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ARTICLE INFO ABSTRACT

Keywords: Despite significant advances in the development of radioprotective measures, the clinical application of radio-
Fullerenol protectors and radiomitigators remains limited due to insufficient efficacy and high toxicity of most agents.
Mefau(’fullzr_enfﬂ Additionally, in oncological radiotherapy, these compounds may interfere with the therapeutic effectiveness.
g);(;izér:]f ei: ation Recent progress in nanotechnology highlights fullerenols (FulOHs) and metallofullerenols (Me@FulOHs) as
Gancer Py promising candidates for next-generation radioprotectors. These nanostructures possess unique antioxidant
Radioprotector properties, demonstrating greater efficacy in rediucing oxidative stress compared to conventional agents.

Moreover, their potential to minimize pro-oxidative risks depends on the precise identification of cellular en-
vironments and irradiation conditions that optimize their radioprotective effects. In parallel, Me@FulOHs serve
as powerful theranostic tools in oncology. Their strong imaging signals enable high-resolution PET and MRI,
facilitating early detection and accurate localization of pathogenic alterations. This dual functionality positions
Me@FulOHs as key components in advanced radiotherapy. By integrating these nanomaterials with modern
theranostic approaches, it is possible to enhance the precision of treatment while minimizing side effects,
addressing a critical need in contemporary oncology. This review emphasizes the importance of systematic
evaluation of context-dependent effects of Me@FulOHs, particularly in pre- and post-irradiation scenarios, to
optimize their clinical relevance. The dual role of Me@FulOHs as both radioprotectors and diagnostic agents
distinguishes them from traditional compounds, paving the way for innovative practical applications. Their use
in radiotherapy represents a significant step toward the development of safer and more effective strategies in
radiation protection and cancer treatment. We also review ionizing radiation effects, classifications, cancer
radiotherapy applications, and countermeasures.

1. Introduction (HO®), hydrated electron (eaq), hydrogen atom (H®), and H,0, molecules

[1]. These products, referred to as primary water radiolysis products,

The main components of the cell are proteins and water (proteins
make up about 20 % and water about 70 % of the total mass of a
mammalian cell). Ionizing radiation (IR) primarily triggers chemical
reactions within these cellular components and DNA. In the first stage,
water is mainly ionized, resulting in the formation of: hydroxyl radicals

react mainly with nucleic acids, and also with proteins, lipids, and other
biomolecules, leading to cell damage and metabolic disorders and can
also induce cell death. Due to the huge variety of molecules present in
the cell, other subsequent radical reactions are possible, e.g., primary
products of water radiolysis react with proteins to form protein radicals,
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which in turn react with nucleic acids leading to their damage [1-3].
They can also entrain high-molecular protein aggregates, such as
cross-linked proteins or lipid-protein complexes [4-6]. The foundation
of modern oncoradiotherapy lies in the harmful consequences of IR,
which induces oxidative stress and DNA damage within cancer cells [7].
Besides tumor cells, during radiation therapy, a significant portion of
normal cells are also exposed to radiation and consequently damaged.
Acute effects of radiation can be observed immediately or shortly after
exposition, while others may manifest over weeks, months, or even
years later. Common side effects, which typically diminish over time,
include fatigue, weakness, loss of appetite, vomiting, and
radiation-induced complications [8,9]. Ideal radioprotective com-
pounds should scavenge free radicals reducing oxidative stress in
healthy cells near cancer cells undergoing radiotherapy.

Studies have suggested that certain molecules, such as polyphenols,
ascorbate, melatonin, and others can selectively act as radiosensitizers
for cancer cells while providing radioprotective benefits to normal tis-
sues [10-12]. However, the limitations of existing radioprotective
agents underscore the need for novel compounds that are both effective
and free from undesirable side effects [13-16].

In recent years, nanomaterial technology has emerged as a promising
approach, with nano-radioprotectants/radiosensitizers demonstrating
high efficacy, low toxicity, and prolonged blood retention [17,18]. In
2023, Guo et al. [19] published a systematic review on
nano-radioprotectors and discussed various types of nanomaterials
aimed at protecting against radiation, with a conclusion that the
development of nano-radioprotectors will greatly benefit from an
interdisciplinary approach to fully realize the potential of these inno-
vative materials. The development of nano-radioprotectors is of critical
importance not only in protecting healthy cells during radiotherapy but
also in preventing healthy cells damage in situations involving uncon-
trolled radiation exposure, such as radiation accidents or exposure to
radiation sources due to industrial or military disasters or spaceflights
[20]. Nano-radioprotectors, due to their unique ability to adapt to the
cellular microenvironment, offer the potential to protect healthy cells
against various types of IR-induced damage, including DNA-level in-
juries, which can lead to the development of cancers, or other
radiation-related diseases [21,22]. Fullerenes are a relatively new group
of compounds and represent a class of sphere-shaped molecules made
exclusively of carbon atoms. Fullerenes are hydrophobic molecules;
therefore, potential biomedical applications are restricted by their
extremely poor solubility in water and polar solvents [23]. The chemical
modification of fullerene Cgp molecule by the attachment of hydroxy
groups is an easy and straightforward method to synthesize
water-soluble fullerenes, namely fullerenols (Cgo(OH),, n = 2-48;
FulOHs) [24]. Notably, FulOHs have gained significant attention for
their ability to generate and scavenge reactive oxygen species (ROS)
[23,25]. Metallofullerenols (Me@FulOHs) represent another promising
class of compounds in radiobiology, with their radioprotective function
dependent on factors, such as the type of metal introduced into the
carbon cage, the number and distribution of -OH groups on the surface,
particle size, preparation method, and compound concentration [26].
Understanding the mechanisms of action of FulOHs and Me@FulOHs in
various experimental systems is crucial to recognizing conditions where
their protective properties prevail and where pro-oxidative properties
may manifest. The differential behavior of fullerene water-soluble de-
rivatives in normal vs. cancer cells holds promise for their application in
radiotherapy.

In our recent paper, we discussed the biomedical applications of
Me@FulOHs [26]. To broaden this aspect, herein we address the novel
question of whether these nanocompounds could serve as a promising
alternative for protecting healthy cells during radiotherapy. By crea-
tively integrating nanotechnology with radiological protection, we aim
to open the door to novel solutions not only in cancer treatment but also
in broader aspects of nuclear safety [17]. This review aims to thoroughly
explore the potential of FulOHs and Me@FulOHs as new radioprotective
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agents, offering effective protection for healthy tissues from the harmful
effects of radiation while minimizing the side effects associated with
current protective therapies.

2. Understanding radiation dose effects: biological responses
and biophysical considerations

The interaction of IR with living matter depends on many factors:
absorbed dose, dose rate, radiation quality factor (Q), as well as the type
and properties of irradiated objects and their surrounding environment.
The biological effects induced by IR are proportional to the absorbed
dose. As the dose of IR increases, oxidative damage to cells intensifies,
leading to damage to proteins, lipids, and DNA. Higher radiation doses
exceed the cell’s defense capabilities, potentially causing cell death and
increasing the risk of biological damage [27]. An important key element
influencing the effect of IR on a biological system is the dose rate.
Post-radiation damage to the plasma membrane manifests in the
oxidation of lipids and proteins, exhibiting an inverse dose-rate effect
(IDRE), defined as an increase in the degree of peroxidation at a constant
radiation dose and a decrease in dose rate. The final products of lipid and
protein oxidation are formed more efficiently after irradiation of bio-
logical membranes or entire cells with low dose rates compared to
irradiation with high dose rates. This phenomenon is associated with the
indirect effect of the activity of lipid and protein peroxidation products.
The direct effect of free radical activity is characterized by increased
damage with increasing dose rate [28-30].

Another important factor determining the impact of IR on biological
systems is the radiation quality factor. This dimensionless factor repre-
sents the Relative Biological Effectiveness (RBE) of high-LET radiation in
comparison to low-LET radiation at low exposure levels. RBE is a mea-
sure that defines the ability of different types of radiation to produce
biological effects at the same absorbed dose. It is used in radiobiology to
compare the biological impacts of various types of IR, such as alpha,
beta, gamma rays, and neutrons [31]. RBE increases along with the rise
in the radiation quality factor for DNA damage; however, for cell
membrane damage, low-quality radiation proved to be more effective
[32]. The radiation quality factor measures the number of ionizations
induced in a medium per unit distance traveled by the radiation. Alpha
particles and protons cause enhanced ionization, and both are examples
of a high LET radiation > 40 keV/um. On the other hand, gamma rays,
X-rays, and beta particles, which cause weak ionization, are forms of
radiation with low linear energy transfer (LET), typically less than
2 keV/um [29,33]. The mechanisms of damage development vary
depending on the radiation quality factor. High LET radiation directly
damages macromolecules, while most cellular damages induced by low
LET radiation are attributed to oxidative stress induced by free radicals
formed during the radiolysis of water [32].

To sum up, it should be emphasized that IR-induced alterations in
living cells and organisms depend on many physical factors and condi-
tions. These key aspects including the absorbed dose, dose rate, radia-
tion quality, and the chemical properties of the environment in which
irradiation occurs, are essential for accurately assessing the post-
radiation effect.

3. Living matter and IR: general biochemical effects

The biochemical effects of IR on living matter depend on the radia-
tion source, linear energy transfer (LET) of the radiation, amount of
radiation energy absorbed (radiation dosage), and, importantly, the
genetic and epigenetic makeup of the exposed individual [6,34]. Health
effects from radiation doses can be grouped into two categories: deter-
ministic and stochastic [35]. Deterministic effects occur when radiation
doses exceed a specific threshold and become more severe as the dose
increases. Typical for such kinds of effects is dose-related severity,
predictability, reproducibility both in animal and human studies,
tissue-specific damage, and short-term manifestation. Examples of
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deterministic effects include a variety of cellular and tissue reactions
such as skin burns, necrosis, acute radiation syndromes (described later
in detail), cataracts, and radiation sickness [35,36]. In contrast, sto-
chastic effects are random, have no threshold dose, are not
severity-dependent on dose, and often involve a long latency period.
Radiation consequences are probabilistic, but they may result in ma-
lignancies such as cancer and hereditable changes [35,36].

IR induces cellular damage through direct and indirect mechanisms.
The interaction of IR with the DNA has for many years been considered
the primary mechanism responsible for the genotoxic effects of radiation
(Fig. 1) [6].

High-energy radiation can directly ionize and break chemical bonds,
leading to significant DNA structural damage, including single-strand
breaks (SSBs), double-strand breaks (DSBs), nucleotide base damage,
glycosyl damage, and DNA cross-linking [38,39]. DSBs are most
importantly involved in IR-induced damages, and in fact, less than two
unrepaired DSBs are sufficient to cause cell death in humans [40].
Indirectly, IR interacts with water molecules, producing reactive oxygen
species (ROS) such as HO®, hydrogen peroxide (H205), and superoxide
anions (O37). The overall amount of ROS generated from primary
ionization events is further propagated via the intracellular activation of
endogenous ROS-producing systems such as nicotinamide adenine
dinucleotide phosphate and the mitochondrial electron transport chain
[41]. Irradiation (2-50 Gy) also increases the expression of inducible
nitric oxide synthase (iNOS), leading to a dose-dependent increase in
nitric oxide (NO) levels along with the increased occurrence of nitrated
tyrosine residues in vivo [42]. Additionally, ROS can react with NO to
form other reactive nitrogen species (RNS), which enhance oxidative/-
nitrosative stress and the inflammatory response contributing further to
cellular injury. NO and proinflammatory cytokines are implicated in the
bystander/abscopal effects—where unirradiated cells exhibit damage
due to signaling from irradiated neighbors [43,44]. Thus, the interplay
of oxidative and nitrosative stress and inflammation enhances the
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overall detrimental impact of IR on cellular integrity and function [45].

The first reaction to DNA damage caused by IR, or induced by ROS
and RNS, is the activation of the cell cycle checkpoint system. This is a
highly regulated network of sensors, transducers, and effector proteins
that detect DNA damage and trigger a protective mechanism known as
the DNA damage response (DDR) pathway [6]. This involves checkpoint
proteins that halt the cell cycle, allowing time for repair. Transducer
proteins then amplify the signal, recruiting DNA repair enzymes to the
damaged sites. Effector proteins carry out the repair processes, restoring
DNA integrity and preventing mutations or cell death [40]. Cells acti-
vate several DDR pathways, such as non-homologous end joining
(NHEJ) and homologous recombination, to rectify this damage. Efficient
DNA repair is crucial for maintaining genomic integrity and preventing
cell death. If DNA damages are not repaired, they can lead to mitotic or
apoptotic cell death or mutations that can affect somatic or germinal
cells, increasing the cancer risk and risk of teratogenicity for the
offspring, respectively [46-49]. In addition to DNA repair mechanisms,
cells rely on antioxidant defenses, including enzymes like superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx), to
neutralize ROS and limit oxidative damage [49-53]. These antioxidant
systems are essential for reducing the harmful effects of IR on cellular
components beyond DNA.

Due to the immense diversity of molecules present in the cell, other
subsequent radical reactions with proteins are possible, forming sec-
ondary protein radicals, which in turn react with nucleic acids, causing
their damage [2]. Proteins exposed to the hydroxyl radical (HO®) or the
combination of HO® plus the superoxide radical and oxygen (HO® + O3~
+ O2) exhibit changes in their primary structure and become more
susceptible to proteolytic degradation. Negative changes in the sec-
ondary and tertiary structure of proteins are caused by the modification
of amino acid residues, alterations in the overall charge, and phenomena
such as aggregation and fragmentation. It has been suggested that the
denaturation and increased hydrophobicity of proteins make irradiated
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Fig. 1. Radiation-induced damage in cellular components and classification of radiation biomarkers. The illustration depicts various types of cellular damage
induced by radiation, including DNA damage (e.g., single/double-strand breaks), protein damage (e.g., oxidative modifications), and lipid damage (e.g., lipid per-
oxidation). Different biomarkers are used to assess the extent and type of cellular damage caused by radiation, which is significant in diagnostics and therapy.

Adapted from a book chapter by Ainsbury et al. [37] and used under CC BY 4.0.
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proteins significantly more susceptible to degradation by proteolytic
enzymes compared to non-irradiated proteins [54]. A comprehensive
understanding of the primary reactions of water radiolysis products and
secondary organic radicals with biomolecules not only provides better
insight into the IR effects on organisms but also reveals the mechanisms
underlying the bioactivity of free radicals.

4. The use of radiotherapy for cancer treatment

In cancer treatment, the primary goal of radiotherapy is to eradicate
cancer cells while minimizing damage to healthy cells [55]. The DNA
damages induced by radiotherapy can result in the arrest of cancer cell
proliferation or even cell death through mechanisms such as apoptosis,
necrosis, and senescence. Damage to several organelles including the
cell membrane, endoplasmic reticulum, lysosome, and mitochondria has
been also implicated in the effects of radiotherapy-induced tumor cell
death [56]. Radiotherapy can contribute to tumor vasculature remod-
eling increasing chemotherapy distribution and efficacy [57]. In addi-
tion, radiotherapy can be applied as palliative care to alleviate pain
associated with advancing disease [58]. In radiotherapy, techniques
enhancing the radiosensitivity of abnormal cells are often employed.
Oxygen levels inside cancerous tumors are typically lower compared to
peripheral areas, leading to reduced sensitivity to radiation. Fraction-
ated radiation allows for some recovery of the tumor’s blood supply
between treatment sessions. This recovery leads to better oxygen de-
livery in subsequent doses, which in turn can increase the sensitivity of
tumor cells to radiation and improve immune response [59]. Radio-
sensitizers are chemicals or pharmaceutical agents that make cancer
cells more sensitive to radiation therapy, trying not affect normal cells
[55]. Some examples of radiosensitizers that have already been incor-
porated into clinical practice are: cisplatin, 5-fluorouracil, tirapazamine
nimorazole, and poly-ADP ribose polymerase (PARP) inhibitors [56,60].
Several phytochemicals such as paclitaxel, curcumin, genistein, and
papaverine are being assayed as radiosensitizers in clinical assays [61].
However, clinical applications of natural products in radiotherapy are
scarce, which may be related to their low bioavailability.

Conventional (60-400 keV) and megavolt (1.25-25 MeV) radiation
therapy are distinguished based on the energy utilized [62,63]. Con-
ventional radiotherapy, employed for treating skin cancer, utilizes only
low-penetrating X-rays. In contrast, megavolt radiotherapy utilizes
gamma radiation produced by the ®°Co isotope (at 1.17 and 1.33 MeV
energy lines), high-energy X-rays generated through linear acceleration
(ranging from 4 to 25 MeV), and electrons (ranging from 6 to 22 MeV).
Two fundamental types of radiotherapy can be distinguished based on
the irradiation method: brachytherapy (BTH), which involves treatment
using a radiation source in direct contact with the tumor, and tele-
radiotherapy (RTH), where the source is positioned at a certain distance
from the tumor [55,64]. One of the latest advancements is so-called
intensity modulated radiotherapy, offering the capability to adjust the
dose distribution to the shape of the irradiated area. Nevertheless,
despite employing these advanced techniques, certain side effects
become inevitable, such as damage to normal tissues located within the
irradiated area, particularly skin fibroblasts that are mostly exposed.
Often, these side effects entail a compromise between the dose offering
the highest probability of tumor eradication and the dose posing the
lowest risk for normal tissues. Such dilemmas must be considered and
decided upon based on data, such as that presented in Fig. 2 [65]. The
relationship curves between tumor control probability (TCP) and
normal tissue complication probability (NTCP) should be empirically
determined through retrospective studies. The distance observed for
these two curves indicates the therapeutic index, which can be enhanced
by shifting the TCP or NTCP curve. Increasing the dose per fraction
raises the probability of toxic effects in late-responding normal tissues,
which are more sensitive to fractionation than early responding tissues.

As these curves closely converge, the complete avoidance of com-
plications in normal tissues through radiotherapy becomes infeasible
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Fig. 2. Sigmoid curves represent the probability (%) of tumor control (green
curve) and the probability (%) of normal tissue damage (red curve). The dashed
lines indicate values of 60 % TCP and 5 % NTCP for a specific dose. These
curves are crucial in radiotherapy for assessing the effectiveness of cancer
treatment and the risk of complications in healthy tissues, enabling the
adjustment of therapeutic strategies to maximize tumor control while mini-
mizing side effects. Adapted from a book chapter by Sminia et al. [9] and used
under CC BY 4.0.

(Fig. 2). Therefore, achieving therapeutic effects inevitably involves the
risk of certain complications. The side effects of irradiation vary
depending on tissue sensitivity, the area irradiated, and the absorbed
radiation dose. Bone marrow, lymphatic tissue, reproductive cells, and
intestinal epithelial cells are among the most sensitive to radiation [62].
Muscle cells, parenchymal organs like the liver, nervous tissue, and
connective tissue exhibit lower sensitivity [66].

5. Classification of IR Induced Effects

The majority of the IR-evoked biological effects in cells, tissues, or-
gans, and systems can be assigned to oxidative damage of crucial bio-
molecules, however, direct damage also occurs [34,67,68]. Among
factors determining the effect of IR, the dose, time of exposure, and the
type of targeted cells are considered critical (Fig. 3) [69]. Rapidly
dividing cells (such as hematopoietic, reproductive, and intestinal stem
cells) are more sensitive to radiation than their differentiated counter-
parts or other differentiated cells [70]. Consequently, acute radiation
syndrome (ARS) typically manifests in hematopoietic, gastrointestinal,
and neurovascular subsyndromes normally preceded by non-specific
prodromal symptoms [71,72].

Classically, the threshold dose for ARS is a whole-body or significant
partial-body irradiation of greater than 1 Gy delivered at a relatively
high dose rate. Doses less than 0.5 Gy are not expected to cause acute
symptoms, whereas doses of 4.5 Gy are lethal to 50 % of exposed per-
sons [73]. Patients exposed to at least 0.7 Gy can develop hematopoietic
syndrome (H-ARS) characterized initially by lymphopenia and immu-
nodeficiency or pancytopenia (at higher doses) associated with an
increased risk of infection, hemorrhage, and anemia [71]. Exposition to
a dose over 10 Gy, causes endothelial and epithelial cell dysfunction and
increased vascular permeability involved in the development of
gastrointestinal syndrome (GI-ARS) in addition to bone marrow damage.
GI-ARS symptoms include vomiting, diarrhea, electrolyte imbalance,
and dehydration, which is often lethal, especially at higher exposure
levels [74]. A cardiovascular/central nervous system syndrome
(CNS-ARS) will develop in addition to the damage to the hematopoietic
and GI systems when patients are exposed to whole-body radiation over
20 Gy. Individuals with this level of injury die within a few days, and no
treatment options are currently available [75]. Cutaneous radiation
syndrome characterized by erythema, dry and moist desquamation, ul-
cerative lesions, or even tissue necrosis is the fourth sub-syndrome of
ARS [76].

Many survivals of ARS often develop delayed effects of acute
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Fig. 3. General biological effects induced by ionizing radiation, highlighting the relationship between dose and exposure time. Biological effects are classified
according to the threshold dose (the minimum dose causing noticeable effects) and the dose leading to serious damage. Adapted and refined from review [69] and

used under CC BY 4.0.

radiation exposure (DEARE) that are largely associated with chronic
inflammation and may display a multi-organ disease syndrome with a
shortened life span [77]. DEARE encompasses a diverse spectrum of
pathologies observed in survivors exposed to high doses of IR, which
includes: cancer (e.g., leukemia, thyroid, breast, and lung cancer), car-
diovascular diseases (e.g., atherosclerosis and heart diseases), pulmo-
nary diseases (e.g., fibrosis, pneumonitis), cataracts (due to radiation
damage to the eyes), gastrointestinal complications (e.g., malabsorption,
dysmotility, peptic ulcers), bone marrow suppression (leading to ane-
mia, immune deficiencies) and neurological disorders (e.g., cognitive
decline, neurodegenerative changes) [78-82].

Chronic Radiation Syndrome (CRS) is a condition that arises from
long-term exposure to low but repeated doses of IR, typically in the
range under 1 Gy. It primarily affects individuals in environments with
sustained radiation exposure, such as nuclear workers, and is frequently
developed over months or years. Unlike ARS, CRS develops gradually,
and its progression is tied to cumulative radiation exposure. Initial CRS
symptoms are nonspecific and can be reversible if there is a break in
radiation exposure. If exposure continues, the initial symptoms (gran-
ulocytopenia, thrombocytopenia, and moderate anemia) grow progres-
sively worse, and others may appear (olfactory and vestibular
excitability decline, taste fatigue, tendency to hypotension, asthenic
syndrome, etc.) [83]. Deterioration of morphology (fibrosis, hypoplasia,
atherosclerosis, etc.) and functional activity of tissues and organs is latter
evidenced (cardiovascular insufficiency, pulmonary pathologies,
increased cancer risk), and used to be complicated by infections of res-
piratory and digestive systems. Causes of death in the late period of CRS

are sepsis and hemorrhages resulting from inhibition of hematopoiesis
and immunity, malignant solid tumors, and especially leukemia [84]. In
most cases it seems that as the dose exposure increases, the threshold of
absorbed dose for the development of clinical manifestations decreases
[85,86]. In many articles CRS manifestations are considered as part of
DEARE complications but this association is incorrect because mecha-
nisms involved in DARE and CRS are significantly different [84,87].

The exposure of organisms to IR evokes a complex cascade of
damaging reactions and induces cellular responses at different molecu-
lar levels [88,89]. Typically, these reactions include an arrest of the cell
cycle, repair of DNA damage, or activation of the apoptotic response. At
a level of tissues or organs, post-radiation changes involve acute or
chronic inflammation, proliferative response, tissue remodeling, or ne-
crosis. For that reason, more detailed classifications of IR effects (i.e.,
Table 1) have also been proposed [90].

6. Medical IR countermeasures: radioprotection,
radiomitigation and therapeutic interventions

The development of new radioprotective strategies is crucial due to
the increasing exposure to IR from medical procedures, nuclear acci-
dents or terrorism attacks, and environmental sources. In recent de-
cades, several compounds, including natural [100-102], recombinant,
and synthetic [16] substances have been tested for their radioprotective
effect. However, many of these attempts have failed, mainly due to
unsatisfactory efficiency or high toxicity in animal/clinical trials. It is
assumed that an ideal radioprotector should meet a few basic criteria, i.
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Table 1
Classification of effects caused by IR, dependently on the time of occurrence and
type of tissue [90].

Effects of Time of

exposure to IR

Impact on cells/tissues/ Ref.

occurrence organs

Type I- Hours to weeks
(early) acute

radiation

Hematopoietic, [71,
gastrointestinal, and 91-93]
neurovascular syndromes.
Programmed,/necrotic death
of rapidly proliferating cells,
accompanied by a
proliferative response of
stem cells to recover cell
population.
Cellular/tissue dysfunction
associated with an
inflammatory response at
different levels: activation of
genes responsible for the
inflammatory post-radiation
response, production of
cytokines and growth
factors, increase of vascular
permeability, enhancement
of macrophage recruitment,
angiogenesis, inhibition of
apoptosis/dysfunction of the
connective tissue stromal
pool.

Swelling, fibrosis, and tissue
disorganization, including
permanent organ
dysfunction. In the case of
extensive damage to
connective tissues
(fibroblasts and vessels),
edema, interstitial,
arteriocapillary, and septal
fibrosis, telangiectasia, and
other pathological changes.
Genome mutations in
irradiated somatic cells,
including their
accumulative effects and
ability to pass to offspring.
Development of
hematological malignancies
or solid tumors.
Genotoxicity of radiation on
germ cells.
Biological effects in cells
that have not been directly
exposed to IR but are in
close proximity to cells
irradiated. ROS, RNS, and
pro-inflammatory cytokines
(i.e., TGFB, IL6, TNFa),
epigenetic modulators are
involved in mediating the
processes leading to DNA
damage leading to cancer
development.

reaction

Type II- Weeks to months
early radiation

reaction

[45,94]

6 months to even
2-3 years

Type I1I- [95-97]
late radiation

reaction

Type IV- Years [35,98]
stochastic

effects

Type V- [44,99]
bystander/
abscopal

effects

Accompanying
early and late
effects

e., provide effective protection against the damaging action of radiation,
have a protective effect on most organs, have an appropriate toxicity and
stability profile, oral or topic administration is preferred, selectively
protect normal cells without reducing the radiosensitivity of cancer cells
and not interfere with other drugs used during therapy [90]. Although
the two latter criteria strictly refer to radiotherapy, the remaining fea-
tures of radioprotectors are universal and relevant also for compounds
dedicated to protecting from radioactivity derived from other sources,
including the environment.

A general categorization of medical IR countermeasures should
consider the use of radioprotectors, radiomitigators, supportive/pallia-
tive measures, or interventions to reduce the internal accumulation of
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radioisotopes (Fig. 4A). The high reactivity of free radicals makes the
presence of a radioprotector necessary to attenuate damage to DNA or
other organic molecules. For this purpose, radioprotectors are admin-
istered previously or during IR exposition with the aim to prevent or
reduce radiation-induced damage. At a difference of radioprotectors,
radiomitigators can alleviate/attenuate these damages even when they
are administered after IR exposition [103,104]. Therapeutic in-
terventions may serve supportive or palliative purposes, aiming to
reduce damage that has already occurred. Some examples include fluid
or electrolyte replacement, transfusions, bone marrow transplant, anti-
biotics to treat infections, anti-inflammatory (AINEs or corticoids),
antipyretic agents or sedative agents to alleviate pain, mechanical
ventilation, etc. [105]. The FDA has approved the use of potassium io-
dide (KI), Prussian Blue (ferric hexacyanoferrate), trisodium zinc, or
calcium diethylenetriaminepentaacetate (Zn/Ca-DTPA) to prevent up-
take or treat individuals exposed to radionuclides [106]. Radionuclides
may be internalized through ingestion, inhalation, and wound
contamination.

Despite not being specifically approved by the FDA, additional
agents are used with similar purposes [87]. Due to the complexity of
biochemical processes triggered by different types of radioprotectors
and the timing of their application in treatment, it is challenging to
create one universal and plain classification of these compounds. Thus,
other possible categorizations are presented in Fig. 4. Radioprotectors
and radiomitigators can also be classified according to their biochemical
structure or the mechanism of action involved in their protective effects
(Figs. 4B and 4C). Another more flexible approach can consider the five
types of effects caused by radiation (Table 1) as well as a whole pool of
radiation-induced damage [90]. As it is exposed in Fig. 4D, the first
group includes general radioprotectors, such as free radicals scavengers,
antioxidants and substances that reduce oxygen consumption or
enhance DNA repair. The second group encompasses compounds pro-
tecting against the effects of type I radiation (modulators of cell death
pathways and growth factors). The third class includes substances pro-
tecting against the type II and III radiation effects, i.e. inhibitors of in-
flammatory processes and chemotaxis as well as blockers of
autocrine/paracrine pathways. The fourth group is represented by
compounds responsible for antimutagenic action and genome integrity
protection (i.e. DNA protectors or substances with the capacity to
enhance DNA repair). The fifth group includes substances with the ca-
pacity to block bystander effects (protecting against the type V of radi-
ation effects).

Despite the almost 90 % failure rate of drugs in late-stage trials,
many experimental therapeutic agents are actively under study. Ad-
vances in nanomaterials are expected to enhance the efficacy of radio-
protectors [19], and the next milestone will be the development of
nanoparticles capable of simultaneously protecting normal tissues from
radiation and increasing the radiosensitivity of cancer cells [107].
Notably, Me@FulOHs induce cell cycle arrest and modulate gene
expression. These compounds exhibit distinct effects on cancerous and
healthy cells, paving the way for combination therapies that selectively
target tumors while sparing normal tissues [26,108,109]. Furthermore,
Me@FulOHs hold a unique position as potential radioprotectors with
simultaneous imaging capabilities, enabling visualization of radio-
therapy target areas, potentially increasing treatment precision and
effectiveness [26], and this dual functionality makes them promising
candidates for theragnostic applications, combining therapy and di-
agnostics in a single platform.

Among promising radioprotective agents, fullerenols and metal-
lofullerenols stand out as potential universal radioprotectors due to their
broad spectrum of action. These compounds demonstrate exceptional
free radical scavenging abilities and possess antioxidant properties. In
most studies evaluating protective effects against damage induced by IR,
fullerenols and metallofullerenols have been administered either before
or at the time of radiation exposure [25,110-117]. The prevention of
oxidative stress mediated by free radical scavengers has been shown to
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<& RADIOPROTECTORS CLASSIFICATION &

-

A. Purpose/time of administration:
Radioprotectors: aminothiols, polyphenols, tocotrienols,
metformin, fullerenols, metallofullerenols.
Radiomitigators: G/GM-CSF (and PEGylated derivatives),
KGF, TPO mimetics, FSL-1, nicotinamide riboside,
sodium diclofenac, lovastatin, melatonin, captopril,
Supportive and/or therapeutic care: fluid support, bone
marrow transplant, anti-inflammatories, antibiotic,
analgesics, cataract surgery, efc.
Prevent/reduce internal accumulation of radioisotopes:
¢ | Intestinal absorption: gastric aspiration, sodium
alginate, prussian blue.
e Absorbents and accelerators of renal clearance: Ca/Zn-
DTPA, EDTA, diuretics, ammonium chloride.
e | Tissue fixation: IK, calcium gluconate, dimercaprol.

C. Protective mechanism of action:

Free radical scavengers: aminothiols, nitroxides,
melatonin, metformin, fullerenols, metallofullerenols.

Antioxidants: aminothiols, vitamins (E and C), lycopene,
polyphenols, SOD dismutase mimetics, metformin.

DNA binding agents: Hoechst 33342, ethyl pyruvate.

DNA repair enhancers: NAD' precursors, melatonin,
amifostine.

Apoptosis prevention: bosutinib, kukoamine, pifithrins,
lovastatin, ciprofloxacin.

Cell cycle arrest inducers: polyphenols, darinaparsin,

palbociclib, metallofullerenols.

Hypoxia inducers: amifostine, azides, hydralazine, H..

Gene expression modulators:
Nrf2 activators: polyphenols, melatonin, RTA408,
tocotrienols,
NF-kB inhibitors: MG132, bortezomib, polyphenols,
NLRP3 inhibitors: quercetin, esomeprazole.

Prevention of vascular/endothelial dysfunction:
pentoxifylline, statins, fullerenols.

Inhibition of inflammatory response: meloxicam, sodium
diclofenac, polyphenols, melatonin.

Cell turnover enhancers: G/GM-CSF (and PEGylated
derivatives), KGF, TPO mimetics, FSL-1, metformin.

Protection from DEARE (lung, heart, optic): ACE
inhibitors, statins (e.g., lovastatin), pirfenidone, BIO300,
diethylcarbamazine.

J

B. Type of active pharmaceutical ingredient (API):

Aminothiols: amifostine, NAC, cysteamine, cystaphos GSH.

Polyphenols (resveratrol, pterostilbene, genistein, curcumin,
silibinin, urolithin), other phytochemicals (e.g.,
pentacyclic spermidine, B-Carotene) and plant extracts.

Hormones (melatonin, IGF1, 5-androstenediol, EPO).

Growth factors: G/GM-CSF (and PEGylated derivatives),
rombospondin, KGF, EPO.

Vitamins: A, C, D, E.

SOD mimetics: M40403, AEOL 10150.

Minerals: Selenium, Zinc.

Nitroxides: tempol, JP4-039.

Pro- and prebiotics.

Toll-like Receptor Agonist: FSL-1, entolimod, CBLB502,
CBLB613.

Chelators: Ca/Zn-DTPA, EDTA, prussian blue.

Cytokines: IL-11, IL-12.

Antibiotics: Ciprofloxacin, tetracyclines.

ACE inhibitors: Captopril, enalapril, ramipril.

Statins: lovastatin, simvastatin, pravastatin.

NSAIDs: Sodium diclofenac, celecoxib.

Histamine antagonists: famotidine, cimetidine, ranitidine.

Others: metformin, fullerenols, metallofullerenols, H,.

D. Type of IR-induced damage:

General protectors: amifostine, melatonin, polyphenols,
tilorone, tocotrienols, fullerenols, metallofullerenols.

Protecting against type | effects: G/GM-CSF (and
PEGylated derivatives), rombospondin, KGF, EPO,
becaplermin, palifermin.

Protecting against type Il and Il effects: melatonin,
polyphenoals, tocilizumab, anakinra, statins, ACE
inhibitors.

Protecting against type IV effects: Aminothiols, carotene,
metformin and other antimutagenic substances.

Protecting against type V effects: NO inhibitors
(e.g., L-NAME), COX2-inhibitors, TGF-@ receptor
inhibitors (e.g., LY2109761).

Fig. 4. Classifications of radioprotective agents. Abbreviations: ACEi: angiotensin-converting enzyme inhibitors; bFGF: basic fibroblast growth factor; COX-2:
cyclooxygenase-2; DTPA: diethylenetriaminepentaacetic acid; EDTA: ethylenediaminetetraacetic acid; EPO: erythropoietin; FSL-1: fibronectin-synthetic lipopeptide-
1; G-CSF: granulocyte colony-stimulating factor; GM-CSF: granulocyte-macrophage colony-stimulating factor; KGF: keratinocyte growth factor (fibroblast growth
factor 7, FGF-7); NAC: N-acetylcysteine; NSAIDs: non-steroidal anti-inflammatory drugs; SOD: superoxide dismutase; TPO: thrombopoietin. Compilation of data [69,

102,106,125-127].

attenuate most of harmful effects induced by radiation (Table 1). For this
reason, we consider that FulOHs and Me@FulOHs should be considered
general radioprotectors (Fig. 4D). Preclinical in vivo studies evidence
that fullerenols protect erythrocytes from biochemical and molecular
changes induced by ionizing radiation [115,118] and exert radiopro-
tective effects on the microcirculation system [113], myocardium [119],
colon [120], mucosal epithelial cells [121], as well as the small intes-
tine, lungs, and spleen [25], contributing to the prevention of ARS. More
recent studies have demonstrated that topically applied fullerenols
effectively prevent radiation-induced dermatitis [112,122,123], making
them excellent "free radical sponges" [124,132].

At the current stage of research, precisely categorizing FulOHs and
Me@FulOHs into specific groups remains a challenge due to the lack of

comprehensive studies elucidating their mechanisms of action and range
of applications. Addressing these gaps requires further investigation to
fully understand their versatility and efficacy across various biomedical
contexts. Integrating these materials into future therapeutic strategies
could bridge the gap between protecting healthy tissues and enhancing
cancer treatment effectiveness, contributing to advancements in radio-
protection and cancer therapy.

7. Fullerenols: potential applications in radiotherapy
The protection of healthy cells during radiotherapy and the pre-

vention of IR-induced damage are significant challenges in biomedicine.
A potential solution to these issues may lie in the rapidly advancing
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research on nanomaterials, including FulOHs, which have gained
attention for their ability to interact with free radicals and protect cells
from oxidative damage [23,128]. Their radioprotective properties have
been demonstrated in various experimental models, showing promise in
reducing IR-induced cellular damage. An early study by Zhao et al.
[129] investigated Cgo(OH)x on Stylonychia mytilus cells exposed to
y-rays at doses of 100-2000 Gy for 90 min, providing valuable insights
into the concentration-dependent action of Cgo(OH)x. By introducing a
Ce0(OH)x stock solution (0.06-0.25 mg/mL) to cell cultures 2 hours
prior to irradiation, they observed that a concentration of 0.10 mg/mL
resulted in the maximum surviving fraction—four times higher than in
control conditions—attributed to fullerenol’s radical-scavenging abili-
ties, as shown by increased superoxide dismutase and catalase activities,
and reduced oxidative stress markers. Interestingly, higher concentra-
tions (0.25 mg/mL) led to oxidative damage through peroxidation,
indicating a threshold at which FulOH shifts from antioxidant to
pro-oxidant. A similar investigation aimed to evaluate the radioprotec-
tive potential of the water-soluble fullerene derivative, Cg0,700y(OH)y,
(x + y = 24-28), under low-dose tritium radiation (< 0.05 Gy) [130].
The effects were assessed using the luminescent bacterium Photo-
bacterium phosphoreum, with the intensity of its luminescence serving as
an indicator of physiological functions. Exposure to tritium increased
luminescence, but the addition of FulOH (< 3-10 g/L) reduced this
effect, restoring control values, and suggesting its radioprotective
properties. The study examined the impact of Cg0,700y(OH)x on ROS
content and enzymatic luminescence intensity. Tritium exposure caused
alterations in these parameters, but Ceo,700y(OH)x restored them to
control levels, indicating its action involves modifying the ionic balance
in the aqueous medium, which in turn influences bacterial cell mem-
brane functions. These findings suggest that fullerenol’s radioprotective
effects may be related to its modulation of cellular oxidative stress and
membrane functions.

Another in vitro study [110] demonstrated that Cgo(OH),
(n = 12-26), significantly enhanced the radioprotective efficiency in
whole-body irradiated mice exposed to X-ray irradiation of 6, 7, and
8 Gy (X-ray energy of 8 MV). The first group of animals was given
10 mg/kg FulOH intraperitoneal (i.p.) and the second group was given
100 mg/kg FulOH (ip.), both 30 minutes before the irradiation. An
optimal dosage of 100 mg/kg of FulOH markedly improved the survival
metrics, notably increasing both the LTsq (from 11.15 to 16.72 days) and
LDs in irradiated male mice. The LTsq in the 100 mg/kg group was
significantly higher than in both the control (p < 0.05) and the
10 mg/kg group (p < 0.05), highlighting the radioprotective effects of
fullerenol at the higher dose.

This increase in radioprotection was particularly pronounced at
higher radiation doses, indicating a dose-dependent protective effect.
Bogdanovic et al. [131] investigated the radioprotective effects of
Cg0(OH)24 pre-treatment (10 pM) on human erythroleukemia K562 cells
against X-ray irradiation (24 Gy). The key findings showed that FulOH
pre-treatment significantly enhanced the survival and proliferation of
irradiated K562 cells which was accompanied by a notable increase in
the activity of antioxidant enzymes such as SOD and GPx in irradiated
cells. The authors observed 2-fold elevated SOD and GPX levels in FulOH
pretreated irradiated cells 24 h post-irradiation time and a significant
reduce in gamma-glutamyltransferase = (GGT) levels 48h
post-irradiation. Interestingly, FulOH alone used in the concentration of
10 puM did not exhibit cytotoxic effects. The authors suggested that the
radioprotective mechanism probably involves ROS and nitrogen species
(RNS) modulation and maintaining redox homeostasis. The findings
underscored the potential of FulOH as a therapeutic agent for reducing
radiotherapy-induced toxicity in cancer treatment. Grebowski et al.
[132] employed pulse radiolysis to determine the rate constants for the
reaction of highly hydroxylated fullerene Cgo(OH)36 with HO® (2 x 10°
M’ls’l) and with hydrated electrons (2.5 x 10° M’ls’l). The likely
reaction pathway for Cgo(OH)3¢ + HO® involves initial z-complex for-
mation, potentially dissociating back to reactants or rearranging into a
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o-complex, suggesting a competitive reaction process. This research
underscored the significance of the hydroxy groups attached to the
carbon cage of fullerene, which not only preserves but potentially en-
hances the capability to act as a scavenger of radicals. These findings
suggested that Cq9(OH)3¢ may serve as a potent antioxidant in radiobi-
ology. The study of the same group investigated the radioprotective
effects of Cgo(OH) .39 on alcohol dehydrogenase (ADH) activity when
exposed to X-radiation under aerobic conditions. At a concentration of
75 mg/mL, Cgo(OH) .39 reduced the radiation-induced inactivation of
ADH by 20 %. It was postulated that during irradiation, approximately
50 % of HO® interacted with FulOH, and the remaining 50 % with ADH,
suggesting that the mechanism of protection against the radiative
inactivation of ADH predominantly involves the scavenging of HO®
radicals. Radioprotective mechanism of Cgo(OH).30 action involves the
preservation of -SH groups in ADH through electrostatic, dipolar, or
Vander Waals interactions, emphasizing the potential of Cgo(OH) -39
particles in mitigating radiation-induced protein damage [133]. Full-
erenol Cgo(OH)36 at a concentration of 150 pg/mL exhibited also pro-
tective effects on human erythrocyte membranes against damage
induced by high-energy electrons of 6 MeV. Fullerenol significantly
reduced radiation-induced hemolysis of erythrocytes, prevented the
decrease in membrane fluidity, and protected -SH groups in erythrocyte
membranes from oxidation. Specifically, in comparison with erythro-
cytes irradiated without Cgo(OH)3s, there is a 30 % and 39 % increase in
protection from hemolysis at irradiation doses of 0.65 and 1.3 kGy,
respectively, and the protection of -SH groups against oxidation was
about 25 % (0.65 kGy) and about 42 % (for a 1.3 kGy dose). Fullerenol
also attenuated the radiation-induced release of potassium ions (K)
from erythrocytes. Administration of 150 pg/mL of Cgo(OH)3e to
erythrocytes exposed to a 1.3 kGy irradiation resulted in a roughly 32 %
reduction in K" release compared to non-treated erythrocytes. More-
over, the study also revealed that while Cgo(OH)s¢ alone did not alter
acetylcholinesterase enzyme activity, its presence at 150 pg/mL signif-
icantly decreased the enzyme-substrate affinity in erythrocytes during
irradiation. The authors concluded that the protective effects of
Cg0(OH)36 were attributed to its antioxidant properties, by ROS scav-
enging, and providing a barrier to oxidative damage possibly due to
physical interactions with membrane components [115]. A continuation
of this study was the investigation of the ability of C¢o(OH)3¢ to protect
the endogenous antioxidant system of erythrocytes against high-energy
electrons [118]. At a concentration of 150 pg/mL Cgo(OH)3¢ signifi-
cantly reduced radiation-induced damage in human erythrocytes by
maintaining the activity of antioxidant enzymes. Specifically, it atten-
uated the depletion of -SH groups caused by irradiation and preserved
erythrocyte microviscosity. Interestingly, C¢o(OH)3¢ did not affect CAT
activity directly but enhanced GPx and reductase (GSR) activities. The
presence of Cgo(OH)sg also led to a decrease in glutathione transferase
(GST) activity after irradiation, which could be due to the reduction of
oxidative stress or direct interaction with the enzyme’s active site [118].

In vitro study by Nowak et al. [134] observed minimal protective
effects against radiation-induced cell death on X-ray irradiated human
peripheral blood mononuclear cells (PBMCs) both untreated and
pre-treated with Ceo(OH)se at concentrations of 75 and 150 pg/mL
subjected to substantial doses of IR (10, 30, and 50 Gy). Cgp(OH)se
increased cell granularity and affected membrane fluidity of lympho-
cytes 24- and 48 hours post-irradiation without causing cytotoxic ef-
fects. Interestingly, C¢o(OH)36 did not influence DNA damage in both
non-irradiated and X-irradiated PBMCs. A similar cellular model was
used in a confocal microscopy study by Lichota et al. [135] on the
internalization of Cgg(OH)3¢ nanoparticles into PBMCs and focused on
cytotoxicity under oxidative stress induced by IR. After 24-h and 48-h
incubation with FulOH at the concentrations of 75 pg/mL and
150 pg/mL the uptake of Cgo(OH)ss nanoparticles by PBMCs was
concentration-dependent with a more efficient absorption observed at
higher FulOH concentrations. Moreover, C¢o(OH)36 was accumulated in
PBMCs without significantly affecting cell survival or
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phosphatidylserine distribution, suggesting low cytotoxicity of those
nanoparticles. JC-1 fluorescent probe indicated that Cgo(OH)sg
decreased mitochondrial membrane potential in PBMCs in a
dose-dependent manner. The most significant reduction, comparable to
the effect of 10 Gy IR, was observed at the highest concentration used
(150 pg/mL), with a decrease in the mitochondrial potential to about
80 % of untreated control. Fullerenol displayed no protective effects
against IR at any concentration tested (50-150 pg/mL), nor did it
amplify radiation effects. Despite the ability of FulOH to enter the cell
and affect mitochondrial membrane potential, it did not exhibit radio-
protective properties under the studied conditions.

Subsequent studies on FulOHs were focused on in-depth analysis of
their radioprotective effects on tissues and organs, alongside validation
in animal models. An extensive examination of the radioprotective ef-
fects of Cgo(OH)24 on mice subjected to IR comes was performed by Cai
etal. [111]. They systematically investigated the survival rates, immune
function, mitochondrial activity, and oxidative stress markers
post-exposure, demonstrating the ability of Cgo(OH)24 to significantly
enhance survival, preserve immune and mitochondrial functions, and
reduce oxidative damage in critical organs such as the liver and spleen.
The animal survival rate was assessed 30 days after irradiation. Pre-
treatment of mice with Cgo(OH)24 (40 mg/kg in 0.5 mL saline i.p.) daily
for 2 weeks decreased the radiation-induced mortality when compared
with the radiation control group. Fullerenol Cgo(OH)24 enhanced im-
mune function in the spleen possibly by guarding mitochondrial func-
tion and decreasing apoptosis. The study also confirmed earlier findings
by showing that pre-treatment with Cgo(OH)24 counteracted the
decrease in SOD activity and GSH levels caused by irradiation [131].
Additionally, Cgo(OH)24 significantly reduced the radiation-induced
elevation of malondialdehyde (MDA), a marker of lipid peroxidation,
indicating its protective role against oxidative stress. Further in vivo
research by Trajkovic et al. [25] compared Cgo(OH)24 (10 and
100 mg/kg ip.) and amifostine (300 mg/kg ip.) in protecting rats
against a lethal dose of X-rays (8 Gy) irradiation, revealing superior
efficacy of C¢o(OH)24 used at 100 mg/kg in enhancing survival rates and
body mass post-irradiation. Hematological analysis showed that
Ce0(OH)24 significantly alleviated white blood cell count reduction in
the first and the second week post-irradiation, surpassing the effective-
ness of amifostine. Histopathological assessments indicated stronger
protective effects of C¢o(OH)24 on the spleen, small intestine, and lungs,
whereas amifostine better shielded the heart, liver, and kidneys. Vesna
et al. [136] aimed to evaluate the protective efficiency of Cgo(OH)24
nanoparticle versus amifostine in rats subjected to whole-body X-ray
irradiation (7 or 8 Gy). Each of the compounds: Cgo(OH)24 (100 mg/kg)
and amifostine (300 mg/kg i.p.) administered 30 minutes before expo-
sure demonstrated similar effectiveness in enhancing survival rates
following a lethal dose of radiation. Histopathological analysis
post-sublethal irradiation revealed a superior protective effect on the
intestines, lungs, and spleen, whereas amifostine more effectively pro-
tected from lesions of the tissue of the heart, liver, and kidneys, estab-
lishing Cgo(OH)24 nanoparticles comparable cytoprotective compound
to the well-established amifostine.

Zhao et al. [122] evidenced for the first time the skin radioprotective
properties of FulOHs in vivo, inspired by their good radioprotective
performance in vitro. To be suitable for skin, fullerenol-sodium hyalur-
onate hydrogels (F-NaHA) nanoparticles were used as the active radio-
protective ingredients to prepare hydrogels. These F-NaHA hydrogels,
integrating the practicality and safety of sodium hyaluronate, exhibited
significant film-forming properties, enabling effective skin protection
against radiodermatitis. An X-ray tube positioned 2 cm from the back
skin of a BALB/c mouse was used as the irradiation source to induce
radiodermatitis. Before exposure, F-NaHA hydrogels and SOD salves
were applied to the mouse skin to assess their radioprotective effects,
with a control group receiving no treatment. Results demonstrated that
F-NaHA hydrogels alleviated radiodermatitis more effectively than SOD
salves, with observations of delayed onset, accelerated recovery, and
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hair regrowth. During 25 days of observation, in comparison to com-
mercial SOD salves, there was a delayed emergence of radiodermatitis
and a relatively short period from skin damage to recovery as well as
quick hair restoration and hair growth in the X-ray + F-NaHA group.
The histopathological analysis further confirmed the superior protective
effects of FulOH on the epidermal stem cells in the basal layer, showing
the ability of F-NaHA hydrogels to maintain skin tissue metabolism and
regeneration by protecting collagen fibers. Additionally, the biosafety
assessment confirmed the low systemic toxicity of FulOHs, highlighting
their potential as a clinically viable radioprotectors for radiodermatitis
prevention. Similar conclusions come from the study by Yin et al. [112]
which provides comprehensive insights into the radioprotective effects
of highly soluble FulOH on skin cells and radiation dermatitis (RD) in
mice. Pretreatment with FulOH in the concentration of 12.5 and
25 mg/L notably scavenged intracellular ROS generated by X-rays
safeguarding skin cells (HACaT) from X-ray-induced DNA damage and
apoptosis. Inspired by the satisfying radioprotective performance of the
FulOH on skin cells the authors evaluated its’ effect on skin radiopro-
tection in vivo by visually observing the irradiated skin area changes on
the left hind legs of BALB/c mice and their corresponding histopatho-
logical phenomena. In vivo experiments revealed FulOH reduced
radiation-induced skin injury in mice by decreasing epidermal thick-
ening, collagen deposition, and damage to skin appendage damage,
while also promoting hair regeneration. Furthermore, FulOH exhibited
superior radioprotective effects compared to Trolamine cream, a con-
ventional RD treatment, indicating a promising potential for FulOHs in
enhancing skin repair mechanisms following radiation exposure.

Skin damage caused by head and neck radiation therapy is a signif-
icant clinical issue, markedly lowering patients’ quality of life. Effective
tissue repair requires adequate blood perfusion, yet current radiopro-
tective agents primarily target specific organs and cells. Therefore,
greater emphasis should be placed on microvascular protection.
Radioprotective agents targeting the microcirculation could signifi-
cantly improve patients’ post-treatment quality of life [123]. Peng et al.
[123] extensively analyzed the radioprotective effects of fullerenol, a
key bioactive component in fullerenol emulsion, on vascular endothelial
cells. Local application of fullerenol emulsion offers advantages over
systemic administration by increasing drug concentration in the target
tissue, improving local efficacy, and reducing systemic toxicity. Animal
studies showed that fullerenol emulsion reduced radiation-induced
vascular endothelial damage through antioxidant mechanisms,
increasing VEGF expression, inducing endothelial cell proliferation,
promoting angiogenesis, and significantly improving tissue perfusion in
damaged areas. The emulsion also inhibited fibrosis by regulating
collagen remodeling, which significantly alleviated skin damage in the
irradiated head and neck regions of mice. Furthermore, cell studies
confirmed the protective effects of fullerenol on vascular endothelial
cells and indicated its mechanisms of action. Fullerenol reduced reactive
oxygen species (ROS) levels, modulated TGF-p expression, minimized
DNA damage, and inhibited the mitochondrial apoptosis. It also
enhanced VEGF expression, stimulating endothelial cell proliferation,
migration, and the formation of vascular structures. These findings
suggest that fullerenol emulsion could be a promising agent for skin
regeneration following radiation exposure.

Subsequent in vivo experiments revealed that fullerenol@nano-
montmorillonite (FNMT) nanocomposite significantly reduced
radiation-induced diarrhea, weight loss, and pathological damage in the
duodenum of BALB/c male mice. Histopathological analysis revealed
that FNMT nanocomposite treatment ameliorated radiation-induced
changes in duodenal tissue architecture, indicating enhanced tissue
repair and regeneration. The results from the above studies proved that
radiation caused bad side effects, including radiation damage to the
stomach and duodenum, accompanying cell apoptosis and necrosis, and
shedding of gastric and duodenal mucosa cells. However, with the
intervention of FulOH or FNMT nanocomposite, the radiation damage
was alleviated to different degrees, and the FNMT nanocomposite
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displayed the best effect [137].

The same authors [120] investigated the radioprotective effects of
fullerenol@pectin@chitosan gel = microspheres (FPCGM) on
radiation-induced colon injury, focusing on their ability to alleviate
damage, regulate intestinal flora, and enhance recovery in a mouse
model. Encouraged by targeted colonic release and specific bioadhesion,
the radioprotective effects were systematically evaluated in an animal
model of radiation-induced colon injury. The administration of FPCGM
notably reduced weight loss, diarrhea, and hematochezia, and decreased
the mortality associated with intestinal damage in mice.
Post-irradiation, all mice showed weight loss, yet those receiving
FPCGM maintained a significantly higher weight compared to those
exposed to radiation alone. Evaluations based on body weight, diarrhea,
hematochezia, and constipation revealed that FPCGM treatment effec-
tively improved symptoms of diarrhea and constipation induced by ra-
diation. Furthermore, mice treated with FPCGMs had a 50 % higher
survival rate following irradiation compared to the X-ray-only group.
Another sign of intestinal damage, intestinal shortening, was also
significantly reduced by pre-treatment with FPCGMs, preserving colon
length. These findings suggest that FPCGMs hold considerable promise
as radioprotective agents specifically for colon protection [120].
Oxidative stress, crucial in radiation-induced oral mucositis (RIOM)
arises from a intensive ROS production leading to significant patho-
logical lesions and oral microbiota imbalance. Therefore, a sprayable in
situ hydrogel loaded with FulOH has been used as an antioxidant agent
for RIOM radioprotection [121]. Findings from that study demonstrate
the effectiveness of the hydrogel in both preventing and treating RIOM
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in mice models. The sprayable FulOH-enriched hydrogel exhibited
strong muco-adhesion properties, ensuring sustained release and
adherence in the oral cavity. It alleviated oral mucosal erythema, atro-
phic lesions, and symptomatic ulcers, while also maintaining the
integrity of oral microbiota. These results emphasized the beneficial
effect of FulOH-loaded hydrogels as a promising approach for RIOM
prevention, showing their great potential in the protection of oral health
during radiotherapy.

A very recent study from Zhang et al. [119] explored the protective
effects of FulOH on adult human ventricular cardiomyocyte AC16 cells
against radiation-induced injury. The study demonstrated that FulOH
significantly reduced apoptosis in cardiomyocytes induced by X-ray
irradiation. This was evident through decreased lactate dehydrogenase
release in treated cells compared to controls. Fullerenol acted by scav-
enging ROS (measured with the use of CFH-DA probes) and thus miti-
gating mitochondrial oxidative stress leading to reduced cell damage
and apoptosis. Inspired by the good radioprotective performance of
FulOH in vitro, the authors decided to assess its potential as a protective
agent against X-ray-induced heart damage in vivo. To this end, 90
healthy male BALB/c mice were selected as an animal model to inves-
tigate the radioprotective effects of the FulOH. Apart from the anti-
apoptotic effect, the influence of FulOH on two indicators of myocardial
damage (CKMB and cTnT) induced by X-ray in cardiac tissue was
measured. Fullerenol was administered orally or by tail vein one week
before and one week after X-ray treatment. After that, mice were
sacrificed and vital organs were taken for subsequent experiments at 1st,
4th, and 12th week after X-ray irradiation. Fullerenol intervention
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Fig. 5. The protective effects of FulOH against IR-induced cellular damages. FulOH scavenges free radicals and reactive oxygen species (ROS), thereby reducing
oxidative stress in cells. It also helps in DNA repair by decreasing mutation frequency and promoting cell survival post-radiation exposure. The illustration depicts
interactions of FulOH with the cell membrane, mitochondria, and the nucleus, highlighting its complex protective effects on various cellular components.
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significantly attenuated injuries and apoptosis in heart tissue compared
to the X-ray groups. Given its effective radioprotective properties and
lack of side effects, FulOHs presented a promising therapeutic approach
for protecting heart tissue during radiotherapy.

The research findings presented in this review indicate that FulOHs
can protect key cellular components (Fig. 5), which translates into the
protection of organs such as the myocardium, colon, mucosal epithe-
lium, small intestine, lungs, and spleen, contributing to the prevention of
ARS. Current radiation protection strategies primarily focus on safe-
guarding target organs, often neglecting the microcirculation, which has
significant implications for the long-term effects of radiotherapy [113,
138-140]. However, protecting the microcirculation is crucial, as its
damage can lead to severe complications such as heart disease, derma-
titis, or lung injury.

Fullerenol supports the proliferation of microcirculatory cells and
angiogenesis by activating the PI3K/AKT pathway, facilitating vascular
tissue regeneration [113]. Its dual mechanism—reducing oxidative
stress and promoting angiogenesis—could significantly improve the
prognosis of cancer patients undergoing radiotherapy. Although further
studies are needed to determine the long-term effects and optimal
administration methods, fullerenol represents an innovative approach to
radiation protection.

Its stability and safety in vitro and in vivo studies further emphasize its
potential clinical use (Table 2).

8. Metallofullerenols: a potential shift of paradigm in
radioprotective therapy studies

Incorporating atoms or metal clusters into fullerene cages leads to
the formation of metallofullerenes, which exhibit unique properties
compared to pure carbon fullerenes. These properties can be attributed
to the interaction of the metal atoms with the carbon cage, as well as the
modification of the electronic structure arising from this interaction
[141-143], which enhances the ability to donate electrons and scavenge
ROS [26,144-146]. Metalofullerenol Gd@Cg2(OH)2 exhibits stronger
antioxidant activity than Cgo(OH)22 [147], and this effect is likely due to
the higher electron affinity of the endohedral fullerene Gd@Cg; (3.3 eV)
compared to 3.14 eV for the empty-cage fullerene Cg, (both parameters
measured experimentally) [148]. Therefore, Me@FulOH with Me = Sm,
Eu, Sc, Gd, Er, Lu appears to be a reasonable approach in modern
radiotherapy due to both, high polarity (bioavailability) and the ability
to effectively inhibit oxidative damage [26]. In our previous studies
[114] we implemented the pulse radiolysis to evaluate the antioxidant
properties of three water-soluble Me@FulOHs: ScsN@Cgo(OH);s,
LusN@Cgo(OH)13, and Gd@Cgy(OH)2y, as potential candidates for
radioprotectors. The obtained rate constants for reaction with HO® were
2.24 x 10°, 4.32 x 10°, and 1.11 x 10'® M!s™!, respectively. In a
separate series of experiments the protective effect of Me@FulOHs
against radiation-induced hemolysis in human erythrocytes was
measured, indicating a correlation of degree of protection (expressed as
hemolysis percentage) against attack by HO® with the reactivity of
Me@FulOHs (expressed as rate constants). The protective abilities of
Me@FulOHs differ in oxygenated and anaerobic systems (Fig. 6A).
Under anaerobic conditions, their activity correlates with reactivity to-
wards HO®, whereas in the presence of oxygen, oxidative damage is
primarily driven by lipid peroxidation mediated by LOO® radicals. Thus,
the ability of Me@FulOHs to scavenge these radicals is crucial. Since
lipid peroxyl radicals are localized within the lipid membrane, this
highlights the bimodal action of Me@FulOHs: they can act as preventive
antioxidants (neutralizing HO® before initiating peroxidation) and as
chain-breaking antioxidants, effectively scavenging LOO® radicals.
Interestingly, all tested Me@FulOHs were found to be more effective
than vitamin C and Trolox (a water-soluble analogue of tocopherol) in
protecting erythrocytes against gamma radiation (Fig. 6A) [114].
Theoretical investigations of Gd@Cg20x(OH)y, (x =0 or 3, and y = §,
16, 24, 36, 44) suggest that antioxidant properties might be dependent
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on number of hydroxy groups [149]. For y > 24 an increased formation
of intramolecular hydrogen bonds is preferred, thus, limiting their in-
teractions with surrounding water molecules. Additionally, the aromatic
character of the carbon core is diminishing for and increasing number of
hydroxy groups. The authors concluded that Gd@Cg2Ox(OH)y com-
plexes with 24 hydroxy groups are the most promising candidates for
biomedical applications [149]. Both FulOHs and Me@FulOHs interact
with the cell membrane [114,150-153] and localize close to the lip-
id/water phase boundary, leading to membrane protection against
oxidative damage caused by hydroxyl (HO®), alkylperoxyl (ROO*®), and
superoxide (03%") radicals [114].

The potential applications of Me@FulOHs extend beyond their role
as radical trapping agents used for minimizing ROS-induced damages.
Due to the capsule-like shape of the carbon cage, Me@FulOHs have been
recognized as carriers of active compounds and radiopharmaceuticals
[26]. They also can be modified to attach specific ligands or contrast
agents enabling their applications in advanced bioimaging [108,154,
155]. Metal embedded inside the carbon cage can generate strong sig-
nals in imaging techniques such as positron emission tomography (PET)
or magnetic resonance imaging (MRI), allowing high-quality results in
diagnostics [156]. The combination of these two areas can lead to the
development of advanced diagnostic and therapeutic tools that utilize
nano-technologies for disease detection and treatment at very early
stages [157]. It is also crucial to note that Me@FulOHs exhibit high
kinetic stability and resistance to metabolic processes, presenting them
as viable alternatives to chelating agents with significant advantages
over molecular carriers used for the transport of radioisotopes into the
body [158,159]. Unlike chelating agents, Me@FulOHs do not release
toxic compounds [26,159]. The high-resolution PET and MRI imaging
capabilities of Me@FulOHs offer a theranostic advantage, enabling
precise localization of tissues damaged by radiation or areas of height-
ened oxidative stress. This imaging precision informs treatment plan-
ning, allowing for the targeted administration of Me@FulOHs to areas
most vulnerable to radiation-induced damage. Moreover, by facilitating
real-time monitoring of the oxidative stress environment within tissues,
these nanomaterials optimize the timing and dosage of radioprotective
interventions, enhancing their efficacy while minimizing potential
pro-oxidative risks. Additionally, the dual-functionality of Me@FulOHs
aligns with the goals of contemporary oncology and radiotherapy to
reduce side effects while ensuring rapid and precise diagnostics. By
combining diagnostic imaging with radioprotection, Me@FulOHs tackle
one of the key challenges in radiotherapy: balancing effective tumor
treatment with the preservation of healthy tissues. This theranostic
application distinguishes metallofullerenols from conventional radio-
protectors and radiomitigators, which often lack such versatility.

Shultz et al. [160] presented an innovative concept of the synthesis
of a metallofullerenol 177LuXLu(3,x)N@Cgo-based radiopharmaceutical
coupled with IL-13 peptide (Fig. 6C). This advanced compound was
designed to target the overexpressed receptor in multifocal glioblastoma
tumors. Isotope 17711 enclosed in LusN@Cg is an emitter of f§ radiation
and can be permanently embedded in the Me@FulOHs cage for at least
one half-life period (6.7 days), indicating its promising potential in
radiotherapy [160]. Such a type of platform with included radioactive
isotopes raises questions about the stability of the proposed supramo-
lecular systems. The impact of high-energy radiation on the structure
and stability of Me@FulOHs has been investigated in several studies
[161-164]. The stability (measured as the percentage of surviving spe-
cies) of GA@C2,(OH)3g_40, when exposed to a neutron flux of 10'6-10°
neutrons/cm? with a broad energy range (from thermal to fast neutrons)
in the WWR-M reactor, was an order of magnitude higher than that of
the non-hydroxylated metallofullerene Gd@Cgs. The increased stability
of Gd@Czn(OH)3g 40 is attributed to the fact that -OH groups are
strongly solvated by water molecules. Thermal neutrons undergo highly
effective incoherent scattering on protons in the -OH groups [161,162].
Studies comparing the radio-stability of endofullerenes and endofuller-
enols have shown differences, depending on the group of metal atoms in
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Table 2
Characteristics of fullerenols (FulOH) as potential radioprotective agents.
Type of FulOH Dose Experimental Model Radiation Absorbed Dose Main results Ref.
Concentration Source
Energy
Experiments on microorganisms
Ceo(OH)y 0.06-0.25 mg/mL Stylonychia mytilus y-rays 100-2000 Gy FulOH at conc. of 0.10 mg/mL provides the maximum [129]
%0co survival effects; activates SOD and catalase, but
exhibits pro-oxidative effects at higher concentrations
(0.25 mg/mL).
Ce0,700y(OH)x <310°%g/L Photobacterium p--radiation < 0.05 Gy FulOH reduces ROS, restores luminescence, and [130]
x +y=24-28) phosphoreum °H modulates ionic balance.
(5,7 keV)
In vitro studies
Ce0(OH) 24 10 pM Human X-rays 24 Gy FulOH enhances survival, increases SOD and GPx [131]
erythroleukemia cells (10 MV) activity, reduces GGT activity in irradiated K562 cells,
(K562) and shows no cytotoxic effects.
Co0(OH)36 150 pg/mL Human erythrocytes Electrons 0.65-1.3 kGy Protection against hemolysis. FulOH preserves -SH [115,
(6 MeV) groups, reduces K+ release, and decreases 118]
acetylcholinesterase (AChE) affinity for its substrate,
suggesting strong adsorption to plasma membranes.
FulOH maintains erythrocyte microviscosity, boosts
glutathione peroxidase (GPx), and glutathione
reductase (GSR) activities.
Co0(OH)~30 75 pg/mL Alcohol dehydrogenase X-ray 20-100 Gy FulOH protects ADH activity through HO® radical [133]
(ADH) (195 kv, scavenging and preserves the ADH thiol groups via
18 mA) electrostatic, dipolar, or van der Waals interactions.
Co0(OH)36 75-150 pg/mL Human PBMCs X-ray 5-50 Gy Decrease of mitochondrial membrane potential, no [134,
(185 kv, protection against IR at any tested concentration 135]
10 mA) (50-150 pg/mL). No cytotoxic effects were detected.
No protective effect against DNA damage.
Co0(OH)20 25 pg/mL Human keratinocyte X-ray 2-8 Gy A significant increase in survival rates (cell viability [122]
cells (HaCaT) and (160 kV, assays).
HUVECs 25 mA)
Fullerenol 12.5 or 25 mg/L Human keratinocyte X-ray 25, 50, 100, Scavenging of X-ray-induced ROS generation; [112]
cells (160 kv, 200 Gy mitigation of the X-ray-induced oxidative stress,
(HaCaT) 25 mA) inhibition of skin cell apoptosis, DNA damage.
and
Human fibroblasts
(HFF-1)
Fullerenol 25 ug/mL Human cardiomyocytes X-ray 9 Gy FulOH mitigates cardiomyocyte damage, exhibiting [119]
(AC16) (160 kv, biosafety, chemical stability, and radioprotective
25 mA) properties. It scavenges free radicals and inhibits
mitochondrial oxidative stress by neutralizing ROS,
stabilizing mitochondrial membrane potential,
preventing cytochrome c leakage, regulating Bax/
Bcl—2 expression, and reducing caspase—3 activity to
inhibit apoptosis. FulOH also protects genetic material
by reducing DNA strand breaks and modulating gene
expression related to apoptosis and oxidative stress,
including MAPK signaling pathways.
Fullerenol 25 pg/mL HUVECs X-ray 2-8 Gy FulOH inhibits Caspase—3 activity and activates the [113]
PI3K/AKT signaling pathway (phosphoinositide 3-ki-
nase/protein kinase B), along with its downstream
proteins, such as eNOS and VEGF (endothelial nitric
oxide synthase/vascular endothelial growth factor),
reducing endothelial cell apoptosis and maintaining
vascular proliferation potential and angiogenesis in
response to radiation-induced damage.
Fullerenol 30 pg/mL Rat small intestinal X-ray 6 Gy Radioprotection of the duodenum cells: good [137]
(FNMT) crypt epithelial cells (160 kv, biosafety, high chemical stability, effective free radical
(IEC-6) 25 mA) scavenging, inhibition of mitochondrial oxidative
stress pathway, reduction of radiation-induced DNA
damage.
Fullerenol 25-50 pg/mL Human normal colonic X-ray 6 Gy FulOH protects cells from radiation-induced damage [120]
(FPCGMs) mucosal epithelial cells (160 kv, by scavenging ROS/RNS and reducing oxidative stress.
(NCM—-460) 25 mA) It stabilizes the cell membrane, preventing damage,
and limits mitochondrial dysfunction by preserving
membrane potential, preventing cytochrome C
release, and supporting ATP production. It reduces
intracellular Ca** overload, minimizes DNA damage,
and enhances cell regeneration, inhibiting apoptosis
and necrosis.
Fullerenol 25 pg/mL HUVECs X-ray 6 Gy FulOH Improves cell survival without affecting [123]
emulsion (50 kv, 75 viability. Removes ROS, reduces oxidative stress, and
pA) minimizes DNA damage, it blocks the mitochondrial
apoptosis pathway, downregulates pro-apoptotic
(continued on next page)
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Table 2 (continued)

Type of FulOH Dose Experimental Model Radiation Absorbed Dose Main results Ref.
Concentration Source
Energy

proteins (p53, BAX, cleaved-PARP, c-Caspase—3), and
increases VEGF expression. It also stimulates
angiogenesis and enhances proliferation, migration,
and tube formation.

Fullerenol 25 pg/mL HaCaT cells X-ray 6 Gy FOH-loaded MGAF hydrogels exhibit strong [121]
(MGAF) (160 kv, radioprotective properties by scavenging excess ROS,
25 mA) reducing DNA double-strand breaks (lower y-H2AX

expression), and preserving mitochondrial integrity by
maintaining membrane potential and limiting
cytochrome C release. They also prevent calcium
overload caused by radiation-induced oxidative stress,
effectively breaking the cycle of ROS overproduction
and calcium influx.
Animal studies

Co0(OH),, 10-100 Whole-body irradiated X-rays 6-8 Gy FulOH increases LTsq and LDsg; provides protection [110]
(n = 12-26) mg/kg ip. mice (8 MV) against oxidative damage, and modulates SOD and
GPx activity.
Co0(OH)24 40 mg/kg in 0.5 mL ICR mice y-rays 8 Gy Reduction of radiation-induced mortality compared to [111]
saline i.p. daily for 2 80Co the control group, improvement of immune function in
weeks the spleen, protection of mitochondrial functions. Pre-

treatment with FulOH countered the reduction in SOD
activity and GSH levels, and reduced the radiation-
induced elevation of malondialdehyde (MDA).
Co0(OH), 10 and 100 mg/kg i.p. Wistar rats X-rays 7 and 8 Gy FulOH (100 mg/kg) provided superior protection [25,
(n =12-26) (8 MV) compared to both the lower dose (10 mg/kg) and 136]
amifostine, prevented radiation-induced reduction in
white blood cell count (granulocytes and
lymphocytes), radioprotective actions of FulOH on the
spleen, small intestine, and lungs, histopathological
analysis after sublethal irradiation showed better
protective effects on the intestines, lungs, and spleen
compared to amifostine.

Fullerenol 0.02 % applied topically BALB/c mice X-ray 30 Gy Reduction of skin oxidative stress, alleviation of [112]
(160 kv, radiation dermatitis (RD), enhanced skin antioxidant
25 mA) activity, promoting healing, reduced epidermal

thickening, collagen deposition, and skin appendage
damage, hair regeneration.

Fullerenol 4 mg/mL (oral) BALB/c mice X-ray N/A FulOH significantly reduced heart tissue damage and [119]
(160 kv, apoptosis compared to control groups just exposed to
25 mA) X-rays. It demonstrated strong radioprotective

properties by protecting the heart from X-ray-induced
damage, including reducing weight loss, minimizing
structural changes in heart tissues (with lower levels of
apoptosis and DNA damage), and lowering the levels
of cardiac injury markers (CKMB, ¢TnT). No
significant changes in heart function was reported.
FulOH provided protection comparable to the efficacy
of amifostine.

Fullerenol 25 mg/kg i.p. BALB/c mice X-ray 10 Gy FulOH caused an increase in GPx activity and a [113]
decrease in MDA levels, reduced cell apoptosis
markers, improved blood flow in the skin, and

protected microcirculation from radiation-induced

damage.
Fullerenols 1 mg/mL BALB/c mice X-ray N/A Better epidermal integrity and collagen fiber [122]
(F-NaHA) (50 kv, 75 arrangement in the FuOH-NaHA group versus SOD or
HA) untreated controls.
Fullerenol 3 mg/mL BALB/c mice X-ray 6 Gy Significant radioprotion by reducing body weight loss [137]
(FNMT) taken orally (160 kv, in mice and minimizing damage to the duodenum and
25 mA) stomach compared to the X-ray-only group. FNMT-

treated mice had fewer tissue damages, with mild
apoptotic cell loss in the upper mucosa of the
duodenum and preserved crypt structure. Reduced
oxidative stress was manifested as higher activity of
SOD and GSH-Px, and reduction of lipid peroxidation
(MDA assay). Biosafety assessments revealed no tissue
damage or adverse effects after the administration of
FNMT, confirming their biological safety.

Fullerenol The concentration BALB/c mice X-ray 8 Gy FPCGMs’ colon-targeted drug delivery, prolonged [120]
(FPCGMs) administered orally via (160 kV, retention time, and cumulative release of FulOH in
gavage was not specified. 25 mA) simulated gastrointestinal environments. Their

radioprotective efficacy was demonstrated by a
reduction in weight loss, diarrhea, hematochezia,
intestinal shortening, and oxidative stress biomarkers
(SOD, GPx, MDA), along with improved survival rates

(continued on next page)
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Type of FulOH Dose

Concentration

Experimental Model

Radiation
Source

Energy

Absorbed Dose Main results Ref.

Fullerenol applied topically Mice

emulsion

Fullerenol
(MGAF)

25 pg/mL BALB/c mice

X-ray
(50 kv, 75
pA

X-ray
(160 kv,

25 mA)

post-irradiation. FPCGMs preserved the intestinal
barrier by maintaining tight junction proteins
(occludin, claudin—1), promoting epithelial cell
proliferation and migration, and reducing
inflammatory cell infiltration and MPO expression.
They effectively restored gut microbiota homeostasis,
improving microbial diversity and reversing radiation-
induced dysbiosis, including the Firmicutes/
Bacteroides ratio. Finally, biosafety assessments
confirmed no adverse systemic effects or harm to vital
organs, highlighting the potential clinical applicability
of FPCGMs.

FulOH protects the skin by reducing blisters, eczema,
and fibrosis through TGF-p regulation. It preserves
hair follicles, enhances collagen synthesis, and
maintains skin structure. FulOH improves blood flow,
accelerates healing, and prevents vascular damage by
reducing endothelial cell injury and apoptosis. Its
antioxidant effects boost GSH-Px, upregulate VEGF,
and promote angiogenesis, enhancing endothelial cell
growth, blood vessel formation, and tissue repair.
MGAF hydrogels containing FulOH protected against
radiation-induced damage, both before and after
radiation exposure. FulOH eliminated excess of ROS
and increased the levels of enzymatic antioxidants,
protected cells from apoptosis and promoted tissue
regeneration. The hydrogels adhered to the oral
mucosa, enhancing the effective concentration of
FOH. Additionally, they exhibit high biocompatibility
and biological safety.

N/A [123]

15 Gy [121]

the cores. Endofullerenols with metal atoms of larger neutron absorption
cross-sections, such as samarium (Sm) and europium (Eu), exhibited
dominance in neutron capture in the initial irradiation phase, leading to
gamma emission and expulsion of atoms from the molecule. This
mechanism was not observed in the case of endofullerenols with metals
of smaller neutron absorption cross-sections, such as Tm, Ho, or Co
[164].

In many in vitro and in vivo studies, Me@FulOHs have shown sig-
nificant therapeutic effects not only due to their antioxidant properties
but also their ability to regulate gene expression involved in apoptosis,
angiogenesis, and stimulation of the immune response [26,165-167].
Nanoparticles [Gd@Cgy(OH)221,, administered to tumor-affected mice,
primarily accumulated in the bones, pancreas, spleen, kidneys, and
liver, with fewer amounts in the H22 tumor and lungs, thus, the im-
provements in the functioning of damaged kidneys and livers in
tumor-induced mice was observed in line with localization of antioxi-
dant [116]. Such targeted delivery of nanoparticles represents a prom-
ising prospect for drug delivery systems [168].

One of the serious side effects of radiotherapy is bone marrow sup-
pression [169]. Damage to the bone marrow, characterized by abnor-
malities in stem cells, progenitor cells, and the stroma, often occurs after
cytotoxic treatment. This damage can remain latent, not causing an
immediate decrease in the number of mature functional cells in the
blood, but it may manifest later as hypoplastic syndrome [170]. Jia et al.
[117] demonstrated that administration of gadofullerene nanocrystals
(GFNC) significantly reduced radiation-induced bone marrow suppres-
sion in mice without a negative impact on the anti-tumor efficacy of
radiotherapy (Fig. 6B). Indicators such as MDA, SOD, GPx, and CAT
demonstrate that GFNC decreased the level of oxidative stress. The same
researchers investigated the effects of gadofullerene nanoparticles
(GFNP) on myelosuppression (reduced activity of blood cell precursors
in bone marrow) induced by radiotherapy [171]. Particularly, GFNP
increased leukocyte production and alleviated pathological bone
marrow conditions. GFNP stimulated the differentiation, development,
and maturation of leukocytes (neutrophils, lymphocytes) in irradiated

14

mice more effectively than growth factor (G-CSF). Additionally, GFNP
showed minimal toxicity toward major organs such as the heart, liver,
spleen, lungs, and kidneys, which is crucial since growth factors such as
G-CSF exhibit multiple side effects including bone pain, liver damage,
and lung toxicity, limiting their clinical application [171] (Table 3).

Finding Me@FulOHs capable of protecting normal cells from
radiation-induced stress while being toxic to cancer cells would be of
fundamental importance for the outcome of modern radiotherapy. The
selective biodistribution of Me@FulOH and their ability to remove
radicals and inhibit tumor growth [172] facilitates the protection of
healthy tissues/organs. Future research should further investigate the
synergy between metallofullerenol-based imaging and radioprotection,
focusing on cellular contexts and environmental factors that optimize
their protective effects. Integrating of these nanomaterials into thera-
nostic frameworks holds great potential for enhancing both diagnostic
precision and therapeutic efficacy in radiotherapy.

9. Challenges and opportunities in translating fullerenols and
metallofullerenols into clinical translation as radioprotective
agents

The clinical translation of FulOHs and Me@FulOHs as radiotherapy
protective agents presents both significant challenges and promising
opportunities. Key challenges include evaluating their long-term safety
and biocompatibility, addressing concerns about potential toxicity,
bioaccumulation, and variability in patient responses. Optimizing
pharmacokinetics (i.e., enhancing absorption, improving targeted de-
livery, and minimizing off-target effects) is also crucial. Scalable pro-
duction of high-purity compounds poses another challenge, as does
navigating complex regulatory pathways that require strong evidence of
safety and efficacy. A deeper understanding of the molecular mecha-
nisms is essential to refine their applications and maximize their bene-
fits. Despite these challenges, FulOHs and Me@FulOHs offer exciting
opportunities. Their potent antioxidant properties make them effective
in scavenging reactive oxygen species, thereby protecting healthy
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Fig. 6. A) Impact of radiation and the role of metallofullerenols (Me@FulOHs) on erythrocyte hemolysis and potential protective applications. The subpanels
illustrate: a) Degree of erythrocyte hemolysis after radiation-induced HO® radicals in control conditions (non-irradiated), irradiated without Me@FulOHs, and with
25 pM Me@FulOHs. The inset shows hemolysis as a function of Me@FulOHs reaction rate with HO®* b) Chemical and biological effects of IR on erythrocytes,
highlighting Me@FulOHs antioxidative properties (Me@FulOHs can act both as antioxidants - preventing lipid peroxidation and as interventional agents -
neutralizing peroxyl radicals). ¢) Hemolysis after y-radiation exposure in the presence of various Me@FulOHs (including Sc3N, Lu3N and Gd), showing superior
protection compared to vitamin C and Trolox. Reproduced from Grebowski et al. [114] under CC BY 4.0 B) Schematic representation of the effect of gadolinium
fullerene nanocrystals (GFNC) to protect mice from radiation damage without compromising cancer radiotherapy effectiveness: a) Plot of body weight changes. b)
Plot of tumor growth inhibitory curves in different groups. ¢) Photos of tumors from different groups of treated mice after euthanasia. Reprinted with permission from
[117]. Copyright ©2019 American Chemical Society. C) Synthesis of a metalofullerenol-based radiopharmaceutical coupled with IL-13 peptide for glioblastoma
targeting, offering flexibility in radiotherapeutic and radiodiagnostic applications. Reprinted with permission from [160]. Copyright ©2010 American Chemi-
cal Society.

Table 3
Characteristics of metallofullerenol as potential radioprotective agents.
Type of Me@FulOH Dose Experimental Model Radiation Absorbed Main results Ref.
Concentration Source Dose
Energy
SesN@Cgo(OH)1 25 pM Human erythrocytes y-rays” 2000 Gy Me@FulOHs protected erythrocytes (RBCs) from hemolysis [114]
LusN@Cgo(OH)15 (in vitro) %0Co regardless of the type of radical generated. In an anaerobic
Gd@Cgy(OH)2o or environment (N,O), their protective activity was correlated with
High energy reactivity toward the hydroxyl radical (HO®), while in the presence
electrons” of oxygen, the mechanism of oxidative damage shifted to
(6 MeV) peroxidation mediated by lipid peroxyl radicals (LOO®). The ability

of Me@FulOH to trap LOO* radicals proved to be crucial in
protecting against oxidative damage, especially in erythrocytes
exposed to y-radiation in an air atmosphere.

Gadofullerene 8 pmol/kg Mice X-rays 3,4.5,6 Gy Protection against myelosuppression, normalization of oxidative [117,
nanocrystals (low dose), (tumor-bearing and stress markers (MDA, SOD, GPx, CAT); protection of bone marrow 171]
(GFNCs) 16 pmol/kg healthy models) without interfering with the anticancer effects of radiotherapy.

(high dose) (in vivo) GFNP enhanced leukocyte production and alleviated bone marrow

pathology, promoting differentiation, development, and
maturation of leukocytes (neutrophils, lymphocytes) in irradiated
mice more effectively than G-CSF, with minimal toxicity to major
organs such as the heart, liver, spleen, lungs, and kidneys.

A System 1: High Energy Electrons, Anaerobic, under N,O.
B System 2: y-rays, under Air Atmosphere.

tissues from radiation-induced damage. Metallofullerenols offer high- treatment. Future studies should focus on systematic evaluation of the
resolution PET and MRI imaging, enabling precise localization of context-dependent effects of FulOH and Me@FulOH, with emphasis on
radiation-damaged tissues or areas of oxidative stress. This precision the identification of specific cellular environments and conditions (e.g.
supports targeted treatment planning and real-time monitoring of before and after irradiation) that optimize their radioprotective effects
oxidative stress, optimizing radioprotective interventions while mini- while minimizing pro-oxidative risks. Given the advancements in
mizing risks. Their dual functionality aligns with modern oncology goals theranostic techniques, contemporary oncology, and radiotherapy
by integrating diagnostics with radioprotection, addressing the chal- should focus on minimizing the side effects while ensuring rapid and
lenge of treating tumors while preserving healthy tissue. Unlike con- precise diagnosis. Metallofullerenols can serve as an effective diagnostic
ventional radioprotectors, metallofullerenols combine imaging and tool enabling high-quality diagnostic imaging to be used in PET and
therapeutic capabilities, promising significant advancements in radio- MRI. Their ability to generate strong signals in imaging techniques al-
therapy. Future research should refine their protective effects in specific lows for precise localization of pathogenically altered areas, which is
cellular and environmental settings. Advances in nanotechnology will crucial in diagnostics. Furthermore, the properties of Me@FulOHs make
improve targeted delivery, improving therapeutic outcomes while them better candidates for next-generation compounds reducing
minimizing systemic toxicity. Promising preclinical results provide a oxidative stress compared to those currently in use. The combination of
solid foundation for advancing these compounds to clinical trials. Me@FulOHs with theragnostic techniques paves the way for the
Beyond radiotherapy, their potential applications extend to other areas, development of advanced diagnostic and therapeutic tools, utilizing
such as protection against accidental radiation exposure and use in space nanotechnologies for disease detection and treatment at very early
exploration. In conclusion, while the road to clinical translation is stages. The dual use of Me@FulOHs, especially in radiotherapy, distin-
complex, the unique properties and therapeutic potential of FulOHs and guishes these nanomaterials from other radioprotectors/radio-
Me@FulOHs underscore their promise as radiotherapy protective mitigators, potentially leading to further research and innovative
agents. Addressing these challenges through multidisciplinary research clinical applications.

and innovation will be crucial in realizing their full clinical potential.
CRediT authorship contribution statement
10. Conclusion
Grebowski Jacek: Writing — review & editing, Writing — original

Despite the fact that many preclinical studies have demonstrated draft, Visualization, Supervision, Project administration, Investigation,
significant advances in the development of radioprotective measures, Funding acquisition, Conceptualization. Litwinienko Grzegorz:
the clinical use of most radioprotectors/radiomitigators remains very Writing - review & editing, Investigation. Kazmierska-Grebowska
limited due to their lack of efficacy and/or the high toxicity of the Paulina: Writing - review & editing, Writing — original draft, Investi-
evaluated agents. Furthermore, in the case of oncological radiotherapy, gation. Obrador Elena: Writing — review & editing, Writing — original
the use of these agents may compromise the effectiveness of the draft, Investigation. Jankowski Maciej M: Writing — review & editing,

16


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

A\ MOST

P. Kazmierska-Grebowska et al.

Visualization, Investigation. Kolodziejczyk-Czepas Joanna: Writing —
review & editing, Writing — original draft, Investigation.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This work was supported by the National Science Centre, Poland
(NCN grant No. 2019/35/D/ST4/02627) received by dr. Jacek Gre-
bowski. The work of Dr. Maciej M. Jankowski was supported by the
Polonez Bis 3 grant No. 2022/47/P/ NZ4/03358 co-funded by the Na-
tional Science Centre and the European Union’s Horizon 2020 Research
and Innovation Program under the Marie Sktodowska-Curie grant
agreement No. 945339.

References

[1]

[2]

[3]

[4]

[5]

[6]

[7

—

8

—

9]

[10]

[11]

[12]

[13]

[14]

[15]

J.M. Gebicki, T. Nauser, Initiation and prevention of biological damage by
radiation-generated protein radicals, Int. J. Mol. Sci. 23 (2021) 396, https://doi.
0rg/10.3390/ijms23010396.

H. Schuessler, E. Jung, Protein-DNA crosslinks induced by primary and secondary
radicals, Int. J. Radiat. Biol. 56 (1989) 423-435, https://doi.org/10.1080/
09553008914551581.

T. Nakano, X. Xu, A.M.H. Salem, M.1. Shoulkamy, H. Ide, Radiation-induced DNA-
protein cross-links: mechanisms and biological significance, Free Radic. Biol. Med
107 (2017) 136-145, https://doi.org/10.1016/j.freeradbiomed.2016.11.041.

K. Gwozdzinski, Ionizing radiation-induced structural modification of human red
blood cells, Radiat. Environ. Biophys. 30 (1991) 45-52, https://doi.org/10.1007/
BF01595573.

E.S. Kempner, Damage to proteins due to the direct action of ionizing radiation,
Q Rev. Biophys. 26 (1993) 27-48, https://doi.org/10.1017/
s0033583500003954.

J.A. Reisz, N. Bansal, J. Qian, W. Zhao, C.M. Furdui, Effects of ionizing radiation
on biological molecules—mechanisms of damage and emerging methods of
detection, Antioxid. Redox Signal. 21 (2014) 260-292, https://doi.org/10.1089/
ars.2013.5489.

S.R. Mehta, V. Suhag, M. Semwal, N. Sharma, Radiotherapy: basic concepts and
recent advances, Med. J. Armed Forces India 66 (2010) 158-162, https://doi.
org/10.1016/50377-1237(10)80132-7.

V. Dilalla, G. Chaput, T. Williams, K. Sultanem, Radiotherapy side effects:
integrating a survivorship clinical lens to better serve patients, Curr. Oncol. 27
(2020) 107-112, https://doi.org/10.3747/c0.27.6233.

P. Sminia, O. Guipaud, K. Viktorsson, V. Ahire, S. Baatout, T. Boterberg,

J. Cizkova, M. Dostal, C. Fernandez-Palomo, A. Filipova, A. Francois, M. Geiger,
A. Hunter, H. Jassim, N.F.J. Edin, K. Jordan, I. Koniarov4, V.K. Selvaraj, A.

D. Meade, F. Milliat, A. Montoro, C. Politis, D. Savu, A. Sémont, A. Tichy,

V. Valek, G. Vogin, Clinical radiobiology for radiation oncology, in: S. Baatout
(Ed.), Radiobiology Textbook, Springer International Publishing, Cham, 2023,
pp. 237-309, https://doi.org/10.1007/978-3-031-18810-7_5.

M.M. Islam, N. Sultana, C. Liu, A. Mao, T. Katsube, B. Wang, Impact of dietary
ingredients on radioprotection and radiosensitization: a comprehensive review,
Ann. Med. 56 (2024) 2396558, https://doi.org/10.1080/
07853890.2024.2396558.

Z. Mehdi, M.S. Petronek, J.M. Stolwijk, K.A. Mapuskar, A.L. Kalen, G.R. Buettner,
J.J. Cullen, D.R. Spitz, J.M. Buatti, B.G. Allen, Utilization of pharmacological
ascorbate to enhance hydrogen peroxide-mediated radiosensitivity in cancer
therapy, Int. J. Mol. Sci. 22 (2021) 10880, https://doi.org/10.3390/
1jms221910880.

C. Alonso-Gonzalez, C. Gonzalez-Abalde, J. Menéndez-Menéndez, A. Gonzalez-
Gonzélez, V. Alvarez-Garcia, A. Gonzalez-Cabeza, C. Martinez-Campa, S. Cos,
Melatonin modulation of radiation-induced molecular changes in MCF-7 human
breast cancer cells, Biomedicines 10 (2022) 1088, https://doi.org/10.3390/
biomedicines10051088.

V.K. Singh, T.M. Seed, The efficacy and safety of amifostine for the acute
radiation syndrome, Expert Opin. Drug Saf. 18 (2019) 1077-1090, https://doi.
org/10.1080/14740338.2019.1666104.

T.A. Smith, D.R. Kirkpatrick, S. Smith, T.K. Smith, T. Pearson, A. Kailasam, K.
Z. Herrmann, J. Schubert, D.K. Agrawal, Radioprotective agents to prevent
cellular damage due to ionizing radiation, J. Transl. Med. 15 (2017) 232, https://
doi.org/10.1186/512967-017-1338-x.

M. Szejk, J. Kotodziejczyk-Czepas, H.M. Zbikowska, Radioprotectors in
radiotherapy - advances in the potential application of phytochemicals, Post. Hig.
Med. Dosw. (Online) 70 (2016) 722-734, https://doi.org/10.5604/
17322693.1208039.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

17

Biomedicine & Pharmacotherapy 184 (2025) 117915

M.Z. Kamran, A. Ranjan, N. Kaur, S. Sur, V. Tandon, Radioprotective agents:
strategies and translational advances, Med. Res. Rev. 36 (2016) 461-493, https://
doi.org/10.1002/med.21386.

V. Wedler, L.M.S. Stiegler, T. Gandziarowski, J. Walter, W. Peukert, L.V.R. Distel,
A. Hirsch, S. Klein, Shell-by-Shell functionalized nanoparticles as radiosensitizers
and radioprotectors in radiation therapy of cancer cells and tumor spheroids,
Colloids Surf. B Biointerfaces 245 (2024) 114276, https://doi.org/10.1016/j.
colsurfb.2024.114276.

L. Zhao, Y. Sun, Q. Fu, W. Xiao, Emerging nanoradiosensitizers and
nanoradioprotectants for enhanced cancer theranostics, Chem. Eng. J. 501 (2024)
157554, https://doi.org/10.1016/j.cej.2024.157554,

J. Guo, Z. Zhao, Z.-F. Shang, Z. Tang, H. Zhu, K. Zhang, Nanodrugs with intrinsic
radioprotective exertion: turning the double-edged sword into a single-edged
knife, Exploration 3 (2023) 20220119, https://doi.org/10.1002/EXP.20220119.
B. Babu, S. Pawar, A. Mittal, E. Kolanthai, C.J. Neal, M. Coathup, S. Seal,
Nanotechnology enabled radioprotectants to reduce space radiation-induced
reactive oxidative species, WIREs Nanomed. Nanobiotechnol. 15 (2023) e1896,
https://doi.org/10.1002/wnan.1896.

Y. Liao, D. Wang, Z. Gu, Research progress of nanomaterials for radioprotection,
Acta Chim. Sin. 79 (2021) 1438, https://doi.org/10.6023/A21070319.

J. Man, Y. Shen, Y. Song, K. Yang, P. Pei, L. Hu, Biomaterials-mediated radiation-
induced diseases treatment and radiation protection, J. Control. Release 370
(2024) 318-338, https://doi.org/10.1016/j.jconrel.2024.04.044.

J. Grebowski, P. Kazmierska, A. Krokosz, Fullerenols as a new therapeutic
approach in nanomedicine, Biomed. Res. Int. 2013 (2013) 751913, https://doi.
org/10.1155/2013/751913.

R. Injac, M. Prijatelj, B. Strukelj, Fullerenol nanoparticles: toxicity and
antioxidant activity, Methods Mol. Biol. 1028 (2013) 75-100, https://doi.org/
10.1007/978-1-62703-475-3_5.

S. Trajkovié, S. Dobri¢, V. Jacevi¢, V. Dragojevi¢-Simi¢, Z. Milovanovi¢,

A. Dordevi¢, Tissue-protective effects of fullerenol C60(OH)24 and amifostine in
irradiated rats, Colloids Surf. B Biointerfaces 58 (2007) 39-43, https://doi.org/
10.1016/j.colsurfb.2007.01.005.

J. Grebowski, G. Litwinienko, Metallofullerenols in biomedical applications, Eur.
J. Med. Chem. 238 (2022) 114481, https://doi.org/10.1016/j.
ejmech.2022.114481.

A.P. Kozlov, E.A. Krasavin, A.V. Boreyko, A.P. Chernyaev, Yu Alekseeva, U.

A. Bliznyuk, Investigation of erythrocyte membrane damage under the action of y
radiation in a wide dose range using electroporation, Phys. Part Nucl. Lett. 5
(2008) 127-130, https://doi.org/10.1134/51547477108020106.

P. Koufen, D. Brdiczka, G. Stark, Inverse dose-rate effects at the level of proteins
observed in the presence of lipids, Int. J. Radiat. Biol. 76 (2000) 625-631,
https://doi.org/10.1080/095530000138286.

W.M. Przybyszewski, M. Widet, A. Szurko, Z. Maniakowski, Dose rate-dependent
cellular and molecular effects of ionizing radiation, Post. Hig. Med. Dosw.
(Online) 62 (2008) 468-477.

B.E. Leonard, A.C. Lucas, LDR brachytherapy: can low dose rate hypersensitivity
from the “inverse” dose rate effect cause excessive cell killing to peripherial
connective tissues and organs? Br. J. Radiol. 82 (2009) 131-139, https://doi.org/
10.1259/bjr/66381835.

M. Dosanjh, B. Jones, J. Pawelke, M. Pruschy, B.S. Sgrensen, Overview of
research and therapy facilities for radiobiological experimental work in particle
therapy. Report from the European Particle Therapy Network radiobiology group,
Radiother. Oncol. 128 (2018) 14-18, https://doi.org/10.1016/j.
radonc.2018.03.008.

M. Puchala, Z. Szweda-Lewandowska, J. Kiefer, The influence of radiation quality
on radiation-induced hemolysis and hemoglobin oxidation of human
erythrocytes, J. Radiat. Res. 45 (2004) 275-279, https://doi.org/10.1269/
jI1.45.275.

C.L. Limoli, B. Ponnaiya, J.J. Corcoran, E. Giedzinski, M.I. Kaplan, A. Hartmann,
W.F. Morgan, Genomic instability induced by high and low LET ionizing
radiation, Adv. Space Res. 25 (2000) 2107-2117, https://doi.org/10.1016/
50273-1177(99)01062-5.

P. O’Neill, P. Wardman, Radiation chemistry comes before radiation biology, Int.
J. Radiat. Biol. 85 (2009) 9-25, https://doi.org/10.1080/09553000802640401.
N. Hamada, Y. Fujimichi, Classification of radiation effects for dose limitation
purposes: history, current situation and future prospects, J. Radiat. Res. 55 (2014)
629-640, https://doi.org/10.1093/jrr/rru019.

G. Schettino, S. Baatout, F. Caramelo, F. Da Pieve, C. Fernandez-Palomo, N.F.
J. Edin, A.D. Meade, Y. Perrot, J. Reindl, C. Villagrasa, Mechanistic, modeling,
and dosimetric radiation biology, in: S. Baatout (Ed.), Radiobiology Textbook,
Springer International Publishing, Cham, 2023, pp. 191-236, https://doi.org/
10.1007/978-3-031-18810-7_4.

E.A. Ainsbury, A.M. Abrantes, S. Baatout, A. Baeyens, M.F. Botelho, B. Frey,

N. Foray, A.G. Georgakilas, F.M. Lyng, I.A. Marques, A.D. Meade, M. Milic,

D. Mistry, J.F. Monaghan, A. Montoro, A.S. Pires, G.I. Terzoudi, S. Triantopoulou,
K. Viktorsson, G. Vogin, Individual radiation sensitivity and biomarkers:
molecular radiation biology, in: S. Baatout (Ed.), Radiobiology Textbook,
Springer International Publishing, Cham, 2023, pp. 387-424, https://doi.org/
10.1007/978-3-031-18810-7_7.

L.H. Thompson, Recognition, signaling, and repair of DNA double-strand breaks
produced by ionizing radiation in mammalian cells: the molecular choreography,
Mutat. Res. 751 (2012) 158-246, https://doi.org/10.1016/j.mrrev.2012.06.002.
L. El-Nachef, J. Al-Choboq, J. Restier-Verlet, A. Granzotto, E. Berthel,

L. Sonzogni, M.L. Ferlazzo, A. Bouchet, P. Leblond, P. Combemale, S. Pinson,
M. Bourguignon, N. Foray, Human radiosensitivity and radiosusceptibility: what


https://doi.org/10.3390/ijms23010396
https://doi.org/10.3390/ijms23010396
https://doi.org/10.1080/09553008914551581
https://doi.org/10.1080/09553008914551581
https://doi.org/10.1016/j.freeradbiomed.2016.11.041
https://doi.org/10.1007/BF01595573
https://doi.org/10.1007/BF01595573
https://doi.org/10.1017/s0033583500003954
https://doi.org/10.1017/s0033583500003954
https://doi.org/10.1089/ars.2013.5489
https://doi.org/10.1089/ars.2013.5489
https://doi.org/10.1016/S0377-1237(10)80132-7
https://doi.org/10.1016/S0377-1237(10)80132-7
https://doi.org/10.3747/co.27.6233
https://doi.org/10.1007/978-3-031-18810-7_5
https://doi.org/10.1080/07853890.2024.2396558
https://doi.org/10.1080/07853890.2024.2396558
https://doi.org/10.3390/ijms221910880
https://doi.org/10.3390/ijms221910880
https://doi.org/10.3390/biomedicines10051088
https://doi.org/10.3390/biomedicines10051088
https://doi.org/10.1080/14740338.2019.1666104
https://doi.org/10.1080/14740338.2019.1666104
https://doi.org/10.1186/s12967-017-1338-x
https://doi.org/10.1186/s12967-017-1338-x
https://doi.org/10.5604/17322693.1208039
https://doi.org/10.5604/17322693.1208039
https://doi.org/10.1002/med.21386
https://doi.org/10.1002/med.21386
https://doi.org/10.1016/j.colsurfb.2024.114276
https://doi.org/10.1016/j.colsurfb.2024.114276
https://doi.org/10.1016/j.cej.2024.157554
https://doi.org/10.1002/EXP.20220119
https://doi.org/10.1002/wnan.1896
https://doi.org/10.6023/A21070319
https://doi.org/10.1016/j.jconrel.2024.04.044
https://doi.org/10.1155/2013/751913
https://doi.org/10.1155/2013/751913
https://doi.org/10.1007/978-1-62703-475-3_5
https://doi.org/10.1007/978-1-62703-475-3_5
https://doi.org/10.1016/j.colsurfb.2007.01.005
https://doi.org/10.1016/j.colsurfb.2007.01.005
https://doi.org/10.1016/j.ejmech.2022.114481
https://doi.org/10.1016/j.ejmech.2022.114481
https://doi.org/10.1134/S1547477108020106
https://doi.org/10.1080/095530000138286
http://refhub.elsevier.com/S0753-3322(25)00109-X/sbref29
http://refhub.elsevier.com/S0753-3322(25)00109-X/sbref29
http://refhub.elsevier.com/S0753-3322(25)00109-X/sbref29
https://doi.org/10.1259/bjr/66381835
https://doi.org/10.1259/bjr/66381835
https://doi.org/10.1016/j.radonc.2018.03.008
https://doi.org/10.1016/j.radonc.2018.03.008
https://doi.org/10.1269/jrr.45.275
https://doi.org/10.1269/jrr.45.275
https://doi.org/10.1016/s0273-1177(99)01062-5
https://doi.org/10.1016/s0273-1177(99)01062-5
https://doi.org/10.1080/09553000802640401
https://doi.org/10.1093/jrr/rru019
https://doi.org/10.1007/978-3-031-18810-7_4
https://doi.org/10.1007/978-3-031-18810-7_4
https://doi.org/10.1007/978-3-031-18810-7_7
https://doi.org/10.1007/978-3-031-18810-7_7
https://doi.org/10.1016/j.mrrev.2012.06.002
http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

AN\ MOST

P. Kazmierska-Grebowska et al.

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

are the differences? Int. J. Mol. Sci. 22 (2021) 7158, https://doi.org/10.3390/
ijms22137158.

R.-X. Huang, P.-K. Zhou, DNA damage response signaling pathways and targets
for radiotherapy sensitization in cancer, Signal. Transduct. Target Ther. 5 (2020)
1-27, https://doi.org/10.1038/541392-020-0150-x.

E.I. Azzam, J.-P. Jay-Gerin, D. Pain, Ionizing radiation-induced metabolic
oxidative stress and prolonged cell injury, Cancer Lett. 327 (2012) 48-60,
https://doi.org/10.1016/j.canlet.2011.12.012.

N.V. Gorbunov, K.L. Pogue-Geile, M.W. Epperly, W.L. Bigbee, R. Draviam, B.
W. Day, N. Wald, S.C. Watkins, J.S. Greenberger, Activation of the nitric oxide
synthase 2 pathway in the response of bone marrow stromal cells to high doses of
ionizing radiation, Radiat. Res. 154 (2000) 73-86, https://doi.org/10.1667/
0033-7587(2000)154[0073:a0tnos]2.0.co;2.

M.S.M. Al-Nimer, N.H. Ali, Assessment of nitrosative stress and lipid peroxidation
activity in asymptomatic exposures to medical radiation: the bystander effect of
ionizing radiation, Int. J. Appl. Basic Med. Res. 2 (2012) 48-51, https://doi.org/
10.4103/2229-516X.96809.

H. Tang, L. Cai, X. He, Z. Niu, H. Huang, W. Hu, H. Bian, H. Huang, Radiation-
induced bystander effect and its clinical implications, Front. Oncol. 13 (2023)
1124412, https://doi.org/10.3389/fonc.2023.1124412.

M. Najafi, E. Motevaseli, A. Shirazi, G. Geraily, A. Rezaeyan, F. Norouzi,

S. Rezapoor, H. Abdollahi, Mechanisms of inflammatory responses to radiation
and normal tissues toxicity: clinical implications, Int. J. Radiat. Biol. 94 (2018)
335-356, https://doi.org/10.1080/09553002.2018.1440092.

J.F. Alhmoud, J.F. Woolley, A.-E. Al Moustafa, M.I. Malki, DNA damage/repair
management in cancers, Cancers 12 (2020) 1050, https://doi.org/10.3390/
cancers12041050.

M. Katerji, P.J. Duerksen-Hughes, DNA damage in cancer development: special
implications in viral oncogenesis, Am. J. Cancer Res. 11 (2021) 3956-3979.
U.S. Srinivas, B.W.Q. Tan, B.A. Vellayappan, A.D. Jeyasekharan, ROS and the
DNA damage response in cancer, Redox Biol. 25 (2019) 101084, https://doi.org/
10.1016/j.redox.2018.101084.

R. Huang, P.-K. Zhou, DNA damage repair: historical perspectives, mechanistic
pathways and clinical translation for targeted cancer therapy, Signal. Transduct.
Target Ther. 6 (2021) 1-35, https://doi.org/10.1038/541392-021-00648-7.
O.M. Ighodaro, O.A. Akinloye, First line defence antioxidants-superoxide
dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPX): their
fundamental role in the entire antioxidant defence grid, Alex. J. Med. 54 (2018)
287-293, https://doi.org/10.1016/j.ajme.2017.09.001.

J. Grebowski, P. Kazmierska-Grebowska, N. Cichon, P. Piotrowski,

G. Litwinienko, The effect of fullerenol Cgo(OH)3¢ on the antioxidant defense
system in erythrocytes, Int. J. Mol. Sci. 23 (2021) 119, https://doi.org/10.3390/
ijms23010119.

K. Jomova, R. Raptova, S.Y. Alomar, S.H. Alwasel, E. Nepovimova, K. Kuca,

M. Valko, Reactive oxygen species, toxicity, oxidative stress, and antioxidants:
chronic diseases and aging, Arch. Toxicol. 97 (2023) 2499-2574, https://doi.org/
10.1007/s00204-023-03562-9.

C.A. Juan, J.M. Pérez de la Lastra, F.J. Plou, E. Pérez-Lebena, The chemistry of
reactive oxygen species (ROS) revisited: outlining their role in biological
macromolecules (DNA, lipids and proteins) and induced pathologies, Int. J. Mol.
Sci. 22 (2021) 4642, https://doi.org/10.3390/1jms22094642.

K.J. Davies, M.E. Delsignore, Protein damage and degradation by oxygen radicals.
III. Modification of secondary and tertiary structure, J. Biol. Chem. 262 (1987)
9908-9913.

E.M. Zeman, E.C. Schreiber, J.E. Tepper, 27 - Basics of Radiation Therapy, in: J.
E. Niederhuber, J.O. Armitage, M.B. Kastan, J.H. Doroshow, J.E. Tepper (Eds.),
Abeloff’s clinical oncology, sixth ed., Elsevier, Philadelphia, 2020, pp. 431-460,
https://doi.org/10.1016/B978-0-323-47674-4.00027-X.

M. Elbanna, N.N. Chowdhury, R. Rhome, M.L. Fishel, Clinical and preclinical
outcomes of combining targeted therapy with radiotherapy, Front. Oncol. 11
(2021) 749496, https://doi.org/10.3389/fonc.2021.749496.

V. Potiron, K. Clément-Colmou, E. Jouglar, M. Pietri, S. Chiavassa, G. Delpon,
F. Paris, S. Supiot, Tumor vasculature remodeling by radiation therapy increases
doxorubicin distribution and efficacy, Cancer Lett. 457 (2019) 1-9, https://doi.
org/10.1016/j.canlet.2019.05.005.

K.V. Dharmarajan, S.E. Rich, C.A. Johnstone, L.M. Hertan, R. Wei, L.E. Colbert, J.
A. Jones, A.H. Kamal, C.A. Jones, Top 10 tips palliative care clinicians should
know about radiation oncology, J. Palliat. Med. 21 (2018) 383-388, https://doi.
0rg/10.1089/jpm.2018.0009.

S. Liu, W. Wang, S. Hu, B. Jia, B. Tuo, H. Sun, Q. Wang, Y. Liu, Z. Sun,
Radiotherapy remodels the tumor microenvironment for enhancing
immunotherapeutic sensitivity, Cell Death Dis. 14 (2023) 1-19, https://doi.org/
10.1038/541419-023-06211-2.

A. Barcellini, P. Loap, K. Murata, R. Villa, Y. Kirova, N. Okonogi, E. Orlandi, PARP
inhibitors in combination with radiotherapy: to do or not to do? Cancers 13
(2021) 5380, https://doi.org/10.3390/cancers13215380.

D. Komorowska, T. Radzik, S. Kalenik, A. Rodacka, Natural radiosensitizers in
radiotherapy: cancer treatment by combining ionizing radiation with resveratrol,
Int. J. Mol. Sci. 23 (2022) 10627, https://doi.org/10.3390/ijms231810627.
C.K. Nair, D.K. Parida, T. Nomura, Radioprotectors in radiotherapy, J. Radiat.
Res. 42 (2001) 21-37, https://doi.org/10.1269/jrr.42.21.

C. Beskow, A.-K. Agren-Cronqvist, R. Lewensohn, I. Toma-Dasu, Biological
effective dose evaluation and assessment of rectal and bladder complications for
cervical cancer treated with radiotherapy and surgery, J. Conte Brachyther. 4
(2012) 205-212, https://doi.org/10.5114/jcb.2012.32554.

18

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

Biomedicine & Pharmacotherapy 184 (2025) 117915

V. Ahire, N. Ahmadi Bidakhvidi, T. Boterberg, P. Chaudhary, F. Chevalier,

N. Daems, W. Delbart, S. Baatout, C.M. Deroose, C. Fernandez-Palomo, N.A.

P. Franken, U.S. Gaipl, L. Geenen, N. Heynickx, 1. Koniarova, V.K. Selvaraj,

H. Levillain, A.J. Michaelidesova, A. Montoro, A.L. Oei, S. Penninckx, J. Reindl,
F. Rodel, P. Sminia, K. Tabury, K. Vermeulen, K. Viktorsson, A. Waked,
Radiobiology of combining radiotherapy with other cancer treatment modalities,
in: S. Baatout (Ed.), Radiobiology textbook, Springer International Publishing,
Cham, 2023, pp. 311-386, https://doi.org/10.1007/978-3-031-18810-7 6.

K.J. Ray, N.R. Sibson, A.E. Kiltie, Treatment of breast and prostate cancer by
hypofractionated radiotherapy: potential risks and benefits, Clin. Oncol. (R. Coll.
Radiol. ) 27 (2015) 420-426, https://doi.org/10.1016/j.clon.2015.02.008.

J.L. Ryan, Ionizing radiation: the good, the bad, and the ugly, J. Investig.
Dermatol. 132 (2012) 985-993, https://doi.org/10.1038/jid.2011.411.

R.E. Meyn, L. Milas, K.K. Ang, The role of apoptosis in radiation oncology, Int J.
Radiat. Biol. 85 (2009) 107-115, https://doi.org/10.1080/09553000802662595.
D.R. Spitz, E.I. Azzam, J.J. Li, D. Gius, Metabolic oxidation/reduction reactions
and cellular responses to ionizing radiation: a unifying concept in stress response
biology, Cancer Metastas. Rev. 23 (2004) 311-322, https://doi.org/10.1023/B:
CANC.0000031769.14728.bc.

E. Obrador, R. Salvador, J.I. Villaescusa, J.M. Soriano, J.M. Estrela, A. Montoro,
Radioprotection and radiomitigation: from the bench to clinical practice,
Biomedicines 8 (2020) 461, https://doi.org/10.3390/biomedicines8110461.
Radiosensitivity of Organs and Tissues (MOE) n.d. (https://www.env.go.jp/en/c
hemi/rhm/basic-info/1st/03-02-06.html) (Accessed 8 November 2024) 2024).
P. Arnautou, G. Garnier, J. Maillot, J. Konopacki, M. Brachet, A. Bonnin, J.-

C. Amabile, J.-V. Malfuson, Management of acute radiation syndrome, Transfus.
Clin. Et. Biol. (2024), https://doi.org/10.1016/j.tracli.2024.07.002.

Y. Zhang, X. Chen, X. Wang, J. Chen, C. Du, J. Wang, W. Liao, Insights into
ionizing radiation-induced bone marrow hematopoietic stem cell injury, Stem
Cell Res. Ther. 15 (2024) 222, https://doi.org/10.1186/513287-024-03853-7.
M. Lépez, M. Martin, Medical management of the acute radiation syndrome, Rep.
Pract. Oncol. Radiol. 16 (2011) 138-146, https://doi.org/10.1016/j.
rpor.2011.05.001.

J. Wang, M. Boerma, Q. Fu, Hauer-Jensen M. Significance of endothelial
dysfunction in the pathogenesis of early and delayed radiation enteropathy,
World J. Gastroenterol. 13 (2007) 3047-3055, https://doi.org/10.3748/wjg.v13.
122.3047.

B.A. Christy, M.C. Herzig, X. Wu, A. Mohammadipoor, J.S. McDaniel, J.A. Bynum,
Cell Therapies for Acute Radiation Syndrome, Int. J. Mol. Sci. 25 (2024) 6973,
https://doi.org/10.3390/ijms25136973.

C.J. Iddins, A.L. DiCarlo, M.D. Ervin, E. Herrera-Reyes, R.E. Goans, Cutaneous
and local radiation injuries, J. Radiol. Prot. 42 (2022), https://doi.org/10.1088/
1361-6498/ac241a.

E.D. Micewicz, K.S. Iwamoto, J.A. Ratikan, C. Nguyen, M.W. Xie, G. Cheng, G.
M. Boxx, E. Deriu, R.D. Damoiseaux, J.P. Whitelegge, P.P. Ruchala, R. Avetisyan,
M.E. Jung, G. Lawson, E. Nemeth, T. Ganz, J.W. Sayre, W.H. McBride, D. Schaue,
The aftermath of surviving acute radiation hematopoietic syndrome and its
mitigation, Radiat. Res. 191 (2019) 323-334, https://doi.org/10.1667/
RR15231.1.

G.P. Sharma, H.A. Himburg, Organ-specific endothelial dysfunction following
total body irradiation exposure, Toxics 10 (2022) 747, https://doi.org/10.3390/
toxics10120747.

T. Wu, C.M. Orschell, The delayed effects of acute radiation exposure (DEARE):
characteristics, mechanisms, animal models, and promising medical
countermeasures, Int J. Radiat. Biol. 99 (2023) 1066-1079, https://doi.org/
10.1080/09553002.2023.2187479.

M.P. Little, D. Bazyka, Berrington de Gonzalez, A. Brenner, A.V. Chumak, V.

V. Cullings, H.M. Daniels, R.D. French, B. Grant, E. Hamada, N. Hauptmann,
M. Kendall, G.M. Laurier, D. Lee, C. Lee, W.J. Linet, M.S. Mabuchi, K. Morton, L.
M. Muirhead, C.R. Preston, D.L. Rajaraman, P. Richardson, D.B. Sakata, R. Samet,
J.M. Simon, S.L. Sugiyama, H. Wakeford, R. Zablotska, L. B, A historical survey of
key epidemiological studies of ionizing radiation exposure, Radiat. Res. 202
(2024) 432-487, https://doi.org/10.1667/RADE-24-00021.1.

P. Shamsesfandabadi, A. Patel, Y. Liang, M.J. Shepard, R.E. Wegner, Radiation-
induced cognitive decline: challenges and solutions, Cancer Manag Res. 16
(2024) 1043-1052, https://doi.org/10.2147/CMAR.S441360.

E. Waisberg, J. Ong, P. Paladugu, S.A. Kamran, N. Zaman, A. Tavakkoli, A.G. Lee,
Radiation-induced ophthalmic risks of long duration spaceflight: current
investigations and interventions, Eur. J. Ophthalmol. 34 (2024) 1337-1345,
https://doi.org/10.1177/11206721231221584.

A.V. Akleyev, Early signs of chronic radiation syndrome in residents of the Techa
riverside settlements, Radiat. Environ. Biophys. 60 (2021) 203-212, https://doi.
org/10.1007/s00411-021-00897-8.

A.V. Akleyev, Definition, classification, and clinical presentation of chronic
radiation syndrome (CRS) associated with total exposure to external radiation. In:
Akleyev AV, editor. Chronic Radiation Syndrome, Springer, Berlin, Heidelberg,
2014, pp. 1-21, https://doi.org/10.1007/978-3-642-45117-1_1.

A.V. Akleyev, Normal tissue reactions to chronic radiation exposure in man,
Radiat. Prot. Dosim. 171 (2016) 107-116, https://doi.org/10.1093/rpd/ncw207.
A.V. Akleyev, Clinical manifestations of chronic radiation syndrome. In: Akleyev
AV, editor. Chronic Radiation Syndrome, Springer, Berlin, Heidelberg, 2014,
pp. 145-245, https://doi.org/10.1007/978-3-642-45117-1_5.

E. Obrador, R. Salvador-Palmer, J.I. Villaescusa, E. Gallego, B. Pellicer, J.

M. Estrela, A. Montoro, Nuclear and radiological emergencies: biological effects,
countermeasures and biodosimetry, Antioxidants 11 (2022) 1098, https://doi.
org/10.3390/antiox11061098.


https://doi.org/10.3390/ijms22137158
https://doi.org/10.3390/ijms22137158
https://doi.org/10.1038/s41392-020-0150-x
https://doi.org/10.1016/j.canlet.2011.12.012
https://doi.org/10.1667/0033-7587(2000)154[0073:aotnos]2.0.co;2
https://doi.org/10.1667/0033-7587(2000)154[0073:aotnos]2.0.co;2
https://doi.org/10.4103/2229-516X.96809
https://doi.org/10.4103/2229-516X.96809
https://doi.org/10.3389/fonc.2023.1124412
https://doi.org/10.1080/09553002.2018.1440092
https://doi.org/10.3390/cancers12041050
https://doi.org/10.3390/cancers12041050
http://refhub.elsevier.com/S0753-3322(25)00109-X/sbref47
http://refhub.elsevier.com/S0753-3322(25)00109-X/sbref47
https://doi.org/10.1016/j.redox.2018.101084
https://doi.org/10.1016/j.redox.2018.101084
https://doi.org/10.1038/s41392-021-00648-7
https://doi.org/10.1016/j.ajme.2017.09.001
https://doi.org/10.3390/ijms23010119
https://doi.org/10.3390/ijms23010119
https://doi.org/10.1007/s00204-023-03562-9
https://doi.org/10.1007/s00204-023-03562-9
https://doi.org/10.3390/ijms22094642
http://refhub.elsevier.com/S0753-3322(25)00109-X/sbref54
http://refhub.elsevier.com/S0753-3322(25)00109-X/sbref54
http://refhub.elsevier.com/S0753-3322(25)00109-X/sbref54
https://doi.org/10.1016/B978-0-323-47674-4.00027-X
https://doi.org/10.3389/fonc.2021.749496
https://doi.org/10.1016/j.canlet.2019.05.005
https://doi.org/10.1016/j.canlet.2019.05.005
https://doi.org/10.1089/jpm.2018.0009
https://doi.org/10.1089/jpm.2018.0009
https://doi.org/10.1038/s41419-023-06211-2
https://doi.org/10.1038/s41419-023-06211-2
https://doi.org/10.3390/cancers13215380
https://doi.org/10.3390/ijms231810627
https://doi.org/10.1269/jrr.42.21
https://doi.org/10.5114/jcb.2012.32554
https://doi.org/10.1007/978-3-031-18810-7_6
https://doi.org/10.1016/j.clon.2015.02.008
https://doi.org/10.1038/jid.2011.411
https://doi.org/10.1080/09553000802662595
https://doi.org/10.1023/B:CANC.0000031769.14728.bc
https://doi.org/10.1023/B:CANC.0000031769.14728.bc
https://doi.org/10.3390/biomedicines8110461
https://www.env.go.jp/en/chemi/rhm/basic-info/1st/03-02-06.html
https://www.env.go.jp/en/chemi/rhm/basic-info/1st/03-02-06.html
https://doi.org/10.1016/j.tracli.2024.07.002
https://doi.org/10.1186/s13287-024-03853-7
https://doi.org/10.1016/j.rpor.2011.05.001
https://doi.org/10.1016/j.rpor.2011.05.001
https://doi.org/10.3748/wjg.v13.i22.3047
https://doi.org/10.3748/wjg.v13.i22.3047
https://doi.org/10.3390/ijms25136973
https://doi.org/10.1088/1361-6498/ac241a
https://doi.org/10.1088/1361-6498/ac241a
https://doi.org/10.1667/RR15231.1
https://doi.org/10.1667/RR15231.1
https://doi.org/10.3390/toxics10120747
https://doi.org/10.3390/toxics10120747
https://doi.org/10.1080/09553002.2023.2187479
https://doi.org/10.1080/09553002.2023.2187479
https://doi.org/10.1667/RADE-24-00021.1
https://doi.org/10.2147/CMAR.S441360
https://doi.org/10.1177/11206721231221584
https://doi.org/10.1007/s00411-021-00897-8
https://doi.org/10.1007/s00411-021-00897-8
https://doi.org/10.1007/978-3-642-45117-1_1
https://doi.org/10.1093/rpd/ncw207
https://doi.org/10.1007/978-3-642-45117-1_5
https://doi.org/10.3390/antiox11061098
https://doi.org/10.3390/antiox11061098
http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

AN\ MOST

P. Kazmierska-Grebowska et al.

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

P. Maier, L. Hartmann, F. Wenz, C. Herskind, Cellular pathways in response to
ionizing radiation and their targetability for tumor radiosensitization, Int. J. Mol.
Sci. 17 (2016) 102, https://doi.org/10.3390/ijms17010102.

S. Adjemian, T. Oltean, S. Martens, B. Wiernicki, V. Goossens, T. Vanden Berghe,
B. Cappe, M. Ladik, F.B. Riquet, L. Heyndrickx, J. Bridelance, M. Vuylsteke,

K. Vandecasteele, P. Vandenabeele, Ionizing radiation results in a mixture of
cellular outcomes including mitotic catastrophe, senescence, methuosis, and iron-
dependent cell death, Cell Death Dis. 11 (2020) 1003, https://doi.org/10.1038/
$41419-020-03209-y.

M.I. Koukourakis, Radiation damage and radioprotectants: new concepts in the
era of molecular medicine, Br. J. Radiol. 85 (2012) 313-330, https://doi.org/
10.1259/bjr/16386034.

M. Macia i Garau, A. Lucas Calduch, E.C. Lopez, Radiobiology of the acute
radiation syndrome, Rep. Pract. Oncol. Radiol. 16 (2011) 123-130, https://doi.
org/10.1016/j.rpor.2011.06.001.

H. Dorr, V. Meineke, Acute radiation syndrome caused by accidental radiation
exposure - therapeutic principles, BMC Med. 9 (2011) 126, https://doi.org/
10.1186/1741-7015-9-126.

Clinical Manifestations, Evaluation, and Diagnosis of Acute Radiation Exposure -
UpToDate n.d. (https://www.uptodate.com/contents/clinical-manifestation
s-evaluation-and-diagnosis-of-acute-radiation-exposure#H1) (accessed
November 23, 2024).

R. Yahyapour, P. Amini, S. Rezapour, M. Cheki, A. Rezaeyan, B. Farhood,

D. Shabeeb, A.E. Musa, H. Fallah, M. Najafi, Radiation-induced inflammation and
autoimmune diseases, Mil. Med. Res. 5 (2018) 9, https://doi.org/10.1186/
s40779-018-0156-7.

K. Kamiya, K. Ozasa, S. Akiba, O. Niwa, K. Kodama, N. Takamura, E.K. Zaharieva,
Y. Kimura, R. Wakeford, Long-term effects of radiation exposure on health, Lancet
386 (2015) 469-478, https://doi.org/10.1016/50140-6736(15)61167-9.

M.E.C. Robbins, W. Zhao, Chapter 5 - oxidative stress and radiation-induced late
normal tissue injury, in: G.A. Qureshi, S.H. Parvez (Eds.), Oxidative Stress and
Neurodegenerative Disorders, Elsevier Science B.V, Amsterdam, 2007,

pp. 135-164, https://doi.org/10.1016/B978-044452809-4/50146-0.

J.M. Straub, J. New, C.D. Hamilton, C. Lominska, Y. Shnayder, S.M. Thomas,
Radiation-induced fibrosis: mechanisms and implications for therapy, J. Cancer
Res Clin. Oncol. 141 (2015) 1985-1994, https://doi.org/10.1007/s00432-015-
1974-6.

A. Amrenova, E. Ainsbury, C. Baudin, A. Giussani, J. Lochard, W. Rithm,

P. Scholz-Kreisel, K. Trott, L. Vaillant, R. Wakeford, F. Zolzer, D. Laurier,
Consideration of hereditary effects in the radiological protection system:
evolution and current status, Int. J. Radiat. Biol. 100 (2024) 1240-1252, https://
doi.org/10.1080/09553002.2023.2295289.

E. Daguenet, S. Louati, A.-S. Wozny, N. Vial, M. Gras, J.-B. Guy, A. Vallard,

C. Rodriguez-Lafrasse, N. Magné, Radiation-induced bystander and abscopal
effects: important lessons from preclinical models, Br. J. Cancer 123 (2020)
339-348, https://doi.org/10.1038/541416-020-0942-3.

G.-I. Mun, S. Kim, E. Choi, C.S. Kim, Y.-S. Lee, Pharmacology of natural
radioprotectors, Arch. Pharm. Res. 41 (2018) 1033-1050, https://doi.org/
10.1007/s12272-018-1083-6.

P. Shivappa, G.V. Bernhardt, Natural radioprotectors on current and future
perspectives: a mini-review, J. Pharm. Bioallied Sci. 14 (2022) 57-71, https://doi.
org/10.4103/jpbs.jpbs_502_21.

1. Lledo, B. Ibanez, A. Melero, A. Montoro, J.F. Merino-Torres, N. San Onofre, J.
M. Soriano, Vitamins and radioprotective effect: a review, Antioxidants 12 (2023)
611, https://doi.org/10.3390/antiox12030611.

D. Citrin, A.P. Cotrim, F. Hyodo, B.J. Baum, M.C. Krishna, J.B. Mitchell,
Radioprotectors and mitigators of radiation-induced normal tissue injury,
Oncologist 15 (2010) 360-371, https://doi.org/10.1634/theoncologist.2009-
S104.

A. Montoro, E. Obrador, D. Mistry, G.I. Forte, V. Bravata, L. Minafra,

M. Calvaruso, F.P. Cammarata, M. Falk, G. Schettino, V. Ahire, N. Daems,

T. Boterberg, N. Dainiak, P. Chaudhary, S. Baatout, K.P. Mishra, Radioprotectors,
radiomitigators, and radiosensitizers, in: S. Baatout (Ed.), Radiobiology Textbook,
Springer International Publishing, Cham, 2023, pp. 571-628, https://doi.org/
10.1007/978-3-031-18810-7_11.

N. Dainiak, Medical management of acute radiation syndrome and associated
infections in a high-casualty incident, J. Radiat. Res. 59 (2018) ii54-ii64, https://
doi.org/10.1093/jrr/1ry004.

V.K. Singh, T.M. Seed, Pharmacological management of ionizing radiation
injuries: current and prospective agents and targeted organ systems, Expert Opin.
Pharmacother. 21 (2020) 317-337, https://doi.org/10.1080/
14656566.2019.1702968.

Y. Pan, W. Tang, W. Fan, J. Zhang, X. Chen, Development of nanotechnology-
mediated precision radiotherapy for anti-metastasis and radioprotection, Chem.
Soc. Rev. 51 (2022) 9759-9830, https://doi.org/10.1039/D1CS01145F.

J. Li, L. Chen, H. Su, L. Yan, Z. Gu, Z. Chen, A. Zhang, F. Zhao, Y. Zhao, The
pharmaceutical multi-activity of metallofullerenol invigorates cancer therapy,
Nanoscale 11 (2019) 14528-14539, https://doi.org/10.1039/CONR04129J.

J. Li, L. Chen, L. Yan, Z. Gu, Z. Chen, A. Zhang, F. Zhao, A novel drug design
strategy: an inspiration from encaging tumor by metallofullerenol Gd@
Cg2(OH)22, Molecules 24 (2019) 2387, https://doi.org/10.3390/
molecules24132387.

S. Trajkovic, S. Dobric, V. Dragojevic-Simic, Z. Milovanovic, A. Djordjevic,
Radioprotective efficiency of fullerenol in irradiated mice, Mater. Sci. Forum
(2005) 549-554.

19

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

Biomedicine & Pharmacotherapy 184 (2025) 117915

X. Cai, J. Hao, X. Zhang, B. Yu, J. Ren, C. Luo, Q. Li, Q. Huang, X. Shi, W. Li,
J. Liu, The polyhydroxylated fullerene derivative Cgo(OH)24 protects mice from
ionizing-radiation-induced immune and mitochondrial dysfunction, Toxicol.
Appl. Pharmacol. 243 (2010) 27-34, https://doi.org/10.1016/j.
taap.2009.11.009.

H. Yin, Y. Gao, W. Chen, C. Tang, Z. Zhu, K. Li, S. Xia, C. Han, X. Ding, F. Ruan,
H. Tian, C. Zhu, S. Xie, Z. Zuo, L. Liao, C. He, Topically applied fullerenols protect
against radiation dermatitis by scavenging reactive oxygen species, Discov. Nano
18 (2023) 101, https://doi.org/10.1186/511671-023-03869-7.

J. Guo, H. Wang, Y. Li, H. Peng, H. Xu, X. Ding, X. Tian, D. Wang, Y. Liao,

H. Jiang, J. Wei, H. Yang, H. Hu, Z. Gu, Fullerenol-mediated vascular
regeneration and radioprotection: a strategy for tissue recovery post-radiation,
Nano Today 57 (2024) 102339, https://doi.org/10.1016/j.nantod.2024.102339.
J. Grebowski, A. Konarska, P. Piotrowski, M. Wolszczak, G. Litwinienko, Kinetics
of metallofullerenol reactions with the products of water radiolysis: implications
for radiotherapeutics, ACS Appl. Nano Mater. 7 (2024) 539-549, https://doi.org/
10.1021/acsanm.3c04747.

J. Grebowski, P. Kazmierska, G. Litwinienko, A. Lankoff, M. Wolszczak,

A. Krokosz, Fullerenol Cgo(OH)36 protects human erythrocyte membrane against
high-energy electrons, Biochim. Biophys. Acta Biomembr. 1860 (2018)
1528-1536, https://doi.org/10.1016/j.bbamem.2018.05.005.

J. Wang, C. Chen, B. Li, H. Yu, Y. Zhao, J. Sun, Y. Li, G. Xing, H. Yuan, J. Tang,
Z. Chen, H. Meng, Y. Gao, C. Ye, Z. Chai, C. Zhu, B. Ma, X. Fang, L. Wan,
Antioxidative function and biodistribution of [Gd@Cg2(OH)22]n nanoparticles in
tumor-bearing mice, Biochem. Pharmacol. 71 (2006) 872-881, https://doi.org/
10.1016/j.bcp.2005.12.001.

W. Jia, Y. Zhang, M. Zhen, J. Li, T. Zhang, C. Shu, C. Wang, Gadofullerene
nanocrystals: a robust, high-efficiency myelosuppressive protector in
radiotherapy, ACS Appl. Bio Mater. 3 (2020) 450-457, https://doi.org/10.1021/
acsabm.9b00903.

J. Grebowski, P. Kazmierska-Grebowska, N. Cichon, A. Konarska, M. Wolszczak,
G. Litwinienko, Fullerenol Cgo(OH)36 protects the antioxidant enzymes in human
erythrocytes against oxidative damage induced by high-energy electrons, Int. J.
Mol. Sci. 23 (2022) 10939, https://doi.org/10.3390/ijms231810939.

T. Zhang, R. He, X. Ding, M. Zhao, C. Wang, S. Zhu, Y. Liao, D. Wang, H. Wang,
J. Guo, Y. Liu, Z. Zhou, Z. Gu, H. Hu, Fullerenols mitigate radiation-induced
myocardial injury, Adv. Healthc. Mater. 12 (2023) 2300819, https://doi.org/
10.1002/adhm.202300819.

C. Wang, M. Zhao, J. Xie, H. Wang, Z. Gu, F. Sun, Colon-targeted release of gel
microspheres loaded with antioxidative fullerenol for relieving radiation-induced
colon injury and regulating intestinal flora, Adv. Health Mater. 12 (2023)
2301758, https://doi.org/10.1002/adhm.202301758.

M. Zhao, C. Wang, C. Ji, R. Liu, J. Xie, Y. Wang, Z. Gu, Ascidian-inspired
temperature-switchable hydrogels with antioxidant fullerenols for protecting
radiation-induced oral mucositis and maintaining the homeostasis of oral
microbiota, Small 19 (2023) 2206598, https://doi.org/10.1002/smll.202206598.
M. Zhao, C. Wang, J. Xie, C. Ji, Z. Gu, Eco-friendly and scalable synthesis of
fullerenols with high free radical scavenging ability for skin radioprotection,
Small 17 (2021) 2102035, https://doi.org/10.1002/smll.202102035.

H. Peng, H. Jiang, Y. Li, X. Wang, D. Ma, J. Guo, B. Li, H. Wang, Y. Liao, C. Gu,
D. Wang, H. Xu, J. Wei, G. Ren, Q. Yang, Z. Gu, H. Hu, A transdermal fullerenol
emulsion-mediated angiogenesis mitigates radiation-induced skin injury, Chem.
Eng. J. 500 (2024) 157227, https://doi.org/10.1016/].cej.2024.157227.

A. Krokosz, A. Lichota, K.E. Nowak, J. Grebowski, Carbon nanoparticles as
possible radioprotectors in biological systems, Radiat. Phys. Chem. 128 (2016)
143-150, https://doi.org/10.1016/j.radphyschem.2016.07.006.

K. Mishra, G. Alsbeih, Appraisal of biochemical classes of radioprotectors:
evidence, current status and guidelines for future development, 3 Biotech 7
(2017) 292, https://doi.org/10.1007/s13205-017-0925-0.

B. Guan, D. Li, A. Meng, Development of radiation countermeasure agents for
acute radiation syndromes, Anim. Model Exp. Med. 6 (2023) 329-336, https://
doi.org/10.1002/ame2.12339.

S. Emamgholizadeh Minaei, F. Hoseini, The role of radioprotector agents in the
protection of normal tissue, J. Res. Appl. Basic Med. Sci. 7 (2021) 161-171,
https://doi.org/10.52547 /rabms.7.3.161.

M. Seke, M. Zivkovic, A. Stankovic, Versatile applications of fullerenol
nanoparticles, Int. J. Pharm. 660 (2024) 124313, https://doi.org/10.1016/j.
ijpharm.2024.124313.

Q. Zhao, Y. Li, J. Xu, R. Liu, W. Li, Radioprotection by fullerenols of Stylonychia
mytilus exposed to gamma-rays, Int. J. Radiat. Biol. 81 (2005) 169-175, https://
doi.org/10.1080/09553000400029536.

0.V. Kolesnik, A.S. Grabovoy, G.A. Badun, G.N. Churilov, N.S. Kudryasheva,
Radioprotective properties of fullerenol: cellular, biochemical and
physicochemical approaches, Eurasian J. Chem. 29 (2024) 72-81, https://doi.
org/10.31489/2959-0663/3-24-9.

V. Bogdanovi¢, K. Stankov, I. Icevié, D. Zikic, A. Nikoli¢, S. Solaji¢, A. Djordjevié,
G. Bogdanovi¢, Fullerenol Ceo(OH)24 effects on antioxidative enzymes activity in
irradiated human erythroleukemia cell line, J. Radiat. Res. 49 (2008) 321-327,
https://doi.org/10.1269/jrr.07092.

J. Grebowski, A. Krokosz, A. Konarska, M. Wolszczak, M. Puchala, Rate constants
of highly hydroxylated fullerene Ceg interacting with hydroxyl radicals and
hydrated electrons. Pulse radiolysis study, Radiat. Phys. Chem. 103 (2014)
146-152, https://doi.org/10.1016/j.radphyschem.2014.05.057.

A. Krokosz, J. Grebowski, A. Rodacka, B. Pasternak, M. Puchala, The effect of
fullerenol Cgo(OH)—_30 on the alcohol dehydrogenase activity irradiated with X-


https://doi.org/10.3390/ijms17010102
https://doi.org/10.1038/s41419-020-03209-y
https://doi.org/10.1038/s41419-020-03209-y
https://doi.org/10.1259/bjr/16386034
https://doi.org/10.1259/bjr/16386034
https://doi.org/10.1016/j.rpor.2011.06.001
https://doi.org/10.1016/j.rpor.2011.06.001
https://doi.org/10.1186/1741-7015-9-126
https://doi.org/10.1186/1741-7015-9-126
https://www.uptodate.com/contents/clinical-manifestations-evaluation-and-diagnosis-of-acute-radiation-exposure#H1
https://www.uptodate.com/contents/clinical-manifestations-evaluation-and-diagnosis-of-acute-radiation-exposure#H1
https://doi.org/10.1186/s40779-018-0156-7
https://doi.org/10.1186/s40779-018-0156-7
https://doi.org/10.1016/S0140-6736(15)61167-9
https://doi.org/10.1016/B978-044452809-4/50146-0
https://doi.org/10.1007/s00432-015-1974-6
https://doi.org/10.1007/s00432-015-1974-6
https://doi.org/10.1080/09553002.2023.2295289
https://doi.org/10.1080/09553002.2023.2295289
https://doi.org/10.1038/s41416-020-0942-3
https://doi.org/10.1007/s12272-018-1083-6
https://doi.org/10.1007/s12272-018-1083-6
https://doi.org/10.4103/jpbs.jpbs_502_21
https://doi.org/10.4103/jpbs.jpbs_502_21
https://doi.org/10.3390/antiox12030611
https://doi.org/10.1634/theoncologist.2009-S104
https://doi.org/10.1634/theoncologist.2009-S104
https://doi.org/10.1007/978-3-031-18810-7_11
https://doi.org/10.1007/978-3-031-18810-7_11
https://doi.org/10.1093/jrr/rry004
https://doi.org/10.1093/jrr/rry004
https://doi.org/10.1080/14656566.2019.1702968
https://doi.org/10.1080/14656566.2019.1702968
https://doi.org/10.1039/D1CS01145F
https://doi.org/10.1039/C9NR04129J
https://doi.org/10.3390/molecules24132387
https://doi.org/10.3390/molecules24132387
http://refhub.elsevier.com/S0753-3322(25)00109-X/sbref108
http://refhub.elsevier.com/S0753-3322(25)00109-X/sbref108
http://refhub.elsevier.com/S0753-3322(25)00109-X/sbref108
https://doi.org/10.1016/j.taap.2009.11.009
https://doi.org/10.1016/j.taap.2009.11.009
https://doi.org/10.1186/s11671-023-03869-7
https://doi.org/10.1016/j.nantod.2024.102339
https://doi.org/10.1021/acsanm.3c04747
https://doi.org/10.1021/acsanm.3c04747
https://doi.org/10.1016/j.bbamem.2018.05.005
https://doi.org/10.1016/j.bcp.2005.12.001
https://doi.org/10.1016/j.bcp.2005.12.001
https://doi.org/10.1021/acsabm.9b00903
https://doi.org/10.1021/acsabm.9b00903
https://doi.org/10.3390/ijms231810939
https://doi.org/10.1002/adhm.202300819
https://doi.org/10.1002/adhm.202300819
https://doi.org/10.1002/adhm.202301758
https://doi.org/10.1002/smll.202206598
https://doi.org/10.1002/smll.202102035
https://doi.org/10.1016/j.cej.2024.157227
https://doi.org/10.1016/j.radphyschem.2016.07.006
https://doi.org/10.1007/s13205-017-0925-0
https://doi.org/10.1002/ame2.12339
https://doi.org/10.1002/ame2.12339
https://doi.org/10.52547/rabms.7.3.161
https://doi.org/10.1016/j.ijpharm.2024.124313
https://doi.org/10.1016/j.ijpharm.2024.124313
https://doi.org/10.1080/09553000400029536
https://doi.org/10.1080/09553000400029536
https://doi.org/10.31489/2959-0663/3-24-9
https://doi.org/10.31489/2959-0663/3-24-9
https://doi.org/10.1269/jrr.07092
https://doi.org/10.1016/j.radphyschem.2014.05.057
http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

AN\ MOST

P. Kazmierska-Grebowska et al.

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

rays, Radiat. Phys. Chem. 97 (2014) 102-106, https://doi.org/10.1016/j.
radphyschem.2013.11.009.

K. Nowak, A. Krokosz, A. Rodacka, M. Puchala, Study on the effect of
polyhydroxylated fullerene, Coo(OH)36, on X-ray irradiated human peripheral
blood mononuclear cells, Radiat. Phys. Chem. 97 (2014) 325-331, https://doi.
org/10.1016/j.radphyschem.2013.12.022.

A. Lichota, I. Piwonski, S. Michlewska, A. Krokosz, A multiparametric study of
internalization of fullerenol Cgo(OH)36 nanoparticles into peripheral blood
mononuclear cells: cytotoxicity in oxidative stress induced by ionizing radiation,
Int. J. Mol. Sci. 21 (2020) 2281, https://doi.org/10.3390/ijms21072281.

J. Vesna, J. Danica, K. Kamil, Viktorija D.-S. Silva, D. Sanja, T. Ivana, B. Zoran,
S. Zoran, M. Dubravko, B. Aleksandar, D, Effects of fullerenol nanoparticles and
amifostine on radiation-induced tissue damages: Histopathological analysis,

J. Appl. Biomed. 14 (2016) 285-297, https://doi.org/10.1016/j.jab.2016.05.004.
C. Wang, M. Zhao, J. Xie, C. Ji, Z. Leng, Z. Gu, Fullerenol@nano-montmorillonite
nanocomposite as an efficient radioprotective agent for ameliorating radioactive
duodenal injury, Chem. Eng. J. 427 (2022) 131725, https://doi.org/10.1016/j.
cej.2021.131725.

J. Herrmann, Vascular toxic effects of cancer therapies, Nat. Rev. Cardiol. 17
(2020) 503-522, https://doi.org/10.1038/541569-020-0347-2.

H. Zhuang, S. Shi, Z. Yuan, J.Y. Chang, Bevacizumab treatment for radiation brain
necrosis: mechanism, efficacy and issues, Mol. Cancer 18 (2019) 21, https://doi.
org/10.1186/512943-019-0950-1.

K. Shaw, L. Bell, K. Boyd, D.M. Grijseels, D. Clarke, O. Bonnar, H.S. Crombag, C.
N. Hall, Neurovascular coupling and oxygenation are decreased in hippocampus
compared to neocortex because of microvascular differences, Nat. Commun. 12
(2021) 3190, https://doi.org/10.1038/s41467-021-23508-y.

A.A. Popov, S. Yang, L. Dunsch, Endohedral fullerenes, Chem. Rev. 113 (2013)
5989-6113, https://doi.org/10.1021/cr300297r.

P. Jin, Y. Li, S. Magagula, Z. Chen, Exohedral functionalization of endohedral
metallofullerenes: interplay between inside and outside, Coord. Chem. Rev. 388
(2019) 406-439, https://doi.org/10.1016/j.ccr.2019.02.028.

V.T. Lebedev, M.V. Remizov, V.S. Kozlov, A.D. Belyaev, V.G. Zinovyev, D.

A. Rumyantseva, I.A. Mitropolsky, A.I. Kuklin, Structuring of endofullerenols with
lanthanides in aqueous solutions, in: S. Garg, A. Chandra, S. Sagadevan (Eds.),
Emerging Sustainable Nanomaterials for Biomedical Applications, Springer
Nature Switzerland, Cham, 2024, pp. 89-116, https://doi.org/10.1007/978-3-
031-63961-6_4.

A. Remigante, M. Studzian, S. Spinelli, P. Piotrowski, G. Litwinienko, K. Gorny,
P. Raczynski, A. Marino, R. Morabito, J. Grebowski, Metallofullerenol Gd@
Cg2(0OH),; preserves human erythrocyte plasma membrane integrity from AAPH-
induced oxidative stress: molecular mechanisms and antioxidant activity, Free
Radic. Biol. Med. 299 (2025) 499-513, https://doi.org/10.1016/j.
freeradbiomed.2025.01.052.

H. Wang, J. Zhao, S. Ji, T. Liu, Z. Cheng, Z. Huang, Y. Zang, J. Chen, J. Zhang,
Z. Ding, Metallofullerenol alleviates alcoholic liver damage via ROS clearance
under static magnetic and electric fields, Free Radic. Biol. Med. 220 (2024)
236-248, https://doi.org/10.1016/j.freeradbiomed.2024.05.003.

C.I. Méndez-Barrientos, Z.N. Cisneros-Garcia, J.G. Rodriguez-Zavala, Impact of
the endohedral and exohedral functionalization of Cgg-Ij, fullerene on its
antiradical (antioxidant and antireductant) character, Chem. Phys. 544 (2021)
111122, https://doi.org/10.1016/j.chemphys.2021.111122.

J.-J. Yin, F. Lao, P.P. Fu, W.G. Wamer, Y. Zhao, P.C. Wang, Y. Qiu, B. Sun, G. Xing,
J. Dong, X.-J. Liang, C. Chen, The scavenging of reactive oxygen species and the
potential for cell protection by functionalized fullerene materials, Biomaterials 30
(2009) 611-621, https://doi.org/10.1016/j.biomaterials.2008.09.061.

0.V. Boltalina, L.N. Ioffe, I.D. Sorokin, L.N. Sidorov, Electron affinity of some
endohedral lanthanide fullerenes, J. Phys. Chem. A 101 (1997) 9561-9563,
https://doi.org/10.1021/jp972643f.

A.A. Shakirova, F.N. Tomilin, V.A. Pomogaev, N.G. Vnukova, G.N. Churilov, N.
S. Kudryasheva, O.N. Tchaikovskaya, S.G. Ovchinnikov, P.V. Avramov, Synthesis,
mass spectroscopy detection, and density functional theory investigations of the
Gd endohedral complexes of Cgy fullerenols, Computation 9 (2021) 58, https://
doi.org/10.3390/computation9050058.

J. Grebowski, A. Krokosz, M. Puchala, Membrane fluidity and activity of
membrane ATPases in human erythrocytes under the influence of
polyhydroxylated fullerene, Biochim. Biophys. Acta 1828 (2013) 241-248,
https://doi.org/10.1016/j.bbamem.2012.09.008.

J. Grebowski, A. Krokosz, M. Puchala, Fullerenol Cgo(OH)36 could associate to
band 3 protein of human erythrocyte membranes, Biochim. Et. Biophys. Acta
(BBA) Biomembr. 1828 (2013) 2007-2014, https://doi.org/10.1016/j.
bbamem.2013.05.009.

20

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

Biomedicine & Pharmacotherapy 184 (2025) 117915

J. Grebowski, A. Krokosz, The effect of highly hydroxylated fullerenol Cgo(OH)36
on human erythrocyte membrane organization, J. Spectrosc. 2015 (2015)
825914, https://doi.org/10.1155/2015/825914.

J. Grebowski, A. Konopko, A. Krokosz, G.A. DiLabio, G. Litwinienko, Antioxidant
activity of highly hydroxylated fullerene Cgo and its interactions with the
analogue of a-tocopherol, Free Radic. Biol. Med 160 (2020) 734-744, https://doi.
org/10.1016/j.freeradbiomed.2020.08.017.

T. Wang, C. Wang, Functional metallofullerene materials and their applications in
nanomedicine, magnetics, and electronics, Small 15 (2019) 1901522, https://doi.
org/10.1002/smll.201901522.

S. Garifo, T. Vangijzegem, D. Stanicki, S. Laurent, A review on the design of
carbon-based nanomaterials as MRI contrast agents, Molecules 29 (2024) 1639,
https://doi.org/10.3390/molecules29071639.

J. Luo, J.D. Wilson, J. Zhang, J.I. Hirsch, H.C. Dorn, P.P. Fatouros, M.D. Shultz,
A dual PET/MR imaging nanoprobe: 1241 labeled GdsN@Cgo, Appl. Sci. 2 (2012)
465-478, https://doi.org/10.3390/app2020465.

Y. Xue, Y. Gao, F. Meng, L. Luo, Recent progress of nanotechnology-based
theranostic systems in cancer treatments, Cancer Biol. Med. 18 (2021) 336-351,
https://doi.org/10.20892/j.issn.2095-3941.2020.0510.

H.A. Holik, F.M. Ibrahim, A.A. Elaine, B.D. Putra, A. Achmad, A.H.

S. Kartamihardja, The chemical scaffold of theranostic radiopharmaceuticals:
radionuclide, bifunctional chelator, and pharmacokinetics modifying linker,
Molecules 27 (2022) 3062, https://doi.org/10.3390/molecules27103062.

J.-M. Idée, M. Port, C. Robic, C. Medina, M. Sabatou, C. Corot, Role of
thermodynamic and kinetic parameters in gadolinium chelate stability, J. Magn.
Reson Imaging 30 (2009) 1249-1258, https://doi.org/10.1002/jmri.21967.
M.D. Shultz, J.C. Duchamp, J.D. Wilson, C.-Y. Shu, J. Ge, J. Zhang, H.W. Gibson,
H.L. Fillmore, J.I. Hirsch, H.C. Dorn, P.P. Fatouros, Encapsulation of a
radiolabeled cluster inside a fullerene Cage, 177LuxLu(3,x)N@C30: an interleukin-
13-conjugated radiolabeled metallofullerene platform, J. Am. Chem. Soc. 132
(2010) 4980-4981, https://doi.org/10.1021/ja9093617.

V.A. Shilin, A.A. Szhogina, M.V. Suyasova, V.P. Sedov, V.T. Lebedev, V.S. Kozlov,
Fullerenes and fullerenols survival under irradiation, Nanosyst. Phys. Chem.
Math. (2016) 146-152, https://doi.org/10.17586/2220-8054-2016-7-1-146-152.
M.V. Suyasova, A.A. Borisenkova, V.A. Shilin, V.P. Sedov, D.N. Orlova,
Investigation of physicochemical properties and radiation resistance of fullerene
and endohedral metallofullerene derivatives under the ionizing radiation
influence, Nanosyst. Phys. Chem. Math. 10 (2019) 447-455, https://doi.org/
10.17586/2220-8054-2019-10-4-447-455.

A.A. Szhogina, V.A. Shilin, V.P. Sedov, V.T. Lebedev, Radiation resistance of
endohedral metallofullerenols under neutron irradiation, Crystallogr. Rep. 61
(2016) 666-669, https://doi.org/10.1134/51063774516040222.

1.M. Dubovskii, V.T. Lebedev, V.A. Shilin, A.A. Szhogina, M.V. Suyasova, V.

P. Sedov, Study of the radiation resistance of endohedral fullerenes of rare-earth
elements and their water-soluble derivatives, Crystallogr. Rep. 63 (2018)
132-138, https://doi.org/10.1134/51063774518010054.

T. Li, H.C. Dorn, BiomedicaL applications of metal-encapsulated fullerene
nanoparticles, Small 13 (2017), https://doi.org/10.1002/smll.201603152.

J. Meng, X. Liang, X. Chen, Y. Zhao, Biological characterizations of [Gd@
Cg2(OH)22]n nanoparticles as fullerene derivatives for cancer therapy, Integr.
Biol. 5 (2013) 43-47, https://doi.org/10.1039/c2ib20145c.

W. Hou, L. Shen, Y. Zhu, X. Wang, T. Du, F. Yang, Y. Zhu, Fullerene derivatives for
tumor treatment: mechanisms and application, Int. J. Nanomed. 19 (2024)
9771-9797, https://doi.org/10.2147/1JN.S476601.

J. Yang, X. Shi, Y. Kuang, R. Wei, L. Feng, J. Chen, X. Wu, Cell-nanocarrier drug
delivery system: a promising strategy for cancer therapy, Drug Deliv. Transl. Res
14 (2024) 581-596, https://doi.org/10.1007/s13346-023-01429-1.

Y. Wang, L. Liu, S.K. Pazhanisamy, H. Li, A. Meng, D. Zhou, Total body irradiation
causes residual bone marrow injury by induction of persistent oxidative stress in
murine hematopoietic stem cells, Free Radic. Biol. Med. 48 (2010) 348-356,
https://doi.org/10.1016/j.freeradbiomed.2009.11.005.

N.G. Testa, J.H. Hendry, G. Molineux, Long-term bone marrow damage in
experimental systems and in patients after radiation or chemotherapy, Anticancer
Res 5 (1985) 101-110.

W. Jia, X. Li, T. Zhang, C. Wang, M. Zhen, Efficiently normalizing leukopoiesis by
gadofullerene nanoparticles to ameliorate radiation-triggered myelosuppression,
J. Mater. Chem. B 11 (2023) 7401-7409, https://doi.org/10.1039/D3TB00599B.
J.-J. Yin, F. Lao, J. Meng, P.P. Fu, Y. Zhao, G. Xing, X. Gao, B. Sun, P.C. Wang,
C. Chen, X.-J. Liang, Inhibition of tumor growth by endohedral metallofullerenol
nanoparticles optimized as reactive oxygen species scavenger, Mol. Pharmacol.
74 (2008) 1132-1140, https://doi.org/10.1124/mol.108.048348.


https://doi.org/10.1016/j.radphyschem.2013.11.009
https://doi.org/10.1016/j.radphyschem.2013.11.009
https://doi.org/10.1016/j.radphyschem.2013.12.022
https://doi.org/10.1016/j.radphyschem.2013.12.022
https://doi.org/10.3390/ijms21072281
https://doi.org/10.1016/j.jab.2016.05.004
https://doi.org/10.1016/j.cej.2021.131725
https://doi.org/10.1016/j.cej.2021.131725
https://doi.org/10.1038/s41569-020-0347-2
https://doi.org/10.1186/s12943-019-0950-1
https://doi.org/10.1186/s12943-019-0950-1
https://doi.org/10.1038/s41467-021-23508-y
https://doi.org/10.1021/cr300297r
https://doi.org/10.1016/j.ccr.2019.02.028
https://doi.org/10.1007/978-3-031-63961-6_4
https://doi.org/10.1007/978-3-031-63961-6_4
https://doi.org/10.1016/j.freeradbiomed.2025.01.052
https://doi.org/10.1016/j.freeradbiomed.2025.01.052
https://doi.org/10.1016/j.freeradbiomed.2024.05.003
https://doi.org/10.1016/j.chemphys.2021.111122
https://doi.org/10.1016/j.biomaterials.2008.09.061
https://doi.org/10.1021/jp972643f
https://doi.org/10.3390/computation9050058
https://doi.org/10.3390/computation9050058
https://doi.org/10.1016/j.bbamem.2012.09.008
https://doi.org/10.1016/j.bbamem.2013.05.009
https://doi.org/10.1016/j.bbamem.2013.05.009
https://doi.org/10.1155/2015/825914
https://doi.org/10.1016/j.freeradbiomed.2020.08.017
https://doi.org/10.1016/j.freeradbiomed.2020.08.017
https://doi.org/10.1002/smll.201901522
https://doi.org/10.1002/smll.201901522
https://doi.org/10.3390/molecules29071639
https://doi.org/10.3390/app2020465
https://doi.org/10.20892/j.issn.2095-3941.2020.0510
https://doi.org/10.3390/molecules27103062
https://doi.org/10.1002/jmri.21967
https://doi.org/10.1021/ja9093617
https://doi.org/10.17586/2220-8054-2016-7-1-146-152
https://doi.org/10.17586/2220-8054-2019-10-4-447-455
https://doi.org/10.17586/2220-8054-2019-10-4-447-455
https://doi.org/10.1134/S1063774516040222
https://doi.org/10.1134/S1063774518010054
https://doi.org/10.1002/smll.201603152
https://doi.org/10.1039/c2ib20145c
https://doi.org/10.2147/IJN.S476601
https://doi.org/10.1007/s13346-023-01429-1
https://doi.org/10.1016/j.freeradbiomed.2009.11.005
http://refhub.elsevier.com/S0753-3322(25)00109-X/sbref168
http://refhub.elsevier.com/S0753-3322(25)00109-X/sbref168
http://refhub.elsevier.com/S0753-3322(25)00109-X/sbref168
https://doi.org/10.1039/D3TB00599B
https://doi.org/10.1124/mol.108.048348
http://mostwiedzy.pl

	Nanotechnology meets radiobiology: Fullerenols and Metallofullerenols as nano-shields in radiotherapy
	1 Introduction
	2 Understanding radiation dose effects: biological responses and biophysical considerations
	3 Living matter and IR: general biochemical effects
	4 The use of radiotherapy for cancer treatment
	5 Classification of IR Induced Effects
	6 Medical IR countermeasures: radioprotection, radiomitigation and therapeutic interventions
	7 Fullerenols: potential applications in radiotherapy
	8 Metallofullerenols: a potential shift of paradigm in radioprotective therapy studies
	9 Challenges and opportunities in translating fullerenols and metallofullerenols into clinical translation as radioprotecti ...
	10 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References


