic. Biomaterials. 1991;12:253-8.

	104.	 Granero-Moltó F, Myers TJ, Weis JA, Longobardi L, Li T, Yan Y, et al. 
Mesenchymal stem cells expressing insulin-like growth factor-I (MSCIGF) 
promote fracture healing and restore new bone formation in Irs1 knockout 
mice: analyses of MSCIGF autocrine and paracrine regenerative effects. 
Stem Cells. 2011;29:1537-48.

	105.	 Bruder SP, Kurth AA, Shea M, Hayes WC, Jaiswal N, Kadiyala S. Bone 
regeneration by implantation of purified, culture-expanded human 
mesenchymal stem cells. J Orthop Res. 1998;16:155-62.

	106.	 Bruder SP, Fink DJ, Caplan AI. Mesenchymal stem cells in bone deve-
lopment, bone repair, and skeletal regeneration therapy. J Cell Biochem. 
1994;56:283-94.

	107.	 Hidaka C, Goshi K, Rawlins B, Boachie-Adjei O, Crystal RG. Enhance-
ment of spine fusion using combined gene therapy and tissue enginee-
ring BMP-7-expressing bone marrow cells and allograft bone. Spine 
(Phila Pa 1976). 2003;28:2049-57.

	108.	 Assouline-Dayan Y, Chang C, Greenspan A, Shoenfeld Y, Gershwin ME. 
Pathogenesis and natural history of osteonecrosis. Semin Arthritis 
Rheum. 2002;32:94-124.

	109.	 Gangji V, De Maertelaer V, Hauzeur JP. Autologous bone marrow cell 
implantation in the treatment of non-traumatic osteonecrosis of the femo-
ral head: five year follow-up of a prospective controlled study. Bone. 
2011;49:1005-9.

	110.	 Shi D, Sun Y, Yin J, Fan X, Duan H, Liu N, et al. Cajan leaf combined 
with bone marrow-derived mesenchymal stem cells for the treatment of 
osteonecrosis of the femoral head. Exp Ther Med. 2014;7:1471-5.

	111.	 Horwitz EM, Prockop DJ, Gordon PL, Koo WW, Fitzpatrick LA, Neel MD, 
et al. Clinical responses to bone marrow transplantation in children with 
severe osteogenesis imperfecta. Blood. 2001;97:1227-31.

	112.	 Awad HA, Boivin GP, Dressler MR, Smith FN, Young RG, Butler DL. 
Repair of patellar tendon injuries using a cell-collagen composite. 
J Orthop Res. 2003;21:420-31.

	113.	 Chong AK, Ang AD, Goh JC, Hui JH, Lim AY, Lee EH, et al. Bone 
marrow-derived mesenchymal stem cells influence early tendon-healing 
in a rabbit achilles tendon model. J Bone Joint Surg Am. 2007;89:74-81.



Cirugía y Cirujanos (Eng). 2025;93(1)

102

	114.	 Hernigou P, Flouzat Lachaniette CH, Delambre J, Zilber S, Duffiet P, 
Chevallier N, et al. Biologic augmentation of rotator cuff repair with 
mesenchymal stem cells during arthroscopy improves healing and pre-
vents further tears: a case-controlled study. Int Orthop. 2014;38:1811-8.

	115.	 Selek Ö, Buluç L, Müezzinoğlu B, Ergün RE, Ayhan S, Karaöz E. Mezen-
kimal kök hücrelerin anti-apoptotik etkileri ve tendon iyileşmesi (Hayvan 
çalışması). Acta Orthop Traumatol Turc. 2014;48:187-95.

	116.	 Pennicooke B, Moriguchi Y, Hussain I, Bonssar L, Härtl R. Biological 
treatment approaches for degenerative disc disease: a review of clinical 
trials and future directions. Cureus. 2016;8:e892.

	117.	 Noriega DC, Ardura F, Hernández-Ramajo R, Martín-Ferrero MÁ, Sán-
chez-Lite I, Toribio B, et al. Intervertebral disc repair by allogeneic 
mesenchymal bone marrow cells: a randomized controlled trial. Trans-
plantation. 2017;101:1945-51.

	118.	 Yoshikawa T, Ueda Y, Miyazaki K, Koizumi M, Takakura Y. Disc rege-
neration therapy using marrow mesenchymal cell transplantation: a 
report of two case studies. Spine (Phila Pa 1976). 2010;35:E475-80.

	119.	 Orozco L, Soler R, Morera C, Alberca M, Sánchez A, García-Sancho J. 
Intervertebral disc repair by autologous mesenchymal bone marrow cells: 
a pilot study. Transplantation. 2011;92:822-8.

	120.	 Liu C, Wu X, Vulugundam G, Gokulnath P, Li G, Xiao J. Exercise pro-
motes tissue regeneration: mechanisms involved and therapeutic scope. 
Sports Med Open. 2023;9:27.

	121.	 Song L. Effects of exercise or mechanical stimulation on bone develop-
ment and bone repair. Stem Cells Int. 2022;2022:5372229.

	122.	 Powers SK, Smuder AJ, Kavazis AN, Quindry JC. Mechanisms of exer-
cise-induced cardioprotection. Physiology (Bethesda). 2014;29:27-38.

	123.	 Takegaki J, Sase K, Kono Y, Fujita T, Konishi S, Fujita S. Intramuscular 
injection of mesenchymal stem cells augments basal muscle protein 
synthesis after bouts of resistance exercise in male mice. Physiol 
Rep. 2024;12:e15991.

	124.	 Guerci A, Lahoute C, Hébrard S, Collard L, Graindorge D, Favier M, et al. 
Srf-dependent paracrine signals produced by myofibers control satellite 
cell-mediated skeletal muscle hypertrophy. Cell Metab. 2012;15:25-37.

	125.	 Zhang S, Lee Y, Liu Y, Yu Y, Han I. Stem cell and regenerative therapies 
for the treatment of osteoporotic vertebral compression fractures. Int J 
Mol Sci. 2024;25:4979.

	126.	 Yavuz B, Darici H, Zorba Yildiz AP, Abamor EŞ, Topuzoğullari M, Baği-
rova M, et al. Formulating and characterizing an exosome-based dopa-
mine carrier system. J Vis Exp. 2022;182.

	127.	 Zorba Yildiz AP, Darici H, Yavuz B, Abamor ES, Ozdemir C, Yasin ME, 
et al. Preparation and characterization of graphene-based 3D biohybrid 
hydrogel bioink for peripheral neuroengineering. J Vis Exp. 2022;183.

	128.	 Yildiz AP, Yavuz B, Abamor ES, Darici H, Allahverdiyev A, et al. Inves-
tigatıon of neurosphere activity of injectable 3d graphene bioink bioma-
terial. Regen Eng Transl Med. 2024;10:519-27.

	129.	 Tan F, Li X, Wang Z, Li J, Shahzad K, Zheng J. Clinical applications of 
stem cell-derived exosomes. Signal Transduct Target Ther. 2024;9:17.

	130.	 Yavuz B, Yildiz AP, Abamor ES, Darici H, Allahverdiyev A. Neuroprotec-
tive effects of Wharton jelly stem cell-derived exosomes developed as 
nano-drug delivery system in 6-OHDA-induced neurotoxicity in 2D and 
3D neuronal cell line. Reg Eng Trans Med. 2023;10:243-52.

	131.	 Gao G, Li C, Zhu J, Sheng S, Liang Z, Fu S, et al. Induced neural stem/
progenitor cell-derived extracellular vesicles promote recovery post-
stroke. Clin Transl Med. 2022;12:e936.

	132.	 Yerrapragada SM, Sawant H, Chen S, Bihl T, Wang J, Bihl JC. The 
protective effects of miR-210 modified endothelial progenitor cells relea-
sed exosomes in hypoxia/reoxygenation injured neurons. Exp Neurol. 
2022;358:114211.

	133.	 Zhang Z, Zou X, Zhang R, Xie Y, Feng Z, Li F, et al. Human umbilical cord 
mesenchymal stem cell-derived exosomal miR-146a-5p reduces micro-
glial-mediated neuroinflammation via suppression of the IRAK1/TRAF6 sig-
naling pathway after ischemic stroke. Aging (Albany NY). 2021;13:3060-79.

	134.	 Boyalı O, Kabatas S, Civelek E, Ozdemir O, Bahar-Ozdemir Y, Kaplan N, 
et al. Allogeneic mesenchymal stem cells may be a viable treatment 
modality in cerebral palsy. World J Clin Cases. 2024;12:1585-96.

	135.	 Batioglu-Karaaltin A, Karaaltin MV, Oztel ON, Ovali E, Sener BM, Ada-
tepe T, et al. Human olfactory stem cells for injured facial nerve recons-
truction in a rat model. Head Neck. 2016;38:E2011-20.

	136.	 Civelek E, Kabatas S, Savrunlu EC, Diren F, Kaplan N, Ofluoğlu D, et al. 
Effects of exosomes from mesenchymal stem cells on functional recovery 
of a patient with total radial nerve injury: a pilot study. World J Stem 
Cells. 2024;16:19-32.

	137.	 Giovannelli L, Bari E, Jommi C, Tartara F, Armocida D, Garbossa D, et al. 
Mesenchymal stem cell secretome and extracellular vesicles for neuro-
degenerative diseases: risk-benefit profile and next steps for the market 
access. Bioact Mater. 2023;29:16-35.

	138.	 Yavuz B, Mutlu EC, Ahmed Z, Ben-Nissan B, Stamboulis A. Applications 
of stem cell-derived extracellular vesicles in nerve regeneration. Int J Mol 
Sci. 2024;25:5863.

	139.	 Defeudis G, Mazzilli R, Tenuta M, Rossini G, Zamponi V, Olana S, et al. 
Erectile dysfunction and diabetes: a melting pot of circumstances and 
treatments. Diabetes Metab Res Rev. 2022;38:e3494.

	140.	 Cayetano-Alcaraz AA, Tharakan T, Chen R, Sofikitis N, Minhas S. The 
management of erectile dysfunction in men with diabetes mellitus unres-
ponsive to phosphodiesterase type 5 inhibitors. Andrology. 2023;11:257-69.

	141.	 Margiana R, Pilehvar Y, Amalia FL, Lestari SW, Supardi S, I’tishom R. 
Mesenchymal stem cell secretome: a promising therapeutic strategy for 
erectile dysfunction? Asian J Urol. 2024;11:391-405.

	142.	 Bahk JY, Jung JH, Han H, Min SK, Lee YS. Treatment of diabetic impo-
tence with umbilical cord blood stem cell intracavernosal transplant: 
preliminary report of 7 cases. Exp Clin Transplant. 2010;8:150-60.

	143.	 Yiou R, Hamidou L, Birebent B, Bitari D, Le Corvoisier P, Contremoulins I, 
et al. Intracavernous injections of bone marrow mononucleated cells for 
postradical prostatectomy erectile dysfunction: final results of the INSTIN 
clinical trial. Eur Urol Focus. 2017;3:643-5.

	144.	 Mirzaei M, Bagherinasabsarab M, Pakmanesh H, Mohammadi R, Tei-
mourian M, Jahani Y, et al. The effect of intracavernosal injection of stem 
cell in the treatment of erectile dysfunction in diabetic patients: a rando-
mized single-blinded clinical trial. Urol J. 2021;18:675-81.

	145.	 Protogerou V, Michalopoulos E, Mallis P, Gontika I, Dimou Z, Liakouras C, 
et al. Administration of adipose derived mesenchymal stem cells and 
platelet lysate in erectile dysfunction: a single center pilot study. Bioen-
gineering (Basel). 2019;6:21.

	146.	 Li PC, Ding DC. Stem-cell therapy in stress urinary incontinence: a 
review. Tzu Chi Med J. 2023;35:111-9.

	147.	 González Enguita C, Garranzo García-Ibarrola M, Tufet I Jaumont JJ, 
Garde García H, González López R, Quintana Franco LM, et al. Cell 
therapy in the treatment of female stress urinary incontinence: current 
status and future proposals. Life (Basel). 2024;14:861.

	148.	 Mahboubeh M, Hamid P, Azar D, Mohammad Ali B, Alireza F, Mohsen B. 
Short and medium-term results of the autologous adult mucosa stem cell 
therapy compared with mini-sling surgery in the treatment of women’s 
stress urinary incontinence; a randomized clinical trial. Curr Stem Cell 
Res Ther. 2023;18:276-83.

	149.	 Caroppo E, Colpi GM. Update on the management of non-obstructive 
azoospermia: current evidence and unmet needs. J Clin Med. 2021;11:62.

	150.	 Liu J, Jiang F, Jiang Y, Wang Y, Li Z, Shi X, et al. Roles of exosomes 
in ocular diseases. Int J Nanomedicine. 2020;15:10519-38.

	151.	 Moisseiev E, Anderson JD, Oltjen S, Goswami M, Zawadzki RJ, Nolta JA, 
et al. Protective effect of intravitreal administration of exosomes derived from 
mesenchymal stem cells on retinal ischemia. Curr Eye Res. 2017;42:1358-67.

	152.	 Zhang W, Wang Y, Kong Y. Exosomes derived from mesenchymal stem 
cells modulate miR-126 to ameliorate hyperglycemia-induced retinal 
inflammation via targeting HMGB1. Invest Ophthalmol Vis Sci. 
2019;60:294-303.

	153.	 Hajrasouliha AR, Jiang G, Lu Q, Lu H, Kaplan HJ, Zhang HG, et al. 
Exosomes from retinal astrocytes contain antiangiogenic components 
that inhibit laser-induced choroidal neovascularization. J  Biol Chem. 
2013;288:28058-67.

	154.	 Mead B, Tomarev S. Bone marrow-derived mesenchymal stem cells-de-
rived exosomes promote survival of retinal ganglion cells through miR-
NA-dependent mechanisms. Stem Cells Transl Med. 2017;6:1273-85.

	155.	 Tang Q, Lu B, He J, Chen X, Fu Q, Han H, et al. Exosomes-loaded 
thermosensitive hydrogels for corneal epithelium and stroma regenera-
tion. Biomaterials. 2022;280:121320.

	156.	 Bao H, Tian Y, Wang H, Ye T, Wang S, Zhao J, et al. Exosome-loaded 
degradable polymeric microcapsules for the treatment of vitreoretinal 
diseases. Nat Biomed Eng. 2024;8:1436-52.

	157.	 Limoli PG, Vingolo EM, Morales MU, Nebbioso M, Limoli C. Preliminary 
study on electrophysiological changes after cellular autograft in age-re-
lated macular degeneration. Medicine (Baltimore). 2014;93:e355.

	158.	 Nittala MG, Uji A, Velaga SB, Hariri AH, Naor J, Birch DG, et al. Effect 
of human central nervous system stem cell subretinal transplantation on 
progression of geographic atrophy secondary to nonneovascular age-re-
lated macular degeneration. Ophthalmol Retina. 2021;5:32-40.

	159.	 Park SS, Bauer G, Abedi M, Pontow S, Panorgias A, Jonnal R, et al. 
Intravitreal autologous bone marrow CD34+ cell therapy for ischemic and 
degenerative retinal disorders: preliminary phase 1 clinical trial findings. 
Invest Ophthalmol Vis Sci. 2014;56:81-9.

	160.	 Schwartz SD, Regillo CD, Lam BL, Eliott D, Rosenfeld PJ, Gregori NZ, 
et al. Human embryonic stem cell-derived retinal pigment epithelium in 
patients with age-related macular degeneration and Stargardt’s macular 
dystrophy: follow-up of two open-label phase ½ studies. Lancet. 
2015;385:509-16.

	161.	 Oner A, Gonen ZB, Sevim DG, Smim Kahraman N, Unlu M. Supracho-
roidal adipose tissue-derived mesenchymal stem cell implantation in 
patients with dry-type age-related macular degeneration and stargardt’s 
macular dystrophy: 6-month follow-up results of a phase 2 study. Cell 
Reprogram. 2018;20:329-36.

	162.	 Limoli PG, Vingolo EM, Limoli C, Scalinci SZ, Nebbioso M. Regenerative 
therapy by suprachoroidal cell autograft in dry age-related macular dege-
neration: preliminary in vivo report. J Vis Exp. 2018;132:56469.

	163.	 Li L, Yu Y, Lin S, Hu J. Changes in best-corrected visual acuity in patients 
with dry age-related macular degeneration after stem cell transplantation: 
systematic review and meta-analysis. Stem Cell Res Ther. 2022;13:237.



M. Azizoglu et al.  Stem cells and exosome

103

	164.	 Sastre-Alzamora T, Tomás-Gil P, Paublini H, Pallarés L, Ramírez-Ma-
nent JI, López-González AA. Relationship between heart age and car-
diometabolic risk scales in 139634 Spanish workers. Acad J Health Sci. 
2024;39:141-8.

	165.	 Flores-Morales A, Jacobo-Ruvalcaba A, Acevedo-Meléndez AC, Fernán-
dez-Muñoz MJ, Carmona-Ruiz HA, Borrayo-Sánchez G, et al. Infectious 
endocarditis without intracardiac devices or underlying structural heart 
disease. Cir Cir. 2023;91:535-41.

	166.	 Wu S, Yao L, Yan P, Bao Q, Dong X, Liu X, et al. Autologous bone 
marrow stem cell therapy for patients undergoing coronary artery bypass 
grafting: a meta-analysis of 14 randomized controlled trials. Exp Ther 
Med. 2019;17:2985-94.

	167.	 Brunskill SJ, Hyde CJ, Doree CJ, Watt SM, Martin-Rendon E. Route of 
delivery and baseline left ventricular ejection fraction, key factors of 
bone-marrow-derived cell therapy for ischaemic heart disease. Eur J 
Heart Fail. 2009;11:887-96.

	168.	 Torres García JC, Tárraga López PJ, Ramírez Gallegos I, Tarraga Mar-
cos A, López González AA, Ramírez-Manent JI. Relación entre actividad 
física y riesgo cardiovascular: una revisión sistemática. Acad J Health 
Sci. 2024;39:26-40.

	169.	 Mestre Font M, Busquets-Cortés C, Ramírez-Manent JI, Vallejos D, 
Sastre Alzamora T, López-González AA. Influence of sociodemographic 
variables and healthy habits on the values of cardiometabolic risk scales 
in 386924 Spanish workers. Acad J Health Sci. 2024;39:112-21.

	170.	 Patel AN, Geffner L, Vina RF, Saslavsky J, Urschel HC Jr., Kormos R, 
et al. Surgical treatment for congestive heart failure with autologous adult 
stem cell transplantation: a prospective randomized study. J Thorac Car-
diovasc Surg. 2005;130:1631-8.

	171.	 Song J, He K, Hou J. Autologous bone marrow stem cell transplantation 
for patients undergoing coronary artery bypass grafting: a meta-analysis 
of 22 randomized controlled trials. J Cardiothorac Surg. 2022;17:167.

	172.	 Qi Z, Liu S, Duan F. Effects of bone marrow mononuclear cells delivered 
through a graft vessel in patients with previous myocardial infarction and 
chronic heart failure: an echocardiographic study of left ventricular dyssy-
nchrony. J Clin Ultrasound. 2018;46:512-8.

	173.	 Ulus AT, Mungan C, Kurtoglu M, Celikkan FT, Akyol M, Sucu M, et al. 
Intramyocardial transplantation of umbilical cord mesenchymal stromal 
cells in chronic ischemic cardiomyopathy: a controlled, randomized clini-
cal trial (HUC-HEART Trial). Int J Stem Cells. 2020;13:364-76.

	174.	 Kolte D, Abbott JD, Aronow HD. Interventional therapies for heart failure 
in older adults. Heart Fail Clin. 2017;13:535-70.

	175.	 Bozkurt B. Contemporary pharmacological treatment and management 
of heart failure. Nat Rev Cardiol. 2024;21:545-55.

	176.	 Groenewegen A, Rutten FH, Mosterd A, Hoes AW. Epidemiology of heart 
failure. Eur J Heart Fail. 2020;22:1342-56.

	177.	 Hosseinpour A, Kamalpour J, Dehdari Ebrahimi N, Mirhosseini SA, Sade-
ghi A, Kavousi S, et al. Comparative effectiveness of mesenchymal stem 
cell versus bone-marrow mononuclear cell transplantation in heart failure: 
a meta-analysis of randomized controlled trials. Stem Cell Res Ther. 
2024;15:202.

	178.	 Henry TD, Traverse JH, Hammon BL, East CA, Bruckner B, Remmers AE, 
et al. Safety and efficacy of ixmyelocel-T: an expanded, autologous mul-
ti-cellular therapy, in dilated cardiomyopathy. Circ Res. 2014;115:730-7.

	179.	 Martino H, Brofman P, Greco O, Bueno R, Bodanese L, Clausell N, et al. 
Multicentre, randomized, double-blind trial of intracoronary autologous 
mononuclear bone marrow cell injection in non-ischaemic dilated car-
diomyopathy (the dilated cardiomyopathy arm of the MiHeart study). Eur 
Heart J. 2015;36:2898-904.

	180.	 Bartolucci J, Verdugo FJ, Carrion F, Abarzúa E, Goset C, Lamich R, 
et al. Long-term results of intracoronary transplantation of autologous 
bone marrow cells in dilated cardiomyopathy. Rev Med Chil. 
2015;143:415-23.

	181.	 Frljak S, Jaklic M, Zemljic G, Cerar A, Poglajen G, Vrtovec B. CD34(+) 
cell transplantation improves right ventricular function in patients with 
nonischemic dilated cardiomyopathy. Stem Cells Transl Med. 
2018;7:168-72.

	182.	 Sant’Anna RT, Fracasso J, Valle FH, Castro I, Nardi NB, Sant’Anna JR, 
et al. Direct intramyocardial transthoracic transplantation of bone marrow 
mononuclear cells for non-ischemic dilated cardiomyopathy: INTRA-
CELL, a prospective randomized controlled trial. Rev Bras Cir Cardio-
vasc. 2014;29:437-47.

	183.	 Tao S, Yu L, Li J, Wu J, Yang D, Xue T, et al. Stem cell therapy for 
non-ischemic dilated cardiomyopathy: a systematic review and 
meta-analysis. Syst Rev. 2024;13:276.

	184.	 Vrtovec B, Poglajen G, Lezaic L, Sever M, Domanovic D, Cernelc P, 
et al. Effects of intracoronary CD34+ stem cell transplantation in nonis-
chemic dilated cardiomyopathy patients: 5-year follow-up. Circ Res. 
2013;112:165-73.


