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Abstract 

Peritoneal fibrosis (PF) is a pathophysiological condition caused by a variety of pathogenic factors. The most impor-
tant features of PF are mesothelial–mesenchymal transition and accumulation of activated (myo-)fibroblasts, which 
hinder effective treatment; thus, it is critical to identify other practical approaches. Recently, stem cell (SC) therapy 
has been indicated to be a potential strategy for this disease. Increasing evidence suggests that many kinds of SCs 
alleviate PF mainly by differentiating into mesothelial cells; secreting cytokines and extracellular vesicles; or modulat-
ing immune cells, particularly macrophages. However, there are relatively few articles summarizing research in this 
direction. In this review, we summarize the risk factors for PF and discuss the therapeutic roles of SCs from differ-
ent sources. In addition, we outline effective approaches and potential mechanisms of SC therapy for PF. We hope 
that our review of articles in this area will provide further inspiration for research on the use of SCs in PF treatment.
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Introduction
Peritoneal fibrosis (PF) is a common peritoneal lesion 
caused by numerous pathological conditions in clinical 
practice. For instance, progressive fibrosis may eventually 
develop in 50% of peritoneal dialysis (PD) patients. Cur-
rently, PD accounts for approximately 11% of all forms 
of life-sustaining renal replacement therapy worldwide 
[1, 2], and chronic PF-related ultrafiltration failure has 
become a significant factor in PD patient dropout rates. 
Furthermore, chronic stomach pain, female infertility 
and mechanical intestinal obstruction can be caused by 

peritoneal adhesions due to acute postoperative PF. These 
factors bring tremendous pain and stress to the patient as 
well as a huge economic burden to society.

PF is characterized by peritoneal mesothelial cell 
(PMC) loss, angiogenesis, increased myofibroblast num-
bers and abnormal production of extracellular matrix 
(ECM) proteins, resulting in progressive thickening of the 
peritoneal membrane (PM) submesothelial compact zone 
[3]. During this process, mesothelial–mesenchymal tran-
sition (MMT) has been shown to play a significant role 
in the induction of fibrosis and the subsequent functional 
deterioration of the PM. Current treatments to minimize 
this process mainly include improving PD catheter place-
ment techniques, improving the biocompatibility of peri-
toneal dialysis solution (PDS) and using pharmacological 
agents such as tamoxifen, which has been used to allevi-
ate peritoneal inflammation and fibrosis [4, 5]. However, 
these approaches may have limitations and unfavourable 
side effects, such as gastrointestinal reactions to drugs, 
and they are only partially effective. Thus, it is crucial to 
conduct research on other methods of PF prevention, 
such as cell-based therapy.
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In recent years, research on stem cells (SCs) has rap-
idly increased to support the use of SCs in clinical appli-
cations. SCs are biological units that are responsible for 
the development and regeneration of organ and tissue 
systems, and they have received much attention in the 
fields of differentiation, transplantation and the immune 
response in the contexts of various diseases [6]. Many 
studies have shown that SCs can alleviate PF in  vivo 
and in  vitro, and relevant clinical trials have also been 
reported, with mesenchymal SCs (MSCs) being the most 
extensively studied. However, the function and mecha-
nism of SCs in PF have not been thoroughly summarized. 
In this review, we discuss the risk factors for PF and pro-
vide a brief overview of the therapeutic potential of avail-
able SCs for this disease process.

Risk factors for peritoneal fibrosis
The peritoneum is a serosal membrane that forms the 
lining of the abdominal cavity. It is made up of a con-
tinuous monolayer of mesodermal-derived cells called 
mesothelial cells (MCs). MCs are epithelial-like cells that 
are supported by a submesothelial region composed of 
a thin layer of connective tissue containing lymphatics, 
blood vessels, resident inflammatory cells and fibroblast-
like cells [7]. The development of PF is attributed mainly 
to increased accumulation of activated myofibroblasts. 
It has been well demonstrated that active (myo-)fibro-
blasts, which are stimulated by a variety of fibrogenic 
cytokines in the injured environment, are the dominant 
collagen-producing cells during organ fibrosis [8], gen-
erating an excessive amount of ECM and leading to the 
destruction of normal tissue architecture. The sources of 
active fibroblasts are varied and can include local inter-
stitial fibroblasts, bone marrow-derived circulating fibro-
cytes, pericytes (or perivascular fibroblasts), endothelial 
cells, local mesenchymal progenitor cells and pathologi-
cal MCs, which produce active fibroblasts via a process 
known as MMT [9–11].

It is thought that MMT starts in the context of organ 
fibrosis as a component of a repair process that typically 
produces fibroblasts and other related cells to rebuild tis-
sues after injury and ceases once the stimuli are attenu-
ated. However, MMT can pathologically continue and 
react to stimuli, ultimately resulting in tissue struc-
ture breakdown and fibrosis. MMT is complicated and 
involves several processes. (1) During the depolymeriza-
tion of intercellular junctions, tight junctions (composed 
of proteins such as zonula occludens-1, ZO-1) and adhe-
sion junctions (composed of proteins such as E-cadherin) 
between MCs are loosened, while mesenchymal junc-
tional proteins (composed of proteins such as N- and 
OB-cadherin) are strengthened. The microvilli vanish as 
the cell loses polarity. (2) Cytoskeletal remodelling and 

increased expression of α-SMA and FSP1 occur. During 
MMT, keratin expression is reduced, vimentin expression 
is increased, and fibroblast-specific protein-1 (FSP1) and 
α-smooth muscle actin (α-SMA) are resynthesized. (3) 
Basement membrane disruption promotes cell invasion 
and migration. The integrity of the basement membrane 
of MCs is an important structural basis for maintenance 
of morphology, and disruption of basement membrane 
integrity triggers MMT [11–13].

There are numerous risk factors that contribute to 
these changes in the peritoneal mesothelium, which are 
illustrated in Fig. 1.

Infectious peritonitis
Peritonitis is the main cause of induced PF. Infectious 
agents primarily damage the peritoneum via innate pat-
tern recognition receptors (PRRs) on the peritoneum. 
PRRs recognize pathogens by interacting with mole-
cules that are shared by all microbial species, which are 
referred to as pathogen-associated molecular patterns 
(PAMPs) [14].

Infectious peritonitis is the most significant side effect 
of PD [15]. During PD, indications of fibrosis are discov-
ered in 50 to 80% of patients within one or two years [16]. 
Gram-positive bacteria that translocate from the skin and 
Gram-negative bacteria from intestine are responsible for 
the bulk of peritonitis episodes in PD patients [29]. Fungi 
also play an important role; while PD-related fungal peri-
tonitis is uncommon, it has the worst prognosis due to 
the associated severe inflammation [17]. Joel Zindel [18] 
et al. demonstrated that bacterial contamination triggers 
mesothelial epidermal growth factor receptor (EGFR) 
signalling in PF caused by abdominal surgery, which 
induces MCs to produce myofibroblasts and further 
causes postsurgical peritoneal adhesion development. 
In addition, there have been few reports on the roles of 
viruses, but their effects cannot be ignored.

Bioincompatibility of PDS and sterile inflammation
The partial bioincompatibility of PDS may stimulate 
fibrosis, oxidative stress and a microinflammatory state 
in the peritoneum, leading to progressive morphological 
and functional changes in the peritoneum. This process 
includes deterioration of the mesothelium, shedding of 
MCs and loss of the underlying basement membrane [16, 
19].

Traditional PDS features a low pH and a hyperos-
motic and hyperglycaemic state. Glucose oxidation may 
generate harmful glucose degradation products (GDPs), 
which are highly reactive carbonyls that can be toxic to 
cells to varying degrees and can impact the proliferation 
and viability of MCs. In addition, advanced glycosyla-
tion end products (AGEs) formed by glucose and reactive 
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carbonyl compounds can attach to free amino groups on 
proteins or lipids [20] and contribute to peritoneal patho-
physiological alterations.

High glucose and its byproducts have been demon-
strated to promote MC changes and PF by inducing a 
microinflammatory state in the peritoneum [21, 22]. 
These factors can lead to oxidative stress in cells, which 
can increase the synthesis and reduce the clearance of 
reactive oxygen species (ROS), resulting in a significant 
buildup of ROS in living tissue. By recognizing damage-
associated molecular patterns (DAMPs) generated by 
cellular stress, Toll-like receptors (TLRs) mediate ster-
ile inflammation [23]. ROS promote aseptic peritoneal 
inflammation by triggering TLRs, activating the nuclear 
factor-κB (NF-κB) signalling pathway [24] and induc-
ing the expression of genes related to inflammation 
and the secretion of many inflammatory and profi-
brotic cytokines, such as IL-6, IL-17, IL-1β, transform-
ing growth factor-β1 (TGF-β1) and vascular endothelial 
growth factor (VEGF) [25]. These factors have cytotoxic 
effects on MCs, causing peritoneal mesothelial exfolia-
tion and decreases in intercellular junctional protein lev-
els, resulting in peritoneal hyperpermeability [26].

It has recently been shown [27] that high-glucose PDS 
(HGPDS) can cause MC apoptosis and autophagy. This 

stimulation also promotes MMT and fibrosis, which 
leads to matrix deposition, thickening of the submeso-
thelial space and increased vascular density, thus increas-
ing permeability and ultimately resulting in PF [28].

Biomechanical injury
A substantial body of evidence has shown that, in addi-
tion to external biochemical mediators, biomechanical 
stresses can affect cellular physiopathological reactions 
[29]. Changes in the biomechanical properties of the 
ECM, such as changes in ECM stiffness, can alter cell 
states that are important drivers of the fibrotic response 
[30].

The PM is constantly exposed to biomechanical stimuli 
while exposed to PDS. Injection of significant volumes of 
PDS is necessary for PD. Enlarging the abdominal cavity 
and mechanically stretching MCs results in mechani-
cal stress. Following abdominal laparotomy, the PM may 
sustain further mechanical perturbations [18, 31]. Recent 
research has shown that subjecting MCs to linear cyclic 
stretch in vitro causes numerous cellular alterations that 
are consistent with MMT induction. A model that incor-
porates these experimental results has predicted that 
MMT can be induced when biomechanical and meta-
bolic signals interact [32].

Fig. 1 Risk factors that contribute to PF and MMT. Many factors cause MMT, including infectious peritonitis, bioincompatibility of PDS, sterile 
inflammation and biomechanical injury. PDS peritoneal dialysis solution, MMT mesothelial–mesenchymal transition, MCs mesothelial cells, BM 
basement membrane, ECM extracellular matrix, ZO-1 zonula occludens-1, α-SMA α-smooth muscle actin. Created with BioRender.com
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Sources of stem cells and new treatments
SCs contain many types and can be isolated from a wide 
variety of tissues [33], and are suitable for experimental 
and potentially clinical applications. Many studies have 
shown that SCs are effective treatments for animal mod-
els of PF, and clinical trials have been attempted. The 
sources of SCs and novel treatments for SCs are sum-
marized in  Fig.  2. We also list the SC types that have 
received the most attention in terms of treatment and 
their associated studies in Table 1.

Stem cells from different sources
There are many sources from which SCs can be collected, 
including bone marrow, placenta, the umbilical cord, 
amniotic fluid, adipose tissue, liver and muscle [51–53]. 
Numerous studies have demonstrated how SCs from var-
ious sources can alleviate PF, indicating potential applica-
tions in the treatment of PF.

MSCs have received the most research attention as a 
result of their general availability and ease of isolation, 

culture, expansion and preparation in high numbers for 
use in treatments. Bone marrow MSCs (BM-MSCs) and 
adipose-derived MSCs (AD-MSCs) are now the most 
widely studied and used SCs. Intraperitoneal infusion of 
BM-MSCs can inhibit inflammation and ameliorate 
PF by decreasing TGF-β1-induced MMT via paracrine 
effects [54]. TGF-β1 has been shown to be a robust profi-
brotic cytokine and the most prominent inducer of MMT 
in tissues and organs. When its effect is blocked by inhib-
itory peptides, the morphology and functionality of the 
peritoneum are protected. Moreover, Costalonga et  al. 
[55] showed that AD-MSCs exhibited antifibrotic and 
anti-inflammatory immunomodulatory effects to inhibit 
PF in a uraemic rat PF model. Suppression of MMT by 
AD-MSCs in the early stages of tissue repair in an experi-
mental PF model has also been demonstrated [56], with 
significant downregulation of the mRNA expression of 
MMT markers such as tumour necrosis factor α (TNF-
α), IL-1β, monocyte chemotactic protein-1 (MCP-1), 
snail and α-SMA. A clinical study by Alatab et  al. [57] 

Fig. 2 Sources of SCs, novel treatments using SCs and potential mechanisms of SC-based therapy in PF. There are many different sources of SCs, 
such as bone marrow, adipose tissue, umbilical cord, PDS, urine and amniotic fluid. Pretreatment and genetic modification can also be used 
to enhance the effects of SCs. SCs act through multiple mechanisms, including by affecting the differentiation of MCs, exerting paracrine effects 
and regulating inflammatory responses. MMT mesothelial–mesenchymal transition. Created with BioRender.com
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showed that autologous AD-MSCs alleviated fibrotic 
conditions in PD patients with expected PF, verifying the 
feasibility and safety of AD-MSCs for use in PD patients. 
In addition, regarding the potential differences in treat-
ments using the two most widely studied MSCs, in vivo 
rat experiments by Yang et  al. [43] have revealed that 
AD-MSCs and BM-MSCs attenuate dialysis-induced PF 
and that AD-MSCs induce a more pronounced ameliora-
tive effect than BM-MSCs on PM thickening while also 
upregulating epithelial cell markers in rat peritoneal tis-
sues. These studies demonstrate that both AD-MSCs and 
BM-MSCs have significant and universal anti-PF effects, 
but it seems that AD-MSCs are more effective and have 
progressed faster in clinical application.

The role of umbilical cord-derived MSCs (UC-MSCs) 
in alleviating PF is also well known. However, even 
when the umbilical cord is the source, there is a degree 
of variability among MSCs from different parts of the 
cord, such as the umbilical cord membrane, subum-
bilical cord membrane, perivascular cord and Whar-
ton’s jelly; Wharton’s jelly has the highest MSC levels 
and the MSCs with the greatest proliferative capac-
ity. Experimental studies [58] have shown that direct 
intraperitoneal transplantation of human UC-MSCs 
from Wharton’s jelly (WJ-MSCs) into rats inhibits the 

development of peritoneal thickening, fibrosis and 
inflammation caused by PD and methylglyoxal. More-
over, Dymowska et  al. [59] discovered that WJ-MSCs 
can interact with macrophages in a reciprocal manner, 
driving M1-like (i.e. classically activated) proinflam-
matory macrophages towards the M2-like (i.e. alter-
natively activated) anti-inflammatory phenotype. In 
addition, compared to BM-MSCs, WJ-MSCs are sig-
nificantly more responsive to macrophage chemotac-
tic signals, demonstrating that the source of SCs can 
slightly but significantly alter SC behaviour. The safety 
and efficacy of the clinical use of UC-MSCs are being 
researched. A clinical study by Jiang et al. [60] revealed 
that UC-MSC treatment partially improved clinical 
indicators in patients undergoing continuous ambula-
tory PD (CAPD). Researchers have also discovered that 
UC-MSC treatment can attenuate inflammatory reac-
tions and increase the level of EPO, which has antioxi-
dant, antiapoptotic and anti-inflammatory properties 
[61]. The anti-PF effects of UC-MSCs have been fully 
verified in basic experiments, while clinical applications 
have demonstrated only that UC-MSCs have a certain 
anti-inflammatory effect in PD patients; their possi-
ble antifibrotic effect has not been directly confirmed. 
Thus, further research is needed.

Table 1 Major stem cell types used for therapy and possible mechanisms

A brief list of the major stem cell types used for therapy and their possible mechanisms, as well as some examples of relevant studies

SCs stem cells, MSCs mesenchymal stem cells, BM-MSCs bone marrow MSCs, MCs mesothelial cells, AD-MSCs adipose-derived MSCs, HGF hepatocyte growth factor, 
PF peritoneal fibrosis, PDS peritoneal dialysis solution, pMSCs MSCs in PDS, PMC peritoneal mesothelial cell, EVs extracellular vesicles, UC-MSCs umbilical cord-derived 
MSCs, MMT mesothelial–mesenchymal transition, IDO indoleamine 2,3-dioxygenase, USCs urine-derived SCs, PGE2 prostaglandin E2, HSCs haematopoietic SCs, AFSCs 
amniotic fluid SCs

Types of SCs Possible mechanisms Examples

MSCs Settlement and differentiation BM-MSCs can differentiate into MCs that participate in peritoneal repair and remodelling [34]

Secretion of cytokines acts on MCs AD-MSCs release HGF and reduce PF by promoting the migration and proliferation of MCs [35]
The secretome and soluble factors from pMSCs have shown a significant decrease in PMC death 
when exposed to PDS [36]

Secretion of EVs Exosomes from BM-MSCs carry a series of miRNAs with different functions and effectively prevent 
PF [37]
EVs from AD-MSCs can induce rat PMC proliferation and migration via stimulation of the MAPK–
ERK1/2 and PI3K–AKT axes [38]
Exosomal lncRNA GAS5 derived from UC-MSCs can alleviate MMT through the Wnt/β-catenin 
signalling pathway [39]

Immunoregulation BM-MSCs secrete IL-6, IDO and exosomes that affect M2 macrophage differentiation [40–42]
AD-MSCs attenuate PF by modulating macrophage polarization via IL-6 [43]
Preconditioning of MSCs with serum-free culture conditions, IL-1β, IFN-γ, Leishmania major soluble 
antigens and melatonin can promote anti-inflammatory properties in peritoneal macrophages 
and reduce PF [40, 44–46]
SIRT1-modified MSCs can attenuate inflammation and PF through the TGF-β/Smad3 pathway [47]

USCs Secretion of EVs Exosomes from USCs alleviate tissue fibrosis via regulating miR-301b-3p/TGF-βR1 pathway [48]

Immunoregulation USCs downregulate the Th1/Th17 immune responses in a PGE2-dependent manner and reduce 
inflammation [49]

HSCs Settlement and differentiation HSCs that originate from the bone marrow have the ability to transform into MCs for repairing 
and remodelling the peritoneum [34]

AFSCs Immunoregulation Paracrine factors produced by AFSCs cause M1-M2 macrophage polarization in a cell contact-
independent way and exhibit anti-inflammatory properties [50]
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Among SCs from the aforementioned sources, MSCs 
isolated from adipose tissue and bone marrow must be 
obtained by invasively, and MSCs isolation from the 
umbilical cord may raise ethical issues, thus limiting 
the clinical availability of these SCs. Recently, the pres-
ence of MSCs in PDS (called pMSCs) has been described 
[62]. pMSCs express essential markers and exhibit the 
biological characteristics of MSCs [63], suggesting that 
discarded PDS can provide a practical source of MSCs 
for large-scale clinical applications due to the large pool 
of PD patients. Moreover, pMSCs have also been shown 
to alleviate PF. In a rat model of biologically incompat-
ible PDS induction, treatment with pMSCs prevented 
ultrafiltration loss and reduced PM injury and vas-
cularity. In  vitro incubation with pMSC-conditioned 
medium (CM) prevented death in cultured human PMCs 
(HPMCs) and decreased proinflammatory gene expres-
sion while increasing anti-inflammatory gene expression 
[64]. A study by Du et al. [36] published in 2021 showed 
that compared to UC-MSCs, pMSCs may more potently 
prevent PDS-induced PM injury; this effect is associ-
ated with higher resistance of pMSCs than UC-MSCs to 
uraemic toxins in culture and a greater reduction in PMC 
death by the secretome and soluble factors from pMSCs 
than by those from UC-MSCs in response to PDS expo-
sure. The pMSCs represent a relatively novel type of SCs 
that are closely related to the peritoneum, and their rela-
tively convenient accessibility and considerable therapeu-
tic effects have made them promising options for anti-PF 
approaches. Thus, pMSCs are worthy of more in-depth 
studies and attempts at clinical application.

Some of the more well-known SCs studied in recent 
years are urine-derived SCs (USCs). USCs are popula-
tions of urine-derived cells with the capacity for multidi-
rectional differentiation whose biological characteristics 
are comparable to those of MSCs and embryonic SCs. 
USCs have several advantages over the MSCs men-
tioned previously, including the following: (1) they can 
be obtained regardless of a person’s age, sex or health 
status (except for those with urinary tract infections 
and anuria); (2) they can be collected using simple, safe, 
low-cost and noninvasive procedures; (3) pure SCs are 
easier to isolate without the need for an enzymatic diges-
tion process; and (4) they show telomerase activity, ena-
bling them to produce more cells than other SC types 
[65]. Additionally, as has been repeatedly described for 
MSCs, USCs also exhibit immunomodulatory properties 
[66]. Kang et  al. [67] compared USCs to AD-MSCs and 
discovered that USCs had greater proliferation capacity, 
higher expression of SC markers and greater immune cell 
suppression efficiency. Furthermore, it has been dem-
onstrated that USCs exert tissue-protective effects via 
anti-inflammatory, anti-oxidative stress and antifibrotic 

mechanisms. USCs significantly reduce the expression 
of the fibrogenic factor TGF-β1 and elevate the expres-
sion of superoxide dismutase 1 (SOD-1), an important 
mediator that inhibits free radical-induced tissue dam-
age, in mice with chronic kidney disease [68]. USCs sup-
press Th1 and Th17 immune responses in rodent models 
of inflammatory bowel disease, which further demon-
strates their capacity to reduce inflammation and pre-
vent fibrosis [49]. Studies in recent years [48, 69, 70] have 
also shown the involvement of USCs and their paracrine 
compounds in reducing bladder, cardiac, penile and glo-
merular fibrosis, but these studies have not examined the 
roles of USCs in other types of tissue fibrosis. The immu-
nomodulatory and antifibrotic properties of USCs may 
contribute to PF, but additional research is needed to 
confirm this hypothesis.

Furthermore, there are also other SCs that contrib-
ute to reducing tissue fibrosis. Shen et al. [71] identified 
a new source of autologous human haematopoietic SCs 
(HSCs) in PDS from patients with end-stage renal disease 
(ESRD) and found that, in contrast to cord blood-derived 
HSCs, PD-derived HSCs were able to repopulate the per-
itoneal cavity with myeloid cells and B lymphocytes. This 
may benefit the immune response to infections and play 
a role in combating frequent peritonitis. HSCs are bone 
marrow-derived cells that can  differentiate into MCs 
for peritoneal repair and remodelling [34]. The effects 
of HSCs alone on PF have not been reported, but their 
function in alleviating the progression of liver fibrosis has 
been studied [72], and HSCs are known to inhibit fibrosis 
and apoptosis by secreting bioactive factors that suppress 
the local immune response. We therefore hypothesize 
that HSCs may affect PF, which needs to be confirmed by 
further studies.

Amniotic fluid is another source of SCs [50], and parac-
rine factors released by human amniotic fluid SCs (hAF-
SCs) induce M1-M2 macrophage polarization in a cell 
contact-independent manner, showing anti-inflamma-
tory effects.

These animal and clinical studies suggest that SCs may 
alleviate PF and be effective treatment options. The effi-
cacy of SCs in combating fibrosis varies slightly among 
SCs from different sources, so thorough research on 
more practical and convenient SC therapies is warranted.

Pretreatments enhance the therapeutic effects of stem 
cells
When SCs are cultured in  vitro, the culture medium 
and additives (such as glucose, growth factors, lipids 
and vitamins), as well as the culture conditions (such 
as the oxygen concentration in the incubator, the pres-
ence of cell-dissociating agents and the density of inocu-
lated cells), typically affect the proliferative capacity and 
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activity of SCs [73]. In addition, the hostile microenviron-
ment created by in vivo transplantation severely reduces 
SC regeneration. As a result, primary SCs or unprepared 
SCs frequently fail to produce the desired therapeu-
tic effects because of poor homing capacity, low post-
transplant survival and cellular senescence or decreased 
viability during in vitro culture. Pretreatment with chem-
icals, cytokines, hypoxia and inflammatory factors, on 
the other hand, has garnered widespread attention as 
an enhancement strategy. Pretreatment stimulates SC 
activation by incorporating features of physiological and 
pathological microenvironments not only to protect SCs 
from damage but also to improve SC homing capacity, 
survival and paracrine effects in vitro and in vivo [74, 75], 
thereby improving the ability to alleviate PF.

A study by Nagasaki et  al. [44] published in 2021 
showed that, compared with MSCs cultured in medium 
containing 10% foetal bovine serum (FBS), MSCs pre-
treated with serum-free culture conditions exhibited 
enhanced antifibrotic ability. This enhancement was 
mediated by suppression of inflammatory cell infiltra-
tion through upregulation of the expression of TNF-α-
induced protein 6 (TSG-6). TSG-6 secreted by MSCs has 
been reported to play an important role in suppressing 
the infiltration of inflammatory cells induced by tissue 
injury at an early phase [76, 77]. In addition, the pre-
treated MSCs more effectively induced the conversion of 
M1 macrophages to M2 macrophages.

Philipp et  al. [40] found that murine MSCs that were 
preconditioned with IL-1β and IFN-γ could release large 
quantities of NO, IL-6 and prostaglandin E2 (PGE2), 
while IL-6 could significantly enhance the ability of these 
cells to regulate macrophage characteristics and induce 
immunosuppression. Other studies [78] have supported 
this combination technique; for example, pretreatment 
of human umbilical cord blood-derived MSCs (hUCB-
MSCs) with IL-1β and IFN-γ has been found to increase 
PGE2 secretion and indoleamine 2,3-dioxygenase (IDO) 
activity and increase the ability of hUCB-MSCs to modu-
late the immune system.

Han et al. [63] characterized pMSCs after expansion in 
human protein culture medium rather than conventional 
FBS-containing culture medium, which may pose several 
safety concerns, and showed that isolated pMSCs could 
expand into spheroids. Studies have revealed that SC 
spheroids significantly increase the therapeutic potential 
of SCs, enhancing anti-inflammatory effects and promot-
ing tissue regeneration and repair [79]. This raises the 
possibility of mass producing pMSC spheroids for use in 
treating PD and other clinical applications.

Additionally, one study has reported [45] that MSCs 
pretreated with Leishmania major soluble antigens can 

induce anti-inflammatory properties in mouse peritoneal 
macrophages.

Various pretreatment methods have been shown to 
improve the capacity and therapeutic efficacy of SCs, so 
cell-based pretreatment is a promising topic for future 
research.

Genetic modification enhances the therapeutic effects 
of stem cells
To increase SC differentiation, immunomodulation, 
homing and other repair-related capacities, a variety of 
genes and microRNAs with clearly defined biological 
activities can be inserted into SCs using viral or nonviral 
vectors. The combination of SC therapies and biotech-
nology is a promising area in tissue damage and wound 
healing.

SIRT1 is a nicotinamide adenosine dinucleotide 
(NAD)-dependent deacetylase that is involved in regu-
lating a variety of physiological functions and has been 
shown to have a therapeutic role in PF [80]. Guo et  al. 
[47] overexpressed SIRT1 in human umbilical cord-
derived MSCs (hUC-MSCs) and demonstrated that 
SIRT1-modified hUC-MSCs exhibit improved paracrine 
and posttranscriptional modification abilities that atten-
uate peritoneal inflammation and fibrosis through the 
TGF-β/Smad3 pathway.

In addition, genetically modifying SCs can enhance 
their immunomodulatory effects, thereby increasing their 
therapeutic effects. For instance, MSCs overexpressing 
IL-35 have an increased immunosuppressive capacity, as 
IL-35-MSCs have been shown to induce CD4 + T cells to 
produce the anti-inflammatory factor IL-10 [81, 82]. The 
therapeutic effects of MSCs on organ injury and inflam-
mation are also enhanced by overexpression of TGF-β1 
due to a decrease in macrophage infiltration and induc-
tion of macrophage phenotypic transformation, and 
overt transfer of macrophages treated with TGF-β1-
overexpressing MSCs reduces organ injury [83]. There-
fore, modifying certain genes is a potential new approach 
to treating PF.

Mechanisms of stem cell‑based therapy
The major mechanisms of SC therapy for PF involve par-
acrine activity to accelerate healing or differentiation 
into functional repair cells such as MCs that replace the 
injured tissue. According to previous studies, paracrine 
action may be the more important mode of action; in this 
mechanism, SCs either directly act on MCs by secreting 
cytokines, extracellular vesicles (EVs), etc., or indirectly 
act through immunomodulatory mechanisms to alleviate 
PF. The potential mechanisms of SC-based therapy in PF 
are shown in Fig. 2. We also list the possible mechanisms 
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of the major therapeutic strategies for SCs and their 
recent relevant studies in Table 1.

Settlement and differentiation
SCs have the potential for plasticity and multidirectional 
differentiation. SCs migrate to the site of tissue damage 
and differentiate to replace damaged cells in response 
to certain chemokines, thus acting as tissue regenera-
tors and repairers. Fan et  al. [58] significantly alleviated 
PF in a methylene glycol-induced rat model by intra-
peritoneally injecting the rats with WJ-MSCs. Surviving 
MSCs were found in the peritoneum in the rats 3 weeks 
after injection, indicating that the SCs could migrate into 
injured peritoneal tissue to exert their reparative effects. 
Additionally, after colonizing injured tissues, SCs can 
develop into specific functional cells and begin exert-
ing their effects. Chen et al. [84] found that transplanted 
bone marrow-derived SCs not only attached to the peri-
toneum but also changed morphologically into PMCs. 
Bone marrow-derived SCs include MSCs, haematopoi-
etic SCs, epithelial progenitor cells and others, and trans-
plantation of these cells can be used to treat PF. Sekiguchi 
et al. [34] further demonstrated that c-Kit-positive bone 
marrow-derived SCs were detectable in the peritoneum 
in PF model mice with chlorhexidine gluconate (CG)-
induced injury and were able to differentiate into MCs 
that participated in peritoneal repair and remodelling. It 
is therefore clear that the direct migration and multidi-
rectional differentiation potential of SCs play a role in the 
repair of peritoneal injury. However, it has been noted 
that after intravenous SC injection, cells primarily accu-
mulate in the endothelium of lung vessels [85]. Similarly, 
SCs that are intraperitoneally injected into the injured 
peritoneal region do not significantly colonize the area of 
injury but are found mainly in the liver and spleen, sug-
gesting that settlement and differentiation may not be the 
main mechanisms of action of SCs.

Effects of stem cell‑derived cytokines
As research progresses, it is becoming more evident that 
the paracrine effects of SCs may be more important than 
their multidirectional differentiation potential [86]. By 
secreting various cytokines, SCs act on MCs and inhibit 
MMT to ameliorate PF. Several studies [40, 41, 87–89] 
have demonstrated that SCs can produce a wide range 
of cytokines, such as hepatocyte growth factor (HGF), 
IL-6, IL-4, IL-10, TSG-6 and IDO. Table 2 lists the major 
cytokines secreted by SCs that mediate their functions 
and the corresponding receptors and receptor cells. The 
cytokines that act on immune cells will be emphasized 
later in the section on immunoregulatory mechanisms.

Wang et al. [87] found that MSCs can attenuate perito-
neal injury by repairing MCs and reducing inflammation 
and fibrosis via secretion of TSG-6.

HGF is an antifibrotic cytokine that exerts therapeutic 
potential by interfering with TGF-β1 signalling and pre-
venting tissue fibrosis [95]. Experimental studies [35, 96] 
have confirmed that SCs release HGF, which reduces per-
itoneal adhesion and fibrosis by promoting the migration 
and proliferation of MCs; the mechanism may involve an 
antiapoptotic effect of HGF that reduces peritoneal tissue 
damage [91].

Furthermore, SCs can exert anti-inflammatory effects 
by increasing the levels of anti-inflammatory cytokines 
(IL-10, etc.) and decreasing those of proinflammatory 
cytokines (IL-1a, IL-6, IL-17, TNF-α, IFN-γ, etc.) [97], 
thereby reducing peritoneal damage.

Effects of stem cell‑derived extracellular vesicles
SCs can also play paracrine roles by secreting EVs. 
Based on the size of the vesicles and the method of 
cellular release, EVs can be broadly classified into 
three subtypes: exosomes (30–130  nm), microvesicles 
(100–1000  nm) and apoptotic vesicles (50–4000  nm) 
[98]. However, there is a lack of a unique method to 
distinguish among the three subtypes of EVs due to 
the overlapping size, density and membrane composi-
tion of the EVs [99]. SC-derived EVs are considered a 
cell-free product and can be obtained from the con-
ditioned medium of SCs [100]. Several studies have 
shown [101, 102] that EVs transmit proteins, lipids 
and nucleic acids between various cell types, par-
ticipate in critical biological processes and mediate 

Table 2 Major cytokines produced by stem cells and their 
receptors

A brief list of the major cytokines secreted by stem cells in attenuating 
peritoneal fibrosis and the corresponding receptors and receptor cells

SCs stem cells, MSCs mesenchymal stem cells, TSG-6 tumour necrosis factor-
α-induced protein 6, AD-MSCs adipose-derived MSCs, AFSCs amniotic fluid 
SCs, HGF hepatocyte growth factor, c-Met cellular mesenchymal–epithelial 
transition factor, BM-MSCs bone marrow MSCs, PGE2 prostaglandin E2, EP2 
prostaglandin E2 receptor 2, EP4 prostaglandin E2 receptor 4, USCs urine-
derived SCs, IDO indoleamine 2,3-dioxygenase

Cytokine Secretory cell Cytokine receptor Receptor cell

TSG-6 MSCs [87, 90],
AFSCs [50, 89]

CD44 [90] Macrophages

HGF AD-MSCs [35] c-Met [91] Mesothelial cells

IL-6 AD-MSCs [43],
BM-MSCs [40]

IL-6R [40] Macrophages

PGE2 MSCs [92] EP2, EP4 [93] Macrophages

USCs [49] – CD4 + T cells

IDO BM-MSCs [41] – –

TGF-β MSCs [94] TGF-βR Macrophages
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cell-to-cell communication. Additionally, in some cir-
cumstances, SC-EVs are therapeutically equivalent to 
directly infused SCs and may be more advantageous 
than SCs alone in practical applications due to their 
lower immunogenicity [103], ease of preservation and 
transfer and ease of production [104]. EVs are the main 
vehicles associated with SC activity and can interact 
with MCs to mitigate peritoneal damage and excessive 
repair.

Some studies have shown that ADSC-EVs can be 
incorporated in vitro and induce rat PMC proliferation 
and migration, which is mediated by stimulation of the 
MAPK–ERK1/2 and PI3K–AKT axes. ADSC-EVs pro-
mote healing of the injured peritoneum, suggesting 
that they are promising therapeutic tools for perito-
neal adhesions [38].

Previous studies [105] have found that EVs contain 
packaged microRNAs (miRNAs) that are involved in 
the regulation of cells. Further research has revealed 
the crucial functions of SC-secreted exosomes con-
taining miRNAs and long noncoding RNAs (lncRNAs) 
in the treatment of fibrosis. For instance, miR-34c-5p 
secreted from BM-MSC-derived exosomes (BM-MSC-
Exos) ameliorates renal interstitial fibrosis by inhibit-
ing multicellular activation via core fucosylation [106]. 
MSC-derived exosomal miR-466f-3p reverses epithe-
lial–mesenchymal transition in lung fibrosis through 
inhibition of AKT/GSK3β [107]. MiR-196b-5p in 
MSC-derived exosomes significantly inhibits collagen 
type I alpha 2 expression in fibroblasts [108].

Similarly, recent research has found that exosomes 
and multiple cargoes they deliver play effective thera-
peutic roles in PF. Yu et al. [37] published a new study 
in April 2023 showing that BM-MSC-Exos carrying 
a series of miRNAs of different functions affect the 
cell cycle process, cell differentiation and inflamma-
tory response regulation, which can effectively pre-
vent PF and peritoneal injury. However, the authors 
also suggested that the specific mechanisms of action 
of the different miRNAs are still unclear and require 
more in-depth research. Meanwhile, a recent study 
by Huang et  al. [39] has revealed that the exosomal 
lncRNA GAS5 derived from UC-MSCs can reduce 
MMT through the Wnt/β-catenin signalling pathway. 
Another emerging study [109] focusing on lncRNA 
has also suggested a role for exosomal lncRNA in alle-
viating PF, showing that the lncRNA CDHR derived 
from UC-MSC-Exos attenuates MMT through the 
AKT/FOXO pathway. All of these findings highlight 
the functions and molecular mechanisms of EVs in 
PF, especially exosomal miRNAs and lncRNAs, which 
exhibit promising research prospects.

Immunoregulation of stem cells
SCs have broad immunosuppressive potential and can 
modulate the activity of innate and adaptive immune cells 
via intercellular contact or paracrine effects. Further-
more, there is mounting evidence that paracrine factors 
from SCs can modulate the immune system to attenuate 
PF by interacting with a wide range of immune cells [49, 
110], particularly macrophages.

Macrophages are one of the key cell types linking the 
innate and adaptive immune systems. M1 macrophages 
exert proinflammatory effects through the production 
of proinflammatory cytokines and protein hydrolases, 
while M2 macrophages have anti-inflammatory effects 
and contribute to inflammation regression and tissue 
remodelling [111]. According to research [112], M1 mac-
rophages are important mediators of PF. SCs have been 
shown to promote the polarization of M1 macrophages 
into M2 macrophages, which then exert immunosup-
pressive and anti-inflammatory effects to mitigate the 
progression of PF [113].

A study by Yang et al. [43] has shown that MSCs situ-
ated in an inflammatory environment with TGF-β1 can 
secrete IL-6 to polarize macrophages into the M2 pheno-
type in dialysis-induced PF. Similarly, Philipp et  al. [40] 
demonstrated that MSC-dependent polarization towards 
the M2 phenotype in a proinflammatory microenviron-
ment and towards the regulatory M2b phenotype in the 
presence of anti-inflammatory IL-4 strongly depends on 
functional IL-6 signalling. To determine the role of IL-6 
in MSC-macrophage interactions, Dymowska et  al. [59] 
blocked IL-6 signalling and found that IL-6 does not 
drive the MSC-mediated switch in macrophages into 
the M2 phenotype. However, different experiments have 
used different sources of tissue-specific SCs, which may 
have resulted in the variety of outcomes. Furthermore, 
the effects of MSCs on macrophages are influenced by 
more than one factor. It is unclear how different media-
tors interact with one another; they may have comple-
mentary effects, but some data suggest that there are also 
overlapping effects [114]. Therefore, excluding one factor 
may not significantly affect the functional result, leading 
to different experimental results.

Bioactive substances such as PGE2 in the induced 
SC secretome, which affect the metabolic frameworks 
of differently polarized macrophages and direct M1–
M2 polarization shifts, play crucial mechanistic roles 
in modulating the metabolic status and plasticity of 
macrophages [92, 93, 115]. PGE2 levels are markedly 
upregulated in MSC cocultures and MSC-EVs, causing 
decreases in IL-23 and IL-22 production and thereby 
enhancing the anti-inflammatory phenotype of mature 
human regulatory macrophages (Mregs) [116].
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François et  al. [41] demonstrated that human BM-
MSCs play a central role in inducible IDO activity and 
its bystander effect on M2 macrophage differentiation. 
Liu et al. [94] found that TGF-β, a cytokine secreted by 
MSCs, can skew lipopolysaccharide (LPS)-stimulated 
macrophage polarization towards the M2 phenotype and 
suppress inflammatory reactions. TSG-6 secreted by SCs 
has also been shown to act on macrophages, promote 
M2 macrophage polarization and reduce inflammatory 
responses [50, 117–119]. Additionally, it has been dem-
onstrated that MSCs interact with CD44 receptors on 
resident macrophages in the peritoneum via TSG-6 to 
reduce enzymatic glycan/TLR2-mediated NF-κB nuclear 
translocation, thereby inhibiting the inflammatory cas-
cade initiated by resident macrophages and reducing 
peritoneal inflammation [90]. All of these SC-secreted 
cytokines have been shown to act on macrophages to 
exert immunomodulatory effects in order to reduce peri-
toneal inflammation and thus prevent the development of 
PF. However, the specific mechanisms of action of these 
cytokines are still unclear, and few studies have focused 
on this topic, which is worth further investigation.

In addition, MSC-derived exosomes have been shown 
to promote M2 macrophage polarization and exert 
immunosuppressive effects [42]. Melatonin-pretreated 
MSC-derived exosomes (MT-Exos) exert enhanced 
immunomodulatory effects on macrophages by increas-
ing the ratio of M2-to-M1 polarization, possibly by acti-
vating the PTEN/AKT signalling pathway, upregulating 
PTEN expression and inhibiting AKT phosphorylation, 
which suppresses inflammatory responses [46].

Conclusions and future perspectives
PF is a pathophysiological process caused by a variety of 
pathogenic factors and abnormal proliferation, with the 
most prominent feature being MMT and accumulation 
of activated (myo-)fibroblasts. In recent years, the ther-
apeutic potential of SCs and their secretomes for tissue 
damage repair, immunomodulation and inflammation 
inhibition has been actively assessed in many different 
pathologies [120, 121], including peritoneal inflammation 
and fibrosis [122].

Currently, most of the basic experiments and clini-
cal studies have shown that many kinds of SCs from 
different sources can effectively alleviate PF. Whether 
through cellular differentiation or by exerting immune 
regulation and cellular repair effects, SCs are suggested 
as a new strategy for the clinical treatment of PF. And 
pretreatment or genetic modification of SCs has been 
demonstrated to further enhance their therapeutic 
effects. Notably, traditional Chinese medicine (TCM) 
offers a unique approach to the treatment of complex 
chronic diseases. It has been shown that TCMs such as 

astragalus, rhubarb, safflower and curcumin exert sig-
nificant therapeutic effects on peritoneal injury as well as 
regulating inflammation and inhibiting abnormal ECM 
accumulation [123–126]. And SCs pretreated with TCMs 
have been proven to play a therapeutic role in many dis-
eases [127, 128]. However, there are no relevant studies 
on the combination of TCMs and SCs to treat PF; thus, 
SC preconditioning with TCMs may be a future research 
direction.

Meanwhile, although a significant amount of basic 
research has confirmed the effective role of SCs in alle-
viating PF, there are still controversies and problems with 
their widespread clinical application. First, the select of 
appropriate SC types and sources is an urgent challenge. 
SCs contain many types and can be derived from a variety 
of tissues, such as bone marrow, adipose tissue, umbilical 
cords, PDS, urine and amniotic fluid. The biological prop-
erties and therapeutic effects of different kinds of SCs 
from different tissues vary, while each form of stem cell 
encounters some challenges when used in clinical ther-
apy. BM-MSCs, which are the most widely known among 
MSCs, are more traumatic to the body and more difficult 
to identify and extract than other types, and AD-MSCs 
are easy to obtain but require invasive manipulation. In 
addition, the application of UC-MSCs involves complex 
medical ethical issues. The pMSCs have certain appli-
cation prospects, but relatively few studies have been 
conducted thus far, and the feasibility of their clinical 
application is not yet known. The practical use of USCs 
and hAFSCs is still very limited, particularly in the field 
of PF, and the related mechanisms and adverse effects are 
not yet apparent. Therefore, the selection of effective and 
abundantly sourced SCs is the primary problem faced in 
clinical treatment. Meanwhile, there is a lack of uniform 
and standardized methods for the isolation, culture and 
identification of SCs from various sources, all of which 
need to be further explored. Currently, research on the 
solution is gradually expanding, and we believe that the 
problem will be solved in the future.

On the other hand, there is no consensus on the trans-
plantation protocol for SCs. Up to now, clinical studies 
related to the transplantation of SCs into human beings 
in PF are limited, and no uniform standards have been 
established on how to choose the transplantation route, 
the transplantation dose, the number of transplants and 
the time of post-transplantation survival, so optimiz-
ing the standardized protocols for SC transplantation 
is particularly important for clinical treatment. For the 
transplantation route, there are mainly intraperitoneal 
injection and intravenous injection. Compared with 
intravenous injection, intraperitoneal injection can bet-
ter reduce the inflammatory response, repair peritoneal 
injury and improve peritoneal function [129], but this is 
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only the experimental results in the rat model, while the 
comparison of the merits and demerits of the applica-
tion in humans is not yet known. At the same time, there 
are no studies on the survival time of SCs after trans-
plantation into humans. Therefore, how to draw up the 
SC transplantation protocol is also a major difficulty in 
clinical application. Nevertheless, in addition to the infu-
sion of SCs themselves, derivatives such as EVs have the 
advantages of low immunogenicity and low tumorigenic-
ity, and a large number of research is being conducted in 
this area, which is likely to become an important clinical 
direction.

We firmly believe that SC therapy has a great deal of 
promise for alleviating PF and that SCs derived from 
various sources that are pretreated or prepared with vari-
ous genetic alterations could be valuable research topics 
in the coming years. However, since there are currently 
no standardized approach for treatments using SCs and 
no consensus on transplantation protocols for SCs, it will 
be challenging to implement SC-based PF treatments in 
actual clinical settings soon. Further study on SC thera-
pies is definitely needed before these cells can be rou-
tinely used in clinical practice.
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