Li et al. Molecular Medicine ~ (2024) 30:145 Molecular Medicine
https://doi.org/10.1186/510020-024-00918-4

N-formylmethionine-leucyl-phenylalanine =
protects against irradiation-induced damage
to hematopoiesis and intestines

Zhihua Li'", Yatong Wu?', Jicong Du®", Wen Qian?, Sinian Wang*, Fengsheng Li*, Suhe Dong® and Shunchang Jiao®"

Abstract

Background lonizing radiation (IR), including radiotherapy, can exert lasting harm on living organisms. While
liposaccharide (LPS) offers resistance to radiation damage, it also induces toxic responses. Thankfully, an LPS analogue
called N-formylmethionine-leucyl-phenylalanine (fMLP) holds the potential to mitigate this toxicity, offering hope for
radiation protection.

Methods Survival of C57BL/6 mice exposed to IR after administration with fMLP/LPS/WR-2721 or saline was
recorded. Cell viability and apoptosis assay of bone marrow (BMC), spleen and small intestinal epithelial (HIECs) cells
were tested by Cell Counting Kit-8 (CCK-8) and flow cytometry assay. Tissue damage was evaluated by Hematoxilin
and Eosin (H&E), Ki-67, and TUNEL staining. RNA sequencing was performed to reveal potential mechanisms of fMLP-
mediated radiation protection. Flow cytometry and western blot were performed to verify the radiation protection
mechanism of fMLP on the cell cycle.

Results The survival rates of C57BL/6 mice exposed to ionizing radiation after administering fMLP increased. fMLP
demonstrated low toxicity in vitro and in vivo, maintaining cell viability and mitigating radiation-induced apoptosis.
Moreover, it protected against tissue damage in the hematopoietic and intestinal system. RNA sequencing shed
light on fMLP’s potential mechanism, suggesting its role in modulating innate immunity and cell cycling. This was
evidenced by its ability to reverse radiation-induced G2/M phase arrests in HIECs.

Conclusion fMLP serves as a promising radioprotective agent, preserving cells and radiosensitive tissues from IR.

Through its influence on the cell cycle, particularly reversing radiation-induced arrest in G2/M phases, fMLP offers
protection against IR's detrimental effects.
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Introduction

The advancement of nuclear technology offers remark-
able economic gains, but a shadow of concern arises
from the increasing occurrence of radiation-induced
health issues (Yang et al. 2016; Prévilie and Bandoc
2018). The intricate complexities of radiation expo-
sure, particularly during cancer radiotherapy, empha-
size the critical need for protective strategies against
its harmful effects on healthy bodily tissues (Ghita et
al. 2019; Wei et al. 2019). The urgency for develop-
ing novel radioprotective agents is underscored by the
realization that severe radiation exposure leads to mul-
tifaceted physiological disruptions, affecting multiple
systems including the nervous, digestive, and hemato-
logical apparatus. Among the myriad challenges posed
by irradiation, the intricate damage to the intestinal
epithelium stands out, involving phenomena such as
cell demise, stem cell impairment, immune responses,
and nutrient malabsorption. These complex mecha-
nisms highlight the necessity for focused interven-
tions, especially in vulnerable tissues like the intestine,
to mitigate these challenges and enhance therapeutic
outcomes (Xie et al. 2020). The quest for novel radio-
protective strategies is thus paramount to achieving
meaningful advancements in clinical practice.

Recent research has unveiled a fascinating potential
for bacteria-derived compounds, such as lipopoly-
saccharide (LPS), in enhancing the body’s resilience
against radiation damage and mitigating cell apopto-
sis induced by this stressor (Liu et al. 2018; Hegyesi et
al. 2019). LPS, an integral constituent of Gram-nega-
tive bacterial cell walls, holds the key to activating the
innate immune response for radioprotection (Simp-
son and Trent 2019). Despite exhibiting anti-radiation
properties, LPS can also induce severe systemic tox-
icity (Cavaillon 2018). Our earlier study hinted at a
promising candidate—the leukocyte chemotactic pep-
tide fMLP, an analog of LPS—which elicits comparable
inflammatory reactions, thus hinting at its potential
radioprotective role (Yang et al. 2008). However, the
feasibility of employing fMLP as a radioprotective
agent remains unexplored terrain.

In this study, we confirmed that fMLP offered radio-
protection for both hematopoietic and intestinal sys-
tems, with in vivo and in vitro efficacy. Moreover,
unraveling the intricate mechanisms behind fMLP’s
radioprotective attributes. These novel insights into
the realm of radioprotection open up exciting avenues
for future exploration and innovation. The quest to
harness these protective strategies against radiation
damage continues apace, holding the promise of sig-
nificant advancements in clinical settings.
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Materials and methods

Chemicals and reagents

fMLP (CAS No.: 59880-97-6) was purchased from
Sigma-Aldrich (Merck, United States). Normal saline
(NS) was obtained from ChangHai Hospital (Shang-
hai, China). The apoptosis detection kit was purchased
from Transgen (Beijing, China), and RPMI1640 and
fetal bovine serum were supplied by Gibco (United
States). PBS, Chloroform, Isopropyl alcohol, and 75%
ethanol (75% C,H;OH) were obtained from Shanghai
Bio-Light Biotech Corporation (Shanghai, China). Cell
Counting Kit-8 (CCK-8) was purchased from Dojindo
(Kumamoto, Japan). Tissue fixation solution, decal-
cification solution, and hematoxylin-eosin staining
solution were purchased from Wuhan Google Bio-
technology Company (Wuhan, China). Trizol reagent
was supplied by Invitrogen (United States). Methanol
was obtained from the Beijing Chemical Plant (Beijing,
China). PCR reagents were supplied by Dalian BMG
(Dalian, China).

Cell culture and treatment

A human small intestinal epithelial cell line (HIEC)
was purchased from ATCC (American Type Culture
Collection, USA). HIEC culture conditions were RPMI
1640 (Gibco, United States) with 10% fetal bovine
serum and 1% Penicillin-Streptomycin (Gibco, United
States) and 5% CO,. The cells were cultured in an incu-
bator with constant temperature and humidity at 37°C.

Animals and treatment

6—8 weeks C57BL/6 male mice were purchased from
the Shanghai Chinese Academy of Sciences and kept
in the animal room of Naval Medical University. Feed-
ing environment: indoor ventilation, 24°C-26°C, strict
regulation of 12 h of light day and night, free intake
of food and water. Mouse husbandry and all animal
experimental procedures were approved by the PLA
Rocket Force Characteristic Medical Center for Spe-
cialty Medicine and performed following the National
Institutes of Health Guide for the Care and Use of
Laboratory Animals (KY2020038). Forty-two C57BL/6
male mice were divided into seven groups and treated
with different doses of fMLP, LPS, or WR-2721
(n=6), the survival rate of the mice was observed and
recorded. 120 mice were randomly divided into con-
trol, fMLP, LPS, and WR-2721 groups. After adminis-
tration, the mice were irradiated with y-rays at 7.5 Gy,
9 Gy, and 12 Gy, and then the survival of mice in each
group (n=10) was observed. To verify the effect of
fMLP on peripheral blood leukocytes of irradiated
mice, after whole-body irradiation, the peripheral
blood leukocytes were measured and detected in the
fMLP group and the control group by dividing into six
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groups at 1, 5, 10, 15, 20, and 30 days (n=3 biological
replicates). The assessment of intestinal pathological
stains was performed on days 0, 1, 3, and 7 after 10 Gy
irradiation (n=3 biological replicates).

Irradiation
®Co source in the radiation center (Faculty of Naval
Medicine, Naval Medical University, China) was used
to irradiate mice and cells. The rate of irradiation was
1 Gy/min.

CCK-8 assay

To evaluate the toxicity of fMLP and cell viability,
the CCK-8 assays were utilized. Cells were seeded at
5.0x10% cells per well into the flat-bottomed 96-well
plates with 100 pl culture medium. Then, 10 pl of
CCK-8 solution (Dojidon, Kumamoto, Japan) was
added to the wells, and incubated at 37 °C in a 5%
humidified CO, atmosphere. A microplate reader
(Thermo Fisher, United States) was employed to mea-
sure the absorbance of samples at 450 nm.

Antibody staining and flow cytometry

Bone marrow cells (BMCs) were isolated freshly. Then
cells were strained through a 40 pm strainer in the
presence of PBS and red blood cells were removed.
Cells were stained with antibody for 20 min at 4 C.
After collecting the cells and giving them twice PBS
washes, 500 pL of binding buffer, 5 uL of membrane-
bound protein Annexin V-FITC, and 5 uL of PI-PE
staining solution were added to the cells for fluores-
cence labeling. The cells were then left at room tem-
perature and shielded from light for 15 min. Using flow
cytometry, observation and detection were carried
out. The cell apoptosis and cell cycle were analyzed by
the apoptosis and cell cycle detection kits according to
the manufacturer’s instructions.

RNA extraction for RNA sequencing analysis

After the primary spleen cells were collected by cen-
trifugation, an appropriate amount of Trizol (50—
100 mg/ml) was added for repeated absorption and
beating to 1.0 ml. Then homogenate samples were
placed at room temperature (15-30°C) for 5 min, and
nucleic acid-protein complexes were completely iso-
lated. The 0.2 ml chloroform was added to 1.0 ml
Trizol, then the samples were shaken for 15 s and
placed at room temperature for 3 min. Centrifuge at
10,000 g for 15 min at 2-8°C. Transfer the aqueous
phase to the new tubes, and then use isopropanol to
precipitate the aqueous phase RNA. Each 1.0 ml Trizol
was added with 0.5 ml isopropanol and left at room
temperature for 10 min. Centrifugation at 10,000 g for
10 min at a temperature of 2-8°C, then 75% ethanol
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washed RNA precipitation. After centrifugation at
7500 g for 5 min at 2-8°C, the supernatant was dis-
carded. Dry the RNA precipitation for 5-10 min at
room temperature. Add 25-200 pl RNase-free water
for RNA dissolution. RNA-seq analysis, after extract-
ing total RNA from the samples, the RNA was quan-
tified and quality controlled using a bioanalyzer. The
fragmented RNA transcripts were ligated with aptam-
ers to construct a library. The RNA fragments in the
library were subjected to high-throughput sequencing
using the Illumina platform.

Western blot assay

HIEC cells were inoculated in 6 well plates at an
appropriate cell density (1x10° cells), and after treat-
ment, the cells were collected, and the appropriate
amount of RIPA lysis solution was added according to
the number of cells, and the cells were lysed on ice for
30 min. After sufficient lysis, the cells were centrifuged
at a temperature of 4 °C for 15 min, then the super-
natant was taken. The absorbance value of the protein
solution at 562 nm was determined, and the protein
concentration of each sample was converted using the
protein standard curve. Equal amounts of protein were
subjected to electrophoresis (150 V, 50 min). Sepa-
rated proteins were transferred onto polyvinylidene
fluoride membranes (200 mA, 2 h). The membranes
were blocked with 5% defatted milk in Tris Buffered
saline Tween (TBST) for 1 h at room temperature. The
membrane was added with diluted primary antibody
(1:1000) and incubated at 4 °C overnight. At room tem-
perature, the incubated membrane was washed three
times with TBST. The diluted secondary antibody
solution (1:5000) was added and incubated for 1 h at
room temperature. Chemiluminescence was captured
on gel imaging system (BioRad ChemiDoc MP).

Statistical analysis

GraphPad Prism 8 was used to draw and analyze sta-
tistical data in this study. Experimental data were
expressed in the form of meanzstandard errors
(SEM). The samples were normally distributed
between the two groups. Unpaired t-test was used with
equivariance, and Unpaired t-test with Welch’s correc-
tion was used with equivariance. Univariate analysis of
variance (ANOVA) was used to analyze the differences
between 3 groups and more (consistent with normal
distribution and homogeneous variance), and further
pair-Whitney test was used for pairwise comparison.
Kaplan-Meier method was used to analyze the dif-
ference in survival time between the two groups. All
experiments were repeated at least three times. p <0.05
was considered statistically significant.
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Result

fMLP behaved low toxicity in cells and mice

To thoroughly evaluate the safety profile of fMLP, a
comprehensive in vitro and in vivo assessment was
conducted. In vitro, human small intestinal epithelial
cells (HIECs) were exposed to varying concentrations
of fMLP, and cell viability was determined using the
CCK-8 assay. The results revealed a dose-dependent
relationship between fMLP concentration and HIEC
viability, with 0.5 uM emerging as the optimal concen-
tration that supported cellular viability (Fig. 1A). For in
vivo evaluation, Forty-two C57BL/6 mice were divided
into seven groups receiving different doses of fMLP,
LPS, or WR-2721 (a well-established radioprotective
agent) via intraperitoneal (i.p) injections. The sur-
vival rates of mice were meticulously monitored and
recorded over a 10-day period post-injection. Notably,

Page 4 of 13

a remarkable survival rate of 100% was observed in the
group receiving 100 mg/kg of fMLP (p <0.0001), while
half of the mice remained viable even with a doubling
dose of 200 mg/kgx2. In stark contrast, LPS demon-
strated significantly higher toxicity, with a mere 20%
survival rate at 50 mg/kg, and no survivors at a dou-
bling of the dose to 50 mg/kgx2. Interestingly, fMLP
exhibited comparable safety to the established radio-
protective agent WR-2721, as there were no signifi-
cant differences in survival rates between these two
groups (Fig. 1B). These findings provide compelling
evidence suggesting that fMLP possesses a promising
safety profile, both in vitro and in vivo, which holds
encouraging implications for its potential application
in radioprotection.
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Fig. 1 fMLP behaves low toxicity and radioprotection in cells and mice. (A) The cell toxicity of fMLP and viability detection in HIEC. The cells were treated
by fMLP according to a certain concentration gradient dose for 24 h, then the cell viability was detected by the CCK-8 analysis. (B) The acute toxicity test
of LPS, WR-2721, and fMLP in mice. C57BL/6 mice were treated with different reagents and their 10-day survival period was recorded. (n=6). (C) fMLP
has a certain radiation protection effect in vivo. The mice were randomly divided into a control group, fMLP group, LPS group, and WR-2721 group. After
administration, mice were irradiated with 7.5 Gy, 9 Gy, and 12 Gy gamma rays, then the survival of mice in each group was observed. (n=10). (D-F) fMLP
has a certain radiation protection effect in vitro. HIEC, BMCs, and spleen cells in the administration group were stimulated with fMLP 12 h and 2 h before
IR, followed by irradiation with different doses (6.0 Gy and 12.0 Gy), and changes in cell viability in the fMLP group and control group were detected 24 h

after irradiation. Data are expressed as mean + SEM, * p <0.05
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Fig. 2 (See legend on next page.)
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(See figure on previous page.)

Fig. 2 fMLP has a protective effect on the damage of the mouse hematopoietic system induced by irradiation. (A) fMLP increased the value of periph-
eral blood WBCs in mice after irradiation. After 6 Gy total-body irradiation, the peripheral blood WBCs were measured on the 1, 5, 10, 15, 20, and 30 days
(n=3 biological replicates). (B) fMLP increased the spleen index of mice after irradiation. After whole-body irradiation, the mouse spleens were taken to
calculate the spleen organ index of each group on the 1, 5, 10, 15, 20, and 30 days (n=3 biological replicates). (C) fMLP alleviated the apoptosis of bone
marrow cells in vitro after irradiation. The mice in the fMLP group were given 24 h and 2 h before the irradiation, and the BMCs in vitro were analyzed after
6.0 Gy and 12.0 Gy y-ray irradiation for apoptosis by flow cytometry (n=3 biological replicates). (D) Statistical graph of BMCs apoptosis in vitro. (E) fMLP
alleviated the apoptosis of spleen cells in vitro after irradiation. (F) Statistical graph of spleen cells apoptosis in vitro. (G) fMLP decreased BMCs apoptosis
in vivo after y-ray irradiation. Mice were given fMLP stimulation 12 h and 2 h before 7.5 Gy irradiation, and BMCs were extracted 1,3, and 7 days after ir-
radiation to detect apoptosis by flow cytometry (n=3). (H) Statistical graph of BMCs apoptosis rate in vivo. Data are expressed as mean +SEM, * p <0.05

fMLP has a radioprotective effect in vitro and in vivo

The radioprotective potential of fMLP was investi-
gated in both in vitro and in vivo settings, reveal-
ing promising outcomes (Fig. 1A-B). A remarkable
increase in survival rates was observed following fMLP
administration compared to the control group post-
irradiation exposure (Fig. 1C). The radioprotective
effect of LPS was equivalent to fMLP, and was better
than that of the WR-2721 group. At the doses of 7.5
and 9.0 Gy, there was almost no difference between
the WR-2721 group and the control group, while sta-
tistical differences appeared in LPS and fMLP group.
Notably, the survival rate of mice subjected to irradia-
tion in both the LPS group and fMLP group was signif-
icantly enhanced at an irradiation dosage of 12 Gy, as
compared to the WR-2721 control group. Specifically,
the Kaplan-Meier survival curve analysis revealed a
marked improvement in overall survival probability
for mice treated with LPS or fMLP prior to irradiation,
with a corresponding increase in median survival time
(Fig. 1C). To unravel the underlying protective mecha-
nism of fMLP, three distinct cellular lineages—HIECs,
bone marrow cells (BMCs), and spleen cells—were
chosen for evaluation. These cells were divided into
control and fMLP groups, with the latter receiving a
0.5 uM dose of fMLP prior to irradiation. The CCK-8
assay was employed 24 h post-irradiation with doses
of 6.0 and 12.0 Gy, revealing a significant reduction
in cell viability, which was remarkably mitigated upon
fMLP administration for all three cell types following
both radiation strengths (Fig. 1D and F). Above all,
fMLP offers robust radioprotection across diverse cel-
lular contexts, suggesting its potential as a promising
radioprotective agent.

Radiation protection effect of fMLP on the hematopoietic
system

Further, to explore the radioprotective impact of fMLP
on the hematopoietic system, white blood cell (WBC)
counts were obtained from peripheral blood scol-
lected at various time points post-6 Gy -irradiation
(1, 5, 10, 15, 20, and 30 days). Results revealed a sig-
nificant decline in WBC counts following irradiation,
with the lowest count observed between days 10 and
15. Notably, fMLP treatment yielded moderately lower

WBC counts compared to the control group, showcas-
ing a quicker recovery by day 5, suggesting its ability
to alleviate IR-induced leukocyte depletion (Fig. 2A).
Furthermore, spleen weight analysis revealed a nota-
ble difference in spleen index between the fMLP and
control groups post-6 Gy-IR (1, 5, 10, 15, 20, and 30
days), indicating fMLP’s protective effect on the hema-
topoietic system (Fig. 2B). Additionally, flow cytom-
etry analysis confirmed that fMLP diminished the
IR-induced increase in apoptosis rates of bone mar-
row cells (BMCs) and spleen cells, providing direct
evidence of its radioprotective role (Fig. 2C-F). In a
separate experiment, C57BL/6 mice were administered
fMLP at a dose of 1 mg/kg, 24 and 2 h prior to IR.
BMCs were collected on days 1, 3, and 7 post-irradia-
tion, revealing significantly lower apoptosis rates in the
fMLP group compared to the control group (Fig. 2G-
H). Collectively, fMLP exerts a protective effect on the
hematopoietic system, mitigating IR-induced damage.

The radioprotective effect of fMLP on the intestinal system
A further exploration of fMLP’s radioprotective effects
on intestinal tissue was conducted using C57BL/6
mice divided into control and fMLP groups. Mice in
the fMLP group received doubling doses of fMLP at
1 mg/kg, 24 and 2 h prior to IR. Intestinal samples
were collected for analysis at various time points post-
irradiation (0, 1, 3, and 7 days). Hematoxylin and Eosin
(H&E) staining revealed that intestinal damage was
notably reduced in the fMLP group compared to the
control group, particularly in terms of crypt numbers
on days 3 and 7 (Fig. 3A). Ki-67 staining demonstrated
a higher positive rate in the fMLP group, suggesting
enhanced regeneration of intestinal crypt stem cells
(Fig. 3B). TUNEL staining revealed a lower apoptosis
rate in the fMLP group, indicating its radioprotective
impact on intestinal tissue (Fig. 3C). Moreover, flow
cytometry analysis confirmed that fMLP treatment
diminished the IR-induced increase in the apoptosis
rate of intestinal epithelial cells, providing further evi-
dence of its protective role (Fig. 3D-E). Overall, fMLP
exerts a radioprotective effect on intestinal tissue, pro-
moting cellular regeneration and reducing apoptosis
following IR.
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RNA-seq reveals the possible mechanism of fMLP as a
radioprotectant

To gain insights into the underlying molecular mech-
anisms, RNA sequence analysis was performed using
spleens collected from fMLP-treated and control
mice 24 h after 7 Gy-irradiation. A total of 593 dif-
ferentially expressed genes were identified, compris-
ing 343 up-regulated and 250 down-regulated genes.
Volcano and clustering heatmaps visually displayed
these differentially expressed genes (Fig. 4A-C). Gene
Ontology (GO) analysis categorized the differen-
tially expressed genes into biological processes, cel-
lular components, and molecular functions (Fig. 4D).
The top hits for cellular components were the plasma
membrane and cytoskeleton, while cell cycle and cell
division were predominantly enriched in biological
processes. Meanwhile, protein binding and protein
kinase binding dominated the molecular function
category (Fig. 4D). Notably, the cell cycle was among
the most significantly enriched GO terms (Fig. 4D-E).
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis confirmed that the cell
cycle pathway was the most significantly enriched,
indicating its critical role in fMLP’s radioprotection
(Fig. 4F-Q). Tables showcasing the top GO terms (Top
30) and KEGG pathways (Top 20) in detail (Tables 1
and 2). Collectively, fMLP’s radioprotective effects are
closely linked to cellular responses, primarily involv-
ing the regulation of the cell cycle and cytoskeletal
organization.

fMLP reversed cell cycle arrest to protect from radiation
damage

36 h after irradiation, fMLP treatment significantly
increased HIEC cells in the S-phase (1.42 times,
p<0.05) and G2/M-phase (1.24 times, p<0.05), while
control cells predominantly remained in the G0/G1
phase(Fig. 5A), which indicated that fMLP promoted
cell survival by facilitating cell cycle progression. Irra-
diation typically induces cell cycle arrest at G1/S and
G2/M phases, with the latter being the most sensitive
to IR. The cell cycle regulators p18, p21, and p27 are
crucial in this process (Maddika, et al. 2007; Roy and
Banerjee 2015; Lai et al. 2020). fMLP treatment notably
downregulated the expression of these proteins prior
to irradiation, enabling cells to reside in the GO/G1
phase (Fig. 5B-F). However, after IR exposure, fMLP
treatment diminished the upregulation of p21, p27,
and CDK2, thereby allowing cells to transition from
the GO/G1 phase to the radio-sensitive G2/M phase
(Fig. 5B-F). Thus, fMLP’s radioprotection involves
manipulating cell cycle dynamics, specifically alleviat-
ing IR-induced cell cycle arrest in the G2/M phase by
modulating the expression of cell cycle regulators.
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Discussion
Innate immunity is modulated by fMLP, as evidenced
by multiple studies (Kilic et al. 2015; Wille et al. 2018).
Specifically, it facilitates chemotaxis of leukocytes
and macrophage activation (Polesskaya et al. 2014),
contributing to a robust immune response. fMLP
acts on neutrophils via a specific receptor called FPR
(formylated peptide receptor), which belongs to the
G-protein coupled receptor (GPCR) family, and medi-
ates several signaling pathways, such as the PI3K-
AKT pathway, the Rac-p38MAPK pathway, and the
Ras-ERK1/2 pathway (Bedouhéne et al. 2020). MEK1-
ERK1/2 and p38MAPkinase pathways are associated
with the neutrophil’s inflammatory response and are
involved in the chemotaxis and degranulation(Futosi
and Mocsai 2016). fMLP’s anti-tumor activities include
macrophage activation and the induction of lyso-
zyme release and pro-inflammatory factors (Liao et al.
2022), aiding in tumor cell demise. Moreover, it influ-
ences white blood cells and macrophages, impacting
tumor growth, spread, and mobility (Dahlgren et al.
2016; Netea-Maier et al. 2018). However, there is no
evidence to suggest that fMLP does help radiation-
induced mutant cells to survive. Beyond its role in
immunity, fMLP has demonstrated potential in com-
bating HIV-1 infection by suppressing the expression
and activity of CCR5 (Karakaya et al. 2021), a vital
co-receptor for HIV-1 entry into CD4+T cells (Rossi
et al. 2011). The susceptibility of organisms to physi-
cal or chemical alterations induced by irradiation var-
ies widely, a concept known as radiation sensitivity
(McKenna and Muschel 2003; Seibold et al. 2020). This
study uncovered the intriguing radioprotective proper-
ties of fMLP, an agent that mitigates radiation damage.

In this work, we focused on the effect and mecha-
nism of fMLP administration on irradiation-induced
hematopoietic and intestinal systems injury. The
CCK-8 assay affirmed fMLP’s minimal toxicity and its
notable ability to reverse radiation-induced apoptosis.
The impact of irradiation on organs differs due to the
diverse radiation sensitivity of cells within tissues. The
bone marrow hematopoietic system, spleen, and intes-
tine are particularly susceptible, yet fMLP effectively
protects peripheral white blood cells and maintains
spleen integrity. Furthermore, examination of intes-
tinal tissues revealed that fMLP encourages cellular
regeneration and minimizes apoptosis, thereby revers-
ing intestinal damage. There were no obvious indica-
tions on radiation -induced mutations that may arise
or give rise to tumorigenesis. We are looking forward
to focusing on this topic and revealing its role in pos-
sible mutagenesis and tumor development.

The efficacy of fMLP in enhancing the survival
rate of irradiated mice was noted to surpass that of
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WR-2721, although it paled in comparison to LPS
treatment. This outcome seems paradoxical, given the
generally held understanding of LPS as a more toxic
agent than fMLP. The discrepancy may be attributed
to the superior solubility of LPS within the biological
setting. The degree of protection afforded by fMLP
against cellular apoptosis was dose-dependent. At an

irradiation dose of 6 Gy, the apoptosis rate of BMCs
treated with fMLP showed no significant difference
from the control group. However, a distinct reduction
in apoptosis was observed at 12 Gy, suggesting a dose-
response relationship. This trend was consistent in
both BMCs and HIECs, which implied the radioprotec-
tive capabilities of fMLP were more robust against high
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Table 1 fMLP group vs. control group (total): the TOP 30 GO term
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ID Term Category ListHits pval Enrichment score
GO:0007049 cell cycle biological process 53 1.45E-24 5.342425217
GO:0051301 cell division biological process 36 7.55E-19 6.009009009
GO:0006270 DNA replication initiation biological process 8 6.92E-11 20.6976977
GO0:0006260 DNA replication biological process 15 1.11E-10 7.697490879
GO:0006268 DNA unwinding involved in DNA replication biological process 5 1.15E-10 44.35220935
G0:0000278 mitotic cell cycle biological process 14 2.11E-10 8.04910466
G0O:0007059 chromosome segregation biological process 12 2.76E-09 8.099099099
G0O:0007052 mitotic spindle organization biological process 8 3.20E-09 14.19270699
GO:0000070 mitotic sister chromatid segregation biological process 7 7.08E-09 16.09820932
GO:0002250 adaptive immune response biological process 14 2.32E-08 5.756975519
GO:0042555 MCM complex cellular component 6 9.24E-12 413953954
GO:0000775 chromosome, centromeric region cellular component 16 2.23E-10 6.804722531
GO:0005876 spindle microtubule cellular component 9 243E-10 15.10372535
GO:0032133 chromosome passenger complex cellular component 4 1.05E-09 49.67447447
GO:0001772 immunological synapse cellular component 8 241E-09 1461013955
G0:0009897 external side of plasma membrane cellular component 22 2.56E-09 426890015
GO:0072686 mitotic spindle cellular component 10 9.22E-09 9.267625835
GO:0005856 cytoskeleton cellular component 45 3.48E-08 2.342153553
GO:0005819 spindle cellular component 10 4.15E-08 8.064038064
GO:0000776 kinetochore cellular component 12 9.72E-08 6.057862741
GO:0005515 protein binding molecular function 118 1.74E-07 1.519806054
GO:0003678 DNA helicase activity molecular function 5 1.78E-07 18.26267444
GO:0019901 protein kinase binding molecular function 24 7.63E-07 2.95095888
GO:0008017 microtubule binding molecular function 13 1.04E-05 3.772010328
GO:0043142 single-stranded DNA-dependent ATPase activity molecular function 3 1.99E-05 16.93447993
GO:0031994 insulin-like growth factor I binding molecular function 3 4.21E-05 14.32917533
GO:0003688 DNA replication origin binding molecular function 3 4.21E-05 14.32917533
GO:0003756 protein disulfide isomerase activity molecular function 3 0.0002115 9.8041725%4
GO:0035174 histone serine kinase activity molecular function 3 0.0002115 9.80417259%4
Table 2 fMLP group vs control group (total): KEGG enrichment TOP 20

ID Term ListHits pval Enrichment score
mmu04110 Cell cycle 18 2.30E-08 4.349417
mmu03030 DNA replication 8 1.59E-06 6.793375
mmu04914 Progesterone-mediated oocyte maturation 12 8.62E-06 3.962802
mmu05340 Primary immunodeficiency 6 0.000163 4953502
mmu04640 Hematopoietic cell lineage 10 0.000296 3.16181
mmu04670 Leukocyte transendothelial migration 10 0.001637 2.584436
mmu04015 Rap1 signaling pathway 15 0.00179 2.133087
mmu04662 B cell receptor signaling pathway 7 0.002746 2.889543
mmu04510 Focal adhesion 14 0.002866 2.090926
mmu04672 Intestinal immune network for IgA production 5 0.002938 3455932
mmu04514 Cell adhesion molecules (CAMs) 12 0.004297 2.12293
mmu04114 Oocyte meiosis 9 0.005248 2.325992
mmu04014 Ras signaling pathway 15 0.005269 1.91337
mmu05323 Rheumatoid arthritis 7 0.006593 2.506592
mmu04660 T cell receptor signaling pathway 8 0.006779 2.35414
mmu04927 Cortisol synthesis and secretion 6 0.007013 2661583
mmu04972 Pancreatic secretion 8 0.008687 2.264458
mmu04923 Regulation of lipolysis in adipocyte 5 0.0099%4 2.70191
mmu05144 Malaria 5 0.009994 270191
mmu04022 cGMP - PKG signaling pathway 11 0.011041 1.946019
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Fig. 5 fMLP reverses cell cycle arrest and prevents radiation damage. (A) Analysis by flow cytometry for HIEC in different groups. (B-G) Treatment of
HIEC cell cycle-related protein expression with fMLP administered after irradiation. The effects of fMLP on HIEC cell cycle-related protein expression were
detected in irradiation alone and post-irradiation administration, respectively. Data are expressed as mean +SEM, * p <0.05

radiation doses. Accumulated data indicate that fMLP
can play an important role in apoptotic homeosta-
sis through physiologically relevant nitric oxide (NO)
levels (Porro et al. 2019). Mitochondrial injury leads
to the activation of mitochondrial apoptosis pathway
with the involvement of the Bcl-2 family members
(Wang 2014). The release of NO from fMLP treated
neurons induces apoptosis through the mitochondrial

pathway and modulation of the Bcl-2 family proteins
(Manucha 2017). It may be of interest to explore the
effects of fMLP on mitochondria after irradiation. In
this study, we paid more attention on acute toxicity of
fMLP in vivo and in vitro, because high-dose irradia-
tion always mediates acute injury. However, the long-
term survival of animals after administration of fMLP
should be considered in future studies.
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To unravel the underlying radioprotective mecha-
nism of fMLP, RNA sequencing was employed to
analyze gene expression patterns in spleen cells. The
results revealed 593 differentially expressed genes,
comprising 343 upregulated and 250 downregulated
genes. Upregulated genes were significantly enriched
in functions related to the cell cycle, cell adhesion,
and immune response pathways. Furthermore, GO
and KEGG analyses pointed towards innate immunity
and cell cycle processes as the most affected biologi-
cal systems. This suggested that fMLP might exert its
radioprotective effect by modulating the cell cycle
and enhancing the body’s innate immune response.
This hypothesis was supported by literature reports
associating innate immunity with radiation protec-
tion and observing IR-induced alterations in the cell
cycle, particularly during DNA synthesis and the G2
phase. Experimental assays conducted on HIEC cells
confirmed that fMLP increased the population of cells
in the GO/G1 phase, indicating a regulatory role in
cell cycle progression. The protein expression analy-
sis revealed that fMLP mitigated IR-induced increases
in P21 and P27 levels while enhancing Cdk2 protein
levels. The literature consistently highlights the cru-
cial role of P21 as an intermediary in arresting the cell
cycle in response to DNA damage. Specifically, P21
is a key regulator of cell cycle progression, primar-
ily functioning as a cyclin-dependent kinase inhibitor
(CDKI) during the G1 phase. Through its binding to
CDK?2, P21 represses cell cycle progression by blocking
the transition of proliferating cells from G1 to S phase,
thereby preventing further DNA replication and allow-
ing for DNA repair mechanisms to take place (Amani
et al. 2021). Therefore, fMLP’s protective mechanism
involves mitigating cell cycle arrest, thereby minimiz-
ing radiation-induced cellular damage. Moreover,
fMLP induced intracellular reactive oxygen species
(ROS) production, caspase activation as well as DNA
fragmentation in human leukocytes (Espino et al
2011). The induction of radiation-induced DNA dam-
age in the presence of fMLP will be considered in
future studies.

Conclusion

Our research delved into the protective effects of
fMLP against IR-induced damage in the hematopoi-
etic and intestinal systems and elucidated the under-
lying mechanisms. Results from in vivo experiments
revealed that fMLP increased the survival rate of mice
exposed to total body irradiation. Notably, it offered
significant protection against radiation damage in
the intestinal system. At the cellular level, fMLP miti-
gated IR-induced cell cycle arrest, as evidenced by
an increase in the number of cells progressing into
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the GO/G1 phase. This effect was further confirmed
through protein expression analysis, showing altered
levels of P21, P27, and Cdk2. Collectively, fMLP pro-
vides radioprotection to both the hematopoietic and
intestinal systems by mitigating cell cycle disruptions
caused by IR exposure.
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