
www.jzus.zju.edu.cn; www.springer.com/journal/11585
E-mail: jzus_b@zju.edu.cn

Journal of Zhejiang University-SCIENCE B (Biomedicine & Biotechnology)   2023 24(2):115-129

Novel perspective in transplantation therapy of mesenchymal stem 
cells: targeting the ferroptosis pathway

Yuzhu XU1,2*, Pan FAN1,2*, Lei LIU1,2, Xuanfei XU3, Lele ZHANG1,2, Jiadong WANG1,2, Yuao TAO1,2, 
Xiaolong LI1,2, Xi LI1,2, Yuntao WANG1,2*

1Medical School of Southeast University, Southeast University, Nanjing 210009, China 
2Department of Spine Surgery, Zhongda Hospital Affiliated to Southeast University, School of Medicine, Southeast University, Nanjing 
210009, China 
3Department of Nuclear Medicine, Zhongda Hospital Affiliated to Southeast University, School of Medicine, Southeast University, Nanjing 
210009, China

Abstract: Ex vivo culture-amplified mesenchymal stem cells (MSCs) have been studied because of their capacity for healing 
tissue injury. MSC transplantation is a valid approach for promoting the repair of damaged tissues and replacement of lost cells 
or to safeguard surviving cells, but currently the efficiency of MSC transplantation is constrained by the extensive loss of MSCs 
during the short post-transplantation period. Hence, strategies to increase the efficacy of MSC treatment are urgently needed. 
Iron overload, reactive oxygen species deposition, and decreased antioxidant capacity suppress the proliferation and regeneration 
of MSCs, thereby hastening cell death. Notably, oxidative stress (OS) and deficient antioxidant defense induced by iron overload 
can result in ferroptosis. Ferroptosis may inhibit cell survival after MSC transplantation, thereby reducing clinical efficacy. In 
this review, we explore the role of ferroptosis in MSC performance. Given that little research has focused on ferroptosis in 
transplanted MSCs, further study is urgently needed to enhance the in vivo implantation, function, and duration of MSCs.
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1 Introduction 

Mesenchymal stem cells (MSCs) are multipotent 
cells that can be differentiated into osteoblasts, adipo‐
cytes, and chondrocytes. In recent years, MSCs have 
been investigated for curing a diverse range of dis‐
eases, and much has been learned from in vivo and 
in vitro models (Wang S et al., 2022; Zhang L et al., 
2022a). Considerable evidence has demonstrated that 
MSC transplantation can promote the recovery of 
cell viability and regeneration of cells to heal tissue 
injury and degeneration (Ma T et al., 2022; Shao et al., 
2022; Zhang L et al., 2022b). However, the perturba‐
tion microenvironment in grafted areas, especially in 

hypoxia- or ischemia-injured tissues, imposes major 
obstacles to the clinical application of MSCs (Hamid 
et al., 2022). For example, in the hypoxic, acidic, and 
hypertonic environments of an intervertebral disc cen‐
ter, transplanted MSCs are in a state of oxidative 
stress (OS), thus affecting their biological functions 
and therapeutic efficacy (Zhou ZM et al., 2022). Under 
OS, excess reactive oxygen species (ROS) weaken 
the cellular antioxidant capacity and contribute to cell 
death (Shi et al., 2022). This process also involves 
iron deposition and lipid peroxide accumulation, which 
are reminiscent of ferroptosis (Noubari et al., 2022; 
Teli et al., 2022). Recent studies have shown that 
ferroptosis affects the efficacy of MSC transplanta‐
tion (Xu et al., 2021; Tan et al., 2022). Previous 
mechanisms could not completely explain the inferior 
survival rate of transplanted MSCs. Hence, we investi‐
gated the mechanisms of ferroptosis in MSCs to im‐
prove the potential for future applications of MSC 
transplantation.
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2 Basic properties of ferroptosis 

Ferroptosis is a novel category of regulated cell 
death that is morphologically and biochemically differ‐
ent from pyroptosis, necroptosis, autophagy, and apop‐
tosis (Dixon et al., 2012; Conrad and Pratt, 2019; Lei 
et al., 2019; Su et al., 2019; Lin et al., 2020; Liu et al., 
2020; Macías-Rodríguez et al., 2020; Minagawa et al., 
2020; Su et al., 2020; Tang et al., 2020; Christidi and 
Brunham, 2021; Koren and Fuchs, 2021) (Table 1). 
From the perspective of morphology, ferroptotic cells 
are characterized by shrunken mitochondria, reduced 
or absent mitochondrial ridges, and condensed mito‐
chondrial membranes. These abnormalities are attri‑
buted to OS, which leads to the absence of selective 
permeability of the plasma membrane (Su et al., 2019). 
The key biochemical features of ferroptosis are the de‐
pletion of unsaturated fatty acids in the plasma mem‐
brane and an increased ferrous ion concentration, thus 
accelerating the accumulation of iron-dependent lipid 
peroxides (Conrad and Pratt, 2019). Lipid peroxidation 

damages the cellular membrane structure, leading to 
cell death (Minagawa et al., 2020). Another central 
regulator of ferroptosis is glutathione peroxidase 4 
(GPX4), which specifically catalyses the reduction 
of lipid peroxides to the corresponding alcohol (Tang 
et al., 2020). Therefore, the absence or inactivation of 
GPX4 results in the accumulation of lipid peroxides, 
which represents the lethal signal of ferroptosis. The 
level of GPX4 is strictly controlled by the Xc− system, 
which sustains the synthesis of glutathione (GSH) 
and provides oxidative protection (Macías-Rodríguez 
et al., 2020). GSH serves as a cofactor of GPX4. In 
addition, ferroptosis can be suppressed by radical-
trapping antioxidants (e.g., vitamin E (α-tocopherol) 
and ferrostatin-1 (Fer-1)) or iron chelators (e.g., defer‐
oxamine (DFO)) (Liu et al., 2020). Initially, a unique set 
of genes, e.g., iron response element-binding protein 2, 
heme oxygenase-1 (HO-1), ribosomal protein L8, ade‐
nosine triphosphate (ATP) synthase F0 complex sub‐
unit C3 and acetyl-CoA synthetase family member, was 
thought to be involved in the ferroptotic mechanism 

Table 1  Comparison of characteristics of ferroptosis, necroptosis, apoptosis, autophagy, and pyroptosis

Category

Ferroptosis

Necroptosis

Apoptosis

Autophagy

Pyroptosis

Morphological features

Shrunken mitochondria (Su et al., 2020);
Condensed mitochondrial membrane (Dixon et al., 2012);
Reduced or absent mitochondrial ridges (Lei et al., 2019);
Rupture of the outer membrane (Dixon et al., 2012; 

Conrad and Pratt, 2019)

Plasma membrane breakdown (Minagawa et al., 2020);
Swelling of organelles and cytoplasm (Koren and Fuchs, 

2021);
Moderately condensed chromatin (Tang et al., 2020);
Liberated cell contents (Minagawa et al., 2020)

Cell and nuclear volume reduction (Su et al., 2019);
Condensation of nuclear chromatin (Christidi and 

Brunham, 2021);
Nuclear disruption (Su et al., 2019);
Blebbing of plasma membrane (Lei et al., 2019);
Rounding up of the cell (Koren and Fuchs, 2021);
Generation of apoptotic bodies (Macías-Rodríguez 

et al., 2020)

Formation of double-membraned autolysosomes (Koren 
and Fuchs, 2021);

Lysosome degradation of the substrate (Liu et al., 2020)

Karyopyknosis (Christidi and Brunham, 2021);
Cytoplasmic swelling (Koren and Fuchs, 2021);
Plasma membrane rupture (Tang et al., 2020);
Osmotic lysis of the cell (Koren and Fuchs, 2021)

Biochemical features

ROS and iron deposition (Lei et al., 2019);
Inhibition of Xc− system (Dixon et al., 2012);
GSH exhaustion (Lin et al., 2020);
Suppression of GPX4 (Conrad and Pratt, 2019);
Accumulation of iron-dependent lipid peroxidation 

(Lin et al., 2020; Su et al., 2020)

Caspase inhibition (Tang et al., 2020);
Drop in ATP level (Conrad and Pratt, 2019)

Caspase activation (Macías-Rodríguez et al., 2020);
DNA fragmentation (Koren and Fuchs, 2021);
Phosphatidylserine exposure (Macías-Rodríguez 

et al., 2020)

Conversion from LC3-I to LC3-II (Liu et al., 2020);
Substrate degradation (Christidi and Brunham, 2021);
Elevated lysosomal vitality (Koren and Fuchs, 2021)

Liberation relied on caspase-1 and proinflammatory 
cytokine (Tang et al., 2020; Christidi and Brunham, 
2021)

ROS: reactive oxygen species; GSH: glutathione; GPX4: glutathione peroxidase 4; ATP: adenosine triphosphate; LC3: microtubule-associated 
protein light chain 3.
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(Chen Z et al., 2022; Liu and Gu, 2022). Subsequent 
studies showed that this specific oxidative and nonapop‐
totic cell death process involves more proteins and 
genes, including tumor repressor p53, mitogen-activated 
protein kinase (MAPK), cyclooxygenase-2, nicotin‐
amide adenine dinucleotide phosphate (NAD(P)H) ox‐
idases (NOXs), nuclear factor erythroid 2-related fac‐
tor 2 (Nrf2), and transferrin (Tf) receptor 1 (TfR1) 
(Forcina et al., 2022; Miao et al., 2022; Yuan et al., 
2022). Even though the exact mechanisms are unclear, 
ferroptosis is tightly connected with iron, ROS, lipid 
peroxidation, and antioxidant metabolism.

3 Ferroptosis in MSCs 

MSCs have recently been studied because of their 
proliferative and regenerative properties. They can re‐
pair degenerative and injured tissues by directly differ‐
entiating into various cells and secreting diverse para‐
crine factors (Deng et al., 2022; Ma JJ et al., 2022). 
However, when grafted into a target area, MSCs are 
affected by several ambient factors. One of the most 
important factors is OS, which results in the loss of 
grafted MSCs at the transplant site (Ma JJ et al., 2022). 
Therefore, methods to handle MSCs should be estab‐
lished to reduce ROS in the deleterious oxidising 
microenvironment to improve MSC engraftment and 
enhance tissue repair. Iron is essential for the prolifer‐
ation and differentiation of cells, including MSCs 
(Buschhaus et al., 2022), but iron accumulation has 
been clearly proven to induce OS and hinder the self-
renewal of MSCs (di Paola et al., 2022). Ferroptosis 
is considered as an iron overload that triggers OS, 
thereby contributing to subsequent cell death. Thus, 
inhibiting ferroptosis is expected to increase the effi‐
cacy of MSC therapy.

3.1 Iron metabolism in MSCs

The human body carefully controls cellular iron 
homeostasis. Irreversible damage may occur once iron 
levels exceed the storage capacity of a cell. Ferroptosis 
induces damage typically by iron overload. Ferric iron 
(Fe3+) can be recognized by Tf and is transported into 
the cell through TfR1 (Brown et al., 2019). Fe3+ is then 
deposited in the endosome and converted into ferrous 
iron (Fe2+) by the six-transmembrane epithelial anti‐
gen of prostate 3 (STEAP3) (Battaglia et al., 2020). 

Divalent metal transporter 1 (DMT1) transports the 
unstable Fe2+ from the endosome to the cellular labile 
iron pool (LIP) in the cytoplasm (Pandrangi et al., 
2022). Excess irons can either be stored as Fe3+ in 
ferritin or released extracellularly by ferroportin to 
sustain the LIP at an appropriate level to avoid cell 
toxicity (Zhang and Li, 2022) (Fig. 1). As the chief 
iron reservoir protein in the cell, ferritin comprises 
the ferritin light chain (FTL) and ferritin heavy chain 1 
(FTH1). Liu J et al. (2022) found that the overexpres‐
sion of NOP2/Sun RNA methyltransferase 5 (NSUN5) 
elevates the expression levels of the FTL and FTH1 
proteins to resist ferroptosis in bone marrow MSCs 
(BMSCs) (Fig. 2).

The disruption of iron metabolism homeostasis 
in MSCs reduces their capabilities for pluripotent dif‐
ferentiation and self-renewal. In the in vitro model of 
BMSCs, iron overload induced by ferric ammonium 
citrate suppresses osteogenic differentiation and cell 
multiplication (Yao et al., 2019). Furthermore, iron 
accumulation upregulates phosphorylated extracel‐
lular signal-regulated kinase 1/2 (ERK1/2) and c-Jun 
N-terminal kinase (JNK) in rat BMSCs (Yao et al., 
2019) and increases the protein expression of ERK in 
mouse BMSCs (Yang et al., 2017), indicating mitogen-
activated protein kinase (MAPK)/ERK and MAPK/
JNK pathway activation. In mouse BMSCs, iron over‐
load also elevates the expression levels of phospho-p38 
and p38 (Yang et al., 2017; Shen et al., 2018). Other 
studies showed that the activation of MAPK signalling 
pathways triggers ferroptosis (Park et al., 2019; Song 
QX et al., 2022). Moreover, inhibiting MAPK path‐
ways prevents the occurrence of ferroptosis in lung 
cancer cells (Poursaitidis et al., 2017). Therefore, we 
speculated that iron accumulation may motivate fer‐
roptosis in MSCs through the activation of MAPK 
pathways (Fig. 2). Interestingly, in the iron-overload 
model of umbilical cord-derived MSCs, the expres‐
sion of p53 is elevated in conditions of ferric ammo‐
nium citrate (FAC)-induced oxidative damage, which 
may be attributed to the activation of the p38-MAPK 
signalling pathway (Lu et al., 2013). However, Xie 
et al. (2017) suggested that upregulated p53 expres‐
sion represses ferroptosis induced by erastin in human 
colorectal cancer (CRC) cells. p53 exhaustion blocks 
the nuclear deposition of dipeptidyl peptidase 4 (DPP4), 
thereby increasing the interaction between DPP4 and 
nicotinamide adenine dinucleotide phosphate oxidases 1 
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(NOX1). This process is essential for lipid peroxida‐
tion and results in ferroptosis in CRC cells (Xie et al., 
2017) (Fig. 3). Differences between CRCs and MSCs 
might explain these conflicting results. Nevertheless, 
the role of p53 in iron-induced oxidative damage in 
MSCs needs further study. Khoshlahni et al. (2020) 
demonstrated that DFO effectively restored the viabil‐
ity of BMSCs to normal levels in iron-overload cir‐
cumstances. Lactoferrin participates in the transport 
of ferritin and has as an important role in iron homeo‐
stasis. Park et al. (2017) found that the pretreatment 
of human MSCs with lactoferrin effectively retrieved 
cell vitality and decreased cell death in hydrogen per‐
oxide (H2O2) -induced conditions, which may involve 
the phosphorylation of serine/threonine kinase (AKT). 
The activation of AKT can mediate the regulation of 
sirtuin 3 (SIRT3) on acyl-CoA synthetase long-chain 
family 4 (ACSL4), which inhibits ferroptosis (Liu 
et al., 2021) (Fig. 3).

3.2 Oxidative stress in MSCs

ROS are highly reactive oxygen-containing mol‐
ecules, including hydroxyl radicals (OH·), superoxide 
anion radicals (O2·

−), H2O2, peroxyl radicals (ROO·), 
lipid hydroperoxides (L-OOH), and alkoxyl radicals 
(LO·) (Chen GH et al., 2022). The cytosolic Fe2+ iron 
constituting LIP has high chemical reactivity and can 
participate in the Fenton reaction directly, thereby gen‐
erating highly reactive ROS (Hu et al., 2022) (Fig. 1). 
Excess OH· contributes to protein oxidation, resulting 
in protein structural change and dysfunction, oxida‐
tion of DNA, and disruption of the cell membrane 
(Yu et al., 2022). Surplus lipid ROS also leads to the 
generation of OS, which is defined as an imbalance 
between ROS production and elimination. With de‐
creased antioxidant capacity, MSCs are more vulnera‐
ble to OS than differentiated cells (Orciani et al., 2010; 
Ko et al., 2012). Furthermore, MSCs from individuals 

Fig. 1  Molecular mechanisms of ferroptosis in MSCs. MSCs: mesenchymal stem cells; Tf: transferrin; TfR1: transferrin 
receptor 1; STEAP3: six-transmembrane epithelial antigen of prostate 3; DMT1: divalent metal transporter 1; PUFA: 
polyunsaturated fatty acid; AA/AdA: arachidonic acid/adrenic acid; PE: phosphatidylethanolamine; ACSL4: acyl-CoA 
synthetase long-chain family membrane 4; LPCAT3: lysophosphatidylcholine acyltransferase 3; LOXs: lipoxygenases; 
GPX4: glutathione peroxidases 4; ROS: reactive oxygen species; RSL3: RAS-selective lethal 3; SLC7A11: solute carrier 
family 7 member 11; SLC3A2: solute carrier family 3 member 2.
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with coronary artery disease display high levels of 
intracellular ROS (Kizilay Mancini et al., 2018). 
Therefore, transplanting MSCs into a pre-existing OS 

microenvironment could disrupt the intracellular metab‑
olism of MSCs, leading to iron overload and toxic 
ROS accumulation. OS caused by ROS affects the sur‐
vival rate of transplanted MSCs. In the in vitro model 
of erastin-treated BMSCs, Li et al. (2020) reported 
that quercetin (a flavonol antioxidant) inhibits ROS 
deposition and restores cell proliferation to normal 
levels, thereby protecting cells from ferroptosis. Mo‐
hammadi et al. (2021) found that astaxanthin (ATX, 
an antioxidant) can weaken functional disturbance 
caused by H2O2 stimulation by upregulating Nrf2 ex‐
pression to combat OS. Nrf2 blocks the occurrence of 
ferroptosis by enhancing the expression of HO-1 and 
NAD(P)H quinone oxidoreductase 1 (NQO1), both 
of which are involved in iron and ROS metabolisms 
(Fig. 2). These results support the opinion that trans‐
planted MSCs may undergo ferroptosis as a result 
of OS.

Evidence supporting a direct role of OS in caus‐
ing ferroptosis in MSCs is lacking. Regulating SIRT is 
a potential method to reduce OS in MSCs (Denu and 
Hematti, 2016). As nicotinamide adenine dinucleotide 

Fig. 3  Pathways promoting or inhibiting ferroptosis in 
CRC and GBC. CRC: colorectal cancer; GBC: gall bladder 
cancer; DPP4: dipeptidyl peptidase 4; NOX1: nicotinamide 
adenine dinucleotide phosphate hydride oxidases 1; p-AKT: 
phospho-serine/threonine kinase; ACSL4: acyl-CoA syn‐
thetase long-chain family 4.

Fig. 2  Pathways promoting or inhibiting ferroptosis in MSCs. FAC: ferric ammonium citrate; MAPK: mitogen-activated 
protein kinase; ERK: extracellular signal-regulated kinase; JNK: c-Jun N-terminal kinase; SIRT1: sirtuin 1; CREB1: 
cyclic adenosine monophosphate (cAMP)-responsive element-binding protein 1; Nrf2: nuclear factor erythroid 2-related 
factor 2; NSUN5: NOP2/Sun RNA methyltransferase 5; HO-1: heme oxygenase-1; NQO1: nicotinamide adenine dinucleotide 
phosphate (NAD(P)H) quinone oxidoreductase 1; GSH: glutathione; FTH1: ferritin heavy chain 1; FTL: ferritin light 
chain; pAMPK: phosphorylated adenosine monophosphate (AMP)‐activated protein kinase; PGC-1α: peroxisome 
proliferator-activated receptor-γ coactivator-1α; ACC: acetyl-CoA carboxylase; PPARγ: peroxisome proliferator-activated 
receptor γ; Bcl-2/Bax: B-cell lymphoma 2/Bcl-2-associated X protein; HIF-1α: hypoxia-inducible factor-1α; MSCs: 
mesenchymal stem cells.
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(NAD(+))-dependent deacetylases, SIRTs can protect 
against age-associated pathologies, including neurode‐
generative diseases, cancers, and metabolic diseases. 
The knockdown of SIRT1 suppresses the differentia‐
tion and proliferation of MSCs, whereas the overex‐
pression of SIRT1 shows the opposite results (Yuan 
et al., 2012). SIRT1 deacetylates Nrf2. Activated Nrf2 
translocates into the nucleus and enhances HO-1 func‐
tion to eliminate ROS (Patel et al., 2022) (Fig. 2). In 
mice and cells treated with acetaminophen, the down‐
regulation of the SIRT1/Nrf2/HO-1 pathway greatly 
increases ROS and 4-hydroxynonenal (4-HNE) levels, 
ultimately aggravating ferroptosis (Wang C et al., 
2021). The downregulation of SIRT1 is restored by 
ulinastatin to ameliorate ferroptosis (Wang C et al., 
2021). In addition, many enzymes and proteins that 
avoid lipid peroxidation and inhibit ferroptosis are 
target genes of Nrf2 (Dodson et al., 2019). In the 
doxorubicin-induced cardiotoxicity model of rats, in‐
creased SIRT1 and Nrf2 expression levels also activate 
the expression of FTH1, thereby restricting the iron 
level and attenuating ferroptosis (Li DL et al., 2022a) 
(Fig. 2). SIRT3 is localised in the mitochondria, which 
are major sites of ROS generation and have a vital role 
in ferroptosis (Wang CF et al., 2021). SIRT3 improves 
the efficiency of the electron transport chain by repro‐
gramming the metabolism of mitochondria, which is 
thought to decrease ROS production (Wang LJ et al., 
2022). Moreover, SIRT3 deacetylates and activates 
manganese superoxide dismutase, which can counteract 
ROS (Hayashi et al., 2022). Brown et al. (2013) re‐
vealed that SIRT3 is indispensable for maintaining 
haematopoietic stem cell homeostasis under OS or old-
aged conditions. SIRT6 regulates the repair, transcrip‐
tion, and metabolism of DNA in response to OS (Mun‐
nur and Ahel, 2017; Tatone et al., 2018). For example, 
SIRT6 stimulates the activity of poly(ADP-ribose) 
polymerase 1 (PARP1) and elevates the repair effi‐
ciency of double-stranded DNA in OS conditions (Mao 
et al., 2011). SIRT6 knockdown inhibits the osteogen‐
esis of MSCs derived from rats (Sun et al., 2014). The 
roles of SIRT3 and SIRT6 in ferroptosis have not 
been clarified in detail and indicate a significant direc‐
tion for future research.

3.3 Lipid peroxidation in MSCs

Polyunsaturated fatty acids (PUFAs) are vital 
for physiological functions and membrane fluidity. 

PUFAs are esterified into membrane phospholipids 
(PLs; e.g., phosphatidylethanolamines (PEs)) and can 
be oxidised by ROS in a nonenzymatic process and 
generate lethal lipid peroxides, which are crucial in 
promoting ferroptosis (Fan et al., 2022; Qu et al., 
2022). OH· react with PUFAs in membrane PLs par‐
ticularly arachidonic acid (AA) and adrenic acid (AdA), 
thereby promoting the formation of lipid peroxyl radi‐
cals and lipid radicals (Liu MY et al., 2022) (Fig. 1). 
Subsequently, these lipid ROS undergo chain reac‐
tions with PUFAs to generate lipid peroxides, thus 
initiating or propagating oxidative fragmentation of 
PUFAs (Jiang et al., 2022). In the presence of iron, 
LO· are converted from lipid peroxides and react with 
adjacent PUFAs, thus triggering lipid autoxidation via 
a chain of autocatalytic radical reactions, producing 
ROS and damaging cellular membranes (Zhang YC 
et al., 2022). L-OOH are usually believed to be the 
crucial mediators of ferroptosis due to their capacity 
to modify the structure and function of the membrane. 
In addition, L-OOH are unstable and easily decompose 
into secondary products that generate additional toxic‐
ity (Li DL et al., 2022b). As degradation products, 
malondialdehyde (MDA) and 4-HNE can amplify cel‐
lular impairment by attacking proteins or DNA (Khan 
et al., 2022). The formation of lipid peroxides cata‐
lysed in an iron-enzymatic manner also plays an im‐
portant role. Three enzymes are involved in the con‐
version of AA/AdA to PE-AA/AdA-OOH, including 
lysophosphatidylcholine acyltransferase 3 (LPCAT3), 
ACSL4, and lipoxygenases (LOXs) (Wang Y et al., 
2022). The functions of ACSL4 and LPCAT3 are im‐
portant for the biosynthesis and remodelling of PEs, 
whereas LOXs catalyse free PUFAs to generate lipid 
peroxides (Zhu et al., 2022) (Fig. 1).

Adenosine monophosphate (AMP)-activated pro‐
tein kinase (AMPK), which functions as a redox 
and energy sensor, plays a vital role in preserving the 
normal function of MSCs. The activated AMPK sig‐
nalling pathway increases peroxisome proliferator-
activated receptor-γ coactivator-1α (PGC-1α) expres‐
sion (Lee et al., 2006) and subsequently elevates the 
hypoxia-inducible factor-1α (HIF-1α) expression level, 
B-cell lymphoma 2/Bcl-2-associated X protein (Bcl-2/
Bax) ratio, proangiogenic-related factor expression 
level, and survival rate of MSCs (Lu et al., 2012) (Fig. 2). 
AMPK has also been reported to regulate lipid per‐
oxidation, thus engaging in ferroptosis. Acetyl-CoA 
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carboxylase (ACC) converts acetyl-CoA into malonyl-
CoA and expedites fatty acid synthesis (Vancura et al., 
2018; Lee et al., 2020). Lee et al. (2020) discovered 
that cotreatment with erastin or RAS-selective lethal 3 
(RSL3) and 5-(tetradecyloxy)-2-furoic acid (an inhibi‐
tor of ACC) alleviates lipid peroxide accumulation and 
inhibits ferroptosis in immortalised mouse embryonic 
fibroblasts (MEFs). Phosphorylated AMPK inhibits the 
activity of ACC, thereby reducing fatty acid synthesis 
(Fig. 2). Lipidomic analyses showed that AMPK dele‐
tion increases the biosynthesis of PUFAs, thus elevat‐
ing the sensitivity to ferroptosis (Lee et al., 2020). Con‐
sistent with this, ACSL4 knockdown notably blocks 
ferroptosis induced by erastin in AMPK deletion MEFs 
(Lee et al., 2020). Peroxisome proliferator-activated 
receptor γ (PPARγ) is thought to be an additional 
signal that strengthens the synthesis of fatty acids 
(Chyau et al., 2020). Han et al. (2021) proved that 
PPARγ participates in lipid metabolism and drives 
ferroptosis induced by RSL3. Phospho-AMPK inhib‐
its the expression level of PPARγ, thereby blocking 
lipid synthesis and alleviating lipid peroxide accumu‐
lation (Fig. 2). Several studies also detected the vital 
role of PPARγ in the differentiation and commitment 
of MSCs (Li Y et al., 2018; Ko et al., 2022; Svensson 
et al., 2022). Therefore, understanding the function of 
the AMPK/PPARγ signalling pathway underlying fer‐
roptosis in MSCs will help improve transplantation 
and regeneration therapies in degenerative diseases. 
Although lacking direct evidence, the hypothesis that 
AMPK signalling regulates ferroptosis in MSCs is wor‐
thy of attention.

3.4 Xc− system/GSH/GPX4 axis in MSCs

A complex network of antioxidant defence sys‐
tems is established in cells to combat excessive OS 
and maintain redox homeostasis. The Xc− system is a 
sodium- and chloride-dependent antiporter composed 
of solute carrier family 3 member 2 (SLC3A2) and 
solute carrier family 7 member 11 (SLC7A11) (Chen 
Y et al., 2022). The Xc− system can input cystine and 
output glutamate at a ratio of 1:1. Cystine is changed 
into cysteine via the reduction reaction and synthesises 
GSH, which maintains the homeostasis of cellular 
redox and serves as a cofactor of GPX4 (Feng et al., 
2022). GPX4 can degrade lipid peroxides directly and 
maintain oxidation–reduction balance (Yang et al., 2022) 
(Fig. 1). Cysteine starvation can lead to the depletion 

of GSH, which affects the efficiency of GPX4 synthe‐
sis and subsequently results in lipid peroxide accumu‐
lation and ferroptotic death. As a ferroptotic-inducing 
molecule, erastin binds the Xc− system directly and 
inhibits its function, resulting in the inactivation of 
GPX4 (Liang et al., 2022). Thus, erastin has a pro-
ferroptotic effect by indirectly restraining the activity 
of GPX4. Notably, a complementary mechanism is 
enhanced by inhibition of Xc− system. This result is 
the intracellular upregulation of SLC7A11, which can 
oppose erastin-induced ferroptosis (Fu et al., 2022). 
Despite the predominance of extracellular uptake of 
cystine, the trans-sulfuration pathway (TSP) also per‐
forms a compensatory role for sourcing cysteine. Under 
cysteine-insufficient conditions, methionine can be con‐
verted into cysteine to counter the OS response via 
the TSP (Rodríguez-Graciani et al., 2022). RSL3 acts 
as a straight inhibitor of GPX4 by binding and inacti‐
vating it, impeding the process of lipid peroxide deg‐
radation (Liu M et al., 2022).

High levels of ROS and resultant OS induce fer‐
roptosis. OS can be aggravated by a weakened defence 
ability of antioxidants, including GPX4 and GSH. GSH 
is proven to be crucial for maintaining the migration 
and stemness abilities of MSCs, which determine their 
efficiency of therapy in chronic musculoskeletal dis‐
eases (Lim et al., 2020). Ferroptosis is attributed not 
only to the excessive accumulation of iron, but also to 
the limitation of antioxidant defense pathways with 
iron levels unchanged. Hence, the disruption of GSH 
homeostasis in MSCs also leads to the initiation of 
ferroptosis. Recognised as regulating redox homeosta‐
sis, Nrf2 transcribes GSH metabolic genes to preserve 
GSH stability. Lim et al. (2020) found that cyclic ade‐
nosine monophosphate (cAMP)-responsive element-
binding protein 1 (CREB1) upregulates Nrf2 expres‐
sion to stabilise the redox homeostasis of MSCs, there‐
by promoting the enhancement of the therapeutic func‐
tions of MSCs (Fig. 2). Moreover, human umbilical 
cord MSCs with a cascade of CREB1-Nrf2 signalling 
show increased resistance to cell death induced by 
OS. To further verify the role of GSH in MSCs under 
OS, Bonilla-Porras et al. (2019) established a molecu‐
lar model involving deletion of GSH. Interestingly, the 
cotreatment of buthionine sulfoximine (BSO, inhibitor 
of GSH) with 6-hydroxydopamine (6-OHDA, inducer 
of OS) induces cell death in MSCs by generating H2O2. 
The degree of OS and ratio of cell death are decreased 
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by treating MSCs with N-acetylcysteine (as a GSH syn‑
thesis precursor) and BSO+6-OHDA (Bonilla-Porras 
et al., 2019). These studies emphasised the significance 
of maintaining the stability of the GSH-dependent 
antioxidant system in protecting MSCs from oxidative 
injury, thereby increasing the proportion of grafted 
MSCs that survive transplantation. In an in vitro expe‑
riment of BMSCs, bleomycin (pulmonary fibrosis in‐
ducer) reduced cell vitality and caused MSCs to suffer 
OS (Li XH et al., 2018). The aggravated OS further 
strengthened the activity of Xc− system, expediting the 
synthesis of GPX4 to counter oxidative injury. In the 
disease modeling of cerebral ischemic reperfusion 
injury (Zhai et al., 2022) and cardiac arrest (Xu et al., 
2021), MSC treatment has been shown to upregulate 
GPX4 expression and suppress ferroptosis in host 
cells. We speculate that the increased defence capacity 
of host cells may be attributed to the antioxidants 
secreted by MSCs. However, owing to their suscepti‐
bility to OS, the functions of MSCs, including para‐
crine migration and proliferation, remain inhibited, 
perhaps because of ferroptosis of the grafted MSCs in 
the transferred region.

3.5 Other ferroptosis-related pathways in MSCs

In addition to the classical ferroptosis-related path‐
ways mentioned above, BTB and CNC homology 1 
(BACH1) also affect susceptibility to ferroptosis (Ni‑
shizawa et al., 2022). As an OS-responsive transcrip‐
tion factor, BACH1 can promote ferroptosis by sup‐
pressing the expression of FTL, FTH1, and SLC7A11 
(Nishizawa et al., 2022). By modifying the expression 
of these genes, BACH1 may affect the regulation of 
LIP, generation of GSH, and degradation of lipid perox‐
ides by GPX4. The expression of BACH1 is stable 
under the condition of homeostasis and inhibits several 
target genes of Nrf2 (Hushpulian et al., 2021). When 
intracellular ROS levels are increased, BACH1 is in‐
activated and thus elevates the expression of genes 
induced by Nrf2, which are involved in combatting 
ROS (Nishizawa et al., 2022). However, when cells 
are under OS, the activity of Nrf2 is decreased while 
the activity of BACH1 is increased, leading to ferrop‐
tosis (Lignitto et al., 2019). Wang D et al. (2022) found 
that lipopolysaccharide-pretreated MSCs significantly 
improved hypoxia/reoxygenation-induced injury in car‐
diomyocytes through the inactivation of BACH1. Fur‐
ther studies revealed that the knockdown of BACH1 

could increase the protective benefits of MSCs on 
injured cardiomyocytes, as evidenced by decreased 
levels of cardiac troponin and lactic dehydrogenase 
and elevated expression of hepatocyte growth factor 
and vascular endothelial growth factor (Wang D et al., 
2022).

HIFs are indispensable factors that maintain the 
homeostasis of oxygen at the gene transcription level 
and participate in modulating multiple proteins related 
to iron metabolism (Song YH et al., 2022). In combi‐
nation with hypoxia response elements, HIF-1 can ac‐
tivate TfR transcription (Song YH et al., 2022). Add‑
itionally, upregulated expression of HIF-1α and HIF-
2α can elevate ferroportin and DMT1 expression in 
astrocytes (Yang et al., 2012). The autophagic degra‐
dation of ferritin, called ferritinophagy, can facilitate 
ferroptosis by increasing LIP (Zhou H et al., 2022). 
Ni et al. (2021) showed that HIF-1α could restrain 
ferritinophagy by inhibiting the formation of autopha‐
gosomes, thereby avoiding ferroptosis in osteoclasts. 
HIF-1α also has the ability to repress ferroptosis by 
upregulating HO-1 and Nrf2 expression and expedit‐
ing the synthesis of GSH (Li DL et al., 2022a). HIF-
1α is degraded by prolyl hydroxylases (PHDs), which 
requires the participation of iron ions (Song QX et al., 
2022). Yang et al. (2018) showed that knockdown or 
inhibition of PHDs significantly ameliorated OS-
induced kidney tubular injury. But when intracellu‐
lar GSH is depleted, increased iron levels are bound 
to activate PHDs, promoting the occurrence of fer‐
roptosis (Haase, 2021). MSCs have powerful stabi‐
lizing effects for treating hypoxic-ischemic injury. 
However, the insufficient amount of engrafted MSCs 
in injured regions has restricted their therapeutic 
potential. Therefore, great attention has been devoted 
to solving the low survival and efficiency in MSCs 
homing to damaged tissues. In the rat model of hypoxic-
ischemic brain injury, overexpression of HIF-1α in 
MSCs greatly enhanced their vitality and migration 
ability. Their therapeutic efficiency was also im‐
proved, as shown by the greater number of MSCs 
migrating to the injured region and alleviating histolog‐
ical and behavioral changes (Lin et al., 2017). Zhou 
et al. (2020) also showed that HIF-1α could drive bio‐
logical effects in MSCs by increasing their viability 
and migration ability. Interestingly, in in vitro experi‐
ments, DFO upregulated the expression of genes asso‐
ciated with angiogenic and osteogenic differentiation in 
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MSCs via activation of HIF-1α, thus promoting tissue 
regeneration and repair (Ran et al., 2018). Given the 
important role of ferroptosis in the transplantation 
therapy of MSCs and that HIF-1α has been proven to 
resist ferroptosis, we propose that HIF-1α inhibitors 
may have a pro-ferroptosis effect in MSCs. As expected, 
Meng et al. (2018) reported that the application of the 
HIF-1α inhibitor KC7F2 restrains the migration and 
survival capacity of MSCs. But more studies need to 
be undertaken to support this opinion.

4 Inhibition of ferroptosis in MSCs 

In the field of transplantation engineering, MSCs 
are viewed as crucial seed cells for treating degenera‐
tive diseases such as degenerative joint and bone dis‐
eases and neurodegenerative diseases (Staff et al., 
2019; Herger et al., 2022). However, studies have 
shown that MSC transplantation associated with OS 
increases the risk of failure. The perturbations of the 
extracellular microenvironment increase lipid ROS and 
weaken antioxidant capacity, inducing cellular death 
through ferroptosis; therefore, inhibiting ferroptosis in 
MSCs is a promising new therapeutic strategy. Shatrova 
et al. (2021) reported that the application of DFO pre‐
vented the deposition of lipid ROS in human endome‐
trial stem cells. Pretreatment with DFO before trans‐
plantation of MSCs obviously enhanced stem cell hom‐
ing in the target region, resulting in enhanced efficiency 
of cell therapy (Peyvandi et al., 2018). OS is consid‐
ered a harmful factor for osteogenesis. Polycystin-1 
(PC1, also known as PKD1, encoded by PKD1) is 
associated with skeletogenesis and bone remodel‐
ing (Chen et al., 2021). Zhang et al. (2021) observed 
that cells lacking PKD1 exhibited typical features of 
ferroptosis, including reduced expression of Xc− sys‐
tem, GPX4, and ferroportin, and increased expression 
of TfR1 and DMT1, which in turn caused high ROS 
levels and the generation of OS. In rat BMSCs, re‐
searchers found that cell vitality and PKD1 expres‐
sion were reduced in a time- and dose-dependent 
manner by H2O2, but their further studies showed that 
PKD1 could appropriately extenuate OS-suppressed rat 
BMSC osteogenesis by activating transcriptional co‐
activator with PDZ-binding motif (TAZ) (Chen et al., 
2021). Vitamin E is an effective lipid antioxidant and 
thus could restrain lipid peroxidation, thereby inhibiting 

ferroptosis (Villalón-García et al., 2022). Bhatti et al. 
(2017) showed that vitamin E pretreatment could up‐
regulate proliferative markers and the cell viability of 
grafted MSCs. Pretreated MSCs resisted H2O2-induced 
OS in vitro, and this phenomenon was recapitulated 
in a rat model of osteoarthritis. Xc− system, GSH, and 
GPX4 are involved in establishing the antioxidant 
defence system and can be regulated to resist fer‐
roptosis. Studies have shown that all-trans retinoic 
acid (ATRA) has a meaningful level of antioxidant ac‐
tivity in vitro (Yucel et al., 2019). Also, pretreat‐
ment of Wharton’s jelly MSCs with ATRA extenuated 
OS, as evidenced by an obvious elevation in GSH 
concentrations (Barakat et al., 2022).

5 Research prospects 

Recently, MSCs research has attracted broad 
attention in the domain of tissue engineering and re‐
generation. The potential therapeutic benefits of MSCs 
can be divided into direct differentiation and the secre‐
tion of various cytokines and growth factors, which 
enhance protective efficiency in injured tissues, limit 
further inflammation, promote proliferation, and moti‐
vate angiogenesis (Barrachina et al., 2020). These func‐
tions revealed the possible value of MSCs in future 
clinical applications, but therapeutic effectiveness is 
highly dependent on the transplantation, migration, 
and vitality of MSCs in the degenerated and damaged 
region. OS is one of the major factors facilitating cell 
death in vivo and in vitro. The reduction of OS, by 
chelating iron ions or adding radical-trapping antioxi‐
dants such as DFO or vitamin E, has been proven to 
prolong the lifespan of human MSCs while preserv‐
ing their differentiation potential (Jin et al., 2010; 
Lang et al., 2022). After the transplantation of MSCs 
into a targeted region, a range of molecular processes 
are involved in the interaction between OS and the 
process of ferroptosis, including iron deposition, lipid 
peroxidation, and GSH exhaustion. In this review, we 
have described the damaging role of ferroptosis in 
MSCs in detail. However, experimental research on 
ferroptosis in MSCs is still lacking, and the protective 
role of ferroptosis inhibitors in transplanted MSCs 
engrafted into target areas has not been fully clarified. 
But the long-established effects of targeting ferroptosis 
in other cell lines imply the potential value of this 
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approach. Given that little research has focused on fer‐
roptosis in transplanted MSCs, more studies are re‐
quired to identify and validate relevant findings. Such 
studies could also explore new ways of improving the 
therapeutic efficiency of MSC treatments.

6 Conclusions 

Although MSCs have achieved some therapeutic 
effects in the early stages of clinical application, there 
is great potential to expand their use. This potential has 
not been fully exploited for several reasons. One of the 
reasons is that oxidative injury is induced by OS, 
which affects the engraftment and function of MSCs 
in vivo. As an OS-induced regulated cell death, ferrop‐
tosis is characterised by the iron-dependent accumula‐
tion of lethal ROS and lipid peroxides and plasma 
membrane rupture, ultimately leading to cell death. 
Therefore, methods to inhibit ferroptosis in MSCs 
should be established to enhance their proliferative and 
regenerative capacities to achieve their therapeutic 
potential. Iron chelators and radical-trapping antioxi‐
dants perhaps represent a novel avenue to accomplish 
this and are worthy of further investigation in MSCs.

Acknowledgments
This work was supported by the Jiangsu Provincial Natu‐

ral Science Foundation of China (No. BK20220832).

Author contributions
Yuzhu XU and Yuntao WANG designed the manuscript. 

Yuzhu XU, Pan FAN, and Yuntao WANG wrote the manu‐
script. Yuzhu XU, Lei LIU, Xuanfei XU, Lele ZHANG, and 
Xiaolong LI provided opinions. Yuzhu XU, Jiadong WANG, 
Yuao TAO, and Xi LI were involved in the discussion. All au‐
thors have read and approved the final manuscript.

Compliance with ethics guidelines
Yuzhu XU, Pan FAN, Lei LIU, Xuanfei XU, Lele 

ZHANG, Jiadong WANG, Yuao TAO, Xiaolong LI, Xi LI, and 
Yuntao WANG declare that they have no conflict of interest.

This review does not contain any studies with human or 
animal subjects performed by any of the authors.

References
Barakat M, Hussein AM, Salama MF, et al., 2022. Possible 

underlying mechanisms for the renoprotective effect of 
retinoic acid-pretreated Wharton’s jelly mesenchymal 
stem cells against renal ischemia/reperfusion injury. Cells, 
11(13):1997. 

https://doi.org/10.3390/cells11131997
Barrachina L, Cequier A, Romero A, et al., 2020. Allo-antibody 

production after intraarticular administration of mesen‐
chymal stem cells (MSCs) in an equine osteoarthritis 
model: effect of repeated administration, MSC inflam‐
matory stimulation, and equine leukocyte antigen (ELA) 
compatibility. Stem Cell Res Ther, 11:52. 
https://doi.org/10.1186/s13287-020-1571-8

Battaglia AM, Chirillo R, Aversa I, et al., 2020. Ferroptosis 
and cancer: mitochondria meet the “iron maiden” cell 
death. Cells, 9(6):1505. 
https://doi.org/10.3390/cells9061505

Bhatti FU, Mehmood A, Latief N, et al., 2017. Vitamin E protects 
rat mesenchymal stem cells against hydrogen peroxide-
induced oxidative stress in vitro and improves their ther‐
apeutic potential in surgically-induced rat model of osteo‐
arthritis. Osteoarthritis Cartilage, 25(2):321-331. 
https://doi.org/10.1016/j.joca.2016.09.014

Bonilla-Porras AR, Jimenez-Del-Rio M, Velez-Pardo C, 
2019. N-acetyl-cysteine blunts 6-hydroxydopamine- and 
L-buthionine-sulfoximine-induced apoptosis in human 
mesenchymal stromal cells. Mol Biol Rep, 46(4):4423-
4435. 
https://doi.org/10.1007/s11033-019-04897-2

Brown CW, Amante JJ, Chhoy P, et al., 2019. Prominin2 drives 
ferroptosis resistance by stimulating iron export. Dev Cell, 
51(5):575-586.e4. 
https://doi.org/10.1016/j.devcel.2019.10.007

Brown K, Xie S, Qiu XL, et al., 2013. SIRT3 reverses aging-
associated degeneration. Cell Rep, 3(2):319-327. 
https://doi.org/10.1016/j.celrep.2013.01.005

Buschhaus JM, Rajendran S, Humphries BA, et al., 2022. 
Effects of iron modulation on mesenchymal stem cell-
induced drug resistance in estrogen receptor-positive breast 
cancer. Oncogene, 41(29):3705-3718. 
https://doi.org/10.1038/s41388-022-02385-9

Chen GH, Song CC, Pantopoulos K, et al., 2022. Mitochon‐
drial oxidative stress mediated Fe-induced ferroptosis 
via the NRF2-ARE pathway. Free Radic Biol Med, 180:
95-107. 
https://doi.org/10.1016/j.freeradbiomed.2022.01.012

Chen TT, Wang HQ, Jiang CY, et al., 2021. PKD1 alleviates 
oxidative stress-inhibited osteogenesis of rat bone marrow-
derived mesenchymal stem cells through TAZ activation. 
J Cell Biochem, 122(11):1715-1725. 
https://doi.org/10.1002/jcb.30124

Chen Y, Yi X, Huo B, et al., 2022. BRD4770 functions as a 
novel ferroptosis inhibitor to protect against aortic dis‐
section. Pharmacol Res, 177:106122. 
https://doi.org/10.1016/j.phrs.2022.106122

Chen Z, Jiang JY, Fu N, et al., 2022. Targetting ferroptosis for 
blood cell-related diseases. J Drug Target, 30(3):244-258. 
https://doi.org/10.1080/1061186X.2021.1971237

Christidi E, Brunham LR, 2021. Regulated cell death pathways 
in doxorubicin-induced cardiotoxicity. Cell Death Dis, 
12(4):339. 
https://doi.org/10.1038/s41419-021-03614-x

124



J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2023 24(2):115-129    |

Chyau CC, Wang HF, Zhang WJ, et al., 2020. Antrodan allevi‐
ates high-fat and high-fructose diet-induced fatty liver dis‐
ease in C57BL/6 mice model via AMPK/Sirt1/SREBP-1c/
PPARγ pathway. Int J Mol Sci, 21(1):360. 
https://doi.org/10.3390/ijms21010360

Conrad M, Pratt DA, 2019. The chemical basis of ferroptosis. 
Nat Chem Biol, 15(12):1137-1147. 
https://doi.org/10.1038/s41589-019-0408-1

Deng L, Zhou L, Zhu Y, et al., 2022. Electroacupuncture 
enhance therapeutic efficacy of mesenchymal stem cells 
transplantation in rats with intracerebral hemorrhage. 
Stem Cell Rev Rep, 18(2):570-584. 
https://doi.org/10.1007/s12015-021-10144-8

Denu RA, Hematti P, 2016. Effects of oxidative stress on mes‐
enchymal stem cell biology. Oxid Med Cell Longev, 2016:
2989076. 
https://doi.org/10.1155/2016/2989076

di Paola A, Palumbo G, Tortora C, et al., 2022. Eltrombopag 
in paediatric immune thrombocytopenia: iron metabolism 
modulation in mesenchymal stromal cells. Br J Haema‐
tol, 197(1):110-119. 
https://doi.org/10.1111/bjh.18012

Dixon SJ, Lemberg KM, Lamprecht MR, et al., 2012. Ferrop‐
tosis: an iron-dependent form of nonapoptotic cell death. 
Cell, 149(5):1060-1072. 
https://doi.org/10.1016/j.cell.2012.03.042

Dodson M, Castro-Portuguez R, Zhang DD, 2019. NRF2 plays 
a critical role in mitigating lipid peroxidation and ferrop‐
tosis. Redox Biol, 23:101107. 
https://doi.org/10.1016/j.redox.2019.101107

Fan XE, Xu MH, Ren QF, et al., 2022. Downregulation of fatty 
acid binding protein 4 alleviates lipid peroxidation and 
oxidative stress in diabetic retinopathy by regulating per‐
oxisome proliferator-activated receptor γ-mediated ferrop‐
tosis. Bioengineered, 13(4):10540-10551. 
https://doi.org/10.1080/21655979.2022.2062533

Feng Z, Qin YF, Huo F, et al., 2022. NMN recruits GSH to 
enhance GPX4-mediated ferroptosis defense in UV irra‐
diation induced skin injury. Biochim Biophys Acta Mol 
Basis Dis, 1868(1):166287. 
https://doi.org/10.1016/j.bbadis.2021.166287

Forcina GC, Pope L, Murray M, et al., 2022. Ferroptosis regu‐
lation by the NGLY1/NFE2L1 pathway. Proc Natl Acad 
Sci USA, 119(11):e2118646119. 
https://doi.org/10.1073/pnas.2118646119

Fu C, Wu YF, Liu SJ, et al., 2022. Rehmannioside A improves 
cognitive impairment and alleviates ferroptosis via acti‐
vating PI3K/AKT/Nrf2 and SLC7A11/GPX4 signaling 
pathway after ischemia. J Ethnopharmacol, 289:115021. 
https://doi.org/10.1016/j.jep.2022.115021

Haase VH, 2021. Hypoxia-inducible factor-prolyl hydroxy‐
lase inhibitors in the treatment of anemia of chronic kid‐
ney disease. Kidney Int Suppl, 11(1):8-25. 
https://doi.org/10.1016/j.kisu.2020.12.002

Hamid HA, Sarmadi VH, Prasad V, et al., 2022. Electromag‐
netic field exposure as a plausible approach to enhance 
the proliferation and differentiation of mesenchymal stem 
cells in clinically relevant scenarios. J Zhejiang Univ-Sci 

B (Biomed & Biotechnol), 23(1):42-57. 
https://doi.org/10.1631/jzus.B2100443

Han L, Bai LL, Qu CJ, et al., 2021. PPARG-mediated ferrop‐
tosis in dendritic cells limits antitumor immunity. Biochem 
Biophys Res Commun, 576:33-39. 
https://doi.org/10.1016/j.bbrc.2021.08.082

Hayashi T, Matsushita T, Hisahara S, et al., 2022. Ubiquitin-
dependent rapid degradation conceals a cell-protective 
function of cytoplasmic SIRT3 against oxidative stress. J 
Biochem, 171(2):201-213. 
https://doi.org/10.1093/jb/mvab119

Herger N, Bermudez-Lekerika P, Farshad M, et al., 2022. 
Should degenerated intervertebral discs of patients with 
modic type 1 changes be treated with mesenchymal stem 
cells? Int J Mol Sci, 23(5):2721. 
https://doi.org/10.3390/ijms23052721

Hu XC, Li RH, Wu WJ, et al., 2022. A Fe(III)-porphyrin-
oxaliplatin(IV) nanoplatform for enhanced ferroptosis 
and combined therapy. J Control Release, 348:660-671. 
https://doi.org/10.1016/j.jconrel.2022.06.019

Hushpulian DM, Ammal Kaidery N, Ahuja M, et al., 2021. 
Challenges and limitations of targeting the Keap1-Nrf2 
pathway for neurotherapeutics: Bach1 de-repression to the 
rescue. Front Aging Neurosci, 13:673205. 
https://doi.org/10.3389/fnagi.2021.673205

Jiang JJ, Zhang GF, Zheng JY, et al., 2022. Targeting mito‐
chondrial ROS-mediated ferroptosis by quercetin allevi‐
ates high-fat diet-induced hepatic lipotoxicity. Front Phar‐
macol, 13:876550. 
https://doi.org/10.3389/fphar.2022.876550

Jin YH, Kato T, Furu M, et al., 2010. Mesenchymal stem cells 
cultured under hypoxia escape from senescence via down-
regulation of p16 and extracellular signal regulated kinase. 
Biochem Biophys Res Commun, 391(3):1471-1476. 
https://doi.org/10.1016/j.bbrc.2009.12.096

Khan MA, Nag P, Grivei A, et al., 2022. Adenine overload 
induces ferroptosis in human primary proximal tubular 
epithelial cells. Cell Death Dis, 13(2):104. 
https://doi.org/10.1038/s41419-022-04527-z

Khoshlahni N, Sagha M, Mirzapour T, et al., 2020. Iron deple‐
tion with deferoxamine protects bone marrow-derived 
mesenchymal stem cells against oxidative stress-induced 
apoptosis. Cell Stress Chaperones, 25(6):1059-1069. 
https://doi.org/10.1007/s12192-020-01142-9

Kizilay Mancini O, Lora M, Cuillerier A, et al., 2018. Mito‐
chondrial oxidative stress reduces the immunopotency of 
mesenchymal stromal cells in adults with coronary artery 
disease. Circ Res, 122(2):255-266. 
https://doi.org/10.1161/CIRCRESAHA.117.311400

Ko E, Lee KY, Hwang DS, 2012. Human umbilical cord 
blood-derived mesenchymal stem cells undergo cellular 
senescence in response to oxidative stress. Stem Cells 
Dev, 21(11):1877-1886. 
https://doi.org/10.1089/scd.2011.0284

Ko H, An S, Ahn S, et al., 2022. Sunscreen filter octocrylene is 
a potential obesogen by acting as a PPARγ partial agonist. 
Toxicol Lett, 355:141-149. 
https://doi.org/10.1016/j.toxlet.2021.12.001

125



|    J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2023 24(2):115-129

Koren E, Fuchs Y, 2021. Modes of regulated cell death in can‐
cer. Cancer Discov, 11(2):245-265. 
https://doi.org/10.1158/2159-8290.CD-20-0789

Lang A, Stefanowski J, Pfeiffenberger M, et al., 2022. MIF 
does only marginally enhance the pro-regenerative capaci‐
ties of DFO in a mouse-osteotomy-model of compromised 
bone healing conditions. Bone, 154:116247. 
https://doi.org/10.1016/j.bone.2021.116247

Lee H, Zandkarimi F, Zhang YL, et al., 2020. Energy-stress-
mediated AMPK activation inhibits ferroptosis. Nat Cell 
Biol, 22(2):225-234. 
https://doi.org/10.1038/s41556-020-0461-8

Lee WJ, Kim M, Park HS, et al., 2006. AMPK activation 
increases fatty acid oxidation in skeletal muscle by acti‐
vating PPARα and PGC-1. Biochem Biophys Res Commun, 
340(1):291-295. 
https://doi.org/10.1016/j.bbrc.2005.12.011

Lei PX, Bai T, Sun YL, 2019. Mechanisms of ferroptosis and 
relations with regulated cell death: a review. Front Physiol, 
10:139. 
https://doi.org/10.3389/fphys.2019.00139

Li DL, Liu XM, Pi WH, et al., 2022a. Fisetin attenuates 
doxorubicin-induced cardiomyopathy in vivo and in vitro 
by inhibiting ferroptosis through SIRT1/Nrf2 signaling 
pathway activation. Front Pharmacol, 12:808480. 
https://doi.org/10.3389/fphar.2021.808480

Li DL, Pi WH, Sun ZZ, et al., 2022b. Ferroptosis and its role 
in cardiomyopathy. Biomed Pharmacother, 153:113279. 
https://doi.org/10.1016/j.biopha.2022.113279

Li XC, Zeng JY, Liu YP, et al., 2020. Inhibitory effect and 
mechanism of action of quercetin and quercetin diels-alder 
anti-dimer on erastin-induced ferroptosis in bone marrow-
derived mesenchymal stem cells. Antioxidants, 9(3):205. 
https://doi.org/10.3390/antiox9030205

Li XH, Li C, Tang YT, et al., 2018. NMDA receptor activation 
inhibits the antifibrotic effect of BM-MSCs on bleomycin-
induced pulmonary fibrosis. Am J Physiol Lung Cell Mol 
Physiol, 315(3):L404-L421. 
https://doi.org/10.1152/ajplung.00002.2018

Li XL, Tian XY, Liu TL, et al., 2022. Hydroxytyrosol alleviated 
hypoxia-mediated PC12 cell damage through activating 
PI3K/AKT/mTOR-HIF-1α signaling. Oxid Med Cell Lon‐
gev, 2022:8673728. 
https://doi.org/10.1155/2022/8673728

Li Y, Jin DX, Xie WX, et al., 2018. PPAR-γ and Wnt regulate 
the differentiation of MSCs into adipocytes and osteoblasts 
respectively. Curr Stem Cell Res Ther, 13(3):185-192. 
https://doi.org/10.2174/1574888X12666171012141908

Liang ZW, Wu Q, Wang HL, et al., 2022. Silencing of lncRNA 
MALAT1 facilitates erastin-induced ferroptosis in endome‐
triosis through miR-145-5p/MUC1 signaling. Cell Death 
Discov, 8:190. 
https://doi.org/10.1038/s41420-022-00975-w

Lignitto L, Leboeuf SE, Homer H, et al., 2019. Nrf2 activa‐
tion promotes lung cancer metastasis by inhibiting the 
degradation of Bach1. Cell, 178(2):316-329.e18. 
https://doi.org/10.1016/j.cell.2019.06.003

Lim J, Heo J, Ju H, et al., 2020. Glutathione dynamics determine 

the therapeutic efficacy of mesenchymal stem cells for 
graft-versus-host disease via CREB1-NRF2 pathway. Sci 
Adv, 6(16):eaba1334. 
https://doi.org/10.1126/sciadv.aba1334

Lin DJ, Zhou LP, Wang B, et al., 2017. Overexpression of 
HIF-1α in mesenchymal stem cells contributes to repairing 
hypoxic-ischemic brain damage in rats. C R Biol, 340(1):
18-24. 
https://doi.org/10.1016/j.crvi.2016.11.001

Lin XY, Ping JY, Wen Y, et al., 2020. The mechanism of fer‐
roptosis and applications in tumor treatment. Front Phar‐
macol, 11:1061. 
https://doi.org/10.3389/fphar.2020.01061

Liu J, Kuang FM, Kroemer G, et al., 2020. Autophagy-
dependent ferroptosis: machinery and regulation. Cell 
Chem Biol, 27(4):420-435. 
https://doi.org/10.1016/j.chembiol.2020.02.005

Liu J, Ren ZX, Yang L, et al., 2022. The NSUN5-FTH1/FTL 
pathway mediates ferroptosis in bone marrow-derived 
mesenchymal stem cells. Cell Death Discov, 8:99. 
https://doi.org/10.1038/s41420-022-00902-z

Liu LG, Li Y, Cao DY, et al., 2021. SIRT3 inhibits gallblad‐
der cancer by induction of AKT-dependent ferroptosis and 
blockade of epithelial-mesenchymal transition. Cancer 
Lett, 510:93-104. 
https://doi.org/10.1016/j.canlet.2021.04.007

Liu M, Kong XY, Yao Y, et al., 2022. The critical role and 
molecular mechanisms of ferroptosis in antioxidant sys‐
tems: a narrative review. Ann Transl Med, 10(6):368. 
https://doi.org/10.21037/atm-21-6942

Liu MY, Li HM, Wang XY, et al., 2022. TIGAR drives colorec‐
tal cancer ferroptosis resistance through ROS/AMPK/
SCD1 pathway. Free Radic Biol Med, 182:219-231. 
https://doi.org/10.1016/j.freeradbiomed.2022.03.002

Liu YQ, Gu W, 2022. p53 in ferroptosis regulation: the new 
weapon for the old guardian. Cell Death Differ, 29(5):
895-910. 
https://doi.org/10.1038/s41418-022-00943-y

Lu DB, Zhang L, Wang HH, et al., 2012. Peroxisome proliferator-
activated receptor-γ coactivator-1α (PGC-1α) enhances 
engraftment and angiogenesis of mesenchymal stem cells 
in diabetic hindlimb ischemia. Diabetes, 61(5):1153-1159. 
https://doi.org/10.2337/db11-1271

Lu WY, Zhao MF, Rajbhandary S, et al., 2013. Free iron cata‐
lyzes oxidative damage to hematopoietic cells/mesenchymal 
stem cells in vitro and suppresses hematopoiesis in iron 
overload patients. Eur J Haematol, 91(3):249-261. 
https://doi.org/10.1111/ejh.12159

Ma JJ, Shi XX, Li MJ, et al., 2022. MicroRNA-181a-2-3p 
shuttled by mesenchymal stem cell-secreted extracellular 
vesicles inhibits oxidative stress in Parkinson’s disease by 
inhibiting EGR1 and NOX4. Cell Death Discov, 8:33. 
https://doi.org/10.1038/s41420-022-00823-x

Ma T, Wu JH, Mu JF, et al., 2022. Biomaterials reinforced 
MSCs transplantation for spinal cord injury repair. Asian 
J Pharm Sci, 17(1):4-19. 
https://doi.org/10.1016/j.ajps.2021.03.003

Macías-Rodríguez RU, Inzaugarat ME, Ruiz-Margáin A, et al., 

126



J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2023 24(2):115-129    |

2020. Reclassifying hepatic cell death during liver dam‐
age: ferroptosis—a novel form of non-apoptotic cell death? 
Int J Mol Sci, 21(5):1651. 
https://doi.org/10.3390/ijms21051651

Mao ZY, Hine C, Tian X, et al., 2011. SIRT6 promotes DNA re‐
pair under stress by activating PARP1. Science, 332(6036):
1443-1446. 
https://doi.org/10.1126/science.1202723

Meng SS, Xu XP, Chang W, et al., 2018. LincRNA-p21 pro‐
motes mesenchymal stem cell migration capacity and 
survival through hypoxic preconditioning. Stem Cell Res 
Ther, 9:280. 
https://doi.org/10.1186/s13287-018-1031-x

Miao Y, Chen YW, Xue F, et al., 2022. Contribution of ferrop‐
tosis and GPX4’s dual functions to osteoarthritis progres‐
sion. eBioMedicine, 76:103847. 
https://doi.org/10.1016/j.ebiom.2022.103847

Minagawa S, Yoshida M, Araya J, et al., 2020. Regulated necro‐
sis in pulmonary disease. A focus on necroptosis and fer‐
roptosis. Am J Respir Cell Mol Biol, 62(5):554-562. 
https://doi.org/10.1165/rcmb.2019-0337TR

Mohammadi S, Barzegari A, Dehnad A, et al., 2021. Astaxan‐
thin protects mesenchymal stem cells from oxidative stress 
by direct scavenging of free radicals and modulation of 
cell signaling. Chem Biol Interact, 333:109324. 
https://doi.org/10.1016/j.cbi.2020.109324

Munnur D, Ahel I, 2017. Reversible mono-ADP-ribosylation 
of DNA breaks. FEBS J, 284(23):4002-4016. 
https://doi.org/10.1111/febs.14297

Ni S, Yuan Y, Qian Z, et al., 2021. Hypoxia inhibits RANKL-
induced ferritinophagy and protects osteoclasts from fer‐
roptosis. Free Radic Biol Med, 169:271-282. 
https://doi.org/10.1016/j.freeradbiomed.2021.04.027

Nishizawa H, Yamanaka M, Igarashi K, 2022. Ferroptosis: 
regulation by competition between NRF2 and BACH1 
and propagation of the death signal. FEBS J, online. 
https://doi.org/10.1111/febs.16382

Noubari ZO, Golchin A, Fathi M, et al., 2022. Designing robust 
chitosan-based hydrogels for stem cell nesting under oxi‐
dative stress. BioImpacts, 12(1):57-64. 
https://doi.org/10.34172/bi.2021.23831

Orciani M, Gorbi S, Benedetti M, et al., 2010. Oxidative 
stress defense in human-skin-derived mesenchymal stem 
cells versus human keratinocytes: different mechanisms 
of protection and cell selection. Free Radic Biol Med, 
49(5):830-838. 
https://doi.org/10.1016/j.freeradbiomed.2010.06.007

Pandrangi SL, Chittineedi P, Chikati R, et al., 2022. Role of 
dietary iron revisited: in metabolism, ferroptosis and patho‐
physiology of cancer. Am J Cancer Res, 12(3):974-985.

Park EJ, Park YJ, Lee SJ, et al., 2019. Whole cigarette smoke 
condensates induce ferroptosis in human bronchial epi‐
thelial cells. Toxicol Lett, 303:55-66. 
https://doi.org/10.1016/j.toxlet.2018.12.007

Park SY, Jeong AJ, Kim GY, et al., 2017. Lactoferrin pro‐
tects human mesenchymal stem cells from oxidative 
stress-induced senescence and apoptosis. J Microbiol Bio‐
technol, 27(10):1877-1884. 

https://doi.org/10.4014/jmb.1707.07040
Patel S, Khan H, Majumdar A, 2022. Crosstalk between sirtu‐

ins and Nrf2: SIRT1 activators as emerging treatment for 
diabetic neuropathy. Metab Brain Dis, 37(7):2181-2195. 
https://doi.org/10.1007/s11011-022-00956-z

Peyvandi AA, Abbaszadeh HA, Roozbahany NA, et al., 2018. 
Deferoxamine promotes mesenchymal stem cell homing 
in noise-induced injured cochlea through PI3K/AKT path‐
way. Cell Prolif, 51(2):e12434. 
https://doi.org/10.1111/cpr.12434

Poursaitidis I, Wang XM, Crighton T, et al., 2017. Oncogene-
selective sensitivity to synchronous cell death following 
modulation of the amino acid nutrient cystine. Cell Rep, 
18(11):2547-2556. 
https://doi.org/10.1016/j.celrep.2017.02.054

Qu L, He XY, Tang Q, et al., 2022. Iron metabolism, ferroptosis, 
and lncRNA in cancer: knowns and unknowns. J Zhe‑
jiang Univ-Sci B (Biomed & Biotechnol), 23(10):844-862. 
https://doi.org/10.1631/jzus.B2200194

Ran QC, Yu YL, Chen WZ, et al., 2018. Deferoxamine loaded 
titania nanotubes substrates regulate osteogenic and angio‐
genic differentiation of MSCs via activation of HIF-1α 
signaling. Mater Sci Eng C, 91:44-54. 
https://doi.org/10.1016/j.msec.2018.04.098

Rodríguez-Graciani KM, Chapa-Dubocq XR, Ayala-Arroyo 
EJ, et al., 2022. Effects of ferroptosis on the metabolome 
in cardiac cells: the role of glutaminolysis. Antioxidants, 
11(2):278. 
https://doi.org/10.3390/antiox11020278

Shao FJ, Liu R, Tan X, et al., 2022. MSC transplantation attenu‐
ates inflammation, prevents endothelial damage and 
enhances the angiogenic potency of endogenous MSCs in 
a model of pulmonary arterial hypertension. J Inflamm 
Res, 15:2087-2101. 
https://doi.org/10.2147/JIR.S355479

Shatrova AN, Burova EB, Kharchenko MV, et al., 2021. Out‐
comes of deferoxamine action on H2O2-induced growth 
inhibition and senescence progression of human endome‐
trial stem cells. Int J Mol Sci, 22(11):6035. 
https://doi.org/10.3390/ijms22116035

Shen YY, Zheng CJ, Tan YP, et al., 2018. MagA increases 
MRI sensitivity and attenuates peroxidation-based dam‐
age to the bone-marrow haematopoietic microenviron‐
ment caused by iron overload. Artif Cells Nanomed Bio‐
technol, 46(sup3):S18-S27. 
https://doi.org/10.1080/21691401.2018.1489260

Shi YJ, Zhang XL, Wan ZH, et al., 2022. Mesenchymal stem 
cells against intestinal ischemia-reperfusion injury: a sys‐
tematic review and meta-analysis of preclinical studies. 
Stem Cell Res Ther, 13:216. 
https://doi.org/10.1186/s13287-022-02896-y

Song QX, Peng SX, Che FY, et al., 2022. Artesunate induces 
ferroptosis via modulation of p38 and ERK signaling 
pathway in glioblastoma cells. J Pharmacol Sci, 148(3):
300-306. 
https://doi.org/10.1016/j.jphs.2022.01.007

Song YH, Wu ZY, Xue H, et al., 2022. Ferroptosis is involved in 
regulating perioperative neurocognitive disorders: emerging 

127



|    J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2023 24(2):115-129

perspectives. J Neuroinflammation, 19(1):219. 
https://doi.org/10.1186/s12974-022-02570-3

Staff NP, Jones DT, Singer W, 2019. Mesenchymal stromal 
cell therapies for neurodegenerative diseases. Mayo Clin 
Proc, 94(5):892-905. 
https://doi.org/10.1016/j.mayocp.2019.01.001

Su LJ, Zhang JH, Gomez H, et al., 2019. Reactive oxygen 
species-induced lipid peroxidation in apoptosis, autophagy, 
and ferroptosis. Oxid Med Cell Longev, 2019:5080843. 
https://doi.org/10.1155/2019/5080843

Su YW, Zhao B, Zhou LF, et al., 2020. Ferroptosis, a novel 
pharmacological mechanism of anti-cancer drugs. Cancer 
Lett, 483:127-136. 
https://doi.org/10.1016/j.canlet.2020.02.015

Sun HL, Wu YR, Fu DJ, et al., 2014. SIRT6 regulates osteo‐
genic differentiation of rat bone marrow mesenchymal 
stem cells partially via suppressing the nuclear factor-κB 
signaling pathway. Stem Cells, 32(7):1943-1955. 
https://doi.org/10.1002/stem.1671

Svensson S, Palmer M, Svensson J, et al., 2022. Monocytes 
and pyrophosphate promote mesenchymal stem cell via‐
bility and early osteogenic differentiation. J Mater Sci 
Mater Med, 33:11. 
https://doi.org/10.1007/s10856-021-06639-y

Tan YW, Huang Y, Mei R, et al., 2022. HucMSC-derived exo‐
somes delivered BECN1 induces ferroptosis of hepatic stel‐
late cells via regulating the xCT/GPX4 axis. Cell Death 
Dis, 13(4):319. 
https://doi.org/10.1038/s41419-022-04764-2

Tang R, Xu J, Zhang B, et al., 2020. Ferroptosis, necroptosis, 
and pyroptosis in anticancer immunity. J Hematol Oncol, 
13:110. 
https://doi.org/10.1186/s13045-020-00946-7

Tatone C, di Emidio G, Barbonetti A, et al., 2018. Sirtuins in 
gamete biology and reproductive physiology: emerging 
roles and therapeutic potential in female and male infer‐
tility. Hum Reprod Update, 24(3):267-289. 
https://doi.org/10.1093/humupd/dmy003

Teli P, Kale V, Vaidya A, 2022. Mesenchymal stromal cells-
derived secretome protects Neuro-2a cells from oxida‐
tive stress-induced loss of neurogenesis. Exp Neurol, 
354:114107. 
https://doi.org/10.1016/j.expneurol.2022.114107

Vancura A, Nagar S, Kaur P, et al., 2018. Reciprocal regula‐
tion of AMPK/SNF1 and protein acetylation. Int J Mol 
Sci, 19(11):3314. 
https://doi.org/10.3390/ijms19113314

Villalón-García I, Álvarez-Córdoba M, Povea-Cabello S, et al., 
2022. Vitamin E prevents lipid peroxidation and iron 
accumulation in PLA2G6-associated neurodegeneration. 
Neurobiol Dis, 165:105649. 
https://doi.org/10.1016/j.nbd.2022.105649

Wang C, Liu T, Tong YM, et al., 2021. Ulinastatin protects 
against acetaminophen-induced liver injury by alleviat‐
ing ferroptosis via the SIRT1/NRF2/HO-1 pathway. Am J 
Transl Res, 13(6):6031-6042.

Wang CF, Wang YT, Shen L, 2021. Mitochondrial proteins 
in heart failure: the role of deacetylation by SIRT3. 

Pharmacol Res, 172:105802. 
https://doi.org/10.1016/j.phrs.2021.105802

Wang D, Xie Y, Peng HQ, et al., 2022. LPS precondition‐
ing of MSC-CM improves protection against hypoxia/
reoxygenation-induced damage in H9c2 cells partly via 
HMGB1/Bach1 signalling. Clin Exp Pharmacol Physiol, 
49(12):1319-1333. 
https://doi.org/10.1111/1440-1681.13714

Wang LJ, Lee YC, Chiou JT, et al., 2022. Effects of SIDT2 
on the miR-25/NOX4/HuR axis and SIRT3 mRNA sta‐
bility lead to ROS-mediated TNF-α expression in hydro‐
quinone-treated leukemia cells. Cell Biol Toxicol, online. 
https://doi.org/10.1007/s10565-022-09705-5

Wang S, Lei BY, Zhang E, et al., 2022. Targeted therapy for 
inflammatory diseases with mesenchymal stem cells and 
their derived exosomes: from basic to clinics. Int J Nano‐
med, 17:1757-1781. 
https://doi.org/10.2147/IJN.S355366

Wang Y, Zhang MH, Bi R, et al., 2022. ACSL4 deficiency 
confers protection against ferroptosis-mediated acute kid‐
ney injury. Redox Biol, 51:102262. 
https://doi.org/10.1016/j.redox.2022.102262

Xie YC, Zhu S, Song XX, et al., 2017. The tumor suppressor 
p53 limits ferroptosis by blocking DPP4 activity. Cell Rep, 
20(7):1692-1704. 
https://doi.org/10.1016/j.celrep.2017.07.055

Xu JF, Zhang MH, Liu F, et al., 2021. Mesenchymal stem cells 
alleviate post-resuscitation cardiac and cerebral injuries 
by inhibiting cell pyroptosis and ferroptosis in a swine 
model of cardiac arrest. Front Pharmacol, 12:793829. 
https://doi.org/10.3389/fphar.2021.793829

Yang F, Yang L, Li Y, et al., 2017. Melatonin protects bone 
marrow mesenchymal stem cells against iron overload-
induced aberrant differentiation and senescence. J Pineal 
Res, 63(3):e12422. 
https://doi.org/10.1111/jpi.12422

Yang L, Fan M, Du F, et al., 2012. Hypoxic preconditioning 
increases iron transport rate in astrocytes. Biochim Bio‐
phys Acta Mol Basis Dis, 1822(4):500-508. 
https://doi.org/10.1016/j.bbadis.2011.12.004

Yang M, Tsui MG, Tsang JKW, et al., 2022. Involvement of 
FSP1-CoQ10-NADH and GSH-GPx-4 pathways in retinal 
pigment epithelium ferroptosis. Cell Death Dis, 13(5):468. 
https://doi.org/10.1038/s41419-022-04924-4

Yang YW, Yu XW, Zhang Y, et al., 2018. Hypoxia-inducible 
factor prolyl hydroxylase inhibitor roxadustat (FG-4592) 
protects against cisplatin-induced acute kidney injury. Clin 
Sci, 132(7):825-838. 
https://doi.org/10.1042/CS20171625

Yao XD, Jing XZ, Guo JC, et al., 2019. Icariin protects bone 
marrow mesenchymal stem cells against iron overload 
induced dysfunction through mitochondrial fusion and 
fission, PI3K/AKT/mTOR and MAPK pathways. Front 
Pharmacol, 10:163. 
https://doi.org/10.3389/fphar.2019.00163

Yu M, Yu JY, Yi YF, et al., 2022. Oxidative stress-amplified 
nanomedicine for intensified ferroptosis-apoptosis com‐
bined tumor therapy. J Control Release, 347:104-114. 

128



J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2023 24(2):115-129    |

https://doi.org/10.1016/j.jconrel.2022.04.047
Yuan HF, Zhai C, Yan XL, et al., 2012. SIRT1 is required for 

long-term growth of human mesenchymal stem cells. J 
Mol Med, 90(4):389-400. 
https://doi.org/10.1007/s00109-011-0825-4

Yuan SY, Wei C, Liu GF, et al., 2022. Sorafenib attenuates liver 
fibrosis by triggering hepatic stellate cell ferroptosis via 
HIF-1α/SLC7A11 pathway. Cell Prolif, 55(1):e13158. 
https://doi.org/10.1111/cpr.13158

Yucel C, Arslan FD, Ekmekci S, et al., 2019. Protective effect 
of all-trans retinoic acid in cisplatin-induced testicular 
damage in rats. World J Mens Health, 37(2):249-256. 
https://doi.org/10.5534/wjmh.180105

Zhai QY, Ren YQ, Ni QS, et al., 2022. Transplantation of 
human umbilical cord mesenchymal stem cells-derived 
neural stem cells pretreated with neuregulin1β amelio‐
rate cerebral ischemic reperfusion injury in rats. Biomol‐
ecules, 12(3):428. 
https://doi.org/10.3390/biom12030428

Zhang L, Ma XJN, Fei YY, et al., 2022a. Stem cell therapy in 
liver regeneration: focus on mesenchymal stem cells and 
induced pluripotent stem cells. Pharmacol Ther, 232:
108004. 
https://doi.org/10.1016/j.pharmthera.2021.108004

Zhang L, Li Y, Dong YC, et al., 2022b. Transplantation of um‐
bilical cord-derived mesenchymal stem cells promotes the 
recovery of thin endometrium in rats. Sci Rep, 12:412. 
https://doi.org/10.1038/s41598-021-04454-7

Zhang XQ, Li XG, 2022. Abnormal iron and lipid metabolism 
mediated ferroptosis in kidney diseases and its therapeutic 

potential. Metabolites, 12(1):58. 
https://doi.org/10.3390/metabo12010058

Zhang XQ, Li LXY, Ding H, et al., 2021. Ferroptosis pro‐
motes cyst growth in autosomal dominant polycystic kid‐
ney disease mouse models. J Am Soc Nephrol, 32(11):
2759-2776.

Zhang YC, Li LQ, Li YN, et al., 2022. An ROS-activatable 
nanoassembly remodulates tumor cell metabolism for 
enhanced ferroptosis therapy. Adv Healthc Mater, 11(2):
2101702. 
https://doi.org/10.1002/adhm.202101702

Zhou BJ, Ge TT, Zhou LP, et al., 2020. Dimethyloxalyl gly‐
cine regulates the HIF-1 signaling pathway in mesenchy‐
mal stem cells. Stem Cell Rev Rep, 16(4):702-710. 
https://doi.org/10.1007/s12015-019-09947-7

Zhou H, Zhou YL, Mao JA, et al., 2022. NCOA4-mediated fer‐
ritinophagy is involved in ionizing radiation-induced ferrop‐
tosis of intestinal epithelial cells. Redox Biol, 55:102413. 
https://doi.org/10.1016/j.redox.2022.102413

Zhou ZM, Bao JP, Peng X, et al., 2022. Small extracellular 
vesicles from hypoxic mesenchymal stem cells alleviate 
intervertebral disc degeneration by delivering miR-17-5p. 
Acta Biomater, 140:641-658. 
https://doi.org/10.1016/j.actbio.2021.11.044

Zhu ZY, Liu YD, Gong Y, et al., 2022. Mitochondrial alde‐
hyde dehydrogenase (ALDH2) rescues cardiac contractile 
dysfunction in an APP/PS1 murine model of Alzheimer’s 
disease via inhibition of ACSL4-dependent ferroptosis. 
Acta Pharmacol Sin, 43:39-49. 
https://doi.org/10.1038/s41401-021-00635-2

129


