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Abstract: The core goal of radiotherapy is to eradicate tumors and minimize toxicity to normal tissues
to the greatest extent. FLASH radiotherapy (Flash-RT), as a cutting-edge technology in the field of tumor
radiotherapy, is regarded as an important direction to break through the limitations of the traditional
treatment window. Recent preclinical studies have shown that FLASH-RT significantly expands the
therapeutic window of radiotherapy through its unique characteristics of extremely short irradiation time
(<0.1 seconds) and ultra-high dose rate (>40 Gy/s) - it can not only enhance the anti-tumor effect and
maintain the tumor control probability (TCP) by increasing the dose, It can also reduce the probability
of normal tissue complications (NTCP). Furthermore, the significant reduction in its treatment time can
avoid the positioning errors caused by organ movement and expand the group of treatable patients.
However, due to the extremely short action time of FLASH-RT, the current mechanism research on its
biological effects is mostly based on indirect evidence, and some mechanisms are not yet clear and there
are contradictory conclusions. This article systematically reviews the radiobiological mechanism of
FLASH-RT and, in combination with the limitations of existing research, proposes the key directions for
future research.
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1. Introduction

Cancer is one of the main causes of human death '. In 1895, Rontgen discovered X-rays, and
numerous studies subsequently revealed the potential of radiotherapy in eradicating tumors?. As one of
the core treatment methods for cancer, radiotherapy can prolong the overall survival time of cancer
patients®, improve their quality of life #, and even achieve radical cure of tumors °. Early studies have
shown that high-dose radiation kills tumor cells while being toxic to normal tissues. Therefore, the dose
of radiotherapy needs to take into account both the tumor-killing effect and the avoidance of toxicity to
normal tissues. However, the overall anti-tumor efficacy of radiotherapy still has limitations ®. The
treatment window is defined as the dose area between the probability of complications in normal tissues
(NTCP) and the probability of tumor control (TCP) curves. Expanding this window is the core goal of
radiotherapy.

The standard dose rate during radiotherapy is within the range of 0.5-20 Gy/min. As early as the
1960s, the radiotherapy community had proposed the idea of protecting normal tissues by increasing the
dose rate. Dewey and Boag first confirmed that the tolerance of mice to radiation at ultra-high dose rates
was significantly higher than that at standard dose rates . It is worth noting that the radiation resistance
of bacteria at ultra-high dose rates is similar to that under hypoxic conditions, and cells have the strongest
radiation tolerance in an hypoxic environment. Dose limitation of organs at risk around the tumor often
leads to insufficient dose in the target area, which may be a key factor restricting the efficacy of anti-
tumor treatment. Although modern techniques such as volumetric modulated arc therapy (VMAT),
Tomotherapy and proton radiotherapy can optimize dose distribution ®° and reduce toxicity in normal
tissues, the improvement of anti-tumor effects is still relatively limited !°. FLASH radiotherapy (Flash-
RT) is a new type of radiotherapy technique based on an ultra-high dose rate (>40 Gy/s). Compared with
conventional radiotherapy (CONV-RT), Flash-RT can significantly reduce the toxicity of normal tissues
while maintaining the anti-tumor effect, and this phenomenon is defined as the FLASH effect ..
Preclinical studies have shown that FLASH - RT can effectively reduce the lung '%!3 |intestines '4!5,
brain!®and skin toxicity'’, while retaining the antitumor activity'>!%!°, In view of the above breakthrough
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discoveries, FLASH-RT is regarded as a revolutionary technology in the field of radiotherapy 2°.
However, due to the extremely short irradiation time of FLASH-RT (<0.1 seconds), the study of its effect
mechanism still relies on indirect evidence, and some biological mechanisms remain unclear.

2. The biological mechanism of flash

The radiobiological mechanism of FLASH radiotherapy is significantly complex and has not been
fully clarified at present. Existing studies have shown that its effect mechanism not only involves the
regulatory effects on stem cells and immune cells, but also covers the protective effect on the vascular
system and other potential biological pathways.

2.1 The influence of FLASH radiotherapy on stem cells

The reduction of stem cell senescence may play a key role in the normal tissue protective effect of
FLASH-RT. Unlike apoptosis, senescent cells secrete pro-fibrotic cytokines (such as IL-6, TGF-f, IL-
la), thereby inducing pulmonary fibrosis 21?2, In addition, stem cell senescence can hinder the cell
regeneration process after radiation damage?'-?3.

Wanyi Tang et al. successfully induced the directed differentiation of stem cells and activated single-
target stem cells in vivo and in vitro by applying 100 milliseconds FLASH-RT to the submicron
cytoplasmic region of primary adipose-derived stem cells ?2. Fouillade * et al. conducted a preclinical
study using C57BL/6J mice to compare the effect differences between FLASH-RT (>40 Gy/s, 17 Gy)
and CONV-RT (<0.003 Gy/s, 17 Gy). It was found that the lung injury in the FLASH-RT group was
significantly alleviated and the anti-tumor effect was comparable. Further mechanism studies have shown
that the lung-protective effect of FLASH-RT is related to the retention of stem cell replication ability -
the number of senescent stem cells (with reduced or lost replication ability) in this group is 50% less than
that in the CONV-RT group. It is worth noting that in TERC<sup>-/-</sup> mice (with extremely short
telomeres, simulating the aging model of stem cells), the lung-protective effect of Flash-RT disappeared,
suggesting that the aging state of stem cells is an important prerequisite for the FLASH effect®.

In the field of tumor stem cell research, Marzia Mare et al. systematically summarized the predictive
value of tumor stem cell markers for the radiotherapy response of rectal cancer®®. Yoon G et al. found
that the burden of tumor stem cells was significantly correlated with the residual lesions after
preoperative chemoradiotherapy for rectal cancer 2°. Chen T?¢ et al confirmed that the chromatin structure
of colon cancer stem cells could affect their radiosensitivity, while Chen Q et al ?” found that Polydatin
enhanced radiosensitivity by inducing apoptosis of colorectal cancer stem cells. Anuja K et al. irradiated
parental HCT116/HCT-15 cells and their derived colonic bulbs, combined with cell survival tests and
cycle analyses, and found that radiation could induce DNA damage responses and drug resistance in
colorectal cancer stem cells through pathways such as y-H2AX focus formation and ATM
phosphorylation. At the same time, there were abnormal expressions of CSC markers (CD44, KLF4) and
telomere components (TRF2, RAP1, hTERT) 28, Puglisi C et al. further pointed out that the
radiosensitivity of tumor stem cells can be used as a potential predictive indicator for the radiotherapy
response of individuals with locally advanced rectal cancer®.

The in vitro study by Yang et al. showed that FLASH-RT (109 Gy/s, 6-9 Gy) could induce apoptosis,
pyroptosis and necrosis of tumor stem cells and normal tumor cells. However, the former had a stronger
ability to resist radiation, which might be related to the enhanced autophagy mediated by lysosomes. It
is notable that this study did not directly compare the differences in damage to tumor stem cells between
FLASH-RT and CONV-RT, and its specific role in the overall anti-tumor effect of FLASH-RT still needs
to be further verified °.

2.2 The influence of FLASH radiotherapy on immunity

Radiation damage is essentially an aseptic inflammatory process, in which immune function plays a
key role 3!32, Transforming growth factor -B (TGF-B), as an important inflammatory factor, not only
participates in DNA damage repair, but also promotes radiation-induced pulmonary fibrosis by activating
cellular inflammatory pathways 3. Multiple studies have shown that the expression level of TGF-B in
the FLASH-RT group was significantly lower than that in the CONV-RT group '2343%. Fouillade et al. 2
utilized animal models and radiotherapy parameters consistent with the previous text (C57BL/6J mice,
FLASH-RT: >40 Gy/s, 17 Gy;) CONV-RT: <0.003 Gy/s, 17 Gy). It was found that the upregulation
amplitudes of the pro-inflammatory gene EGR1 and inflammatory factors (TGF-B1, NF-kB) in the
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FLASH-RT group were significantly lower than those in the control group, suggesting its inhibitory effect
on the immune inflammatory response.

Zhu 3%t al. used X-ray FLASH-RT (>150 Gy/s, 10 Gy/15 Gy) in the intestinal model of BALB/c
mice and confirmed that it could reduce intestinal toxicity and decrease the levels of inflammatory blood
cells (white blood cells, lymphocytes, neutrophils) and pro-inflammatory cytokines (TNF-a, IL-6).
Meanwhile, it inhibits lipid peroxidation reactions. Preclinical studies have shown that microglial
activation-mediated chronic neuritis is closely related to radiation-induced brain injury 373, In the study
of brain injury, Montay-Gruel et al**discovered through electron beam FLASH-RT (5.6x10° Gy/s, 10 Gy)
that The expressions of astrocyte activation markers (GFAP, TLR4) in the FLASH-RT group were
significantly lower than those in the CONV-RT group (0.1 Gy/s, 10 Gy). Dokic et al*’ further confirmed
that it could reduce chronic neuroinflammation mediated by microglia/macrophages.

In the field of tumor immunology, the #'“*3series of studies by the Saigusa S team have shown that the

expressions of stem cell markers such as CD133, OCT4, and SOX2 are associated with distant recurrence
and radiotherapy resistance after chemoradiotherapy for rectal cancer, while the levels of LGR5 and
CD44 can predict the preoperative chemoradiotherapy efficacy of locally advanced rectal cancer. Luo
CW et al* found that G9a regulates the DNA damage response and chemoradiotherapy resistance of
colon cancer stem cells through the PP2A-RPA axis.

Existing studies 47 have shown that circulating immune cells play a key role in the repair of normal
tissues and anti-tumor processes after radiotherapy. Based on this, the academic community speculates
that the protective effect of Flash-RT (FLASH therapy) on circulating immune cells is very likely to be
one of the important mechanisms of its unique FLASH effect. Jin et al*® conducted a comparative study
on the effects of FLASH-RT and traditional fractional radiotherapy (cvn-rt) on circulating immune cells
by means of computer simulation technology. The results showed that the killing rate of FLASH-RT on
circulating immune cells was only 5%-10%, significantly lower than 90%-100% of cvn-rt. However,
since this research only remains at the level of computer simulation, the reliability of its conclusion
urgently needs to be further verified through experiments. Furthermore, this study only focused on
circulating immune cells and did not evaluate immune cells in immune organs and tumor tissues.
Therefore, the protective effect of FLASH-RT on overall immune function still needs to be further
explored.

Eggold et al*® systematically evaluated the effect of FLASH-RT on tumor immune cells by
constructing an animal model of peritoneal ovarian cancer. Under the condition of the same dose (14Gy),
after treatment with FLASH-RT (210 Gy/s) and COVN-RT (0.126 Gy/s), both showed a decrease in
regulatory T cells and an increase in CD8+ T cells in the tumor tissues. It is notable that when
radiotherapy is combined with PD-1 inhibitors, the FLASH-RT group shows better anti-tumor effects
than the cvn-rt group. Although this research result still needs to be supported by more preclinical studies,
it has fully demonstrated the broad application prospects of FLASH-RT combined with immunotherapy™®.

The importance of immune function in maintaining the anti-tumor effect of FLASH-RT has also
attracted much attention. Liljedahl et al'®took tumor-bearing mice as the research subjects and compared
the anti-tumor effects of FLASH-RT (66 Gy/s, 8Gyx2 and 12.5 Gy*2 groups) and COVN-RT (0.133Gy/s,
8Gyx*2 and 12.5 Gyx2 groups). And through conducting a secondary challenge experiment on the cured
mice after radiotherapy, their long-term anti-tumor ability was evaluated. The research found that there
was no significant difference in the anti-tumor effect between the two radiotherapy methods (median
survival time: 100 days vs 100 days, p < 0.05), among which the FLASH-RT group cured 8 mice and the
cvn-rt group cured 6 mice. This discovery provides a new research direction for the subsequent in-depth
exploration of the synergistic mechanism between FLASH-RT and immune function.

Vascular injury caused by radiotherapy is regarded as an important component of radiation injury %!,

Favaudon et al'? found that compared with CONV-RT, FLASH-RT could significantly reduce the acute
apoptosis of bronchial vascular endothelial cells. Two studies on brain injury further indicated that
FLASH-RT was significantly superior to CONV-RT in maintaining the integrity of brain microvascular
structures, which might be related to its protective effect on cognitive function. However, the existing
evidence can only confirm that the degree of vascular damage caused by FLASH-RT is lower than that
of CONV-RT, and its specific influence mechanism on upstream regulatory genes still needs to be further
explored 124932,

2.3 Other possible biological mechanisms

Three preclinical studies have shown that the protective effect of FLASH-RT on the intestine may be

Published by Francis Academic Press, UK
-17-



Frontiers in Medical Science Research

ISSN 2618-1584 Vol. 7, Issue 4: 15-21, DOI: 10.25236/FMSR.2025.070402

related to the protective effect of FLASH-RT on intestinal crypt cells 3. Ruan et al** also found that
the effect of FLASH-RT on the intestinal flora is less than that of COVN-RT, which may be more
conducive to the protection of intestinal function. Guo et al**found that FLASH-RT could reduce
mitochondrial damage mediated by Dynamin-1-like proteins. Jay et al’’ believe that FLASH-RT can
generate an early transient strong acid environment, which may be one of the mechanisms by which
FLASH-RT protects normal tissues. Ohsawa et al. 58 investigated the effects of proton FLASH-RT (40
Gy/s) and COVN-RT (0.05 Gy/s) on DNA damage. They found that compared with COVN-RT, the
single-stranded DNA breaks in the FLASH-RT group were significantly reduced, but the double-stranded
DNA breaks were similar. Ohsawa et al>® speculated that FLASH-RT might effectively reduce non-fatal
damages, such as cellular senescence, genomic instability and cell transformation.

3. Conclusion

FLASH radiotherapy has expanded the therapeutic window of radiotherapy through multi-
dimensional mechanisms (stem cell protection, immune regulation, and vascular protection),
demonstrating significant preclinical advantages. However, its mechanism complexity and technical
challenges still require in-depth study.

At the stem cell level, FLASH radiotherapy can reduce the aging of normal stem cells (such as a 50%
reduction in the number of senescent stem cells in lung tissue), retain their replication ability, and thereby
alleviate radiation damage (such as pulmonary fibrosis). The TERC mice (simulating stem cell aging)
experiment showed that the lung-protective effect of FLASH disappeared, further verifying the key role
of stem cell aging in it. The resistance of tumor stem cells to FLASH radiotherapy may be related to
lysosome-mediated autophagy. However, existing studies have not directly compared the damage
differences of FLASH and traditional radiotherapy to tumor stem cells, and its impact on the overall
therapeutic effect remains unclear.

At the stem cell level, FLASH radiotherapy can reduce the aging of normal stem cells (such as a 50%
reduction in the number of senescent stem cells in lung tissue), retain their replication ability, and thereby
alleviate radiation damage (such as pulmonary fibrosis). The TERC mice (simulating stem cell aging)
experiment showed that the lung-protective effect of FLASH disappeared, further verifying the key role
of stem cell aging in it. The resistance of tumor stem cells to FLASH radiotherapy may be related to
lysosome-mediated autophagy. However, existing studies have not directly compared the damage
differences of FLASH and traditional radiotherapy to tumor stem cells, and its impact on the overall
therapeutic effect remains unclear.

At the level of immune regulation, FLASH radiotherapy significantly reduces the expression of pro-
inflammatory factors (such as TGF-p, NF-kB, TNF-a, IL-6), and alleviates the inflammatory responses
in tissues such as the intestine and brain (such as the decreased expression of astrocyte activation markers
GFAP and TLR4 in the brain). Computer simulations show that the killing rate of circulating immune
cells by FLASH (5%-10%) is much lower than that of traditional radiotherapy (90%-100%), and the
combination with PD-1 inhibitors can enhance the anti-tumor effect, suggesting that the preservation of
immune function may be part of the mechanism of the FLASH effect.

In the blood vessel protection and other mechanisms, FLASH radiation therapy can decrease
bronchial vascular endothelial cell apoptosis, protect brain microvascular integrity, thereby reducing the
blood vessel damage induced by radiation, may be associated with cognitive function protection. FLASH
causes less damage to intestinal crypt cells and intestinal flora, which may be related to its protection of
the local microenvironment. FLASH can reduce mitochondrial damage mediated by Dynamin-1-like
proteins, and the number of single-stranded DNA breaks is less than that of traditional radiotherapy, but
the double-stranded breaks are similar, suggesting that it may play a protective role by reducing non-fatal
damage (such as cellular senescence). FLASH may reduce normal tissue damage by inducing an early
transient strong acid environment, but this mechanism needs to be further verified.

In general, the future of tumor treatment requires interdisciplinary collaboration, a robust drive
mechanism, clinical transformation, and technology standardization, which will together serve as
important breakthroughs in the field. With the coordinated development of precise radiotherapy
technology and immunotherapy, FLASH radiotherapy is expected to gradually enter the clinical routine
within the next 5 to 10 years, providing a new treatment option that is efficient and low-toxic for a large
number of cancer patients.
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