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Abstract
Mesenchymal stem cells (MSCs) are located in various tissues of the body. These cells exhibit regenerative and reparative 
properties, which makes them highly valuable for cell-based therapy. Despite this, majority of MSC-related studies remain 
to be translated for regular clinical use. This is partly because there are methodical challenges in pre-administration MSC 
labelling, post-administration detection and tracking of cells, and in retention of maximal therapeutic potential in-vivo. This 
calls for exploration of alternative or adjunctive approaches that would enable better detection of transplanted MSCs via 
non-invasive methods and enhance MSC therapeutic potential in-vivo. Interestingly, these attributes have been demonstrated 
by some iron-related genes and proteins.
Accordingly, this unique forward-looking article integrates the apparently distinct fields of iron metabolism and MSC biology, 
and reviews the utility of iron-related genes and iron-related proteins in facilitating MSC detection and therapy, respectively. 
Effects of genetic overexpression of the iron-related proteins ferritin, transferrin receptor-1 and MagA in MSCs and their 
utilisation as reporter genes for improving MSC detection in-vivo are critically evaluated. In addition, the beneficial effects 
of the iron chelator deferoxamine and the iron-related proteins haem oxygenase-1, lipocalin-2, lactoferrin, bone morphoge-
netic protein-2 and hepcidin in enhancing MSC therapeutics are highlighted with the consequent intracellular alterations in 
MSCs. This review aims to inform both regenerative and translational medicine. It can aid in formulating better methodical 
approaches that will improve, complement, or provide alternatives to the current pre-transplantation MSC labelling proce-
dures, and enhance MSC detection or augment the post-transplantation MSC therapeutic potential.
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Introduction

Iron in essential for various intracellular activities, and stem 
cells would be no exception. For example, ribonucleotide 
reductase is an enzyme that facilitates DNA synthesis and 
repair, and iron is a cofactor for this enzyme. Also, iron is 
essential for mitochondrial respiration. It is used in the syn-
thesis of haem and [Fe-S] clusters; specifically, cytochrome 
c that not only participates in the electron transport chain, 
but also has a role in apoptosis [1]. Cytochrome P450 are 
a group of enzymes that utilise haem (iron) as a cofactor, 
and these enzymes play an important role in detoxification/
metabolism of drugs [2]. The enzyme catalase possesses 

haem groups (containing iron) and this enzyme is an impor-
tant anti-oxidant as it converts hydrogen peroxide to water 
and oxygen, and thereby prevents/reduces cell damage by 
free radicals [3]. Amongst specific examples of the involve-
ment of iron at cellular level include the incorporation of 
iron within haemoglobin in maturing erythrocytes, and 
thereby aiding in oxygen transport throughout the body. Iron 
is also a part of myoglobin found in skeletal and cardiac 
muscle tissue.

In a pathological context, specifically pertaining to stem 
cells, iron has been found to maintain cancer stem cells [4] 
and iron loading has been found to inhibit self-renewal of 
human pluripotent stem cells [5]. Also, iron and iron-related 
proteins play a role in Mesenchymal stem cell (MSC) biol-
ogy. This includes the role of iron loading on cellular com-
ponents, processes and signalling pathways of the MSCs [6].

MSCs are the most widely researched stem cell types 
because of their ability to support several physiological 
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processes in the body and their exuberant reparative and 
regenerative properties. Located in various body tissues, 
these cells not only show multilineage differentiation but 
also secrete immune and trophic factors that stimulate 
endogenous repair mechanisms at the target site. Further-
more, MSCs show tropism towards tumour and inflamma-
tion/injury [6]. Expectedly, these cells have shown promis-
ing results in several in-vitro, pre-clinical and clinical trials 
for a wide range of pathologies including COVID-19 [7–16]

Despite their therapeutic potential, MSCs are not fre-
quently used in clinical settings for amelioration of patho-
logical conditions. Amongst the many reasons for this are 
the challenges encountered in pre-transplantation MSC 
labelling and post-transplantation MSC detection via non-
invasive methods like the Magnetic Resonance Imaging 
(MRI). Nanoparticles including iron oxide nanoparticles 
have been used to enhance MSC detection, but their usage 
is confounded by various challenges [17]. Evidently, these 
processes involve multistep and complex approaches that 
are yet to be perfected.

Therefore, it is extremely important to search for effec-
tive and non-toxic approaches that not only preserve MSC 
functionality during extraction and in-vitro cultivation stages 
but also permit the detection of transplanted MSCs non-
invasively and help retain and/or enhance their reparative 
and regenerative potential in-vivo.

Iron-related genes and proteins have shown the potential 
to support many of these pre-requisites for a successful MSC 
therapy. Thus, this review compiles and critically evaluates 
the usage of the iron-related genes (genes of ferritin, trans-
ferrin receptor-1 and MagA) as reporter genes because their 
encoded proteins allow cellular iron accumulation that eases 
in-vivo MSC detection and tracking via MRI. The review 
also addresses the roles of deferoxamine (iron chelator) and 
the iron-related proteins haem oxygenase-1, lipocalin-2, 
lactoferrin, bone morphogenetic protein-2 (BMP-2) and 
hepcidin in preserving MSC characteristics in-vitro and in-
vivo, and in enhancing MSC therapeutics.

Iron‑Related Genes as Reporter Genes 
for MSC Detection and Tracking

Background

It is essential to be able to detect the transplanted cells and 
track their destination in-vivo to check the efficacy of MSC 
therapy. Hence, prior to transplantation, MSCs are labelled 
so that post-transplantation detection and in-vivo cell track-
ing via non-invasive methods like MRI become feasible. 
Cell labelling is essential as it distinguishes between the 
host and transplanted cells. Thus, MRI contrast agents 
such as iron oxide nanoparticles (IONPs) are used for cell 

labelling. Upon exposure to a magnetic field, IONP-labelled 
cells appear as darker regions in the field, allowing easy 
identification of areas of interest [18]. Despite the promis-
ing results shown by IONP-labelled MSCs [17, 19, 20] their 
usage is confounded by challenges. For e.g., although IONPs 
are non-toxic to MSCs and do not present other side-effects 
[21], long-term effects of these on MSC functionality are 
unknown. Moreover, with time, there may be a decrease 
in the MRI signal from the internalised IONPs because 
of cell proliferation and/or exocytosis of IONPs from the 
labelled transplanted cells [22]. This leads to progressive 
loss of the detection signal and misleads the interpretation 
of long-term MR images. Also, the transplanted cells may be 
engulfed by macrophages resulting in false positives and this 
approach does not detect cell differentiation. Collectively, 
this makes long-term tracing difficult and does not reflect 
the true number of transplanted cells [17, 23].

These constraints can be overcome by introducing and 
overexpressing an iron-accruing reporter gene in the MSCs 
prior to the MRI assessment. The term ‘reporter genes’ nor-
mally denotes reporting of a biological activity such as a 
signalling pathway or transcription factor binding. Here, in 
the context of enhancing MRI assessment following post-
MSC transplantation, the reporter gene overexpressed in 
the MSCs imparts iron accumulation ability to the MSCs, 
thereby increasing the MRI signals given-off by the cell and 
making long-term tracing possible (Fig. 1). In this approach, 
signal intensity is maintained even after cell division and it 
can disappear after cell death, allowing for the detection of 
only viable cells; MRI alone cannot differentiate between 
live and dead cells. Moreover, if cell‐type‐specific promoters 
are introduced in the cells during cloning and overexpres-
sion, then the reporter gene can also help determine cellular 
differentiation status [24].

Ferritin and Transferrin Receptor‑1 Genes 
as Reporter Genes in MSCs

In addition to reporter-genes like tyrosinase and 
β-galactosidase, genes of iron-related proteins such as fer-
ritin and transferrin receptor-1 (TfR-1) have been explored 
as reporter genes for monitoring the location and viability 
of transplanted MSCs via MRI. Ferritin is an iron storage 
protein found intracellularly and in the circulation, whereas 
TfR-1 is the cell surface iron importer protein, which allows 
regulated entry of transferrin-bound iron into the cells. Thus, 
the iron accrual ability of both these proteins promotes their 
utilisation in MSC detection via MRI.

In context of using these as reporter genes, ferritin 
has relatively more applications. This is partly because 
it can be integrated into the cell genome and its expres-
sion remains unaffected by cell division and proliferation, 
although integration is more dependent on the method 
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used rather than the gene itself (e.g., transduction via len-
tivirus versus adeno-associated virus). Also, ferritin has 
two subunits; light chain and heavy chain, where the heavy 
chain shows stronger ferroxidase activity and can promote 
cellular iron uptake from the vicinity [25]. When ferritin 
heavy chain was used as a reporter gene in human MSCs, 
it allowed cellular iron accumulation and successful detec-
tion by MRI in-vivo (brain tissue). In addition, the MSCs 
retained surface markers, expression of self-renewal genes 
and multilineage differentiation ability [26]. Also, rat 
MSCs carrying ferritin heavy chain-1 could successfully 
differentiate into neuron-like cells in-vitro and increase 
signal intensity for MRI without altering cell viability 
and differentiation rate [25]. This presented ferritin heavy 

chain-1 as a potential reporter gene to examine neural dif-
ferentiation of MSCs and promised its diagnostic applica-
tion in neurological diseases. Accordingly, aiming to treat 
stroke, ferritin heavy chain-1 gene was transduced in rat 
bone marrow-derived MSCs (BM-MSCs) and injected in 
the internal jugular vein of rats in the direction of cranium. 
While the MRI signal intensity of IONP-loaded BM-MSCs 
(used as control) faded with time, the signal intensity in 
case of the ferritin-heavy-chain-1-loaded BM-MSCs was 
retained between 10 and 60 days. It was concluded that 
for long-term tracking of cells, ferritin labelling was more 
stable than IONP labelling [27].

However, another set of studies by Pereira et al. reported 
slightly different results. At physiological concentration of 
extracellular iron, while the overexpression of TfR-1 was 
well tolerated by mouse MSCs, overexpression of ferritin 
heavy chain-1 affected cellular iron homeostasis, reduced 
cell proliferation, altered cell phenotype and upregulated 
the endogenous TfR-1. Unexpectedly, sole overexpression 
of neither reporter genes (TfR-1 or ferritin heavy chain-1) 
led to substantial increment in intracellular iron content. 
Instead, supplementation of the culture medium with iron 
sources proved to be better at obtaining the required MRI 
contrast than using these reporter genes [28]. Therefore, it 
was concluded that ferritin heavy chain-1 may not be suit-
able for tracking cells in those tissues where the iron content 
is high enough to maintain cell viability.

Since the inability of TfR-1 as a reporter gene was attrib-
uted to its insufficient expression levels, Pereira et al. re-
evaluated the potential of TfR-1 to function as a reporter 
gene by inducing mouse TfR-1 at high levels in Chinese 
hamster ovary cells that have the ability to express high 
levels of recombinant proteins. Major increments were 
observed in TfR-1 (total) and ferritin heavy chain‐1, and 
the intracellular iron content increased significantly, even 
in the absence of major iron supplementation to the cul-
ture medium. Following this, injecting the reporter-gene-
labelled cells in chick embryos in-ovo showed that the MR 
contrast obtained by supplementing the culture medium of 
the control cells (without reporter gene) with ferric citrate 
was almost the same as that in cells with the reporter gene. It 
was thereby concluded that for short-term tracking of cells, 
loading the cells with ferric citrate was more effective than 
TfR-1 overexpression [24].

On the other hand, co-expression of these iron-related 
reporter genes enhanced MRI detection and retained biologi-
cal properties of the transplanted MSCs. When human MSCs 
expressing ferritin, transferrin receptor and Deltex-1 were 
transplanted into rabbits with closed penile fracture, the co-
expression of ferritin and transferrin receptor increased the 
iron accumulation capacity and provided sufficient MRI con-
trast for detecting the distribution and migration of MSCs. 
Additionally, as Deltex-1 promoted MSC differentiation into 

Fig. 1  Principle of using iron-related reporter genes for MSC detec-
tion and tracking. The figure encapsulates the principle underlin-
ing the utilisation of iron-related genes (FTH-1, TFRC or MagA) as 
reporter genes in the MSCs to increase cellular iron accumulation and 
thereby improve cell detection via MRI
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smooth muscle cells, the fracture showed healing [29]. This 
approach facilitated both detection and therapeutics.

Collectively, data suggest that although for short-term 
tracing, loading cells with a suitable iron source may be 
an option, for long-term longitudinal tracing, co-expression 
of these reporter genes may give better clinical outcomes. 
But this may depend on the iron content of the tissue under 
investigation.

MagA as a Reporter Gene in MSCs

Magnetospirillum magnetotacticum is a magnetotactic bac-
terium, which produces single-magnetic domain crystals 
and incorporates these into magnetosomes [22]. MagA is 
an iron-regulated protein (from Magnetospirillum mag-
netotacticum), usually containing a lipid bilayer around 
magnetite  (Fe3O4). A previous study showed that MagA is 
an iron transport protein involved in the synthesis of mag-
netic particles, and also that MagA expressing Escherichia 
coli cells accumulated iron in vesicles [30]. This was chal-
lenged by a subsequent study which showed that MagA of 
Magnetospirilla is not involved in the formation of mag-
netosomes [31]. Regardless, MagA expressing mammalian 
cells showed iron  (Fe2) accumulation in magnetosome-like 
particles, and redistribution and aggregation of existing cel-
lular iron, which increased the size of the magnetic particles 
and improved MRI sensitivity [32, 33]. Researchers have 
attempted to harness this property to enhance MSC detec-
tion via MRI.

Although earlier, Pereira et al. showed that the expres-
sion of MagA induced toxic effects in murine MSCs [34], 
Shen et al. showed that MagA gene had a huge potential as 
a magnetic reporter gene for MSC tracking with MRI and 
for improving MRI detection in-vivo [35]. In their study, 
in-vitro data showed that in the presence of an iron sup-
plement, MagA-expressing MSCs accrued iron in vesicles 
and increased MRI sensitivity. Likewise, the liver of iron-
loaded MagA-expressing transgenic mice showed high iron 
concentration and increased MRI sensitivity. Excess iron 
increases ROS and this can induce p38-MAPK signalling 
[36]. MagA-expressing MSCs showed lower increments in 
ferritin and p-p38 MAPK expression compared to control 
MSCs, and decreased the excess-iron-induced inhibition of 
osteogenic differentiation [35]. Thus, these results demon-
strated attenuation of ROS-induced negative effects under 
iron-loaded conditions due to MagA-expression in MSCs. 
This opens new therapeutic avenues for treating the myriad 
of pathological conditions that show excessive iron load-
ing [37].

Also, while iron-treatment inhibited MSC proliferation 
and osteogenic differentiation, MagA-expressing MSCs 
reduced these effects. Thus, MagA suppressed the exoge-
nous iron-induced oxidative stress and showed the potential 

to attenuate iron-overload-induced injury to the bone-mar-
row haematopoietic microenvironment [35]. Based on this, 
a therapeutic approach involving MagA could be developed 
to tackle transfusion-induced iron loading. Along the same 
line, aiming to enhance detection by MRI and as an alter-
native to IONPs, kerans et al. described the transfection of 
MSCs with magnetosome-associated genes (mms6 or mmsF) 
derived from Magnetospirillum magneticum AMB-1. These 
genes helped the assimilation of intracytoplasmic magnetic 
nanoparticles that not only facilitated MRI detection but 
also retained inherent MSC proliferation, differentiation 
and migration [22].

Iron‑Related Proteins and Compounds 
Enhance MSC Therapeutics

While MSCs are known to execute regenerative and repara-
tive functions, specific iron-related proteins and compounds 
confer additional beneficial properties upon the MSCs and 
therefore, their combination with MSCs can greatly augment 
MSC therapeutics, as summarised in Fig. 2. These beneficial 
cellular manifestations are at least partly due to the con-
sequent intracellular alterations within the MSCs, as indi-
cated in Fig. 3. These remind us of the IONP-induced MSC 
alterations [17], and of iron-induced intracellular alterations 
in hepatic stellate cells [38] and liver carcinoma cells [39], 
thereby reiterating the capability of iron in altering cellular 
biology, independent of cell type.

Haem Oxygenase‑1 (HO‑1) and its Overexpression 
in MSCs

HO-1 is inducible by oxidants and inflammatory cytokines, 
and it is highly expressed in the liver, spleen, and kidneys. 
It is a rate-limiting enzyme involved in haem metabolism. 
It degrades cellular haem to produce biliverdin, iron and 
carbon monoxide. In pathological conditions, the activity 
of HO-1 can restore homeostasis, and offer cytoprotective 
effects against oxidative stress through the antioxidant activ-
ities of haem-breakdown products biliverdin and bilirubin, 
and the anti-inflammatory effects of carbon monoxide [40, 
41].

Elevation in HO-1 reduced the effects of lipopolysac-
charide-induced lung injury in mice [41] and attenuated 
the post-liver-transplantation-induced acute lung injury in 
rats [42]. Therefore, Chen et al. hypothesised that due to its 
antioxidant and anti-inflammatory effects, overexpression 
of HO-1 in human lungs may reduce injury to pulmonary 
endothelial cells in acute lung injury [43]. Acute lung injury 
is characterised by respiratory dysfunction, pulmonary 
inflammation, edema and damage to endothelium and epi-
thelium. Mortality rate amongst those with acute lung injury 
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and acute respiratory distress syndrome is high. MSC trans-
plantation as a treatment for these syndromes holds prom-
ising results [40, 44]. Thus, aiming to help ameliorate the 
condition, Chen et al. transfected the gene for HO-1 into rat 
BM-MSCs and observed that while rat BM-MSC co-cultiva-
tion with human pulmonary microvascular endothelial cells 
(PMECs) reduced the lipopolysaccharide-induced damage to 
PMECs, co-culturing with HO-1-transfected MSCs further 
reduced this damage. In effect, the release of pro-oxidant 
and pro-inflammatory cytokines was reduced, production 
of antioxidant factors was increased and the activation of 
Nrf2, the key modulator of HO-1 expression was enhanced 
in PMECs. The rescue effect was partly attributed to the 
increased production of hepatocyte growth factor (HGF) and 
IL-10 by the HO-1-transfected rat MSCs [43]. Collectively, 
this showed that HO-1 overexpression in MSCs could confer 
additional benefits to MSC transplantation (Fig. 3).

Similar results were observed when BM-MSCs trans-
fected with HO-1 showed protection against the effects of 
iron-loading (and the consequently generated ROS); again 
attributed to IL-10 secretion [45]. Also, in-vitro, curcumin-
induced pre-induction of HO-1 increased the survival of 
adipose-derived MSCs, likely via generation of carbon 
monoxide, and showed protection against hydrogen-per-
oxide-mediated apoptosis. This promised a feasible strat-
egy to improve MSC therapy [46] as MSC survival post 

transplantation is often hampered by oxidative stress at 
the target site. Interestingly, HO-1 transfected BM-MSCs 
provided protective effects on liver grafts after reduced-
size liver transplantation in rats. The effects were medi-
ated through autophagy, as evidenced via upregulation of 
autophagy-related proteins LC3 and Beclin-1, and increased 
levels of ERK and p-ERK proteins in the HO-1 transfected 
BM-MSCs, indicating the activation of the ERK signalling 
[47] (Fig. 3).

Lipocalin‑2, the Iron Binding Protein, and its 
Overexpression in MSCs

MSCs show immunomodulatory properties, and their ability 
to induce immunosuppression and consequently demonstrate 
therapeutic characteristics in treating inflammatory condi-
tions is known, for e.g., in case of graft-versus-host disease. 
Here, apoptosis of MSCs has been proposed to be an effector 
[48, 49]. However, in other cases, the post-transplantation 
therapeutic benefits of MSCs are dependent on their survival 
at the site of injury. In certain pre-activation and licensing 
preparatory protocols, during the pre-transplantation prepar-
atory stages, MSCs are exposed to a nutritionally deficient 
and hypoxic environment, which leads to elevation in oxi-
dative stress and cytotoxic factors [50]. These factors affect 
MSC homing and determine treatment efficacy. Lipocalin-2 

Fig. 2  Roles of iron-related pro-
teins and compounds in enhanc-
ing MSC therapeutics. The 
figure presents an overview of 
the effects of the iron chelator 
deferoxamine and various iron-
related proteins on MSCs and 
their contributions in enhancing 
MSC therapeutics
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is an iron binding protein of innate immunity that is pro-
duced by various cell types including the MSCs [6, 51]. 
Usage of lipocalin-2 provides cryoprotection, enables MSCs 
to resist the environmental challenges in-vivo and thereby 
augments treatment efficacy (Fig. 2). For example, over-
expression of lipocalin-2 in rat BM-MSCs enhanced MSC 
adhesion and MSC proliferation in-vitro. It also upregulated 
antioxidants and growth factors and thereby provided protec-
tion against stressful microenvironments without affecting 
their differentiation capacity (Fig. 3). Moreover, lipocalin-2 
inhibited the toxic effects of hypoxia, hydrogen peroxide 
and serum deprivation [52]. Similarly, overexpression of 
lipocalin-2 in human BM-MSCs decreased peroxide-induced 
senescence (which otherwise impairs the regenerative poten-
tial of MSCs) [53] and thus restored MSC regenerative 
potential. In another instance, co-culturing BM-MSCs that 
overexpress lipocalin-2 with kidney-derived cell lines HK-2 
and HEK293 prevented cisplatin-induced apoptosis and tox-
icity in the latter [54]. Levels of antioxidants and growth 
factors increased in the kidney cells, thereby indicating a 

reparative function of lipocalin-2 in-vitro. The ability of 
lipocalin-2 treatment to upregulate BM-MSC osteogenesis 
(elevate RUNX-2, osteocalcin) and enhance the MSC sup-
portive functions (via elevation of TGF-β, VEGF & BMP-2) 
[6] (Fig. 3) can be exploited to improve MSC’s therapeutic 
abilities.

Acute kidney injury does not have an effective treatment 
till date. MSCs pre-engineered to overexpress lipocalin-2 
and then transfused in a rat model of cisplatin-induced acute 
kidney injury led to enhanced renal function. These cells 
upregulated several growth factors and markers of proxi-
mal tubular epithelium (AQP-1 and CK18), while reducing 
the markers of kidney injury (KIM-1 and Cystatin C). This 
indicated new lipocalin-related modalities for acute kidney 
injury [55]. Moreover, lipocalin-2 (along with prolactin) has 
been identified as the key BM-derived factor that modulates 
human MSCs for bone regeneration. Treatment with lipoca-
lin-2 and prolactin postponed cellular senescence of BM-
MSCs in-vitro and primed the BM-MSCs for osteogenesis 
and chondrogenesis. This approach enhanced the repair of 

Fig. 3  Effects of iron-related 
proteins and compounds on 
MSCs. The figure summarises 
the effects of various iron-
related proteins and com-
pounds on MSC biology under 
unfavourable conditions such 
as increased ROS production, 
hypoxia, lipopolysaccharide 
simulation, iron overload 
and peroxide-induced stress. 
ALP: alkaline phosphatase; 
BMP-2: bone morphogenetic 
protein-2; CXCR4: C-X-C 
chemokine receptor type 4; 
FGF-2: fibroblast growth factor 
2; GPx: glutathione peroxidase; 
HO-1: Haem oxygenase 1; 
HGF: hepatocyte growth factor; 
IL: interleukin; MMP: matrix 
metalloproteinase; Nrf2: nuclear 
factor erythroid 2–related factor 
2; PMECs: pulmonary micro-
vascular endothelial cells; ROS: 
reactive oxygen species; RUNX-
2: Runt-related transcription 
factor-2; SOD: superoxide 
dismutase; TGF-β: transform-
ing growth factor beta; TNF-α: 
tumour necrosis factor alpha; 
VCAM-1: Vascular cell adhe-
sion protein-1; VEGF: vascular 
endothelial growth factor
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skull defects in mice [56]. Thus, pre-treatment of MSCs with 
lipocalin-2 helped maintain their regenerative properties for 
subsequent applications and the approach demonstrated suc-
cessful cell-based tissue regeneration in-vivo.

Cancer treatment poses several challenges, one of which 
is the absence of tumour-specific treatment. While some 
studies showed that lipocalin-2 promoted carcinogenesis 
[57–64], other studies demonstrated its anticancer properties 
[65–69]. To explore its anti-cancer characteristic in combi-
nation with the MSC feature of tropism towards tumours 
[70], MSCs were used as vehicles for targeted delivery of 
lipocalin-2 for cancer treatment. When BM-MSCs over-
expressing lipocalin-2 were transfused in mice with liver 
metastasis of colon cancer, these cells localised in the meta-
static liver and metastasis was inhibited. Vascular endothe-
lial growth factor (VEGF) is the key angiogenic stimulator 
and angiogenesis is essential for the growth of tumour and 
its dissemination. BM-MSCs overexpressing lipocalin-2 
reduced the expression of VEGF in the metastatic liver [71]. 
Thus, the lipocalin-2-MSC combination demonstrated the 
potential for targeted delivery of an anticancer agent for 
liver metastasis; an approach that can be investigated and 
applied in treating other cancers.

Lactoferrin, the Iron Binding Protein in MSC 
Treatment or in Growth Matrix

Lactoferrin is an antimicrobial and anti-inflammatory iron-
binding glycoprotein found in various body secretions [72]. 
In human MSCs, lactoferrin treatment supressed hydrogen-
peroxide-derived ROS levels, senescence, and apoptosis. 
Lactoferrin exerted this anti-apoptotic effect by inhibiting 
caspase-3 and AKT activation [73], and emerged as a protec-
tor against oxidative stress (Figs. 2 and 3). Also, lactoferrin 
treatment to human adipose-derived stem cells increased cell 
proliferation and osteogenic differentiation, as evidenced 
by increments in calcium deposition and the expressions 
of alkaline phosphatase (ALP) and RUNX2 (a transcrip-
tion factor that plays a pivotal role in the differentiation and 
maturation of osteoblasts) [74]. Thus, lactoferrin treatment 
to MSCs prior to transplantation can improve the efficacy of 
MSC therapy for specific diseases.

In bone regeneration applications, the elasticity of the 
matrix on which the cells are grown in-vitro determine the 
cellular fate i.e., lineage specification. Bioactive compounds 
and physical features of the biointerfaces determine MSC 
osteogenic differentiation. For example, soft gels promote 
adipogenesis whereas stiff 2-D substrates favour osteogene-
sis [75]. This is not surprising as the BM-MSCs interact with 
the extracellular matrix in modulating tissue responses. Uti-
lising a suitable matrix for MSC attachment can reduce the 
post-transplantation loss of MSCs and greatly enhance MSC 
therapy for tackling bone injury [75]. This approach was 

tested in animal models. In a rat model of bone defect, when 
type II collagen-coated hydroxyapatite/tricalcium phosphate 
bone scaffolds (substitute) seeded with BM-MSCs were 
applied to the defect area, these scaffolds showed densely 
woven bone tissue and marrow formation, demonstrating 
the significance of the matrix composition in determining 
bone regeneration capacity [76]. As such, hydroxyapatite is 
frequently used in biomedical devices for bone-related tis-
sue engineering due to its biocompatible characteristics and 
its ability to bind to numerous biomolecules without alter-
ing their biological functions. Lactoferrin has an anabolic 
effect on bone and when it was attached to hydroxyapatite 
nanocrystals, it induced osteogenic differentiation of rabbit 
BM-MSCs without affecting cell morphology [77]. Simi-
larly, when human MSCs were cultured on surfaces con-
taining lactoferrin and hydroxyapatite (embedded within a 
biodegradable copolymeric matrix), the osteogenic differen-
tiation of MSCs increased, as evidenced by ALP activity and 
mineralisation assays [78]. Collectively, this demonstrates 
the ability of lactoferrin-containing biodegradable compos-
ite layers to induce osteogenic differentiation of MSCs and 
the potential of its usage in bone regeneration applications.

The Iron Chelator Deferoxamine in MSC Treatment

Deferoxamine is an iron chelator that is often used for 
scavenging excess iron in iron-overload conditions. It is a 
hypoxia mimicking agent that can enhance MSC therapeu-
tics (Fig. 2). Pre-transplantation treatment of BM-MSCs 
with deferoxamine increased cell migration and homing 
in rat pancreas and thereby increased the efficacy of MSC 
therapy [79]. This was attributed to the elevations in hypoxia 
inducible factor-1α (HIF-1α), C-X-C chemokine receptor 
type 4 (CXCR4) and chemokine receptor 2, and increased 
activities of matrix metalloproteinases (MMP) 2 and 9 in the 
deferoxamine-treated BM-MSCs (Fig. 3). Notably, CXCR4 
is involved in MSC migration [17] and its expression is often 
lost during BM-MSC cultivation in-vitro [80]. Thus, defer-
oxamine-induced elevation of CXCR4 could enhance MSC’s 
therapeutic potential. Deferoxamine-induced enhancement 
of migratory and homing potential has also been observed 
in human adipose-derived MSCs; likely attributed to incre-
ments in CXCR4 expression [81]. Similarly, conditioning 
of rat BM-MSCs with deferoxamine prior to their transplan-
tation in the damaged cochlea of rats improved cell hom-
ing via activation of the PI3K/AKT pathway [82]. As such, 
the downstream subbranches of this pathway that involve 
mTOR-C1 and FOXO-3 are sensitive to iron [6], which 
further highlights the significance iron in modulating MSC 
pathways.

Conditioning human adipose tissue-derived MSCs with 
deferoxamine increased HIF1-α, and elevated their parac-
rine potential by increasing neuroprotective factor (nerve 



1780 Stem Cell Reviews and Reports (2023) 19:1773–1784

1 3

growth factor), anti-inflammatory cytokines (IL-4 and IL-5) 
and pro-angiogenic factor (VEGFα) in the MSC secretome 
[83]; the latter scenario likely responsible for increased neo-
vascularisation in mice [84]. The usage of adipose-derived 
MSCs to ameliorate impaired wound healing in diabetics is a 
promising approach. However, diabetes hampers the repara-
tive functionality of MSCs. Pre-treatment of MSCs derived 
from the adipose tissue of diabetic patients with deferox-
amine increased MSC regenerative potential by elevating 
HIF1α-induced VEGF production and enhanced the vascu-
logenic capacity. These effects were replicated in a mice 
diabetic wound healing model [85]. In addition, deferoxam-
ine exhibited anti-tumour effect in mice tumour-associated 
MSCs. It inhibited the proliferation of these cells, induced 
apoptosis and decreased the expression of the adhesion mol-
ecule VCAM-1 [86]. VCAM-1 is essential for MSC homing 
and is known to mediate the interaction between MSC and 
endothelial cells [87]. However, since Wang et al. observed 
these effects in mice BM-MSCs as well, the usage of defer-
oxamine in anti-tumour therapy needs to be addressed with 
extreme caution, and the bone marrow of patients receiving 
deferoxamine needs to be thoroughly examined [86].

The differentiation ability, genomic stability, and thera-
peutic effects of MSCs dependent on culture conditions. 
Pre-conditioning of MSCs with deferoxamine creates 
hypoxia-like environment, which promotes MSC prolifera-
tion and survival post transplantation, while maintaining 
cells in an undifferentiated state, and improving therapeu-
tic potential. Mechanistically, deferoxamine inhibits iron-
dependent prolyl-4 hydroxylase activity and thereby, HIF1-α 
hydroxylation and degradation. Accordingly, deferoxamine 
treatment to BM-MSCs upregulated HIF1-α target genes 
including VEGF and increased the expression of nuclear 
protein-1 (Fig. 3). The latter supresses cell cycle via p53 
and is involved in cytoprotective autophagy- a lysosomal 
pathway, which degrades cellular components to main-
tain cellular homeostasis, while providing substrates for 
energy metabolism. Thus, deferoxamine-induced elevation 
in nuclear protein-1 promoted BM-MSC autophagy and 
thereby autophagy-mediated survival, thus acting as a pro-
survival factor [88].

Bone Morphogenetic Proteins (BMPs), 
the Modulators of Iron Regulation in MSC Treatment

BMPs are a family of proteins that play an important role dur-
ing embryogenic development and in adult homeostasis. These 
regulate important processes such as cell lineage commitment, 
proliferation, differentiation and apoptosis [89]. Furthermore, 
BMPs modulate the expression of the iron-hormone hepci-
din. In particular, BMP-2 is believed to mediate basal hepci-
din induction in the liver via the BMP/SMAD-1/5/8-SMAD4 

pathway [90]. BMP-2 has been used in MSC therapy. For 
instance, rabbits underwent spinal fusion using MSCs with 
a combination of recombinant human BMP-2 and fibroblast 
growth factor. Here, they showed high spinal fusion rates with 
each graft connected to new bone ingrowths. This combina-
tion acted as a substitute for autograft in spinal fusion and the 
results promised more consistent quality of fusion bone than 
that obtained with an autograft [91]. Thus, BMP-2 enhanced 
the efficacy of BM-MSCs in mediating spinal fusion. BMPs 
have been found to induce osteogenesis and chondrogenesis’s 
in MSCs (Fig. 3) [92]. Usage of BMPs in enhancing MSC 
therapeutics has been elaborated elsewhere [92].

Hepcidin, the Iron Hormone and its Utility in MSC 
Treatment

Hepcidin is an iron hormone produced predominantly by 
the liver hepatocytes. It is the master regulator of systemic 
iron homeostasis. Hepcidin is also an antimicrobial peptide 
[93] and is secreted by the MSCs [94]. This property was 
exploited to help ameliorate sepsis, a condition that is asso-
ciated with infection-induced systemic inflammation caus-
ing high morbidity and mortality rates. In a mice model of 
polymicrobial sepsis, the combination of menstrual-derived 
MSCs and antibiotics enhanced survival, while in-vitro, 
menstrual-derived MSCs significantly increased hepcidin 
secretion, thereby reiterating the therapeutic role of hepcidin 
as an antimicrobial peptide [95]. Thus, MSCs may play an 
important additional role in tackling infections due to their 
ability to produce antimicrobial peptides; hepcidin being 
one of those [94, 96]. As such, the MSCs secrete various 
cytokines to protect the surrounding tissue from damage by 
external stimuli [97] and hepcidin secretion by the MSCs 
could be an part of this function. Interestingly, hepcidin 
treatment to BM-MSCs can enhance osteogenic differentia-
tion and mineralisation [98] (Fig. 3) and this characteristic 
can be harnessed when designing MSC therapy for bone 
loss. Thus, both hepcidin produced endogenously in MSCs 
and hepcidin added exogenously to MSCs have the potential 
to enhance MSC therapeutics (Fig. 2).

Summary

This review collates and examines the roles of iron-related 
genes and proteins in enhancing MSC detection and thera-
peutics. Genes of the iron-related proteins ferritin, TfR1 and 
MagA can be overexpressed in MSCs and used as reporter 
genes to increase cellular iron accrual and thereby aid in-
vivo MSC detection by MRI. Iron-related proteins such as 
HO-1, lipocalin-2, lactoferrin,  BMP-2 and hepcidin, and 
the iron-related drug deferoxamine exert antioxidant, anti-
inflammatory, antimicrobial and/or other beneficial effects,  
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thereby potentiating better clinical outcomes when used to 
enhance MSC therapeutics.
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