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A B S T R A C T   

Objective: This review discusses recent experimental and clinical findings related to ferroptosis, 
with a focus on the role of MSCs. Therapeutic efficacy and current applications of MSC-based 
ferroptosis therapies are also discussed. 
Background: Ferroptosis is a type of programmed cell death that differs from apoptosis, necrosis, 
and autophagy; it involves iron metabolism and is related to the pathogenesis of many diseases, 
such as Parkinson’s disease, cancers, and liver diseases. In recent years, the use of mesenchymal 
stem cells (MSCs) and MSC-derived exosomes has become a trend in cell-free therapies. MSCs are 
a heterogeneous cell population isolated from a diverse range of human tissues that exhibit 
immunomodulatory functions, regulate cell growth, and repair damaged tissues. In addition, 
accumulating evidence indicates that MSC-derived exosomes play an important role, mainly by 
carrying a variety of bioactive substances that affect recipient cells. The potential mechanism by 
which MSC-derived exosomes mediate the effects of MSCs on ferroptosis has been previously 
demonstrated. This review provides the first overview of the current knowledge on ferroptosis, 
MSCs, and MSC-derived exosomes and highlights the potential application of MSCs exosomes in 
the treatment of ferroptotic conditions. It summarizes their mechanisms of action and techniques 
for enhancing MSC functionality. Results obtained from a large number of experimental studies 
revealed that both local and systemic administration of MSCs effectively suppressed ferroptosis in 
injured hepatocytes, neurons, cardiomyocytes, and nucleus pulposus cells and promoted the 
survival and regeneration of injured organs. 
Methods: We reviewed the role of ferroptosis in related tissues and organs, focusing on its char
acteristics in different diseases. Additionally, the effects of MSCs and MSC-derived exosomes on 
ferroptosis-related pathways in various organs were reviewed, and the mechanism of action was 
elucidated. MSCs were shown to improve the disease course by regulating ferroptosis.   
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1. Introduction 

1.1. Characteristics of mesenchymal stem cells (MSCs) and their therapeutic potential 

MSCs have emerged as promising candidates for cell-based therapy for various diseases owing to their availability, ease of har
vesting, and safety without a risk of malignant transformation after the infusion of allogeneic cells, and the mechanisms by which MSCs 
exert their therapeutic effects are multifaceted. Interestingly, MSCs secrete biomolecules such as growth factors, cytokines, and 
chemokines that assist in their biological activities in an autocrine or paracrine manner, in sync with their microenvironment. 
Additionally, a basic question is whether biomolecules formed from various types of stem cells have varied protective and therapeutic 
effects in disease conditions [1]. As the field continues to expand, the escape of MSCs from the immune system has been shown to be 
mediated by cell-cell interactions via the production of immune regulatory molecules such as IFN-γ, COX-2, PGE2, and IDO [2,3]. 
Moreover, low expression of major histocompatibility complex (MHC) class I molecules, a significant absence of MHC II molecules, and 
the absence of costimulatory ligands, such as CD40,CD80, and CD86, further reduce the immunogenicity of MSCs [4]. Notably, the 
retention of MSCs within the tissue vasculature and subsequent migration between endothelial cells [5], called homing, plays a 
prominent role in inflammatory injuries. Several studies have validated their direct role in binding to adhesion molecules and che
mokines secreted from injured tissues via self-expressed adhesion molecules and chemokine receptors following the transplantation of 
MSCs into blood vessels, thereby homing to the site of injury [6]. Furthermore, MSCs are almost tumorigenic owing to their unique 
gene expression profiles, and have the potential for multidirectional differentiation and self-renewal; consequently, their clinical 
application prospects are self-evident. For example, MSCs alleviate inflammatory bowel disease (IBD) by regulating inflammatory 
cytokines in the inflamed gut [7], ameliorate Parkinson’s disease (PD) by enhancing the expression of brain-derived neurotrophic 
factor and vascular endothelial growth factor to stimulate the potential of damaged dopamine neurons to regenerate in rats [8], protect 
renal function by reducing serum creatinine and BUN levels, and alleviate acute renal injury (AKI) after ischemic and toxic injury [9]. A 
better understanding of the mechanisms by which MSCs promote tissue repair and protect organ function in different disease states 
may provide substantial advances in the therapeutic potential of MSCs. An underexplored mechanism in this respect is the role of MSCs 
in ferroptosis, and understanding this may establish a novel therapeutic use for MSCs and broaden the spectrum of their clinical 
applications. 

1.2. Characteristics of MSC-derived exosomes and their therapeutic potential 

It is no exaggeration to state that we are at the dawn of the exosome era. Exosomes are crucial messengers in biological fluids that 
have been implicated in multiple physiological and pathological processes [10]. In general, exosomes are extracellular vesicles with a 
diameter of 20–150 nm and carry a variety of bioactive substances such as proteins, DNA, mRNA, microRNA, lncRNA, and circRNA, 
which affect recipient cell activity by inducing signaling pathways. Over the past few years, studies have demonstrated that the 
paracrine effect mediated by stem cell secretion factors is the main mode of action for the therapeutic effects of stem cells [11,12]. It is 
clinically well-established that exosomes play a major role in the paracrine effect of stem cells [13–15], owing to their capacity to 
mediate cell microcommunication by transferring mRNA, non-coding RNA, and proteins between cells [16,17], and exhibit lower 
immunogenicity, facilitating transplantation and storage. An increasing number of studies have identified the anti-inflammatory, 
anti-aging, and wound-healing effects of MSC-derived exosomes in various in vitro and in vivo models [18]. First, MSCs and 
MSC-derived exosomes can transform proinflammatory M1-type macrophages into anti-inflammatory M2-type macrophages [19], 
thus exerting their anti-inflammatory effects. Second, human ASC-exosomes reduce high glucose-induced premature senescence of 
endothelial progenitor cells (EPCs) and promote wound healing in rats with diabetes [20]. Third, exosomes from pro-inflammatory 
bone marrow mesenchymal stem cells (BMMSCs) alleviate inflammation and myocardial injury by mediating macrophage polariza
tion [21]. Notably, exosomes appear to be capable of homing to the site of injury. In a mouse model of AKI, DiD-labelled EVs spe
cifically accumulated in the kidneys of mice with AKI compared with healthy controls [22]. As an alternative to MSCs, exosomes have 
been used in various disease models, including neurological, cardiovascular, immune, renal, musculoskeletal, liver, respiratory, and 
cancer models [23–27]. Exosomes have advantages over their corresponding MSCs; they are smaller and simpler than cells, and 
therefore easier to produce and store, which may avoid some of the regulatory issues associated with MSCs. Therefore, MSC-derived 
exosomes may serve as ideal therapeutic tools for various diseases. Nonetheless, comparative studies of MSC-exosomes based on their 
tissue origin are still limited, and the exact mechanism of in vivo action of exogenously administered exosomes, their biodistribution, 
pharmacokinetics, and potential for targeted delivery have not been fully elucidated. 

1.3. Ferroptosis 

1.3.1. Definition, physiological and pathological role of ferroptosis 
Ferroptosis is a newly identified iron-dependent cell death pathway that is distinct from other forms of cell death, including 

apoptosis and necrosis, and is characterized by intracellular iron overload and iron-dependent lipid peroxide accumulation. As an 
essential trace element found in almost all life forms, iron is involved in numerous biological processes, including energy metabolism 
and synthesis and repair of nucleotides [28]. Iron overload occurs when the body stores excess iron. Accumulated cellular iron, 
especially labile ferrous iron, can react directly with cellular oxidants to generate cytotoxic hydroxyl radicals via the Fenton reaction, 
thereby initiating oxidative stress. During oxidative stress, excess lipid reactive oxygen species (ROS) lead to cellular dysfunction and 
cell death through lipid peroxidation and the oxidation of proteins, DNA, and RNA. Ferroptosis is a form of cell death triggered by the 

M. Cui et al.                                                                                                                                                                                                            



Heliyon 10 (2024) e25251

3

toxic accumulation of lipid peroxides on cellular membranes. It is generally thought that lipid peroxides (PLOOH), particularly lipid 
hydroperoxides, are key mediators of ferroptosis because of their capacity to damage the lipid bilayer of the membrane and impair cell 
integrity and function [29]. In the currently proposed model, after the loss of glutathione peroxidase-4 (GPX4) activity, lipid hy
droperoxide is generated in the membrane and attacked by ferrous iron, leading to lipid radical formation and increased lipid per
oxidation, resulting in lethal membrane damage. Mitochondrial atrophy, accumulation of iron/lipid ROS, and GPX4 inactivation [30, 
31] are the major markers of ferroptosis. At the molecular level, ferroptosis is characterized by glutathione (GSH) depletion, lipid 
peroxidation, loss of plasma membrane integrity, cytoplasmic swelling, mitochondrial atrophy, rupture of the mitochondrial outer 
membrane, and it is biochemically characterized by GPX4 inactivation (seeFig. 1 ). 

1.3.2. Mechanisms of ferroptosis 
The mechanisms underlying the regulation of ferroptosis can be broadly divided into three categories: regulation by iron meta

bolism, regulation by GPX4, and regulation by lipid metabolism. Most studies investigating the mechanisms of ferroptosis have focused 
on lipid peroxidation and iron loading. 

GPX4 plays a pivotal role in ferroptosis primarily by inhibiting lipid peroxide formation. GPX4 converts GSH to oxidized gluta
thione (GSSG) and reduces the peroxides of cytotoxic lipids (L-OOH) to their corresponding alcohols (L-OH), which in turn inhibits 
lipid peroxide formation. The mevalonate (MVA) pathway may affect GPX4 synthesis by regulating selenocysteine tRNA maturation 
and ferroptosis. More recently, system xc-, an important antioxidant system in cells containing a heterodimer composed of two 
subunits, SLC7A11 and SLC3A2, was shown to play a key role in the negative regulation of ferroptosis. Cystine and glutamate are 
exchanged through the plasma membrane by system xc- at a 1:1 rate [32]. Interestingly, a decrease in GSH levels decreased GPX4 
activity, which led to a decrease in antioxidant capacity, lipid ROS accumulation, oxidative damage, and ferroptosis. On the one hand, 
P53, a tumor suppressor gene, inhibits system xc- cystine uptake via negative regulation of SLC7A11 expression, which affect GPX4 
activity, resulting in reduced cellular antioxidant capacity, lipid ROS accumulation, and ferroptosis [33]. On the other hand, P53 
mediates cell cycle inhibition, senescence, and apoptosis. Moreover, several studies have reported that 90 % of the cells die from lipid 
ROS after P53 activation, indicating that the activation of P53 suppresses the antioxidant capacity of cells. Furthermore, the 
P53-SAT1-ALOX15 pathway is involved in the regulation of ferroptosis [34]. The apoptosis-inducing factor mitochondrial 2 (AIFM2) is 
a previously unrecognized antiferroptotic gene, namely, FSP1, which plays an important role in ferroptosis, catalyzes CoQ10 regen
eration through NAD(P)H to inhibit ferroptosis, and inhibits lipid oxidation by reducing CoQ10 to suppress ferroptosis. 

Polyunsaturated fatty acids (PUFAs) are a main targets of lipid peroxidation, which increases membrane fluidity, and their high 

Fig. 1. The role of ferroptosis in diseases.  
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content in cells and organelle membranes facilitates lipid peroxidation, leading to impaired cell integrity and function [35]. Studies 
have shown that Phosphatidylethanolamine (PE), which contains arachidonic acid (AA) or its derivative adrenaline, is a key phos
pholipid that induces cellular ferroptosis. Acyl-CoA synthetase long-chain family member 4 (ACSL4) and lysophosphatidylcholine 
acyltransferase 3 (LPCAT3) are involved in PE biosynthesis and remodeling, activate PUFA, and affect their transmembrane features. 
PUFA-PE may play additional oxidative roles in lipoxygenase (LOX) catalysis, ultimately inducing ferroptosis in cells [36]. The 
voltage-dependent anion channels (VDAC) are transmembrane channels that transport ions and metabolites to the outer membrane of 
mitochondria [37]. The effects of erastin on VDAC cause mitochondrial dysfunction, leading to the release of several oxides, ultimately 
causing iron-mediated cell death [38]. 

The uptake of extracellular Fe3+ is mainly mediated by transferrin (TF) and transferrin receptor (TFR). Fe3+-bearing TF binds to 
TFR on target cells that transport Fe3+ into the cell, where it is reduced to Fe2+ by the six-transmembrane epithelial antigen of 
prostate 3 (STEAP3), and Fe2+ is subsequently stored in the labile iron pool (LIP) and ferritin, which is mediated by divalent metal 
transporter 1 (DMT1) or zinc-iron regulatory protein family 8/14 (ZIP8/14) through the Fenton reaction, inducing ferroptosis. Heat 
shock protein beta-1 (HSPB1) can further reduce intracellular iron levels by inhibiting TRF1 expression; thus, overexpression of HSPB1 
can significantly inhibit ferroptosis [39]. In addition, the p62-Keap1-NRF2 and ATG5-ATG7-NCOA4 complexes can efficiently regulate 
the formation of intracellular iron ions and ROS, and play a regulatory role in ferroptosis (Fig. 2). 

2. Application of MSCs 

As a newly identified type of programmed cell death, ferroptosis is associated with the occurrence and development of many 
diseases, including PD [40], cancer [41], liver injury [42], traumatic brain injury (TBI) [43], stroke [44], myocardial infarction [45] 
and ischemia-reperfusion injury (IRI) [46]. The intracellular accumulation of lipid peroxides directly affects ferroptosis. Emerging 
evidence suggests that ferroptosis inhibits GPX4 and induces an increase in lipid ROS by downregulating xc- activity. MSCs can migrate 
to damaged tissues and organs and rebuild them through direct differentiation and secretion of exosomes, growth factors, and cy
tokines [47,48]. Studies have shown that MSCs are anchored in the heart, cortex, and hippocampus via vascular networks [49]. The 
regulatory role of MSCs in ameliorating ferroptosis is well documented. For example, MSCs can inhibit lipid peroxidation and reduce 
ferroptosis in vivo and in vitro [50], human umbilical cord mesenchymal stem cells (HucMSCs) improve erectile dysfunction in 

Fig. 2. Regulatory pathways of ferroptosis. The regulatory mechanisms of ferroptosis are roughly devided into three categories. The first one is 
regulated by GSH/GPX4 pathway, such as inhibition of system Xc-, sulfur transfer pathway, MVA pathway, glutamine pathway, and p53 regulatory 
axis. What’s more, the regulation mechanism of iron metabolism, including iron metabolism pathway, the regulation of ATG5-ATG7-NCOA4 
pathway and IREB2 related to ferritin metabolism, and the regulatory pathways of p62-Keap1-NRF2 and HSPB1 all have effects on iron. The 
third category is related pathways around lipid metabolism, such as P53-SAT1-ALOX15, ACSL4, LPCAT3, etc., which have effects on lipid regulation 
and ferroptosis. In addition, Erastin acts on mitochondria to induce ferroptosis. Recent studies have also shown that the FSP1-CoQ10- NAD(P)H 
pathway exists as an independent parallel system that works cooperatively with GPX4 and glutathione to inhibit the peroxidation of phospholipids 
as well as ferroptosis. 
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diabetic rats by attenuating ferroptosis [51], MSCs maintain intracellular glutathione levels by directly or indirectly up-regulating the 
expression of GPX4 to inhibit ferroptosis in myocardial IRI [52], and MSCs alleviate post-resuscitation heart and brain damage by 
inhibiting ferroptosis in a pig model of cardiac arrest [49]. 

2.1. MSCs regulate ferroptosis in the brain 

Increasing evidence supports the involvement of ferroptosis in various brain diseases. Despite its initial identification in cancer cells 
[53], ferroptosis plays a significant role in the progression and toxicity of many neurological diseases, including stroke, PD, and 
Alzheimer’s disease (AD). The involvement of ferroptosis has been suggested by several mechanisms that occur in neurodegenerative 
diseases such as iron accumulation within the brain, GSH depletion, lipid peroxidation [54], inactivation of GPX4 [55], and abnormal 
xCT expression [56,57]. In 2017, a study found that inhibition of ferroptosis protected mice from IRI in a model of middle cerebral 
artery occlusion (MCAO), indicating that ferroptosis contributes to neuronal death following ischemic stroke [58]. Specifically, 
ischemic stroke occurs when the blood supply to certain parts of the brain is limited, secondary to occlusion of the internal carotid, 
middle cerebral, or vertebral arteries [59], and ischemia occurs in the brain. The resultant depletion of oxygen and nutrients can cause 
cells to activate the ischemic cascade, resulting in oxidative stress, mitochondrial damage, and ultimately cell death [60]. Oxidative 
stress is an important step in ferroptosis and refers to the relative excess of ROS caused by the excessive production and/or impaired 
degradation of ROS. In contrast, ferroptosis is considered one of the causes of reperfusion injury, which is a key factor in IRI and organ 
failure [61]. First, the inhibition of tau protein (a major microtubule-associated protein) can result in the accumulation of iron 
following ischemia, leading to an imbalance in iron metabolism, promoting ROS production, nucleic acid, proteome, and membrane 
damage, and ultimately cell death [62]. Moreover, several studies have demonstrated the role of ferroptosis in the development of 
cognitive impairments caused by excessive ROS production. Excessive ROS levels induce lipid peroxidation as well as protein, DNA, 
and RNA oxidation, leading to neuronal dysfunction and cell death. Depletion of GSH, a significant feature of ferroptosis, has been 
shown to cause cognitive impairment through the excessive production of ROS [63]. Furthermore, iron overload has been strongly 
implicated in the pathophysiological process of secondary brain injury reported in recent years [64], particularly TBI, which includes 
both primary and secondary impairments. Studies have reported that excess intracellular iron affects neurological functions, partic
ularly in compromised brains in TBI. Some types of brain disease-induced dysfunctions can be alleviated through the mechanisms of 
ferroptosis regulated by MSCs, as shown in Table 1. 

Silence-regulating factor 1 (SIRT1) is a nicotinamide adenosine dinucleotide (NAD)-dependent class III histone deacetylase [74]. 
SIRT1 is highly expressed in the hippocampus and hypothalamus [75]. In the nervous system, SIRT1 plays an important role in 
regulating normal brain functions such as plasticity and memory [76]. A model of delayed neurocognitive recovery (dNCR) in aged 
mouse hippocampal tissues was used to explore ROS, GSH, malondialdehyde (MDA), and Fer2+ levels and showed that they were 
increased. SIRT1 is considered as a protective agent against oxidative stress and lipid peroxidation by mediating the levels of nuclear 
factor-erythroid 2-associated factor 2 (NRF2) and heme oxygenase-1 (HO-1) [65]. The NRF2/HO-1 pathway plays a key role in 
inhibiting ferroptosis in the nervous system [77,78]. In addition, extensive studies have revealed that NRF2 and HO-1 participate in 
GPX4 synthesis [65]. SIRT1 expression was found to be downregulated in dNCR mice, and exosomes derived from exogenous MSCs 
restored the downregulation of SIRT1, which induced increased expression of NRF2 and HO-1 and inhibited hippocampal ferroptosis 
(Fig. 3) in elderly dNCR mice to improve cognitive impairment. This provides a potential pathway for the treatment of dNCR [66]. 

Excessive Fer2+ production after TBI disrupts cellular homeostasis and accelerates ROS production via the Fenton response, 
thereby inducing cellular damage. An imbalance in iron metabolism leads to the abnormal accumulation of iron, which is toxic to 
brain-specific cells (including microglia, astrocytes, and neurons) [67]. Oxidative damage in the brain mainly manifests as lipid 
peroxidation, which is caused by an increased content of PUFAs in the membrane [79]. GPX4 inhibits lipid peroxidation by directly 
reducing hydroperoxides in membrane lipids [80], exhibiting direct detoxification. Wang et al. [68]found that in mice with repetitive 
mild traumatic brain injury (RmTBI), GPX inactivation, decrease in GPX4 levels, increase in lipid peroxidation, abnormal iron 
metabolism, and mitochondrial ultrastructural changes, are key risk factors for neurodegeneration, characterized by increased 
deposition of Aβ and tau proteins and cognitive impairment [81]. By reducing pathological protein deposition after RmTBI and 
promoting glucose metabolism, MSCs can alleviate neuronal degeneration, effectively regulate protein levels related to iron meta
bolism, inhibit iron accumulation, reduce RmTBI-induced Fer2+ accumulation, regulate iron metabolism, prevent lipid peroxidation 
by restoring GPX activity and GPX4 content, and inhibit ferroptosis (Fig. 3). They can exert a protective effect on neurons to reduce the 
persistent cognitive impairment caused by RmTBI [68]. 

Table 1 
Favoring effect of MSCs on brian.  

MSC Origin Model Mechanisms Outcomes References 

Mouse bone marrow- 
derived MSCs 

dNCR aged mice Increase the expression of SIRT1 Ameliorated cognitive impairment [65,66] 

Human umbilical cord 
blood-derived MSCs 

RmTBI mice (CCI4) Restore GPX activity and GPX4 quantity Rescue rmTBI-induced 
neurodegeneration and neuronal loss 

[67,68] 

MSCs-Exo under the 
hypoxic condition 

ASCI mice (NYU impactor 
M-III) 

lncGm36569 as a competitive of miR-5627- 
5p to induce FSP1 upregulation 

Promote functional recovery in the ASCI [69,70] 

Mouse bone marrow- 
derived MSCs-EVs 

Hippocampal neurons 
(MCAO, OGD/R) 

Upregulate GPX4 expression and inhibit 
COX-2 expression 

Reverse loss of activity in tert-butyl 
peroxide exposed neurons 

[71,72, 
73]  
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FSP1 is an important factor in the antioxidant system of non-mitochondrial coenzyme Q, which catalyzes CoQ10 regeneration and 
inhibits lipid peroxidation through NAD(P)H, thereby inhibiting ferroptosis [69]. lncRNAs regulate ferroptosis in various diseases by 
acting as miRNAs through competitive endogenous RNA (ceRNA) [82,83]. After acute spinal cord injury, higher levels of ROS and 
intracellular ferrous iron accumulation were observed in injured mice. Several studies have shown that MSCs inhibit the production of 
ROS and ferrous iron in mice, and the upregulated expression of ferroptosis inhibitor FSP1 is mainly attributed to the in vivo 
competitive mechanism of action of lncRNAs in exosomes derived from them. MSC-derived exosomes are rich in lncGm36569, and 
lncGm36569 coated particles are enriched in miR-5627-5p, showing a strong binding potential. Bioinformatics analysis showed that 
FSP13 ’-UTR contained a binding site of miR-5627-5p, and overexpression of miR-5627-5p enhanced the effects of hypoxia on cell 
viability, iron, and ROS production, and inhibited the expression of FSP1. lncGm36569, as a ceRNA of miR-5627-5p, can improve the 
level of FSP1, which is upregulated after transfection with lncGm36569, inhibits ferroptosis (Fig. 3) in damaged neurons, and thus 
plays a role in the repair of neural function [70]. 

Brain IRI can lead to irreversible damage, particularly to the hippocampus. Transient cerebral ischemia triggers neuronal death in 
the hippocampus [84,85], with very high disability and mortality rates. COX-2 is a rate-limiting enzyme that mediates the expression 
of inflammatory cytokines, growth factors, and tumor promoters [86,87]. In an oxygen-glucose deprivation/reperfusion 
(OGD/R)-induced brain IRI model, ROS and MDA production increased, GPX4 expression decreased, and COX-2 expression increased. 
Ferrostatin-1(Fer-1), a powerful ferroptosis inhibitor, is a small antioxidant compound containing aromatic alkyl amines [71]. Bio
informatics studies have verified that Fer-1 has a regulatory effect on the GPX 4/COX 2 axis, and extracellular vesicles (MSC-EVs) 
derived from BMSCs deliver Fer-1 to hippocampal neurons. MSC-EVs loaded with Fer-1 (MSC-EV/Fer-1) inhibited ferroptosis in 
hippocampal neurons by upregulating the expression of GPX4 and downregulating the expression of COX-2 (Fig. 3) [72], whereas 
inactivated COX-2 reduced neuronal damage and prevented cognitive deficits [88]. In addition, Fer-1 treatment reversed SSAT1 
upregulation-induced ferroptosis and loss of activity in tert-butyl peroxide-exposed neurons, thereby reducing brain I/R damage [73]. 

Fig. 3. The schematic representation of MSC treatment inhibits I/R injury, dNCR, TBI-induced ferroptosis. Fer-1/GPX4/COX2 Signal Pathway: In 
brain I/R injury, MSCs-EVs/Fer-1 regulates the GPX4/COX-2 axis. MSCs-EVs/Fer-1 upregulates of GPX4 expression and inhibits COX-2 expression, 
which in turn inhibits ferroptosis, neuronal apoatosis and inflammation. SIRT1/NRF2/HO-1 Signal Pathway: MSCs-Exo upregulates expression 
level of SIRT1, SIRT1 restoration leads to an increase in NRF2 and HO-1. Taken together, this mechanism inhibits ferroptosis induced by surgery so 
as to attenuate cognitive impairment. lncGm36569/miR-5627-5p/FSP1 Axis: lncGm36569 was enriched in MSCs-Exo, lncGm36569 acted as a 
ceRNA of miR-5627-5p to enhance FSP1 expression, consequently suppressing ferroptosis in injured neuronal cells. 

M. Cui et al.                                                                                                                                                                                                            



Heliyon 10 (2024) e25251

7

2.2. MSCs regulate ferroptosis in the liver 

The liver stores the largest amount of iron in the body, and iron overload and oxidative stress are the two most important causes of 
liver injury and disease development in most hepatopathies [89,90]. Ferroptosis is emerging as a novel form of regulated necrosis that 
is implicated in the progression of numerous liver diseases, including hepatocellular carcinoma (HCC), liver fibrosis, viral hepatitis, 
and IRI. Globally, HCC is the second leading cause of cancer-related death [91]. Recently, several studies have elucidated the essential 
role of ferroptosis in HCC [92]. Sorafenib, an oral tyrosine kinase inhibitor, was the first drug approved for the treatment of advanced 
HCC, and has improved the survival rate of patients to a certain degree. Interestingly, many researchers have demonstrated that 
sorafenib induces ferroptosis by inhibiting SLC7A11 and blocking oxidized cysteine from entering cells [93]. Liver fibrosis is a pro
gressive chronic liver disease that lacks effective therapies worldwide. Iron is abundant in hepatic stellate cells (HSCs), which is a 
prerequisite for ferroptotic cell death [94]. Recently, direct evidence has emerged regarding the pathogenic role of ferroptosis in iron 
overload-induced liver damage and fibrosis [95]. In addition, liver IRI can be induced by shock or surgery. Iron overload, lipid per
oxidation, and upregulation of the ferroptosis indicator, PTGS2, are typical characteristics of hepatic IRI. During reperfusion, 
iron-mediated death is thought to be related to oxidative stress caused by ROS [96,97]. More recently, Yamane et al. [98]reported that 
ferroptosis plays an important role in hepatitis C virus (HCV) replication and that chronic HCV infection promotes iron accumulation, 
upregulates duodenal ferroportin-1, and downregulates hepatic hepcidin, the master regulator of systemic iron homeostasis [99,100]. 
Acetaminophen (APAP)-induced liver injury (AILI) is a common liver disease in clinical practice. Recent studies have shown that 
ferroptosis is responsible for AILI [101,102]. AILI is often accompanied by oxidative stress and dysfunction and continuous oxidative 
stress can cause hepatocyte death [103]. Lin et al. [104] found that lipid-ROS levels, ROS accumulation, and MDA content ere 
significantly elevated in the livers of mice with CCl4-induced acute liver injury (ALI). The release of oxidized lipid mediators is a 
characteristic of ferroptosis [105]. An iron-centered hypothesis has also been proposed for the pathogenesis of nonalcoholic liver 
disease (NAFLD) [106]. The role of ferroptosis in NAFLD and NASH has not yet been clarified,; however, Loguercio et al. observed that 
more than 90 % of patients with NAFLD enrolled in their study exhibited elevated levels of lipid peroxidation markers (MDA and 
4-hydroxynonenal [4-HNE]) [107]. Although some disease mechanisms remain unknown, the discovery of ferroptosis may provide 
new treatment strategies for liver disease Table 2. 

Ferroptosis is considered a cause of reperfusion injury and a key factor in triggering IRI and organ failure. Therefore, the role of 
ferroptosis in IRI-related diseases has attracted increasing attention [124]. Regulation of iron reactive element binding protein 2 
(IREB2) expression is one of the mechanisms by which HO-1-modified BMMSCs inhibit IRI ferroptosis in rats fed a high-fat diet. The 
Fer2+ level and MDA content increased in steatotic liver IRI. IREB2 is a marker gene for ferroptosis [108], and a major regulator of iron 
cell homeostasis. It binds to iron-responsive elements (IRE) in the 5′-UTR region of FTH1 mRNA (encoding ferritin H, mediating 
intracellular iron storage) to inhibit its protein translation, and to TFR mRNA (encoding transferrin receptor 1). IRE binding in the 3 
’-UTR region mediates cellular iron transport stabilizes its mRNA transcription and prevents its rapid degradation, leading to an in
crease in intracellular Fe2+ [125]. An increase in intracellular Fe2+ levels is a key factor that induces large lipid accumulation and 
promotes ferroptosis [109], and knockdown of IREB2 can reduce Fe2+ levels. miR-29a-3p targeting IREB2 is abundant in MSC-derived 
exosomes, and the paracylsecretory function of BMMSCs is optimized after modification with HO-1 [126]. HO-1/BMMSC exosomes are 
the mechanistic effectors of HO-1/BMMSCs that inhibit ferroptosis. miR-29a-3p in the exosomes of BMMSCs pretreated with HO-1 
reduced IREB2 levels via a post-transcriptional regulatory mechanism (Fig. 4). Overexpression of miR-29a-3p downregulates the 
expression of IREB2 and inhibits ferroptosis [110]. This provides a potential therapeutic target for IRI in fatty liver disease in rats. 

GPX4 is a key inhibitor of ferroptosis via the removal of lipid peroxidase [127]. GSH is an important cofactor for GPX4 activity. 
When GPX4 function is limited, GSH is depleted, and ROS levels are significantly increased, ultimately inducing ferroptosis. GPX4 
inhibits cell death by converting GSH to oxidized glutathione (GSSG) and reducing the cytotoxic lipid peroxide (L-OOH) to its cor
responding alcohol (L-OH) [111]. xCT is an amino acid reverse transporter that is an important component of the antioxidant system. 
Cystine and glutamate are transported through the cell membrane via the xc- system, and extracellular cystine is absorbed into cells 
and rapidly reduced to cysteine, which is involved in GSH synthesis [128]. In mice with LX-2- and CCL4-induced liver fibrosis, 

Table 2 
Favoring effect of MSCs on liver.  

MSC/exosomes Origin Model Mechanisms Outcomes References 

Exosomes from HO-1 
modified BMMSCs 

IRI of steatotic 
liver rats (SHPs- 
HR) 

Knock down IREB2 reduced the level of 
Fer2+

Reduce the expression of IREB2 and inhibit 
ferroptosis and cell damage 

[108,109, 
110] 

MSCs-Exo derived 
BECN1 

Mouses of liver 
fibrosis (10 % 
CCL4) 

BECN1 decreases xCT/GPX4 expression 
and inhibits HSCs activation 

Promote ferroptosis of HSCs [111,112, 
113] 

Exosomes derived from 
Baicalin-Pretreated 
MSCs 

ALI mouse (LPS/D- 
GalN) 

Activate the Keap1-NRF2 pathway Inhibit ROS production and lipid peroxide- 
induced ferroptosis 

[114,115, 
116] 

Human umbilical cord 
blood-derived MSCs 

(I/R) injury rats Inhibit the expression of MDA, reduce the 
release of ROS, and increase the 
production of GSH 

Reduce the accumulation of tissue Fe2+ and 
alleviate the ferroptosis-related oxidative 
stress injury 

[117–119, 
120,121] 

Exosomes from HO-1 
modified BMMSCs 

Rat DCD Liver (IRI) miR-124-3p inhibit the elevated level of 
STEAP3 

Inhibit hepatocytes ferroptosis and reduce the 
IRI of the grafts 

[110,122, 
123]  
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MSC-exosomes triggered HSC ferroptosis by promoting ROS formation, mitochondrial dysfunction, Fer2+ release, and lipid peroxi
dation. BECN1 is a key regulator of ferroptosis. BECN1 induces lipid peroxidation by inhibiting xc- activity and binding to xCT [112]. 
Increased HSC activation is an important factor leading to the progression of liver fibrosis, and targeted induction of HSC inactivation 
will help establish more effective anti-fibrosis therapies. MSC-exosome-derived BECN1 promotes xCT/GPX4-mediated HSC ferroptosis 
by downregulating xc-/GPX4 expression (Fig. 4), thereby delaying the progression of hepatic fibrosis [113]. The use of MSC-exosomes 
against CCl4-induced liver fibrosis and ferroptosis of HSCs may be a novel therapeutic approach for the treatment of liver fibrosis. 

Ferroptosis is cell death caused by the iron-dependent accumulation of lipid hydroperoxides and ROS in cells. In mice with LPS 
induced ALI, ROS content and lipid peroxidation increased. NRF2 is an important nuclear transcription factor for intracellular anti
oxidants that negatively regulates ferroptosis in a linear manner, referred to as the p62-keap1-NRF2 pathway. The P62-Keap1-NRF2 
pathway is an important signaling pathway for maintaining the balance between oxidative stress and REDOX in vivo [129], and it 
regulates intracellular iron homeostasis through the transcriptional activation of genes involved in ROS and iron metabolism. The 
expression of P62 prevents NRF2 degradation and enhances its subsequent nuclear accumulation by inactivating Kelch-like ECH-as
sociated protein 1 (Keap1) [114]. Previous studies have demonstrated that P62 regulates ferroptosis in liver cells by activating the 
Keap1-NRF2 pathway and has pharmacological effects such as anti-inflammatory, antibacterial, anti-fibrosis, anti-oxidation, and 
anti-cancer effects [130,131], P62 is highly expressed in exosomes derived from MSCs pretreated with GBP, and P62 inhibits the 
production of ROS and lipid peroxidation by activating the Keap1-NRF2 pathway (Fig. 4) to suppress ferroptosis [115]. In addition, 
after APAP-induced ALI, glycosides induced cytoplasmic accumulation of NRF2 in mice, leading to activation of the receptor family 
pyrin domain containing 3 (NLRP3) inflammasome, followed by increased expression of IL-8, induction of hepatocyte proliferation, 
and promotion of hepatocyte regeneration [116], thus playing a protective role in liver function. Therefore, optimizing the efficacy of 
MSC-derived exosomes for the treatment of ALI is an effective and promising strategy. 

Donation after circulatory death (DCD) is a major source of organ transplantation. However, DCD donor livers undergo long-term 

Fig. 4. The schematic representation of MSCs-Exo inhibit ferroptosis via regulating lipid content in liver. IREB2/FTH1/TFR1 Signal Pathway: 
miR-29a-3p, which targets IREB2, is abundant in HO-1/BMMSCs-Exo and could decrease the IREB2 protein level. The reduced IREB2 level led to an 
increase in the level of FTH1 and decrease the level of TFR1 through posttranscriptional regulation, which ultimately reduced the level of Fer2+ and 
the production of lipid ROS and inhibits the occurrence of ferroptosis. P62-Keap1-NRF2 Pathway: Ba-Exo significantly upregulated P62 protein 
content in target cells, inhibits NRF2 protein degradation, and reduces Keap1 protein expression via P62, thereby exerting antioxidative stress effect 
and inhibiting ferroptosis to exerts a protective effect on liver function. xCT/GPX4 Axis: MSCs-Exo can deliver BECN1 protein into HSCs and 
inhibits SLC7A11/xCT transcription in the nucleus. Decrease SLC7A11/xCT results in cysteine deficiency and GSH reduction in HSCs, leading to 
GPX4 reduction and ferroptosis. miR-124-3p/Steap3 Signal Pathway: miR-124-3p is enriched in HO-1 modified BMMSCs, STEAP3, acted as an 
iron reductase to increase the level of Fer2+, the highly expressed miR-124-3p significantly reduces the expression of Steap 3, inhibits ferroptosis in 
hepatocytes. 
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warm ischemic injury, IRI, and intracellular ROS-induced injury, resulting in damage to the structure and function of donor livers, 
which may lead to primary dysfunction and other complications after transplantation [117]. Normothermic machine perfusion (NMP) 
is a novel method of organ preservation that mimics the normal metabolic state in vivo to more effectively protect the structure and 
function of the donor liver, with promising results, potentially broadening the donor pool [118,119]. MSCs are non-hematopoietic 
stem cells that originate from the stroma and can attenuate hepatocyte injury, accelerate liver regeneration, participate in 
anti-inflammatory activities, and regulate immunity [132–137]. Donor livers are more susceptible to injury during I/R because of their 
poor antioxidant defense capacity and high ROS production by the mitochondrial xanthine/xanthine oxidase system [120,121]. In a 
liver reperfusion model, BMMSCs combined with NMP protected the morphology of mitochondria, reduced the level of intracellular 
ROS, and reduced ferroptosis in hepatocytes in the DCD donor liver model. In addition, BMSCS combined with the NMP system can 
stabilize the levels of intracellular free Fe2+ and ROS by regulating the concentration of intracellular free Fe2+, significantly 
inhibiting the expression of MDA, reducing the release of ROS, and increasing the production of GSH to inhibit hepatocyte ferroptosis. 
Generally, IRI of the donor liver can be alleviated after circulatory death [117]. 

IRI inevitably results from a transplanted liver and severe hepatic steatosis worsens hepatic IRI, which can result in early graft and 
primary dysfunction [138,139]. Steatotic liver is the most common chronic liver disease worldwide and a common type of expanded 
criteria donor liver (ECD). Severe hepatic steatosis is extremely sensitive to IRI. Li et al. [110] found that Fe2+ and MDA levels are 
significantly higher in steatotic liver IRI. Excessive free Fe2+ accumulation in the cytoplasm produces a large number of hydroxyl 
radicals and ROS through the Fenton reaction, which destroys the cell membrane, normal DNA, and cellular proteins, leading to 
ferroptosis. STEAP3, an iron reductase, can reduce Fe3+ in endosomes to Fe2+ and participates in mediating cellular iron homeostasis 
[140,141]. The upregulation of STEAP3 leads to a significant increase in Fe2+ generated by reduction, and excess Fe2+ leads to the 
expansion of LIP, which further exacerbates the Fenton reaction and ultimately leads to cellular ferroptosis [122]. Consistent with 
predictions from a published database, we found that miR-124-3p, which is differentially expressed, may be a potential miRNA 
candidate that targets STEAP3. miRNA activity leads to degradation of the mRNA and/or inhibition of translation by targeting the 3’ 
UTR of the mRNA. Studies have shown that miR-124-3p is enriched in HO-1-modified BMMSCs, and highly expressed miR-124-3p 
significantly reduces the expression of STEAP3 and inhibits ferroptosis (Fig. 4) in hepatocytes by reducing the accumulation of 
Fe2+ in the endosome and inhibition of IRI [123]. 

2.3. MSCs regulate ferroptosis in the heart 

Ferroptosis is an important driver of hypoxic cardiac injury. It has been shown that excess iron in cardiomyocytes can directly 
induce ferroptosis through the accumulation of hydroperoxides of phospholipids in the cell membrane [142]. By contrast, Ang 
II-augmented iron overload induces cardiac fibrosis and promotes neointima formation [143]. Recently, ferroptosis was reported to be 
a relevant cell death subroutine in cardiomyocytes. Myocardial ferroptosis promotes heart failure (HF), myocardial infarction (MI), 
heart transplantation, and doxorubicin (DOX)-induced cardiotoxicity [144]. Downregulation of GPX4 induces ferroptosis during acute 
myocardial injury (AMI) resulting in cardiac cell death and MI [145]. DOX is a second-generation chemotherapeutic drug in the class of 
anthracyclines, a commonly used antitumor drug with lethal cardiotoxicity that negatively regulates GPX4 and overproduces lipid 
peroxides in the mitochondria via the DOX-Fe2+ complex, resulting in mitochondria-dependent ferroptosis [146]. The mode of cell 
death in the process of myocardial IRI has received considerable attention. Zhao et al. [147]identified ferroptosis as a form of cell death 
in the pathogenesis of IRI in the myocardium, which is closely linked to oxidative stress. Furthermore, ferroptosis has recently been 
reported to promote the formation of atherosclerotic lesions [148]. Specifically, lipid peroxidation may increase endothelial ROS, 
decrease nitric oxide, initiate inflammation via macrophage polarization, and accelerate foam cell and atherosclerotic lesion formation 
[149]. Hypertension is a common cardiovascular disease. One study reported that a reduction in GPX4 and GSH in the brains of 
hypertensive rats resulted in lipid peroxidation and iron overload, which induced hypertensive brain damage [150]. Recent studies 
have also indicated that iron overload causes arrhythmia via the promotion of mitochondrial ROS generation and depolarization of the 
membrane potential, and mitochondrial dysfunction is a key feature of ferroptosis [151]. In addition, cardiac hypertrophy is one of the 
pathological mechanisms of HF, and Wang et al. [152]found that both proptosis and ferroptosis worsen myocardial hypertrophy and 
fibrosis. Preliminary studies on the role of MSCs in hypoxic cardiac injury may open a new window of opportunity for novel therapeutic 
strategies and targets, as shown in Table 3. 

Table 3 
Favoring effect of MSCs on heart.  

MSC/exosomes 
Origin 

Model Mechanisms Outcomes References 

BMSCs derived 
exosomes 

IR mice (ligation of LAD) LncRNA Mir9-3hg downregulates the expression 
of Pum2 

Pum2 binds with PRDX6 promoter and 
restrain PRDX6 expression to alleviate 
ferroptosis 

[153] 

HuMSCs-Exo under 
the hypoxic 
condition 

AMI mice (DOX) Trx1 upregulates phosphorylation of mTORC1 in 
DOX-treated cardiomyocytes, and promotes 
GPX4 protein synthesis 

Protect cardiomyocyte from DOX- 
induced ferroptosis 

[154,155] 

Exosomes derived 
from HuMSCs 

AMI mice (permanent 
ligation of LAD coronary 
artery) 

miR-23a-3p targets DMT1 and suppresses DMT1 
expression to prevent the accumulation of Fe2+
in cardiomyocytes 

Inhibit ferroptosis and attenuate 
myocardial injury 

[156,157, 
158]  
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Ferroptosis is an important form of cardiomyocyte death. When the heart tissue is exposed to an ischemia-reperfusion environment, 
iron overload and associated lipid peroxidation lead to myocardial cell damage, thus affecting heart function. Pumilio (Pum) is a 
ribonucleic acid-binding protein (RBP) that selectively inhibits gene expression by binding to the 30-untranslated region (30-UTR) of 
the target mRNA [159]. Peroxido-reducing protein 6 (PRDX6) is a basic negative regulator of ferroptosis sensitivity, and its upre
gulation significantly inhibits lipid peroxidation and intracellular iron degradation triggered by ferroptosis inducers in various cancer 
cell lines [160]. Chromatin immunoprecipitation assays showed that Pumilio Na-binding family member 2 (Pum2) bound to the 
PRDX6 promoter and inhibited PRDX6 expression. Inhibited expression of PRDX6 significantly decreased cell proliferation, GSH 
content, and GPX4 protein levels in H/R-treated cells, and significantly increased iron ion concentration, ROS content, and ACSL 
protein levels. However, lncRNA Mir9-3hg, which is highly expressed in BMSCS-derived exosomes, can alleviate ferroptosis by binding 
to the Pum2 protein, downregulating Pum2 expression, and finally upregulating PRDX6 expression (Fig. 5) [153], thus improving 
heart injury triggered by ischemia/reperfusion and playing a protective role in heart function. 

SLC7A11 is a component of the cystine glutamate transporter (System xc-), which plays an important role in providing cysteine for 
GSH biosynthesis. mTORC1 is an evolutionarily conserved serine/threonine kinase that regulates various processes, including cell 
survival, autophagy, and protein synthesis [161]. Western blotting confirmed that DOX significantly decreased the GPX4 protein levels 
in mice. Thioredoxin 1 (Trx1) interacts with a variety of signaling molecules and transcription factors, and exhibits anti-ferroptotic 
effects by activating mTORC1 in neonatal rat cardiomyocytes, which promotes GPX4 protein synthesis through mTORC1 signaling. 
Trx1-mediated mTORC1 activation is key to ferroptosis resistance in hypoxia-preconditioned MSC-derived exosomes. Trx1 is highly 
expressed in hypoxia-preconditioned MSC-derived exosomes, and mTORC1, activated by Trx1, promotes GPX4 protein synthesis by 
utilizing cysteine transported by SLC7A11 to reduce ROS and lipid peroxidation and inhibit ferroptosis (Fig. 5) in mice with AMI [154]. 
In addition, Trx1 alleviates ferroptosis by reducing H2O2-mediated oxidative stress through mTORC1 [155]. 

Cardiomyopathy is related to iron overload, and ischemia leads to the accumulation of iron in the myocardium, resulting in 
myocardial oxidative stress and the production of a large amount of lipid ROS to induce ferroptosis in cardiomyocytes, exacerbating 
heart damage. DMT1 (SLC11A2) is an Fe2+ transporter that regulates iron content and is a key regulator of iron homeostasis in the 
body [156]. Relevant studies have shown that the downregulation of DMT1 expression can prevent iron intake [162], and miR-23a-3p 

Fig. 5. The schematic representation of MSCs-Exo regulate cardiomyocytes ferroptosis by acting on ferroptotic related receptors. Trx1/SLC7A11/ 
mTORC1 Signal Pathway: Schematic illustrate that Trx1 in Hypo-Exo inhibit DOX-induced ferroptosis and promote GPX4 protein synthesis in 
NRCMs by activating mTORC1. lncRNA Mir9-3hg/Pum2/PRDX6 Axis: lncRNA Mir9-3hg is highly expressed in BMMSCs-derived exosomes. Pum2 
bound with PRDX6 promoter and restrained PRDX6 expression. Mir9-3hg bound with Pum2 protein and downregulated Pum2 expression to al
leviates cardiomyocute ferroptosis. miR-23a-3p/DMT1 Pathway: The overexpression of DMT1 promotes the accumulation of Fe2+. DMT1 is the 
target gene of miR-23a-3p, miR-124-3 p was enriched in MSCs-Exo, inhibits DMT1 expression and prevents the accumulation of Fe2+ in car
diomyocytes to inhibit ferroptosis and prevent cardiomyocytes. 
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is an miRNA enriched in MSC-derived exosomes [157]. Studies have shown that DMT1 is the target gene of miR-23a-3p and that it is 
significantly upregulated 24 h after the establishment of a mouse model of AMI established by permanent ligation of the LAD coronary 
artery. Overexpression of DMT1 promoted the accumulation of Fe2+ in H/R-induced cardiomyocytes, leading to ferroptosis. Targeting 
miR-23a-3p, which is highly expressed in exosomes derived from human cord blood, inhibits the expression of DMT1, prevents the 
accumulation of Fe2+ in cardiomyocytes, inhibits ferroptosis (Fig. 5), and attenuates MI [158]. 

2.4. MSCs regulate ferroptosis in other organs 

In Table 4, we summarized the currently used BMSCs-secreted EVs and Bone marrow -MSCs that interfere with ferroptosis, the 
postulated mechanism and the corresponding cellular/animal experimental model. 

As a competitive endogenous RNA (ceRNA), circRNA competes with microRNA (miRNA) to regulate the expression of miRNA 
target messenger RNA (mRNA), which is a potential biomarker for the treatment of intervertebral disc degeneration (IDD) [166]. NRF2 
is a key regulator of cellular antioxidant response and regulates ferroptosis by controlling the expression of genes that counteract 
oxidative and electrophilic stress. Studies have shown that miR-431 is overexpressed in patients with IDD, and miR-431 targets and 
inhibits NRF2 expression, thereby reducing the antioxidant capacity of cells and inducing ferroptosis in cells with IDD. Notably, the 
bioinformatics analysis predicted that circ-0072464 was downregulated in nucleus pulposus of IDD mice. Mechanistically, 
circ-0072464, which travels through extracellular vesicles of BMMSCs-exosomes, competitively binds to miR-431 to up-regulate NRF2 
expression and inhibit ferroptosis by enhancing the antioxidant capacity of the NPC to alleviate IDD. In addition, Circ-0072464 
facilitated stromal synthesis and proliferation of NPC by transcellular vesicles in BMMSCs [163], and these mechanisms provide 
new therapeutic targets for intervertebral disc lesions in mice with IDD. 

An estimated 186 million people worldwide suffer from infertility [167], and approximately 40–50 % of these are affected by male 
infertility [168]. There are various reasons for the decline in sperm quality, among which heavy metal toxicity is a major factors [169]. 
The testes, which are one of the target organs of heavy metal poisoning, are highly sensitive to heavy metal damage. It has been shown 
that Cr(VI) can cause reproductive toxicity and further affect the male reproductive ability in mammals [170]. The well-known cellular 
toxicity of Cr (VI) can be attributed to the generation of ROS, which trigger oxidative stress, DNA damage, and genomic instability 
[164]. In recent years, autophagy and ferroptosis have emerged as the major mechanisms underlying the toxic effects of heavy metals 
[171–174]. As a marker of lipid peroxidation and oxidative stress, 4-HNE is also considered a “second toxic messenger of free radicals” 
and a “toxic product of lipid peroxidation” [175,176]. Cells exposed to Cr (VI) showed significantly increased expression of lipid 
peroxides (4-HNE), increased lipid ROS levels, and significantly decreased levels of SLC7A11. The AKT/mammalian target of rapa
mycin (mTOR) pathway is a key autophagy pathway [177–179]. In cancer cells, ferroptosis is suppressed through activation of the 
PI3K/AKT/mTOR pathway [180]. Taken together, BMSCs repair Cr(VI)-damaged testes by attenuating ferroptosis and downregulating 
proteins associated with autophagy through the positive regulation of AKT and mTOR phosphorylation [165], this provides a potential 
therapeutic target for infertility caused by damage by Cr (VI) in the testis. 

3. Current challenges of MSC therapy 

MSCs have a unique immunophenotypic capacity, tissue repair capacity, and immune dampening activities [181] and are regarded 
as a promising source of stem cells in personalized cell-based therapies [182]. However, the therapeutic potential of MSCs remains 
controversial and may depend on different sources of MSC, culture procedures, routes of administration, and cellular heterogeneity. 
For example, the size of MSCs in monolayer culture in vitro increases at the same time as the passage number; because of their size, 
MSCs can trigger severe vascular obstruction after intravascular delivery. Few engrafted BMMSCs have been found in the brain because 
of the inability of these cells [183] to cross the cerebral blood barrier. MSCs are also components of the tumor microenvironment, 
which can be dictated by tumor associated MSCs (TA-MSCs) and transmuted into the tumor-supporting phenotype to promote tumor 
growth [184]. Exosomes are naturally occurring vesicles produced by cells that have lower immunogenicity, long circulating 
half-lives, superior biocompatibility, and the ability to evade phagocytosis, suggesting that Exo-MSCs have promising potential as 
carriers for the delivery of therapeutics. However, owing to the different sources of MSCs, tumor types, and tumor progression stages, 
conflicting results have demonstrated that exo-MSCs can suppress tumors through several mechanisms. Exo-MSCs can contribute to 
drug resistance [185]. For example, some studies have shown that exo-MSCs carry different types of miRNAs that can cause resistance 
to proteasome inhibitors when co-cultured with multiple myeloma cells. The study of MSC-exos has been in its infancy for some time, 
and many problems remain to be resolved. The clinical translation of MSC-exos requires further studies on their mass production, 
isolation, loading, and modification. Overall, optimized MSC isolation protocols and administration routes for clinical use must be well 
established and standardized. This comprehensive effort should be considered by the scientific community focused on the practical 

Table 4 
Favoring effect of MSCs on other organs.  

MSC Origin Model Mechanisms Outcomes References 

Mouse BMSCs- 
secreted EVs 

IDD mices 
(NPCs) 

Circ-0072464 competitively binds to miR-431, and 
targets and inhibits NRF2 expression 

Inhibit NPCs ferroptosis and relieve 
intervertebral disc degeneration 

[163] 

Bone marrow 
-MSCs 

Rats expose to 
Cr(VI) 

upregulate AKT and mTOR phosphorylation increase 
levels of protein SLC 7A11 

downregulate autophagy-associated proteins 
and repair Cr(VI)-damaged testes 

[164,165]  
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applications of MSCs in tissue repair to optimally prepare MSC-based products for more effective therapies in patients. 

4. Discussion 

Ferroptosis is a key process involved in many diseases. Nonetheless, the exploration of ferroptosis has been restricted to a few 
studies and the underlying processes are yet to be completely clarified. Beyond the outlined routes, research should investigate the 
existence of additional pathways that potentially lead to ferroptosis to investigate the emergence, growth, and subsequent effects of 
ferroptosis. The exploration of ferroptosis and its involvement in diverse illnesses has led to the development of specialized treatment 
approaches with significant theoretical and clinical importance. Advancements in biotechnology and use of cross-disciplinary inte
gration techniques will enhance our understanding of ferroptosis. In addition, this review discussed the progress and potential clinical 
applications of pluripotent stem cells in diseases associated with ferroptosis in the brain, liver, and heart. Further investigations are 
needed to elucidate the mechanism of mesenchymal stem cells in ferroptosis-associated diseases in other systems to improve and 
facilitate the clinical use of MSC therapy. 

5. Conclusions 

Based on existing results, ferroptosis has opened a new platform in disease research, and its clinical importance in disease 
occurrence, development, and treatment has gradually emerged. Both opportunities and challenges exist in the treatment of multi
system diseases through the regulation of ferroptosis. The important role of MSCs has also been highlighted recently, which strongly 
indicates MSC involvement in ferroptosis and that may present a strategy that could play an important role in intracellular ROS, lipid 
peroxidation, and oxidative stress of cells implicated in the pathology of the disease, ultimately contributing to the therapeutic action 
exerted by MSCs and providing a broader perspective for the clinical application of MSC-based ferroptosis disease. To the best of our 
knowledge, MSC-exosomes are versatile and can interact with multiple cell types in the immediate vicinity and at distant locations to 
elicit appropriate cellular responses. Through secreted exosomes, MSCs target maintenance processes to restore tissue homeostasis and 
allow the cells within the tissue to recover, repair, and regenerate. New MSC-based therapies designed to modulate ferroptosis 
signaling pathways may represent innovative and attractive strategies for the treatment of numerous diseases. 
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Abbreviation 

PD Parkinson’s disease 
MSCs mesenchymal stem cells 
NPCs nucleus pulposus cells 
MHC major histocompatibility complex 
IBD inflammatory bowel disease 
AKI acute renal injury 
EPCs endothelial progenitor cells 
BMMSCs bone marrow mesenchymal stem cells 
ROS Reactive Oxygen Species 
GPX4 glutathione peroxidase-4 
GSH glutathione 
AIFM2 apoptosis-inducing factor mitochondrial 2 
PUFAs Polyunsaturated fatty acids 
ACSL4 Acyl-CoA synthetase long chain family member 4 
LPCAT3 lysophosphatidylcholine acyltransferase 3 
VDAC Voltage-dependent anion channel 
TF transferrin 
TFR transferrin receptor 
STEAP3 six-transmembrane epithelial antigen of prostate 3 
DMT1 divalent metal transporter 1 
HSPB1 heat shock protein beta-1 
TBI traumatic brain injury 
IRI ischemia-reperfusion injury 
HucMSCs human umbilical cord mesenchymal stem cells 
AD Alz-heimer’s disease 
MCAO middle cerebral artery occlusion 
SIRT1 Silence-regulating factor 1 
dNCR delayed neurocognitive recovery 
MDA malondialdehyde 
NRF2 nuclear factor-erythroid 2-associated factor 2 
HO-1 heme oxygenase-1 
RmTBI repetitive mild traumatic brain injury 
Fer-1 Ferrostatin-1 
HCC hepatocellular carcinoma 
HSCs| hepatic stellate cells 
HCV hepatitis C virus 
AILI Acetaminophen (APAP)-induced liver injury 
ALI acute liver injury 
NAFLD non-alcoholic liver disease 
4-HNE 4-hydroxynonenal 
Keap1 Kelch-like ECH associated protein 1 
NLRP3 receptor family pyrin domain containing 3 
DCD Donation after circulatory death 
NMP Normothermic machine perfusion 
ECD expanded criteria donor liver 
HF heart failure 
MI myocardial infarction 
DOX doxorubicin 
AMI acute myocardial injury 
PRDX6 Peroxido-reducing protein 6 
Pum2 PumiliorNa-binding family member 2 
Trx1 Thioredoxin 1 
IDD intervertebral disc degeneration 

M. Cui et al.                                                                                                                                                                                                            



Heliyon 10 (2024) e25251

14

References 

[1] M. Sheykhhasan, F. Heidari, M. Eslami Farsani, M. Azimzadeh, N. Kalhor, S. Ababzadeh, R. Seyedebrahimi, Dual role of Exosome in neurodegenerative 
diseases: a review study, Curr. Stem Cell Res. Ther. (2023), https://doi.org/10.2174/1574888X18666230726161035. Epub ahead of print. PMID: 37496136. 

[2] M. Krampera, L. Cosmi, R. Angeli, A. Pasini, F. Liotta, A. Andreini, V. Santarlasci, B. Mazzinghi, G. Pizzolo, F. Vinante, P. Romagnani, E. Maggi, S. Romagnani, 
F. Annunziato, Role for interferon-gamma in the immunomodulatory activity of human bone marrow mesenchymal stem cells, Stem Cell. 24 (2) (2006) 
386–398, https://doi.org/10.1634/stemcells.2005-0008. Epub 2005 Aug 25. PMID: 16123384. 

[3] O. DelaRosa, E. Lombardo, A. Beraza, P. Mancheño-Corvo, C. Ramirez, R. Menta, L. Rico, E. Camarillo, L. García, J.L. Abad, C. Trigueros, M. Delgado, 
D. Büscher, Requirement of IFN-gamma-mediated indoleamine 2,3-dioxygenase expression in the modulation of lymphocyte proliferation by human adipose- 
derived stem cells, Tissue Eng. 15 (10) (2009) 2795–2806, https://doi.org/10.1089/ten.TEA.2008.0630. PMID: 19231921. 

[4] P.S. Cho, D.J. Messina, E.L. Hirsh, N. Chi, S.N. Goldman, D.P. Lo, I.R. Harris, S.H. Popma, D.H. Sachs, C.A. Huang, Immunogenicity of umbilical cord tissue 
derived cells, Blood 111 (1) (2008 Jan 1) 430–438, https://doi.org/10.1182/blood-2007-03-078774. Epub 2007 Oct 1. PMID: 17909081. 

[5] F. Nitzsche, C. Müller, B. Lukomska, J. Jolkkonen, A. Deten, J. Boltze, Concise review: MSC adhesion cascade-Insights into homing and Transendothelial 
migration, Stem Cell. 35 (6) (2017 Jun) 1446–1460, https://doi.org/10.1002/stem.2614. Epub 2017 Apr 3. PMID: 28316123. 

[6] R. Szydlak, Biological, chemical and mechanical factors regulating migration and homing of mesenchymal stem cells, World J. Stem Cell. 13 (6) (2021 Jun 26) 
619–631, https://doi.org/10.4252/wjsc.v13.i6.619. PMID: 34249231; PMCID: PMC8246245. 

[7] A.G. Abdel Salam, H.M. Ata, T.M. Salman, L.A. Rashed, D. Sabry, M.F. Schaalan, Potential therapeutic utility of mesenchymal stem cells in inflammatory bowel 
disease in mice, Int. Immunopharm. 22 (2) (2014 Oct) 515–521, https://doi.org/10.1016/j.intimp.2014.07.030. Epub 2014 Aug 13. PMID: 25133649. 

[8] A. Glavaski-Joksimovic, M.C. Bohn, Mesenchymal stem cells and neuroregeneration in Parkinson’s disease, Exp. Neurol. 247 (2013 Sep) 25–38, https://doi. 
org/10.1016/j.expneurol.2013.03.016. Epub 2013 Mar 28. PMID: 23542820. 
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