=

antioxidants

Review

An Update on Role of Ionizing Radiation to Enhance
Proliferation and Differentiation of Normal Stem Cells via
Activation of NRF2 Pathway: Review

Kave Moloudi 123

check for
updates
Academic Editor: Alessandra

Napolitano

Received: 2 July 2025
Revised: 28 July 2025
Accepted: 6 August 2025
Published: 11 August 2025

Citation: Moloudi, K.; Haghdoost, S.
An Update on Role of Ionizing
Radiation to Enhance Proliferation and
Differentiation of Normal Stem Cells
via Activation of NRF2 Pathway:
Review. Antioxidants 2025, 14, 986.
https://doi.org/10.3390/
antiox14080986

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

and Siamak Haghdoost 234*

Laser Research Centre, Faculty of Health Sciences, Doornfontein Campus, University of Johannesburg,
Johannesburg 2028, South Africa; moloudikave@gmail.com or 223138872@student.uj.ac.za

Laboratoire Aliments, Bioprocédés, Toxicologie Environnements (ABTE, UR4651), University of Caen,
Normandy, Cedex 04, 14050 Caen, France

3 Advanced Resource Center for HADrontherapy in Europe (ARCHADE), 14000 Caen, France
Department of Molecular Biosciences, The Wenner-Gren Institute, Stockholm University,

SE-10691 Stockholm, Sweden

*  Correspondence: siamak.haghdoost@su.se or siamak.haghdoost@unicaen.fr; Tel.: +46-70-485-21-88

Abstract

Ionizing radiation (IR) as a stress inducer has a significant impact on various normal
stem cells differentiation through activation of various signaling pathways. Low levels of
oxidative stress of IR may preserve or even enhance cell differentiation. In response to IR,
reactive oxygen species (ROS) can activate various signaling pathways that promote cell
differentiation, notably through the involvement of nuclear factor erythroid 2-related factor
2 (NRF2). NRF2 interacts with multiple pathways, including Wnt/3-catenin (osteogenesis),
PPARy (adipogenesis), and BDNF/TrkB (neurogenesis). This response is dose-dependent:
low doses of IR activate NRF2 and support differentiation, while high doses can overwhelm
the antioxidant system, resulting in cell death. However, the quality of various types of
IR, such as proton and carbon ion radiation, may have a varied impact on stem cells (5Cs)
differentiation compared to X-rays. Hence, activation of the NRF2 signaling pathway in
SCs and cell differentiation depends on the level of stress and the quality and quantity
of IR. This review is an update to explore how IR modulates SCs fate toward osteogenic,
adipogenic, and neurogenic lineages through the NRF2 signaling pathway. We highlight
mechanistic insights, dose-dependent effects, and therapeutic implications, bridging gaps
between experimental models and clinical translation.
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1. Introduction

Ionizing radiation (IR) as an oxidative stress factor can promote the differentiation of
various stem cells such as adipose-derived stem cells (ADSCs) and mesenchymal stem cells
(MSCs) [1]. IR via reactive oxygen species (ROS) such as hydroxyl radical and superoxide
anion promotes osteogenic differentiation of ADSCs [2,3]. Moreover, the mitochondria as
a source of ROS generation enhance the proangiogenic potential of ADSCs by increasing
secretion of growth factors and protecting against oxidative stress-induced cell death [4].
H,0O; treatment also effectively induces chondrogenic differentiation of ADSCs, resulting
in increased glycosaminoglycan content and upregulation of chondrogenic genes [5]. The
balance between ROS and the cellular antioxidant system plays a critical role in regulating
the microenvironment, as well as the properties and differentiation potential of ADSCs [6].
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Notably, under oxidative stress conditions, reduced expression of the antioxidant regulator
NREF2 enhances osteoblastic differentiation of ADSCs through an autophagy-dependent
mechanism [6]. These findings highlight the complex interplay between oxidative stress and
ADSC differentiation, suggesting potential therapeutic applications in tissue engineering
and regenerative medicine.

Following IR, various signaling pathways work in concert to defend cells against
damage, promote repair, and control differentiation. The DNA damage response (DDR),
NREF2, PI3K/Akt pathway, Wnt/p-catenin pathway, NF-«B pathway, notch signaling,
and hippo pathway each contribute to the regulation of stem cell behavior and tis-
sue regeneration [1,7-10]. These pathways help orchestrate cellular decisions to repair
radiation-induced damage, prevent cell death, and promote differentiation, ultimately
aiding in the recovery of irradiated tissues [10]. Recent studies have explored the role
of NRF2 in stem cell response to IR [1,11]. NRF2 activation has been shown to enhance
hematopoietic stem progenitor cell (HSPC) function and mitigate radiation-induced myelo-
suppression and mortality in mice [12,13]. This protective effect is mediated through the
activation of Notch signaling in HSPCs and increased Jagged1 expression in bone marrow
stromal cells [13]. The NRF2-ARE (antioxidant response element) pathway interacts with
other key mechanisms, including DNA repair (MRN complex) and inflammatory responses
(HMGB1 and cytokines), to modify radiation damage [14]. Moreover, NRF2 activation en-
hances DNA repair, detoxifies superoxide, and maintains redox balance, thereby mitigating
radiation-induced toxicity [11]. In normal human ADSC, NRF2 inhibition reduces stem
cell differentiation capacity following radiation exposure, with the effect being radiation
quality-dependent [1]. In addition to NRF2 signaling, Akt activation by IR leads to protec-
tion of cells from radiation-induced damage by promoting survival and repair processes.
The PI3K/ Akt pathway is involved in cell survival, metabolism, and proliferation [15]. An-
other important signaling pathway involved in differentiation is the NF-«B (nuclear factor
kappa-light-chain-enhancer of activated B cells) pathway, which is a major regulator of
immune responses, inflammation, and cell survival [16]. After radiation, NF-«B activation
helps protect cells from radiation-induced apoptosis and promotes tissue repair. Therefore,
in response to stress, the IkB kinase (IKK) complex activates NF-«xB by phosphorylating
IkB proteins, leading to the release and nuclear translocation of NF-kB dimers. NF-«B
activates the transcription of genes involved in inflammation, survival (e.g., Bcl-2), and
DNA repair [17,18].

However, the level of ROS induced by IR is a crucial factor in activating various
signaling pathways to promote cell survival and cell differentiation and regulate antioxidant
responses [11]. NRF2 activation depends on some critical factors, including dose (the
amount of energy deposited by IR per unit mass of biological tissue, expressed in grays
(Gy)) and dose rate (the rate at which radiation dose is delivered to a biological system,
typically over time, typically expressed in Gy/min), cell type, level of antioxidants in
the cell and environmental factors, and may occur after a delay, suggesting it acts as
a second-tier antioxidant response system [19,20]. Hence, in this updated and critical
review, we have been focused on NRF2 signaling after IR and its role in the differentiation
and proliferation of various stem cells. Furthermore, the authors recommended some
suggestions for future perspective.

2. IR Induces Activation of NRF2 Signaling Pathway via Oxidative Stress

Oxidative stress results from an imbalance between the production of ROS and
the body’s ability to neutralize them, leading to an excess of ROS. ROS are highly re-
active molecules, including free radicals such as superoxide anion (O,°™) and non-radical
molecules such as hydrogen peroxide (H;O;) that can lead to cellular and molecular
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damage [21]. Various types of IR, such as alpha (x), beta (), and gamma (y)/X-rays,
can have a variety of biochemical and physiological consequences, including oxidative
stress. IR can directly ionize biomolecules such as DNA, proteins, and lipids, resulting in
modifications of the biomolecules. IR can also indirectly modify biomolecules through its
interaction with water molecules, leading to the radiolysis of water and the production
of ROS, e.g., hydroxyl radicals (*OH), hydrogen radicals (H®), superoxide anion (O,°7),
and hydrogen peroxide (H,O;), that are highly reactive and can damage various cellular
components [22]. Consequently, this process can trigger a range of biochemical and cellular
effects, including oxidative stress characterized by DNA damage, lipid peroxidation, loss
of membrane integrity, and protein oxidation. Additionally, antioxidant defense systems
(e.g., superoxide dismutase, catalase, and glutathione peroxidase) and non-enzymatic an-
tioxidants (e.g., vitamins C and E) can scavenge ROS. Furthermore, DNA repair systems
possess multiple repair pathways to correct oxidative DNA damage or single/double DNA
strand breaks. In contrast, severe DNA damage can trigger apoptosis or necrosis as a
protective mechanism to eliminate potentially damaged or dangerous cells [23,24].

However, IR is a key source of oxidative stress, and the dose and level of ROS produc-
tion in tissues influence NRF2 activation [11,25]. Equal doses of various types of IR (pho-
tonic IR and particles) potentially cause varying levels of ROS and oxidative stress [1,26].
This variation arises due to differences in the physical properties of each type of radiation,
such as their mass, linear transfer energy (LET), charge, and energy, which influence how
they interact with biological tissues and induce oxidative stress [1]. For instance, low doses
of carbon ions are more effective than X-rays in producing ROS in human fibroblasts [27].
Furthermore, the level of IR dose that induces oxidative stress is an important factor
to consider, as stem cells are generally more sensitive to IR. Hence, NRF2 activation in
response to oxidative stress typically begins at moderate radiation doses and reaches a
plateau at very high doses [28]. In mesenchymal stem cells, low-dose IR (10 cGy) induces a
modest transient increase in NRF2 protein levels (e.g., ~30% increase at 10 cGy), followed
by a decline, whereas doses around 50 cGy give rise to sustained NRF2 elevation at 24 h
post-irradiation [29]. Additionally, it is reported that in long-term hematopoietic stem cells,
nuclear translocation of NRF2 occurs in only a small fraction (<10%) at very low doses
(0.02 Gy) within the first hour, rising to ~60% at 2 h post-exposure; this suggests a dose-
and time-dependent activation that peaks and then stabilizes [30].

However, during oxidative stress, the ROS produced oxidize cysteine residues on
KEAP1, leading to conformational changes that impair its ability to bind and degrade
NREF?2 [31]. Consequently, NRF2 activation has a significant role in stem cell differentiation,
proliferation, and huge enzymes [32,33].

2.1. Consequences and Antioxidant Effects of NRF2 Activation in Stem Cells

Under normal conditions, NRF2 is kept in the cytoplasm bound to a protein called
KEAP1 (Kelch-like ECH-associated protein 1), which, in the absence of stress, binds to
NRF2 and facilitates its ubiquitination (Ub) and degradation via the proteasomal path-
way, but oxidative stress triggers its dissociation from KEAP1 and subsequent nuclear
translocation [34] (Figure 1). KEAP1 has several cysteine residues that act as sensors for
oxidative stress [35]. However, under stress conditions such as IR or inflammatory signals,
NREF2 dissociates from KEAP1, translocates to the nucleus, and activates the transcrip-
tion of target genes such as HO-1 (heme oxygenase-1), NQO1 (NAD(P)H dehydrogenase
quinone 1), glutathione S-transferases (GSTs), superoxide dismutase (SOD), and glutathione
peroxidases (GPx) [36,37]. These enzymes help neutralize ROS and reduce oxidative dam-
age by breaking down or scavenging harmful molecules. Moreover, NRF2 activation helps
preserve cellular integrity by promoting DNA repair mechanisms through the expression
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of DNA repair genes [38,39]. Furthermore, activation of NRF2 leads to enhancement of
the production of lipid repair enzymes, which can restore lipid structures damaged by
ROS [40]. Additionally, the anti-inflammatory effect of NRF2 is considerable in that chronic
oxidative stress often triggers inflammation, a hallmark of various diseases. ROS can
activate the NF-kB pathway, which promotes the production of pro-inflammatory cytokines
(e.g., TNF-«, IL-6) and further exacerbates oxidative damage. Consequently, NRF2
can suppress inflammation by inhibiting NF-kB and downregulating the expression
of pro-inflammatory cytokines and expression of anti-inflammatory molecules such as
IL-10 [41-43]. Hence, in this way, NRF2 not only reduces oxidative stress but also pre-
vents the harmful cycle of oxidative stress and inflammation. Another important role of
NRF2 is crosstalk with other pathways such as AMPK (AMP-activated protein kinase),
Sirtuins, and mTOR (mechanistic target of rapamycin) [44,45]. It means that NRF2 does
not work in isolation, but that it interacts with other signaling pathways to fine-tune the
cellular response to oxidative stress. For example, NRF2 with AMPK, a key regulator of
energy metabolism and cellular stress response. AMPK can activate NRF2, and NRF2
activation can enhance AMPK signaling, promoting cellular survival under stress condi-
tions. In addition, Sirtuins proteins, involved in the regulation of aging and metabolic
health, can interact with NRF2 to modulate antioxidant responses and cellular longevity.
NRF2 can influence mTOR activity, which in turn regulates cell growth and metabolism
in response to oxidative stress. Together, all of these reactions following oxidative stress
may demonstrate how NRF2 contributes to stem cell differentiation through interactions
with PPARY (adipogenesis) [46,47], BDNF/TrkB (neurogenesis) [48,49], and Wnt/ 3-catenin
(osteogenesis) [46,47].
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Figure 1. Degradation and activation of the NRF2 pathway under unstressed (A) and oxidative
(B) conditions. NRF2 is released from KEAP1 and moves into the nucleus, where it stimulates the
production of genes that code for antioxidant enzymes and other proteins. This system is crucial for
redox equilibrium maintenance and cell defense against oxidative damage.

2.2. Role of Activation of NRF2 Pathway in Cell Differentiation After IR
2.2.1. NRF2 Enhances Osteogenesis

The NRF2 activation causes osteogenesis and bone homeostasis during a complex
role. While NRF2 inhibition enhances differentiation in osteoclasts, the role of NRF2 in
osteoblast differentiation is more nuanced, with both inhibition and activation potentially
decreasing osteogenesis [50] (Figure 2). Hence, NRF2 signaling influences osteogenesis by
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regulating the expression of genes that promote osteoblast differentiation, such as Runx2
(Runt-related transcription factor 2) and Osterix (Sp7). These transcription factors are
essential for initiating and maintaining osteoblastic differentiation [51,52]. Furthermore,
NRE?2 signaling also affects the mineralization process in osteoblasts. Osteoblasts secrete
alkaline phosphatase (ALP) and collagen type I, both of which are essential for bone matrix
formation and mineralization [53]. Additionally, NRF2 does not act alone; it interacts with
several other signaling pathways involved in osteogenesis. For example, NRF2 can work
synergistically with the Wnt/ 3-catenin signaling pathway, which is crucial for osteoblast
differentiation and bone formation [54,55]. Moreover, NRF2 can modulate the TGF-f3
(Transforming Growth Factor-beta) signaling pathway, influencing both osteoblast differen-
tiation and extracellular matrix production [56-58]. Understanding how to modulate this
pathway may offer novel therapeutic approaches for bone diseases such as osteoporosis,
and it highlights the importance of oxidative balance in skeletal health.

lonizing radiation
(IR)

_—

Osteogenesis

Figure 2. Osteogenesis mechanism via activation of NRF2 by IR (oxidative stress). Runx2,
Runt-related transcription factor 2; ALP, alkaline phosphatase; Ca?*, Calcium; SOD2, superoxide
dismutase 2, mitochondrial.

Here, some research has been summarized that IR caused stem cell differentiation
in vitro and in vivo (Table 1). While some research has indicated that NRF2 loses its
antioxidant capacity at high IR doses (>2 Gy) [59,60], it may be activated at low doses
(<2 Gy) or fractionated doses, leading to osteogenesis and proliferation. Dominici et al.,
have reported that the 1.125 Gy of IR from !¥’Cs caused proliferation and differentiation
of osteoblast cells via increasing of stromal-derived factor-1 level (SDF-1) [61]. Another
study by Kim and colleagues shows that NRF2 activation enhances early hematopoietic
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reconstitution of bone marrow after 24 h of lethal IR exposure via upregulation of Notch
signaling to improve HSC function in vivo. Their findings show that there is a significant
increase in expression in KI67 (markers of proliferation), NRF2, Jagged 1 (JAG1), and
KEAP1 [13]. Additionally, Xi et al., illustrated that t-BHQ (Solarbio) as an NRF2 activator
enhanced differentiation of periodontal ligament stem cells (PDLSCs) osteogenic under
cyclic mechanical stretch. T-BHQ may stimulate osteogenic differentiation both in vivo and
in vitro, indicating a significant alternative for alveolar bone remodeling during orthodontic
tooth movement through expression of HO-1 and NQO-1 genes [62]. Henry and co-workers
evaluated the role of oxidative stress at high and low doses of IR (0.02-2.5 Gy) on HSCs,
and their findings showed that IR at a 2.5 Gy dose caused cell death via DNA damage
and oxidative stress. Furthermore, they noted that a low dose of IR (0.02 Gy) leads to self-
renewal and differentiation of HSCs with a decrease in mitochondrial membrane potential
and formation of 8-oxo-deoxyguanosine (8-oxo-dG) in DNA. They found that low-dose
IR impairs HSPC function through ROS and p38/MAPK14, but not via classical DDR via
ATM or p53 [63]. In contrast, Kook S-H et al., showed that IR suppressed the maturation
and mineralization of osteoblasts through the activation of the NRF2/HO-1 pathway in
MC3T3-E1 cells [64]. They used a linear accelerator radiotherapeutic machine (Mevaprimus,
Siemens, Munich, Germany) in various doses (0-8 Gy at a rate of 1.5 Gy/min) for various
incubation periods (0-28 days). Their findings indicated that IR with high doses (>2 Gy)
inhibits osteoblast differentiation and mineralization with the decreased expression of
bone-specific markers such as ALP, NO-1 and NRF2 in MC3T3-E1 preosteoblastic cells.
Another study reported that exposure of mouse primary osteoblasts to low-dose radiation
(<2 Gy) increased ALP activity, mineralization, and the expression of several osteogenic
genes [65]. Hayashi et al., have assessed differentiation impacts of IR on cells with low and
high sensitivity [66]. They compared the clonogenic and differentiation potential of induced
pluripotent stem (iPS) cells with mouse hematopoietic stem/progenitor cells (HSCs) and
found that iPS cells were less sensitive to radiation (the Dy values of HSPCs and iPS cells
were 1.11 and 1.85, respectively), and expression levels of Nanog, Oct-4, Brachyury, Nestin,
and Afp were decreased in dose-dependent manner, resulting in a delay in differentiation
in both types of cells. Furthermore, skeletal stem cell stemness is restored by employing
mitigator agents such as psoralen and melatonin, which mitigate radiation-induced bone
damage by upregulating GSK-33 and NRF2 through Akt, resulting in osteogenesis in vitro
and in vivo [67,68].

Table 1. IR effect on osteogenesis in various studies.

Source of
IR or Dose (Dose . Type of Stem Evaluated Effect (Differentia-
Oxidative Rate) Time After IR Cells Type of Study Markers Methods tion/Proliferation) References
Stress
Radiolabling for
proliferating cells,
1.125 (not . SDF-1 immunohisto- Enhanced
137
Cs mentioned) 48h HSCs In vitro (CXCL12) chemistry, osteogenesis [61]
microscopy I
mage, and gPCR
KEAP1, KI67 qPCR, flow
1¥7¢Cs © 52 ‘(93_7/.i’nin) 1-21 days HSCs Invivo markers,and  cytometry and Etnhanrcledi [13]
2y JAG1 colony formation osteogenests
PDLSC isolation,
flow cytometry,
qPCR, western
Periodontal . blotting,
(SZE\I;IbQio) 1,5,10 uM 36h ligament stem In ;gtéiovind I—ig(_jlf{lt\}%g_zl, proteomics, oftggazzeejis [62]
cells (PDLSCs) micro-CT, and ]

mineralization
nodules via
Alizarin Red
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Table 1. Cont.
Source of
IR or Dose (Dose . Type of Stem Evaluated Effect (Differentia-
Oxidative Rate) Time After IR Cells Type of Study Markers Methods tion/Proliferation) References
Stress
250 m Gy-2.5 Gy 6-8 days Immunomagnetic,
3 (100 mGy/min (in vitro) and In vitro and flow cytometry, . .
Cobalt-60 and 1 Gy/min, 12-14 days HSPCs invivo Thr180/Tyr18 and Western Proliferation [63]
respectively) (in vivo) blotting
Alkaline
Phosphatase
A linear . ALP, collagenI,  (ALP) activity,
accelera- a 5<GZ C/;i]nin) 3-7 days Ptrmkl)zfryt Invivo osteopontin, Alizarin Red S Etnhan:iedi [65]
tor (X-ray) 2y osteoblasts and osteocalcin staining, RT-PCR, osteogenesis
and Western
blotting
Clonogniasay
~ 1,2,4,0r75Gy pluripotent . . Afp,Nanog, . Delay in
X-rays (3.3-3.4 Gy /min) 6days stem (iPS) and In vitro/In vivo and Oct-4 (EB) formation differentiation [ee]
assay, and gene
HSPCs .
expression
p-Akt, NRF2, Micro-CT,
KEAP1, proliferation Regenerative,
. 2Gy R Skeletal stem . . GSK-383, assay, colony proliferation, and
Cobalt-60 ) 98 Gy/min) 1-7 days cells 55Cs)  Imvitro/Invivo mgi 38 formation, PCR, osteogenic (671
HMOX1, and and Western differentiation
NQO1 blotting

2.2.2. NRF2 Enhances Adipogenesis

Multiple signaling pathways and proteins play crucial roles in driving the differenti-
ation of preadipocytes into fully developed adipocytes. This process is regulated by the
activation of essential transcription factors, including PPARy (Peroxisome proliferator-
activated receptor gamma), C/EBPx (CCAAT/enhancer-binding protein alpha), and
SREBP-1c (Sterol regulatory element-binding protein 1c), which control lipid storage and
the functional development of adipocytes [69,70]. The involvement of NRF2 in adipo-
genesis is significant, as it regulates various aspects of lipid metabolism, inflammation,
and cellular oxidative stress in the development of adipose tissue [71] (Figure 3). NRF2
signaling has been shown to influence adipogenesis through several mechanisms [72]. One
key pathway involves the regulation of transcription factors, where NRF2 can interact with
adipogenic regulators such as PPARy and enhance their expression. PPARY is the master
regulator of adipocyte differentiation and lipid storage. In order to promote adipocyte
differentiation, NRF2 indirectly supports the activation of PPARy and other adipogenic
transcription factors by controlling oxidative stress levels [71]. Another effect is modulation
of lipid metabolism. NRF2 influences lipid metabolism by regulating the expression of
enzymes involved in fatty acid synthesis and storage. It can enhance lipid accumulation
by promoting the expression of genes including FASN (fatty acid synthase) and SCD1
(Stearoyl-CoA desaturase 1), which are involved in the synthesis of fatty acids and the for-
mation of triglycerides, key components of adipose tissue [73]. The other is via interaction
with C/EBP«, which C/EBP« is another key transcription factor in adipogenesis. NRF2
can regulate the expression of C/EBP«, supporting the differentiation of preadipocytes
into mature adipocytes [74,75]. NRF2 directly regulates the expression of Aryl hydrocarbon
receptor (AHR), which inhibits adipocyte differentiation [76]. In Table 2, some studies
regarding NRF2 effects on adipogenesis have been summarized. Under oxidative stress
conditions, NRF2 expression and activity are induced, promoting lipid accumulation in
adipocytes. This occurs through NRF2-mediated recruitment to the SREBP-1 promoter,
enhancing lipogenesis and inhibition of lipolysis via the PKA pathway [77]. Consequently,
NREF2 deficiency impairs adipogenesis, while its activation enhances adipocyte differentia-
tion and lipid accumulation, highlighting its central role in adipocyte biology and obesity
development. Recently, Yu and colleagues showed that IR promotes adipogenesis of MSCs
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in mice [78]. They used bioinformatics analysis (Oil Red O staining) and qPCR for the
changes of adipogenic differentiation and oxidative stress pathways of MSCs and detected
some markers such as Cebpa, Lpl, and Pparg after IR at level doses of 2 and 6 Gy. Their
findings indicated that IR (2 Gy) enhanced MSC adipogenesis, with elevated expression of
the genes NRF2 related to oxidative stress and Cebpa, Lpl, and Pparg. Sergeeva et al., have
also assessed the effects of low doses of IR on human adipose-derived MSCs and found
that 10 cGy of IR causes oxidized cell-free DNA (cfDNA) to be released and some of the cell
population to die. Thus, cfDNA can enter the cytoplasm of neighbor cells and, similar to
low doses of IR, cause oxidative stress and activation of antioxidant response (NRF2). These
bystander effects lead to radioadaptive responses, inhibition of cell death, and proliferation
of human adipose-derived MSCs [79]. Hammad et al., evaluated the LD50 of various kinds
of IR, including X-rays, protons, and carbon ions, on human adipose-derived SCs after 8
days and observed that, according to their findings, when all applied radiation qualities
are used, NRF2 inhibition decreases stem cell differentiation by 35% for adipogenesis and
28% for osteogenesis.

lonizing radiation (IR)

Oxidative
stress

Adipogenesis

Figure 3. NRF2 activation induces adipogenesis via activation of key pro-adipogenic factors such
as C/EBP-«, C/EBP-$3, FASN, SCD1, and PPARy. Samll MAF, musculoaponeurotic fibrosarcoma;
SCD1, Stearoyl-CoA 9-desaturase; PPARYy, Peroxisome proliferator-activated receptor gamma; FASN,
Fatty acid synthase; C/EBP, leucine zipper CCAAT-enhancer binding protein.
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Remarkably, they showed that The surviving cells exposed to proton and carbon
ion radiation are more capable of differentiating into the osteogenesis and adipogenesis
lineages than cells exposed to X-ray radiation [1]. In addition to causing cutaneous lipid
remodeling, electron radiation also protects the skin from damage caused by adipocytes
via downregulating multiple pathways. Moreover, mature adipocytes encouraged the
migration of co-cultured skin fibroblasts and keratinocytes, but not their proliferation.
Furthermore, it is possible that fatty acid-binding protein 4 (FABP4) will be integrated into
skin cells and help irradiated skin fibroblasts repair DNA damage [80]. It is reported that
CRIF1 (cellular DNA-binding protein that interacts with the FGF-1) is a nuclear protein
that plays a role in various cellular processes, including cell survival and stress response.
CRIF1 is necessary for 3T3-L1 cell adipogenesis, which has been shown to have additional
biological roles, such as regulating transcriptional activity through interactions with its
DNA binding domain and promoting cell proliferation through interactions with CKII
and CKBBP2/CRIF1 phosphorylation [81,82]. CRIF1 regulates NRF2 protein stability by
proteasome-mediated degradation [83]. However, following IR exposure, CRIF1 stimulates
the PKA/CREB signaling pathway to promote the adipogenic differentiation of bone
marrow mesenchymal stem cells [84].

Table 2. IR effect on adipogenesis in different studies.

Source of IR

Effect

or Oxidative Do;ea?e))ose Time After IR Typeé:(;flitem Type of Study Markers Methods (Differentia- References
Stress tion/Proliferation)
2and 6G Cebpa, Lp], Light microscope,
Cobalt-60 © 93 Gy/ Y ) - MSCs In vitro Pparg, and RT-qPCR, and Adipogenesis [78]
: y/un NRF2 Western blotting
Flow Cytometry,
fluorescence
Microscopy,
human . qRT-PCR, mass Activation of
X-ray tube (10 igcgr};in) 348h adipose- In vitro NOXélgglzdase, spectrometry, DNA repair and [79]
Y derived MSCs and DNA cell proliferation
oxidation assay
by UV spec-
trophotometry
X-rays, proton human Clonogenig, Adipoger}esis,
and c,arbon LD50 828 davs adipose- In vitro HO-1,NQO1, Western blotting,  osteogenesis, and 1
. 2 Gy/min) y idip and NRF2 and cell cell proliferation
ions @Gy derived MSCs e p
prolifiration
Colony
Formation, light
RUNX2, microscope, . .
Cobalt-60 069 %szin) 24h - rrBSV’fi/[S C In vitro PPARy, and RT-qPCR, rﬁ{dlptoge“;s‘si 184]
. y arro s CRIF1 Western blotting, and osteogenests

and immunofluo-
rescence

2.2.3. NRF2 Enhances Neurogenesis

Neurogenesis is tightly regulated by transcription factors such as NeuroD1, Mashl,
and Sox2, which promote neuronal differentiation [85]. The role of NRF2 in neurogenesis
has been reported in different studies, Table 3. NRF2 has been implicated in regulating
the differentiation of neural progenitor cells into neurons and glial cells [86]. NRF2 is
essential for both the induction of protective genes, such as HO-1, and injury-induced brain
neurogenesis. For example, NRF2 signaling enhances NeuroD1 expression, which is crucial
for the differentiation of NSCs into functional neurons, particularly in the hippocampus
(region for learning and memory). However, NRF2 regulates NSCs proliferation, differ-
entiation, and fate commitment during both embryonic and adult neurogenesis [48,87]
(Figure 4). Additionally, it interacts with the mTOR pathway to control cellular growth,
proliferation, and metabolism in neural development via some key factors such as 4E-BP1
and S6K [45,88]. Furthermore, NRF2 provides protection against amyloid-beta toxicity
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in neural progenitor cells, suggesting its potential therapeutic role in neurodegenerative
diseases such as Alzheimer’s [86]. Huang et al., showed that through the stimulation
of the NRF2-ARE signaling pathway, ADSC exosomes reduced oxidative stress of neu-
ronal damage and lessened methotrexate (MTX)-induced neuronal damage [89]. Several
studies have shown that oxidative stress can be a significant trigger for NRF2 activation
in a variety of stem cells, such as HSCs [90], neuronal progenitor cells (NPCs) [86], and
airway basal stem cells (ABSCs) [91], which leads to their proliferation and differentiation.
Furthermore, role of IR as a source of oxidative stress to neurogenesis in some research has
been investigated. Research has reported that irradiating neural precursor cells obtained
from newborn mice at 8 Gy did not significantly alter neuronal differentiation [92], but
1 Gy of X-ray on NSCs prepared from mouse embryonic stem cells led to proliferation
and differentiation [92]. Eom and colleagues have shown that IR (1-6 Gy) increased the
expression of synaptophysin, synaptotagminl, and GABA receptor mRNA in C17.2 stem
cells, similar to normal differentiation by neurotrophin stimulation. Moreover, the findings
show that IR can stimulate PI3K-STAT3-mGluR1 and PI3K-p53 signaling to cause altered
neuronal development in undifferentiated neural stem-like cells [93]. Other signaling and
molecular pathways affected in neurogenesis have been reported; for instance, Ramanan
and colleagues findings point to a new function for PPAR« ligands in enhancing neurogen-
esis after whole-brain irradiation at 10 Gy and hold out hope for enhancing the prognosis of
patients with brain cancer undergoing radiation therapy [94]. Furthermore, it was observed
that 0.3 Gy irradiation of mouse NSC cultures and the entire forebrain stimulated the
Wnt/ 3-catenin signaling pathway, which controls NSC proliferation and differentiation as
well as hippocampus neurogenesis [95].

Table 3. IR enhances neurogenesis.

Source of IR Dose (Dose Time After IR Tyvpe of Effect
or Oxidative Rate) or Oxidative Ste)l;}: Cells Type of Study Markers Methods (Differentia- References
Stress Stress tion/Proliferation)
KEAP1-NRF2
. Granulocyte/ . o
SLFU Primary . . erythroid Flow cytometry and axdsis a critical
chemother- - 5-10 days hgmatopm— In vitro/In vivo markers, NRE2, ~qRT-PCR regulator of HSC [90]
apy etic cells and KEAP1 fate and hgalfhy
hematopoiesis
Ability to
y-ray Nestin. NRF2, E)ixl;re?tsigx}:eirrimunocy- generate neurons,
(¥7Cs 0-8Gy t(rg))te 24-48h NSPs In vitro/In vivo IS\?GX% GFéAP, tochemistry, cell-cycle ait roi:iyte;, ar_ld [92]
source) reporte s an flow cytometry, and ougodendro
neurospheres Western blottin cytes
este oting post-irradiation
Nestin, 3-IIT
2-6 Gy (not Tubulin Immunofluorescence, Radiation
y-ray ‘o oilte d) 72h NSCs Invitro/Invivo  mGluR1, Western blotting, and triggers neuronal [93]
P phospho-Akt, qPCR differentiation
and p53
Y-ra Single acute 1 week and BrdU/NeuN, Immunofluorescence, Fenofibrate
37 y & . . - ’ immunohistochem- )
(Cs dose of 10 Gy 2 months post- NPCs Invitro/Invivo  Ki-67, CD68, . preserves [94]
- - L istry, and CD68 -
source) (3.33Gy/min) irradiation and PPAR«x staining survival
y-ray 0.3-3 Gy (not Nestin, Wntl, Flow cytometry, im- Enrl‘lzgccled tc erlrll
(¥7Cs ) Y \no 2 days-4 weeks ~ NSCs Invitro/Invivo Wnt3a, Wnt5a,  munohistochemistry, surviva,, Stem [95]
reported) - cell proliferation
source) and (-catenin and RT-PCR .
and neurogenesis
()é-_l;[}{/ linear 6 Gy and 20 Gy 24k HT?22 cells In vitro/In vivo Eg}:ﬁl’ I;IHOC{L Immunohistochemistry ~ Neuroprotective [96]
(5.0 Gy/min) / and Western blotting effects
accelerator) MAP2

The role of NRF2 to enhance neurogenesis after IR has been investigated by
Liao et al. [96]. They investigated the role of sodium valproate (VPA) in a hippocam-
pal neuronal cell line (HT22) and the hippocampus of zebrafish after exposure to IR. Data
illustrated that VPA activated the NRF2/HO-1 pathway, expression of NRF2, and protein
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expression of HO-1 to prevent radiation-induced neuronal injury. It seems the role of NRF2
is a double-edged sword. Because, despite the fact that NRF2 is known to control the
expression and coordinated induction of a number of cytoprotective genes that help protect
cells and prevent inflammation, neoplasia, and neurodegeneration, it is also known that
persistent accumulation or activation of NRF2 in the nucleus can promote oncogenesis and
lead to drug resistance [34]. Based on our search and review, there is not enough research
about the direct effect of IR on the activation of NRF2 signaling in neurogenesis.

lonizing radiation (IR)

|

rommon
P13K/AKt/mTOR
e ]
ARE
P
@eurom)ﬁasljn\)/ ’Sox2>
N GO

Neuron Oligodendrocyte Astrocyte
. Cell proliferation
Neurogenesis Differentiation

Figure 4. Proposed mechanism for neuronal differentiation-induced NRF2 signaling as well as
P13K/Akt/mTOR signaling. NRF2 protein levels increase along with ARE activation.

3. Conclusions and Prospective View

IR, as an oxidative source, has a profound impact on cellular processes, including the
activation of the NRF2 signaling pathway. NRF2 activation has been shown to modulate
the balance between stem cell self-renewal and differentiation. IR, through the induction
of oxidative stress, can activate NRF2 signaling, which may influence stem cell behavior.
Understanding the dual roles of NRF2 in cellular protection and redox homeostasis offers a
unique opportunity to tailor interventions in both oncology and regenerative medicine. In
radiotherapy, leveraging NRF2 activation could enable the selective protection of normal
tissue (particularly normal stem cell populations) without compromising the cytotoxic
effects of IR on tumor cells [12,97]. Additionally, controlled exposure to low-dose IR as a
preconditioning strategy may have translational relevance for improving the viability, en-
graftment, and therapeutic outcomes of stem cell-based therapies for degenerative diseases.
A study found that NRF2 levels and serum antioxidant capacity increased after 5 x 2 Gy
of radiotherapy, with stronger antioxidant responses associated with poorer local tumor
control, highlighting the need to carefully balance NRF2 activation [98]. By translating
findings from animal models and in vitro studies into clinically viable interventions, this
line of research paves the way for novel treatment paradigms that minimize side effects
while enhancing tissue regeneration and functional recovery.
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The effects of IR on stem cell differentiation are complex and can vary depending
on the dose radiation quality and timing of radiation exposure. At moderate doses, IR
may promote differentiation by enhancing NRF2-mediated protection against oxidative
damage. However, excessive or chronic exposure to IR may lead to detrimental effects
such as DNA damage, cellular senescence, and tumorigenesis of cells. The activation of
NREF2 in this context may serve as a protective mechanism, but it could also contribute
to a pro-survival response that supports the persistence of abnormal or damaged cells.
However, the relationship between IR and NRF2 signaling in stem cell differentiation is
an area that requires further exploration. Future research should focus on unraveling the
molecular mechanisms underlying NRF2 activation following IR exposure. This would help
define how stem cells respond to oxidative stress and how NRF2 modulates differentiation
pathways. In summary, despite the fact that the role of NRF2 in response to oxidative stress
of IR has been proven, research in this field appears to be primary. Still some challenges
remain to be solved. For instance, there is not an agreement regarding the dose and
dose rate for which differentiation is induced. Nonetheless, some studies indicated that
differentiation occurred at doses below 2 Gy, while others observed a single treatment
exceeding 2 Gy. Understanding the threshold dose at which NRF2 activation is beneficial
or harmful could inform safe radiation exposure protocols. Another key factor that needs
to be considered is bystander effects of damaged and undamaged cells, which can affect
cell proliferation and differentiation. Moreover, response time after IR exposure for various
stem cells is different. Herby, some research mentioned a short time (24 h) after treatment,
while others reported a long time (days and weeks). Another important feature to consider
was the sensitivity of various stem cells. For example, activation of NRF2 in neurogenesis
can occur at high doses, but for other sensitive stem cells, it happens at low doses. For
instance, high dosages of IR lead to NRF2 activation in neurogenesis, but modest amounts
are enough to activate NRF2 in other sensitive stem cells. As mentioned in the text, in
response to oxidative stress, NRF2 has crosstalk with other signaling pathways such as
PIBK-p53, Akt signaling, and Wnt/3-catenin that could affect differentiation efficiency.
However, consideration of this point for the next investigation is important. The next
recommendation for the future is using NFR2 activators or some mitigator drugs such as
psoralen, curcumin, or resveratrol to alleviate radiation-induced injury and could have a
positive effect on cell differentiation synergistically.

Finally, despite promising findings, significant gaps remain in our understanding
of how IR enhances the proliferation and differentiation of normal stem cells via NRF2
activation. Much of the current evidence is derived from in vitro studies using immortalized
cell lines, which may not accurately represent the behavior of primary human stem cells.
Moreover, in vivo studies, especially those involving human-relevant models, are limited,
making it difficult to assess the physiological relevance and therapeutic potential of NRF2-
mediated effects in complex tissue environments. Additionally, dose optimization, timing,
and tissue-specific responses to IR remain poorly defined. Addressing these gaps will
require rigorous in vivo experimentation and validation using primary human stem cells
to support safe and effective clinical translation.
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