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1 | INTRODUCTION

With the increasing use of nuclear technology, the potential risk
of radiation exposure is becoming a big cause of concern.! People
are prone to ionizing radiation (IR) exposure during terror attacks,

Abstract

As the potential risk of radiation exposure is increasing, radioprotectors studies are
gaining importance. In this study, novel hybrid compounds containing edaravone
analogue and 3-n-butylphthalide ring-opening derivatives were synthesized, and
their radioprotective effects were evaluated. Among these, compound 10a displayed
the highest radioprotective activity in IEC-6 and HFL-1 cells. Its oral administration
increased the survival rates of irradiated mice and alleviated total body irradiation
(TBI)-induced hematopoietic damage by mitigating myelosuppression and improving
hematopoietic stem/progenitor cell frequencies. Furthermore, 10a treatment pre-
vented abdominal irradiation (ABI)-induced structural damage to the small intestine.
Experiment results demonstrated that 10a increased the number of Lgr5" intesti-
nal stem cells, lysozyme™ Paneth cells and Ki67" transient amplifying cells, and re-
duced apoptosis of the intestinal epithelium cells in irradiated mice. Moreover, in
vitro and in vivo studies demonstrated that the radioprotective activity of 10a is
associated to the reduction of oxidative stress and the inhibition of DNA damage.
Furthermore, compound 10a downregulated the expressions of p53, Bax, caspase-
9 and caspase-3, and upregulated the expression of Bcl-2, suggesting that it could
prevent irradiation-induced intestinal damage through the p53-dependent apoptotic
pathway. Collectively, these findings demonstrate that 10a is beneficial for the pre-

vention of radiation damage and has the potential to be a radioprotector.
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nuclear accidents, space exploration and radiotherapy.?* IR could
cause destructive effect on normal cells in two ways: radiation en-
ergy acts directly on biological macromolecules and leads to ioni-
sation or excitation of macromolecules, this is the direct effect of
IR; rays act on water molecules and accelerate the generation of
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reactive oxygen species (ROS), which may attack the surrounding
macromolecules, this is the indirect effect of IR.> As a result, IR can
impair the structure of DNA, proteins and lipids, and eventually lead
to deleterious consequences, including cell apoptosis and organ sys-
tem dysfunction.®® Research has shown that hematopoietic tissues
and the gastrointestinal (Gl) tract are sensitive to IR, the former
being the most sensitive,”® and there are few effective methods
to prevent or mitigate radiation-induced injury of the GI tract.**?
Thus, finding remedies to protect these systems from radiation dam-
age is of utmost importance.13'14

Radioprotectors are compounds used before or at the time of
radiation exposure to inhibit radiation damage and protect biomac-
romolecules.® To date, numerous natural products and synthetic
compounds have been evaluated for their potential as effective
radioprotectors.>'> Among these, amifostine is the only radiopro-
tective agent approved by the Food and Drug Administration (FDA)
for decreasing adverse reactions in patients undergoing radiation
therapy.4 However, amifostine can only be administrated intrave-
nously and has been shown to have multiple adverse effects, such as
nausea, hypotension, cephalalgia, fainting and transient hypocalce-
mia.*>1% Hence, there is an urgent need to develop efficient, conve-
nient and less toxic radioprotectors to protect normal human tissues
from radiation damage.

Edaravone (3-methyl-1-phenyl-2-pyrazolin-5-one, Figure 1), gen-
erally known as an effective free radical scavenger with low toxic-
ity, was approved by the Japanese Ministry of Health in 2001 for
the treatment of ischemic stroke.® Recent evidence has indicated
that edaravone could significantly increase the survival rate of mice
exposed to whole-body X-ray irradiation and protect human periph-
eral blood lymphocytes against y-ray-induced radiation damage.17
The bioactivity of edaravone is due to the removal of toxic ROS
and the inhibition of DNA damage caused by oxidative stress.*®?
Unfortunately, its oral use is limited owing to its poor aqueous sol-
ubility and low intestinal permeability.?® The 3-n-butylphthalide
(NBP, Figure 1), as a native compound, was approved by the State
Food and Drug Administration (SFDA) of China for the therapy of
ischemic stroke in 2002.2%:22 Multiple studies have shown that NBP
inhibits platelet aggregation and thrombus formation, promotes
cerebral microcirculation and decreases oxidative damage.?>?° In
addition, toxicology studies have demonstrated safety of NBP as a
drug.26 However, its potency is restricted owing to its poor aque-
ous solubility and low bioavailability.?>?* In a previous study, Sheng
et al designed and synthesized a range of hybrid compounds contain-
ing edaravone analogues and NBP derivative, one of which exhib-
ited potent anti-ischemic stroke activity via the synergistic action of
edaravone analogue and NBP, and could be administrated orally to
rats.?”?8 They also proved that the mechanisms underlying its bioac-
tivity include inhibiting platelet aggregation, scavenging free radicals
and reducing oxidative stress.?’%8

Since the biological activities of the compounds containing eda-
ravone analogue and NBP ring-opening derivative are related to
their free radical scavenging effects, our study aimed to investigate

whether these compounds exert radioprotective activities. We used
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the hybrid compound identified by Sheng et al as the lead compound,
and synthesized a group of its derivatives (Figure 1). We hypoth-
esized that these compounds could exhibit potent radioprotective
activities via the synergistic action of the edaravone analogue and
NBP. To enhance the aqueous solubility and oral bioavailability of
the lead compound, we modified its structure by introducing various
amines, for example, dimethylamine, pyrrolidine and morpholine, to
the side chain of the ring-opening NBP. After obtaining a series of
novel hybrid compounds, we examined their in vitro and in vivo ra-
dioprotective effects and mechanisms. Our findings provide a new

direction for studies on radioprotectors.

2 | MATERIALS AND METHODS

2.1 | Synthesis and characterization of the
compounds

The synthesis of compound 9 and target compounds 10a-10f are
shown in Scheme S1. All intermediates and compound 9 were syn-
thesized as previously described.?*?328 The synthesis of compounds
10a-10f are presented in the Supporting Information. All com-
pounds were characterized using 'H NMR and MS, the target com-
pounds 10a-10f were also characterized using **C NMR and HRMS
(Figure S3-S32).

2.2 | Cell culture and irradiation

Rat intestinal epithelial cell 6 (IEC-6) and human fetal lung fibro-
blast 1 (HFL-1) were used for in vitro studies. IEC-6 and HFL-1 cells
were cultured in DMEM and Ham's F12K medium, respectively,
supplemented with 10% fetal bovine serum and penicillin (100 U/
mL)/streptomycin (100 pg/mL), in a humidified atmosphere with 5%
CO,at 37°C. A 187¢s y-ray source placed in an Exposure Instrument
Gammacell-40 (Atomic Energy of Canada Ltd.) was used for in vitro
experiments at a dose rate of 0.98 Gy/min.

2.3 | Cell viability assay

For the cytotoxicity experiment, IEC-6 and HFL-1 cells were plated
in 96-well plates (5 x 10° cells per well), incubated overnight, and
treated with the tested compounds at concentrations from O to
100 pmol/L. After 24 hours, the cells were washed once, and cell
viability was measured using the luminescence-based CellTiter Glo
TM assay according to the manufacturer's protocols (Promega).

To evaluate the radioprotective effects, IEC-6 and HFL-1 cells
were plated in 96-well plates (5 x 10° cells per well) and incubated
overnight. The cells were pretreated with the tested compounds,
with edaravone as the positive control. After 1 hour, the cells were
irradiated with 8.0 or 10.0 Gy and were cultured for 24 hours. Cell

viability was measured as described above.



5472 LI ET AL

“72 | wiLEy

2.4 | Measurement of intracellular ROS levels in irradiated with 4.0 Gy, and harvested after 1 hour. Then, they were

IEC-6 cells incubated with 2',7-dichlorodihydrofluorescein diacetate (DCFDA;
10 pmol/L) for 20 minutes at 37°C. The levels of intracellular ROS

IEC-6 cells were plated in 6-well plates (3 x 10° cells per well) and were measured using the mean fluorescence intensity (MFI) of

incubated overnight. The cells were pretreated with 10a for 1 hour, DCFDA through flow cytometry (BD Biosciences).

Edaravone

10d

O

10e 10f

FIGURE 1 Structures of edaravone, 3-n-butylphthalide, the lead compound and the target compounds
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2.5 | Alkaline single-cell gel electrophoresis (comet
assay)

IEC-6 cells were plated in 6-well plates at 2 x 10° cells per well,
incubated overnight, and then pretreated with 10a for 1 hour be-
fore 4.0 Gy y-irradiation. The cells were harvested and suspended
in cold PBS. The cell suspension was mixed with 70% low-melting
point agarose (7.5 g/L), and 50 puL of the mixture was placed on a
comet slide coated with one layer of normal-melting point aga-
rose (7.5 g/L). The slides were submerged in precooled lysis buffer
(2.5 mol/L NaCl, 100 mmol/L Na,EDTA, 10 mmol/L Tris-HCI, pH
10, 10% DMSO, and 1% Triton X-100) at 4°C for 2.5 hours and
in cold electrophoresis buffer (300 mmol/L NaOH, 1 mmol/L
Na,EDTA, pH >13) at 4°C for 20 minutes. Electrophoresis was
performed at 30 V for 20 minutes. The slides were neutralized
with Tris-HCI (pH 7.5) for 30 minutes and stained with ethidium
bromide (50 pL per slide, 2.5 pg/mL). Finally, the slides were ob-
served using a fluorescence microscope (Olympus). The percent-
age of DNA in the tail and Olive tail moment were measured using
the Comet Assay Software Project.

2.6 | Analysis of nuclear factor erythroid 2-related
factor 2 (Nrf2) expression by immunofluorescence

IEC-6 cells were cultured in 12-well plates with chamber slides
(5 x 10* cells per well) and incubated overnight. After treated with
10a for 1 hour, the cells were irradiated with 6.0 Gy and cultured for
another 24 hours. The cells were fixed with 4% paraformaldehyde
for 30 minutes and then permeabilized in Triton X-100 for 15 min-
utes. After blocked with 5% bovine serum albumin (BSA) for 3 hours,
the slides were incubated with anti-Nrf2 antibody (1:200 dilution,
Proteintech) overnight at 4°C and stained with FITC-conjugated sec-
ondary antibody (1:50 dilution, Proteintech) for 1 hour in dark. The
cell nuclei were stained with DAPI-containing sealing agent and im-

ages were taken using a fluorescence microscope (Life Technologies).

2.7 | Protein extraction and western blotting

IEC-6 cells were plated in 6-well plates with 5 x 10° cells per
well, incubated overnight and pretreated with 10a for 1 hour be-
fore 6.0 Gy of y-irradiation. After 24 hours of incubation, the cells
were collected. To extract the total proteins, the cells were lysed
with cold RIPA buffer supplemented with protease inhibitor cock-
tail and phenylmethylsulfonyl fluoride. And a Nuclear/Cytoplasmic
Protein Extraction kit was used to extract the nuclear proteins. Equal
amounts of proteins were resolved on a 10% SDS-PAGE gel, and the
proteins were electroblotted onto polyvinylidene difluoride mem-
branes. The membranes were blocked with TBST buffer containing
5% BSA and incubated for 1.5 hours at room temperature with an-
tibodies recognizing Nrf2 (1:1000 dilution, Proteintech), NAD(P)H
quinone oxidoreductase 1 (NQO1, 1:20 000 dilution, Abcam), heme

oxygenase 1 (HO-1, 1:3000 dilution, Proteintech), Bax (1:5000 dilu-
tion, Abcam), Bcl-2 (1:1000 dilution, Abcam), Lamin B1 (1:5000 dilu-
tion, Proteintech) and GAPDH (1:20 000 dilution, Proteintech). The
membranes were then incubated with the corresponding secondary
antibodies for 1 hour. The protein bands were visualized using ECL
chemiluminescence reagents, and their intensities were analysed

using Image Lab™ software (Bio-Rad).

2.8 | Animal experiments

Male C57BL/6 mice were purchased from Beijing Huafukang
Bioscience Co. Inc and raised under pathogen-free conditions at the
experimental animal centre of the Institute of Radiation Medicine
(IRM), Chinese Academy of Medical Sciences (CAMS). Mice aged
6-8 weeks were used in our experiments. All animal experiments in
this study were approved by the Institutional Animal Care and Use
Committee of the IRM, CAMS.

Irradiation was performed using a 187¢s y-radiation source at a dose
rate of 0.98 Gy/min. For the total body irradiation (TBI) survival experi-
ment, mice were randomly assigned to five groups, namely control, TBI
+ vehicle, TBI + 10a (150 mg/kg), TBI + 10a (300 mg/kg) and TBI +
10a (600 mg/kg) (n = 10 per group). In addition, mice were randomly
assigned to 4 groups in the remaining TBI experiments, namely control,
10a (300 mg/kg), TBI + vehicle, and TBI + 10a (300 mg/kg) (n = 5 per
group). The mice in the control group and those treated with 10a alone
were sham-irradiated. For abdominal irradiation (ABI) studies, a lead
shield was used to protect other parts of the body. The mice were ran-
domly divided into three groups in the survival experiment (n = 10 per
group) and in the remaining ABI experiments (n = 5), namely control,
ABI + vehicle, and ABI + 10a (300 mg/kg). Mice in the control group
were sham-irradiated. In all animal experiments, 15% Solutol HS 15 with
20% HP-B-CD in purified water was used to dissolve compound 10a.
The mice of the IR +10a groups were treated with gavage-administered
10a at the indicated dose 1 hour before radiation, whereas those in the
10a groups received 10a at the same dose and through the same route.
Mice in the control and IR +vehicle groups were treated with vehicle
using the same method as used for the treatment of 10a.

2.9 | Survival study

Mice in the irradiation groups received 8.0 Gy TBI or 15.0 Gy ABI.
The survival status of each mouse was observed for 30 days after

irradiation, and the results were expressed as survival rates.

2.10 | Peripheral blood cell and bone marrow
nucleated cell counts

To assess the hematopoietic injuries, mice in the irradiation groups
were exposed to 4.0 Gy of TBI and euthanized after 14 days.

Peripheral blood was obtained from the eyes and placed in EP tubes
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containing K,EDTA. White blood cells (WBCs), platelets (PLTs), the
percentage of neutrophils (NE%), and the percentage of lympho-
cytes (LY%) were analysed by hematology analyzer (Nihon Kohden).
Bone marrow nucleated cells were flushed out from the mouse fe-

murs and were counted similarly.

2.11 | Flow cytometry

In this study, LSK (Lineage Scal’c-kit*) was used to define hemat-
opoietic stem cells (HSCs), and Lineage Scal c-kit" was used to de-
fine hematopoietic progenitor cells (HPCs) as suggested in previous
studies.?”3° For HPC and LSK analysis, bone marrow cells were
flushed out of the femurs and filtered. Bone marrow cells (5 x 10°)
were incubated with biotin-labelled antibodies specific for murine
CD4, B220, CD11b, Gr1, CD8 and Ter119 (mixed Lineage antibod-
ies, Biolegend) and subsequently stained using PerCP streptavidin
(Biolegend), PE scal antibody (eBioscience), and APC c-kit antibody
(eBioscience). HPCs and LSKs were detected using flow cytometry
and analysed using the BD Accuri Cé software.

2.12 | Analysis of intracellular ROS levels in
HPCs and LSKs

Bone marrow cells (5 x 10°) were stained with HPC and LSK antibod-
ies and incubated with DCFDA at the concentration of 10 pmol/L.
The levels of intracellular ROS were assessed by measuring the MFI

of DCFDA using the flow cytometry.

2.13 | Histological analysis

To assess the intestinal damage, mice in ABI groups were irradiated with
15.0 Gy, and euthanized on the fifth day after ABI. The small intestinal
tissues of the mice were resected, fixed in 10% neutral-buffered for-
malin solution, dehydrated and embedded in paraffin. The blocks were
cut into 4-pm-thick sections, stained with haematoxylin-eosin (H&E),
and observed under a microscope (Olympus). For the morphological
analysis, six circular transverse sections were analysed and quantitated

per mouse to determine the villi height and crypts number.

2.14 | Immunohistochemistry analysis

Sections (4-pm thick) were dewaxed and rehydrated in decreasing
concentrations of ethanol. Next, antigen retrieval was then per-
formed and the samples were blocked with serum for 1 hour at 37°C.
Then, the sections were stained overnight at 4°C with the follow-
ing antibodies: anti-Lgr5 (1:200 dilution, Bioworld), anti-Lysozyme
(1:100 dilution, Bioworld), anti-Ki67 (1:200 dilution, Abcam), or
anti-Villin (1:100 dilution, Bioworld), followed by incubation with

the corresponding secondary antibodies for 40 minutes at 37°C.

Subsequently, the cells were stained using DAB kit. The images were
captured using a microscope (Olympus), and positive staining was

objectively analysed.

2.15 | TUNEL assay

Sections (4-pm thick) were treated in accordance with the manufac-
turer's protocols (Roche), observed using a microscope (Olympus),

and analysed using a blind method.

2.16 | Immunofluorescence analysis

Sections (4-um thick) were deparaffinized and rehydrated as de-
scribed above. Antigen retrieval was performed, and the samples
were blocked with serum at 37 °C. The sections were stained over-
night at 4 °C with the following antibodies: anti-y-H2AX (1:400 di-
lution, Bioworld), anti-p53 (1:100 dilution, Bioworld), anti-caspase-3
(1:500 dilution, CST), or anti-caspase-9 (1:50 dilution, CST). The
sections were stained with the corresponding secondary antibodies
in dark. Finally, the sections were washed and counterstained with

DAPI. Images were taken using a fluorescence microscope (Olympus).

2.17 | Statistical analysis

All data are expressed as the mean + SEM, unless indicated other-
wise. The Kaplan-Meier method and log-rank test were used to ana-
lyse the survival rates, whereas unpaired t-tests (two-tailed) were
used for mean comparisons. Statistical analysis was performed using
the GraphPad Prism version 5 software. Differences were consid-
ered statistically significant at P < 0.05.

3 | RESULTS

3.1 | Synthesis of compound 9 and target
compounds 10a-10f

The compounds were synthesized as described in the Supporting
Information. Compounds 9 and 10a-10f with purities > 95% were
used for all the experiments (see Supporting Information) and their
oil-water partition coefficient (LogP) values are listed in Table S1.
We found that the LogP values of 10a, 10e, and 10f were less than 5,

indicating good aqueous solubilities.

3.2 | Cytotoxicity and radioprotective activity of the
tested compounds

Considering that intestines and lungs are sensitive to radia-

31,32

tion, we used IEC-6 and HFL-1 cells to investigate the in vitro
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radioprotective activities of the tested compounds. Initially, we eval-
uated the toxicity of compound 9 and target compounds 10a-10f on
IEC-6 and HFL-1 cells. As illustrated in Figure 2A and B, the tested
compounds had no toxic effect on IEC-6 and HFL-1 cells at lower
concentrations and exhibited more pronounced inhibitory effect on
the cells at concentrations higher than 10 pmol/L. Thus, a concentra-
tion of 1 pmol/L was used for subsequent in vitro experiments.

Then we investigated the radioprotective activity of edaravone,
NBP, compound 9 and compounds 10a-10f on IEC-6 and HFL-1 cells.
The radioprotective effects of the tested compounds were displayed
in Figure 2C and D. The survival rate of the IEC-6 cells decreased
significantly after 8.0 Gy irradiation, whereas that of the HFL-1 cells
decreased dramatically after 10.0 Gy irradiation (P < 0.001). For the
treatment groups, the cell survival rates were increased compared
with the cells treated with irradiation only. In particular, 10a remark-
ably increased the survival rates of IEC-6 and HFL-1 cells (P < 0.05),
and the survival rates of 10a-treated cells were higher than those of
edaravone-treated cells (P < 0.05), indicating that 10a has the high-
est radioprotective activity among the tested compounds.

3.3 | Compound 10a inhibited IR-induced oxidative
stress in IEC-6 cells

Excessive ROS levels triggered by irradiation may lead to oxidative
stress, contributing to cell and tissue damage. As demonstrated in
Figure 2E, the ROS level increased significantly in the IR group com-
pared with that in the control group (P < 0.01), and that in the 10a
treatment group was only 60% of the IR group (P < 0.05). These
results suggested that 10a can scavenge ROS and reduce oxidative
stress in irradiated IEC-6 cells.

3.4 | Compound 10a protected IEC-6 cells from IR-
induced DNA damage

Nuclear DNA is an intracellular target of radiation injury. Both direct
deposition of radiant energy and excessive oxidative stress in cells
induced by rays would aggravate the accumulation of DNA dam-
age.?? Figure 2F displays the undamaged and damaged DNA under
different treating conditions visualized using a comet assay. The non-
irradiated cells did not show any DNA trailing, whereas irradiated
cells showed marked DNA trailing. Further, DNA trailing decreased
in the cells of the 10a pre-treatment group compared with those of
the IR group. We observed an increase in the percentage of DNA
in the tail and Olive tail moment after 4.0 Gy irradiation (P < 0.001,
Figure 2G, H). Compared with the IR group, the percentage of DNA
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in the tail and Olive tail moment were dramatically reduced upon
10a pretreatment (P < 0.01). These data demonstrated that 10a

played a crucial role in protecting DNA from radiation damage.

3.5 | Compound 10a upregulated the
expression of Nrf2 and downstream antioxidant
proteins in irradiated IEC-6 cells

Nrf2 is a transcription factor which can regulate redox homeosta-
sis in cells.®® When activated under stress, it translocates from the
cytoplasm to the nucleus and induces the transcription of down-
stream cytoprotective proteins.33’34 Therefore, we analysed the
distribution of Nrf2 in IEC-6 cells by immunofluorescence assay. As
displayed in Figure 3A, exposure to IR caused Nrf2 foci formation
in the nucleus of the cells, which was enhanced by 10a treatment.
Furthermore, we investigated the expression of Nrf2 in the nucleus
of IEC-6 cells by Western blotting. As shown in Figure 3B, the ex-
pression of Nrf2 was upregulated by irradiation, and compound 10a
further increased its expression level. Together, these results sug-
gested that 10a could induce the nuclear translocation of Nrf2 in
irradiated cells.

NQO1 and HO-1 are enzymes which can be upregulated by Nrf2,
and they are known to protect against oxidative injury.34’35 We eval-
uated the levels of antioxidant enzymes NQO1 and HO-1 in IEC-6
cells using Western blotting. As illustrated in Figure 3C, the levels
of these compounds in IEC-6 cells significantly increased after irra-
diation (P < 0.01), and 10a treatment further enhanced their expres-
sions compared to the IR group (P < 0.01). These results suggested
that 10a may reduce oxidative stress injury in irradiated cells via the
activation of the Nrf2 pathway.

3.6 | Compound 10a protected IEC-6 cells against
irradiation partially through the modulation of the
apoptotic pathway

To further investigate the radioprotective mechanisms of 10a,
we analysed the levels of the pro-apoptotic protein Bax and anti-
apoptotic protein Bcl-2 in IEC-6 cells using Western blotting
(Figure 3D). After irradiation, Bax levels in IEC-6 cells remarkably
increased (P < 0.01), whereas Bcl-2 levels significantly decreased
(P < 0.05). However, 10a treatment dramatically alleviated the in-
creased abundance of Bax (P < 0.05) and enhanced that of Bcl-2
(P < 0.05) compared with the IR group (Figure 3D). These results
indicated that 10a can suppress IR-induced apoptosis in IEC-6 cells
by regulating the apoptotic pathway.

FIGURE 2 Compound 10a protected IEC-6 and HFL-1 cells from radiation damage. Cell toxicity of the tested compounds on A, IEC-6
and B, HFL-1 cells, and radioprotective effects of the tested compounds on C, IEC-6 and D, HFL-1 cells are shown. E, Relative ROS levels in
irradiated IEC-6 cells. F, Representative images of comets in IEC-6 cells. Statistical analyses of G, the percentage of DNA in the tail and H,
Olive tail moment based on the comet assay are shown. Data are presented as the mean + SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.

Eda, edaravone
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FIGURE 3 Compound 10a regulated the expression of Nrf2, its target proteins, and apoptosis-related proteins in irradiated IEC-6 cells.
A, Representative images showing the expression of Nrf2 in IEC-6 cells (green, Nrf2; blue, DAPI). B, Western blot analysis of Nrf2 in the
nucleus of IEC-6 cells. Relative quantification of the expression of Nrf2 is shown. C, Western blot analysis of NQO1 and HO-1 in IEC-6
cells. Relative quantifications of the NQO1 and HO-1 proteins are shown. D, Western blot analysis of Bax and Bcl-2 in IEC-6 cells. Relative
quantifications of the Bax and Bcl-2 proteins are shown. Data are presented as the mean + SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001

3.7 | Compound 10a improved the survival of
TBI- and ABI-exposed mice

As illustrated in Figure 4A, all mice in the TBI +vehicle group died
within 15 days, but no death was observed in the control group. All
doses of 10a treatment increased the survival rate of mice compared
with the vehicle treatment. The survival rate in the group pretreated
with 300 mg/kg 10a was 50% (P = 0.0003 vs. TBI + vehicle group),
whereas that in the 600 mg/kg 10a group was only 30% (P = 0.0006
vs. TBI + vehicle group), indicating that a higher dose of 10a may have
toxic effects on mice. Consequently, a dose of 300 mg/kg was used for
subsequent in vivo experiments.

In Figure 4B, all mice in the ABI +vehicle group died within

16 days. Particularly, the survival rate of mice administered with

300 mg/kg 10a before radiation exposure was 40% (P = 0.0047 vs.
ABI + vehicle group). These findings suggested that 10a could ef-
fectively protect against irradiation-induced intestinal damage and

improve survival after a fatal dose of ABI.

3.8 | Compound 10a ameliorated
myelosuppression and myeloid skewing of TBI-
exposed mice

TBI can cause myelosuppression, and thus result in significant re-
duction in peripheral blood cell counts.?° IR may also affect the
differentiation of HSCs, leading to myeloid skewing in peripheral
blood.3¢%7 As illustrated in Figure 4C-F, compared with the control
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group, the mice irradiated with 4.0 Gy TBI exhibited a significant
reduction in WBCs, PLTs and LY% in peripheral blood (P < 0.05), but
a substantial increase in NE% (P < 0.001). Conversely, 10a treat-
ment notably reversed the changes in these cells in irradiated mice,
demonstrating that 10a could effectively improve the recovery of
irradiated mice from radiation-induced myelosuppression and my-
eloid skewing.

3.9 | Compound 10a attenuated TBI-induced bone
marrow hematopoietic cell reduction

TBI may damage the hematopoietic tissue and deplete hematopoi-
etic stem and progenitor cells (HSPCs). To investigate whether 10a
treatment could promote the recovery of the hematopoietic cells,
we studied the effects of 10a on LSK and HPC frequencies in the
bone marrow cells of mice 14 days after exposure to 4.0 Gy TBI

(Figure 5A). As demonstrated in Figure 5B and C, compared with

the control group, the TBI + vehicle group showed a significant re-
duction in the frequencies of LSKs and HPCs (P < 0.01), whereas
10a treatment dramatically increased the LSK and HPC frequencies
(P < 0.01). These findings suggested that 10a could prevent against
radiation-induced HSPC injury.

3.10 | Compound 10a decreased TBIl-induced
oxidative stress in the hematopoietic system

As we already demonstrated that 10a could scavenge ROS at the
cellular level, we proceeded to assess its effect on IR-induced ROS
levels in vivo. In Figure 5D and E, the ROS levels in LSKs and HPCs
of irradiated mice increased dramatically compared with those of the
control (P < 0.05), whereas 10a treatment markedly reduced these
ROS levels (P < 0.05). These results suggested that 10a could scav-
enge ROS and consequently attenuate oxidative stress in irradiated
HSPCs.
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3.11 | Compound 10a reduced intestinal damage of
ABIl-exposed mice

IR can induce necrosis and apoptosis in small intestinal epithelial cells,
block the renewal of the villus epithelium, and lead to the loss of in-
testinal mucosal barrier function.'?>*® The morphological changes in
the mouse small intestine are shown in Figure 6A. Five days after ex-
posure to 15.0 Gy ABI, the mice in the vehicle group had significantly
decreased villi height and number of crypts than the control (P < 0.01).
Compared with the irradiated mice, those treated with 10a exhibited
increased number of crypts and villi height (Figure 6A, B). The expres-
sion of villin* enterocytes was also decreased by ABI but increased by
10a pretreatment (Figure 6B). These findings suggested that 10a could

prevent intestinal villus-crypt structural damage in irradiated mice.

3.12 | Compound 10a enhanced the regenerative
ability of Lgr5" intestinal stem cells (ISCs) and
maintained homeostasis in intestinal cells of ABI-
exposed mice

The intestinal epithelium constantly self-renews and can quickly re-
generate after injury.3”"#! Lgr5 is a marker for intestinal stem cells,
and Lgr5* ISCs have been shown to be essential for intestinal regen-
eration after radiation injury.*>*?>* Paneth cells are intestinal epi-
thelium cells that secrete abundant antibacterial proteins including
lysozyme, which are important for maintaining intestinal homeosta-
sis.®? Ki67 is a marker for the regenerating epithelium, and can be
used to determine the fraction of proliferating crypts.}? Therefore,

we evaluated the effects of 10a on ABI-induced intestinal damage
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by analysing the numbers of Lgr5" ISCs, lysozyme* Paneth cells, and
Ki67" transient amplifying cells (TACs) using immunohistochemis-
try (Figure 6C-E). Five days after ABI, the numbers of Lgr5* ISCs,
lysozyme™ cells, and Ki67" TACs were notably reduced in the ABI
+ vehicle group compared with the control (P < 0.001). However,
these changes were markedly reversed by 10a treatment (P < 0.05),
indicating that 10a could enhance the regenerative ability of ISCs
and maintain intestinal homeostasis by stimulating the proliferation

and differentiation of intestinal crypt cells.

3.13 | Compound 10a attenuated DNA damage
in the small intestine of ABl-exposed mice

Phosphorylation of H2AX at Serine 139 (y-H2AX) is a marker for
DNA double-strand breaks (DSBs).1?** To investigate whether 10a
could mitigate ABIl-induced DSBs, we analysed the levels of y-H2AX
in the small intestine using an immunofluorescence method. As il-
lustrated in Figure 7B, immunofluorescence revealed a significant
increase in the expression of y-H2AX in the irradiated mice com-
pared with the control (P < 0.001), and, 10a treatment significantly
inhibited the phosphorylation of H2AX in the mouse small intestine
(P < 0.01). These results suggested that 10a can reduce DSBs in the

small intestines of irradiated mice.

3.14 | Compound 10a reduced the apoptotic rate
in the small intestine of ABI-exposed mice

We used the TUNEL assay to evaluate the effect of 10a on the
apoptosis of small intestinal tissues. Figure 7A show an increase
number of apoptotic cells in the irradiated mice than in the control
(P <0.001), whereas 10a treatment dramatically decreased the num-
ber of apoptotic cells (P < 0.01). These results suggested that 10a
could play a positive role in the inhibition of apoptosis. We further
studied the effects of 10a on ABI-induced apoptosis using immu-
nofluorescence assay. In the ABI + vehicle group, the levels of p53
(Figure 7C), caspase-3 (Figure 7D) and caspase-9 (Figure 7E) in the
intestinal cells were significantly higher than those in the control
(P < 0.01). In the 10a treatment group, the levels of these proteins
decreased significantly compared with those in the ABI + vehicle
group (P < 0.05). Taken together, these data demonstrated that 10a
treatment could protect mice from ABI-induced intestinal injuries by
suppressing radiation-induced apoptosis.

4 | DISCUSSION

In this study, we designed and synthesized a series of hybrid com-
pounds containing edaravone analogue and NBP ring-opened de-
rivatives and evaluated their radioprotective effects in vitro and
in vivo. The anionic form of edaravone can eliminate free radicals

through a single-electron transfer mechanism.?® Owing to the

electron-withdrawing ability of the fluorine substituent on the
benzene ring, the edaravone analogue moiety of these compounds
can exhibit higher free-radical scavenging activities.?® In addition,
analysis of structure-activity relationships (SAR) showed that dif-
ferent substituted amines in the side chain of the ring-opening NBP
could have different effects on the solubility and permeability of the
parent compound, which might affect the release of the edaravone
analogue and NBP, and thus lead to varying bioactivities of these
compounds. We observed that compound 10a, which bears a di-
methylamino moiety in side chain of ring-opened NBP, displayed
the highest radioprotective activities in IEC-6 and HFL-1 cells among
all tested compounds. We speculate that the enhanced solubility of
compound 10a (LogP = 4.97) contributed to its good cell permeabil-
ity. Besides, its higher biological activity than those of 10e and 10f
may be due to the relatively low molecular weight and high absorb-
ability of 10a.

Since the hematopoietic system is the most radiosensitive system
in the body, we investigated whether 10a could prevent TBI-induced
hematopoietic tissue damage. We found that the oral administration
of 10a not only enhanced the survival of mice exposed to a fatal dose
of TBI, but also mitigated TBIl-induced hematopoietic tissue damage.
Furthermore, 10a provided protection against radiation-induced
myelosuppression and myeloid skewing in mice by increasing WBCs,
PLTs and LY%, and decreasing NE%. We also observed that 10a con-
sumption significantly increased the proportions of HSCs and HPCs
in TBI mice. Overall, these results suggested that 10a could amelio-
rate hematopoietic injury by promoting the recovery of HSC density
and function.

Radiotherapy for abdominal and pelvic malignant tumours may
injure the Gl system, and the small intestine is particularly sensitive
to the damaging effects of IR.****¢ To evaluate whether 10a could
function as a radioprotector to treat radiation-induced intestinal
injury, we established an ABI mouse model and found that 10a im-
proved the survival of mice and preserved the intestinal crypt-villus
structure following 15.0 Gy ABI. The intestinal epithelium is one of
the most rapidly self-renewing tissues in mammals.*® 1SCs, specif-
ically marked by Lgr5, are indispensable for maintaining epithelial
homeostasis and promoting structural regeneration. Lgr5* ISCs can
differentiate into Paneth cells, which can produce lysozymes. Our
findings revealed that 10a treatment increased the number of Lgr5*
cells and lysozymes* Paneth cells after irradiation. Additionally, the
abundance of Kié7, a proliferative marker of epithelial layer, was
promoted in the mice pretreated with 10a. Therefore, we concluded
that 10a might exert protective effects on ABI-induced intestinal
damage and could maintain the regenerative capacity of ISCs by
stimulating the proliferation and differentiation of intestinal epithe-
lial cells.

Oxidative stress due to ROS accumulation after radiation ex-
posure can contribute to tissue damage. We found that the ROS
levels in irradiated cells were decreased by 10a, indicating that 10a
can scavenge ROS generated by ionizing radiation. Besides, results
showed that 10a increased the expression levels of Nrf2, NQO1 and
HO-1 in IEC-6 cells after irradiation, suggesting that 10a may target
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FIGURE 8 Proposed mechanism
underlying the radioprotective effect of
10a

Nrf2 and promote the production of antioxidant enzymes to reduce
oxidative stress. Nevertheless, the levels of these proteins were
not obviously increased by 10a in unirradiated cells. It is probably
because the cells are more sensitive to the stimulation of ionizing
radiation compared with the effects of 10a alone. Overall, 10a can
reduce oxidative stress in irradiated cells by directly scavenging ROS
and activating the Nrf2 pathway (Figure 8).

DNA damage can be caused by radiant energy deposition and
oxidative stress. Among the DNA injuries induced by irradiation,
DSBs are the most fatal to cells and could lead to chromosome
breakage and cell apoptosis. To quantify DSBs, y-H2AX is widely
used as a biomarker.'??’ We observed that y-H2AX levels in the
small intestines of irradiated mice were reduced by 10a, suggesting
that 10a could alleviate DNA damage by reducing oxidative stress
in irradiated cells. Furthermore, the pro-apoptotic molecule p53 is
mainly activated by DNA strand breaks and can activate genes that
regulate radiation-induced DNA damage and repair, and cell apopto-
sis.*” Studies have shown that p53 promotes apoptosis by regulating
the expression of Bcl-2 protein family members, such as Bax, Bak,
and Bcl-2, in the cytoplasm.>*? We observed decreased p53 levels
and Bax levels, and increased Bcl-2 levels in irradiated cells after 10a
treatment. Moreover, previous studies have indicated that apopto-
sis is induced by mitochondrial outer membrane permeabilisation,
which is affected by the Bcl-2 family members.*84? After the release
of cytochrome C and the formation of apoptosome, apoptosis is ex-
ecuted by a series of sequentially activated caspases, which can be
categorized into initiator caspases (caspase-8 and -9) and effector

caspases (caspase-3, -6 and -7).*>°° We found that 10a treatment

Caspase-9
=

Apoptosis

downregulated the expression of caspase-3 and caspase-9 after ir-
radiation. Together, these results suggested that 10a could mitigate
DNA damage induced by oxidative stress, thereby reduce apoptosis
through the p53 pathway (Figure 8).

In summary, hybrid compounds with edaravone analogue and
NBP ring-opened derivatives were synthesized in the present study.
Among these, compound 10a displayed the most potent radiopro-
tective activity in vitro. We showed that 10a effectively increased
the survival rates of irradiated mice, prevented TBIl-induced HSC in-
jury, improved the structure and function of the small intestine, and
decreased apoptosis of intestinal epithelium cells in ABI-exposed
mice. Our results proved that 10a could reduce IR-induced oxidative
stress and DNA damage both in vitro and in vivo. Moreover, 10a
might mitigate IR-induced intestinal damage via the p53-dependent
apoptotic pathway. We demonstrate that compound 10a is a prom-
ising radioprotector, and the detailed molecular mechanisms under-

lying its radioprotective effects should be further studied.
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