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Abstract 

Rationale: Normal liver tissue is vulnerable towards ionizing radiation, which leads to radiation-induced liver injury (RILI) and 
remains a clinical challenge for treatment. Due to poor tissue targeting, mostly radioprotectors show limited radioprotective effect 
with a narrow therapeutic window. In this study, we report a series of selenium-substituted heptamethine cyanine derivatives 
(Se-Cys) as versatile radioprotectors for liver-preferential accumulation, simultaneous RILI imaging and treatment. 
Methods: A series of lipophilic cationic Se-Cys were developed with tunable properties for targeted delivery to liver 
mitochondria. We evaluated their deselenization kinetics in response to H2O2 and investigated the downstream activation of the 
Keap1-Nrf2-HO-1 antioxidant axis. Specifically, the derivative Se-Cy4 was assessed for its ROS-responsive fluorescence changes. 
In vivo experiments were conducted to evaluate the dual capacity of Se-Cy4 for dynamic imaging and therapeutic protection against 
RILI, including systemic toxicity. 
Results: The targeting delivery and ROS-responsive selenium release, significantly enhance selenium levels in injured livers and 
mitochondria induced by ionizing radiation. Deselenization releases bioavailable selenium from Se-Cys, elevates selenoprotein 
expression and exerts endogenous radioprotective effect by activating the Keap1-Nrf2-HO-1 antioxidant axis. More interestingly, 
Se-Cys derivatives, especially Se-Cy4, possess a sensitive fluorescent enhancement in H2O2 concentration-dependent manner, 
offering a potential application for dynamic monitoring of ROS level in RILI. The in vivo results verify that Se-Cy4 has capacities to 
sensitive fluorescent imaging and efficient treatment of RILI without detectable systemic toxicity. 
Conclusions: Se-Cy4 serves as a novel theranostic agent for RILI, by providing ROS monitoring and robust radioprotection 
without detectable systemic toxicity. Our findings may also promise a potential of selenium-substituted heptamethine cyanines as 
next-generation radioprotectors for imaging-guided therapy of other radiation-induced diseases. 
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Introduction 
Ionizing radiation (IR) from natural and artificial 

sources, including cosmic rays, environmental 
radionuclides, nuclear activities, accidents, and 
medical exposure, poses a growing threat to human 
health [1]. In addition to its effects on the 
hematopoietic and gastrointestinal systems, the liver 

is particularly vulnerable due to its central role in 
metabolism, detoxification, blood filtration, and 
highly vascularized structure [2]. Radiation-induced 
liver injury (RILI) can progress from subtle oxidative 
and microvascular dysfunction to irreversible fibrosis 
and liver failure in nuclear-related exposures [3]. 
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Early-stage RILI is often clinically silent or masked by 
pre-existing liver conditions, and conventional 
biochemical assays and imaging modalities lack 
sufficient sensitivity to detect these subtle early 
lesions [4-6]. Once liver injury is evident, treatment is 
limited to supportive care with poor prognosis. 
Despite extensive efforts, no clinically approved 
liver-targeted radioprotectors exist that can prevent 
hepatic damage and detect early radiation-induced 
oxidative stress, underscoring the need for strategies 
that integrate effective hepatoprotection with 
sensitive molecular monitoring of radiation-driven 
oxidative stress. 

Over the past seven decades, significant progress 
has been made in developing radioprotective agents, 
yet effective interventions for RILI remain lacking. 
Various pharmacological approaches, including free 
radical scavengers, DNA repair enhancers, and 
immunomodulators, have been explored, with 
sulfhydryl compounds like amifostine and natural 
antioxidants such as genistein and resveratrol being 
the most studied [7-9]. Clinically available 
radioprotective agents remain very limited, and 
amifostine is among the few approved drugs used in 
this setting [10]. However, in radiotherapy its 
approved use is restricted to reducing xerostomia in 
postoperative head-and-neck cancer, and the FDA 
label advises against routine use in definitive 
radiotherapy [11]. Moreover, amifostine requires 
intravenous administration shortly before irradiation, 
together with hydration, antiemetic premedication, 
and blood pressure monitoring, which complicates 
routine clinical application. Its adverse effects, 
especially hypotension, nausea, vomiting, and 
hypersensitivity, together with heterogeneous 
efficacy reported across studies [7], underscore the 
need for safer, more effective, and more broadly 
applicable next-generation radioprotectors. 

Within this context, selenium-based 
radioprotective agents have emerged as a promising 
alternative, capitalizing on selenium’s essential role in 
antioxidant selenoproteins such as glutathione 
peroxidases (GPXs) and selenoprotein S (SELS), which 
are crucial for counteracting oxidative stress and 
radiation-induced damage [12, 13]. However, current 
selenium formulations suffer from poor tissue 
selectivity, widespread biodistribution, and a narrow 
therapeutic window, limiting efficacy and increasing 
the risk of off-target toxicity. Effective doses are close 
to toxic levels, and dose escalation raises concerns 
about hepatotoxicity, nephrotoxicity, and 
immunotoxicity [14, 15]. Meanwhile, IR–induced 
injury is tightly associated with mitochondrial redox 
imbalance. Radiation provokes an acute burst of ROS 
via direct ionization and water radiolysis, driving 

lipid peroxidation, protein oxidation and severe 
damage to mitochondrial DNA (mtDNA), which lacks 
robust structural protection and possesses limited 
self-repair capacity [16, 17]. This leads to 
mitochondrial dysfunction, including loss of 
mitochondrial membrane potential (MMP), Ca²⁺ 
dysregulation, and ATP depletion, promoting cell 
death and organ damage [18, 19]. Therefore, targeting 
delivery of selenium to radiation-induced injured 
liver tissues and their mitochondria is crucial for 
developing potent radioprotectors with minimal side 
effects. 

In this study, we design and report a series of 
selenium-substituted heptamethine cyanine 
derivatives (Se-Cys) as versatile radioprotectors for 
liver-specific accumulation, mitochondria targeting, 
simultaneous RILI imaging and treatment. First, 
different Se-Cys are designed by tuning their 
physicochemical properties, including varied 
lipophilicity for optimal liver accumulation and 
mitochondrial targeting capacity. Second, Se-Cys as 
exogenous radioprotectors exhibit high reactive 
ability to ROS. Their excellent mitochondria 
accumulation promotes to specifically mitigate 
radiation-induced mitochondria ROS and guard 
mitochondria from radiation damage. Third, Se-Cys 
undergo deselenization process after multi-step 
reactions with ROS. The targeting delivery and 
ROS-responsive release ability specifically enhance 
selenium level in radiated liver cells and 
mitochondria, elevate selenoprotein expression and 
exert endogenous radioprotective effect by activating 
the Keap1 – Nrf2 – HO-1 antioxidant axis. More 
interestingly, the resulting cyanine molecules after 
deselenization process, display an increasing 
fluorescent intensity in ROS concentration-dependent 
manner. This fluorescent change may provide a 
potential application for dynamic monitoring of ROS 
level in RILI and avoiding overreached antioxidation. 
The in vitro and in vivo results testify our design above 
and successfully screen out the optimal candidate 
(Se-Cy4) to efficiently alleviate RILI and restore liver 
function with favorable biocompatibility. This work 
may not only present a promising radioprotector for 
RILI, but also offer a paradigm-shift strategy to 
develop theranostic radioprotectors for simultaneous 
imaging and therapy of radiation-induced diseases. 

Material and Methods 
General information 

Except for specific mentions, chemical reagents 
were purchased from Sigma-Aldrich (USA) or Titan 
Scientific (China). Selenium-containing intermediates 
were purchased from Bide Pharmatech (China). Silica 
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gel (200–300 mesh, Qingdao Marine Chemical, China) 
was used for column chromatography during the 
purification of cyanine derivatives. Proton nuclear 
magnetic resonance (1H NMR) spectra were collected 
on a Bruker AVANCE III 400 MHz spectrometer 
(Germany). High-resolution mass spectra (HRMS) 
were acquired using a Bruker ultraflextreme 
MALDI-TOF mass spectrometer (Germany) or an 
Orbitrap Exploris™ 120 system (Thermo Fisher 
Scientific, USA). 

ROS-responsive fluorescence enhancement 
assay 

Aqueous solutions of Se-Cys derivatives (10 μM) 
were incubated with H2O2 at various concentrations 
(0, 10, 50, 100, and 200 μM). After shaking at 37 °C for 
10 min, fluorescence spectra were recorded using an 
F380 fluorescence spectrometer, and near-infrared 
(NIR) images were acquired with an Aniview 100 
imaging system (BLT, China) under 740 nm 
excitation. 

Evaluation of cytotoxicity and radioprotective 
effects of Se-Cys 

To evaluate the cytotoxicity of Se-Cys, L-02 cells 
were seeded into 96-well plates at a density of 3,000 
cells per well and incubated overnight to allow for 
adherence. Subsequently, the cells were treated with 
Se-Cys at various concentrations (0, 1.25, 2.5, 5, 10 μM) 
for 24 h. Cell viability was then assessed using the Cell 
Counting Kit-8 (CCK-8) assay and the absorbance at 
450 nm was measured using a microplate reader 
(Thermo Fisher Scientific, USA). 

To evaluate the radioprotective effects of Se-Cys, 
L-02 cells were seeded into 96-well plates at a density 
of 3,000 cells per well and incubated overnight to 
allow for adherence. The cells were then treated with 
Se-Cys at a concentration of 2.5 μM for 6 h, followed 
by exposure to 60Co γ-ray radiation at doses of 2, 4, 6, 
8, or 10 Gy. Cell viability was assessed at 24, 48, and 
72 h post-radiation.  

Mitochondrial co-localization analysis 
L-02 cells were seeded into glass-bottom 

confocal dishes and incubated for 24 h, followed by 
treatment with Se-Cy2, Se-Cy4, or Se-Cy5 (2.5 μM) for 
6 h. The cells were then stained with MitoTracker™ 
Green CMXRos (Invitrogen, Thermo Fisher Scientific, 
USA) for 30 min at 37 °C, washed thoroughly with 
Phosphate-Buffered Saline (PBS), and resuspended in 
fresh medium. Fluorescence imaging was conducted 
using a confocal laser scanning microscope (Leica TCS 
SP8, Leica Microsystems, Germany). Mitochondrial 
co-localization was quantified by calculating the 
Pearson correlation coefficient (PCC) using ImageJ 

software (version 1.8.0.112, NIH, USA). 

Detection of cytosolic and mitochondrial ROS 
To assess cytosolic ROS, L-02 cells were seeded 

in 6-well plates at 2 × 105 cells per well and incubated 
for 24 h. Cells were then treated with amifostine (10 
μM), Se-Cy2, Se-Cy4, or Se-Cy5 (2.5 μM) for 6 h, 
followed by exposure to 10 Gy of 60Co γ-ray IR. After 
48 h, cells were incubated with the ROS-sensitive 
probe 2′,7′-dichlorofluorescein diacetate (DCFH-DA, 
Beyotime Biotechnology, China), diluted 1:1000 in 
serum-free medium to a final concentration of 10 μM 
for 30 min, followed by three washes with RPMI-1640. 
Fluorescence was detected using a fluorescence 
microscope. 

For mitochondrial ROS detection, L-02 cells were 
incubated with 5 μM MitoSOX™ Red Mitochondrial 
Superoxide Indicator (Yeasen, China) for 10 min, 
washed with PBS, and counterstained with DAPI for 
10 min. Cells were imaged using a confocal laser 
scanning microscope. 

Mitochondrial membrane potential analysis 
L-02 cells were treated with 2.5 μM Se-Cys or 10 

μM amifostine for 6 h, followed by exposure to 10 Gy 
of 60Co γ-ray radiation. Cells were then collected and 
incubated with JC-1 dye (3 μg/mL, Beyotime 
Biotechnology, China) at 37 °C for 30 min. After 
staining, cells were washed with PBS, and 
fluorescence images were captured using a confocal 
laser scanning microscope. The mitochondrial 
membrane potential was assessed by calculating the 
fluorescence intensity ratio of JC-1 aggregates (red) to 
monomers (green). 

Animal experiment 
All animal experiments were conducted in 

compliance with the ethical guidelines established by 
the local institutional the Animal Experiment Ethics 
Committee (approval number: AMUWEC20210301), 
in accordance with internationally accepted standards 
for animal research, ensuring adherence to the ethical 
standards for animal research. The male Balb/c mice, 
aged 8 weeks, used in this study were sourced from 
the Animal Breeding Center of Army Medical 
University. For the whole-body injury model, mice 
were exposed to a lethal dose of whole-body 60Co 
γ-ray IR (7 Gy). Se-Cy4 was administered 
intraperitoneally once before irradiation and 
subsequently every 3 days following the established 
dosing schedule. Survival was monitored for 30 days 
post-IR. Mice were randomly allocated into six groups 
(n = 10 per group): (1) Control, (2) γ-ray only, (3) γ-ray 
+ Amifostine (100 mg/kg), (4) γ-ray + Se-Cy4 (0.5 
mg/kg), (5) γ-ray + Se-Cy4 (10 mg/kg), and (6) γ-ray 
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+ Se-Cy4 (20 mg/kg). Body weights were measured 
throughout the 30-day observation period. 

For radiation-induced liver injury, mice were 
randomly assigned to four groups (n = 10 per group): 
(1) Control, (2) 60Co γ-ray, (3) 60Co γ-ray + Amifostine, 
and (4) 60Co γ-ray + Se-Cy4. Mice in the treatment 
groups received intraperitoneal administration of 
Amifostine or Se-Cy4 (20 mg/kg) 24 hours before 
irradiation, followed by once every 3 days for a total 
duration of 7 days. Local abdominal irradiation was 
performed with a single 15 Gy dose of 60Co γ-rays. At 
the end of the experimental period, mice were 
euthanized under deep anesthesia, and blood samples 
were collected for hematological and biochemical 
analyses. Livers and other major organs were excised 
for histopathological and molecular evaluations. 

Statistical analysis 

Data are expressed as the mean ±  standard 
deviation (SD), unless stated otherwise. Statistical 
analysis was performed using GraphPad Prism 9.0 
(GraphPad Software, USA). For comparisons 
involving multiple groups, one-way analysis of 
variance (ANOVA) followed by Tukey's post hoc test 
was conducted. A P-value of less than 0.05 was 
considered statistically significant. 

Results 
Design, synthesis, and characterization of 
Se-Cys derivatives 

In our previous work, heptamethine cyanine 
dyes with lipophilic cationic properties can 
preferentially accumulate in mitochondria [20-23]. 
Thus, selenium-substituted heptamethine cyanine 
derivatives (Se-Cys) were synthesized in this work. By 
tuning physicochemical properties, including varied 
lipophilicity and reactive activity towards ROS, 
mono-substitution and di-substitution of selenium 
were incorporated into this mitochondria-targeting 
scaffold to yield Se-Cys derivatives, Se-Cy1, Se-Cy2, 
Se-Cy3, Se-Cy4, Se-Cy5 (Figure 1A and Figure S1). 
The structures of all Se-Cys derivatives were 
confirmed by 1H NMR and HRMS characterization 
(Figure S2–S12). All derivatives exhibited absorption 
and emission peaks within the NIR range (700 nm - 
900 nm) in methanol Figure 1B-C), which is 
advantageous for in vivo NIR imaging [24]. However, 
except for Se-Cy1, the other four derivatives (Se-Cy2 - 
Se-Cy5) showed weak absorption and nearly 
undetectable fluorescence emission in aqueous 
solutions (Figure 1D-E). This behavior was likely due 
to their high hydrophilicity, which induces 
aggregation in aqueous environments and leads to 
aggregation-induced fluorescence quenching [25]. 

Next, SwissADME software was used to 
calculate the physicochemical properties of the Se-Cys 
derivatives, including molecular weight (MW), 
rotatable bonds, numbers of hydrogen bond acceptors 
(HBA) and donors (HBD), topological polar surface 
area (TPSA), and oil-water partition coefficient (Log 
Po/w). The dispersed charge densities of Se-Cys 
derivatives might also offer significant differences in 
their lipophilic−hydrophilic properties and 
eletrophilicity (Figure 1F). Additionally, the 
disubstituted derivatives Se-Cy2 and Se-Cy4 both 
exhibited the highest theoretical TPSA values (135.51) 
among these five molecules (Figure 1G), suggesting a 
highly polar surface. Besides, the derivatives Se-Cy2 
and Se-Cy4 with larger molecular weight showed 
higher Log P values (14.94 and 13.06, respectively), 
while Se-Cy1 with the smallest molecular weight 
exhibited the lowest Log P value (7.96). The MW, 
TPSA, and Log P of mono-substituted or 
di-substituted derivatives exhibited a regular and 
discrete distribution pattern (Figure 1H), indicating 
their distinctive pharmacokinetic profiles [26]. Thus, 
Se-Cys derivatives were synthesized with varied 
physicochemical properties, providing candidates for 
the screening evaluation of ROS scavenging, 
mitochondrial targeting, and radiopretective abilities.  

ROS reactive ability and ROS-responsive 
fluorescence change of Se-Cys 

To assess the reactivity of Se-Cys derivatives 
towards ROS, their spectral changes were measured 
at varying hydrogen peroxide (H2O2) concentrations. 
The fluorescence intensity of Se-Cy1 decreased with 
increasing H2O2 concentrations (Figure 2A and Figure 
S13A-B). In contrast, the other four Se-Cys derivatives 
(Se-Cy2 - Se-Cy5) exhibited increasing fluorescence 
with rising H2O2 concentrations in aqueous solution 
(Figure 2B-E and Figure S13C-J). Among them, 
Se-Cy4 exhibited the most significant fluorescence 
enhancement (11-fold) over a wide range of H2O2 
concentrations (Figure 2F), indicating its high ROS 
reactivity and suitability as a NIR fluorescent probe 
for ROS detection. In addition to H2O2, IR can 
generate multiple ROS species, particularly hydroxyl 
radicals (·OH) and superoxide anions (O2·⁻). 
Additional electron spin resonance (ESR) experiments 
were therefore performed to further evaluate the 
ROS-scavenging capacity of Se-Cy4. Consistent with 
this, Se-Cy4 markedly attenuated the ESR signal 
intensities of both O2·⁻ and ·OH compared with the 
control group (Figure S14), confirming its effective 
scavenging activity toward multiple ROS species. In 
addition, the selectivity and anti-interference 
performance of Se-Cy4 were examined under 
complex in vitro conditions. Se-Cy4 displayed a strong 
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fluorescence response to H2O2, but negligible 
responses to various biologically relevant amino 
acids, thiols, and metal ions (Figure S15), 
demonstrating its high selectivity and good 
anti-interference capability for ROS detection. The 
ROS-responsive fluorescence of Se-Cy4 was further 
visualized using an in vivo NIR fluorescence imaging 
system (Figure 2G). Together, these results 
demonstrate that Se-Cys derivatives, particularly 
Se-Cy4, possess both ROS-scavenging activity and 
ROS-responsive fluorescence enhancement. 

To investigate the mechanism of ROS-responsive 
fluorescence enhancement, HRMS analysis was 
conducted to detect structural changes after Se-Cy4 
reacted to H2O2. The molecular ion peak of Se-Cy4 
and several fragment ion peaks (IM-3, IM-4, IM-5, 
IM-6) were observed in the mixture with H2O2 (Figure 

2H), supporting Se-Cy4's reactivity with H2O2 and 
subsequent selenium release through multistep 
reactions (Figure 2I). In this process, selenium atoms 
in Se-Cy4 are first oxidized by H2O2 to form 
intermediate IM-127 [27]. The resonance-stabilized 
cyclic intermediate IM-2 undergoes an elimination 
reaction, producing key intermediates IM-3 and IM-5 
[28]. Subsequently, the intermediate IM-3 undergoes 
further oxidation and cleavage to afford IM-4 [29]. 
Finally, intermediate IM-5 undergoes an elimination 
reaction to yield IM-6, accompanied by the release of 
HSeOH, which serves as a potential selenium source 
for selenoprotein synthesis [30]. Combining with ROS 
clearance as exogenous antioxidants, the synthetic 
selenoproteins may activate endogenous antioxidant 
pathways, collectively alleviating oxidative damage 
induced by ionizing radiation. 

 

 
Scheme 1. Schematic illustration of Se-Cys derivatives as mitochondria-targeted theranostic radioprotectors. Excessive ROS triggers deselenization of 
selenium-substituted heptamethine cyanine derivatives (Se-Cys), converting weakly fluorescent selenium-containing structures into strongly fluorescent non-selenium cyanines 
and releasing bioavailable selenium, while Se-Cy4 accumulates in mitochondria, enhances selenoprotein-mediated antioxidant defense, preserves mitochondrial redox 
homeostasis and activates the Keap1–Nrf2 pathway to mitigate radiation-induced liver injury. 
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Figure 1. The structures of Se-Cys derivatives and their corresponding physicochemical properties. (A) Chemical structures of Se-Cys derivatives with a 
mitochondria-targeting scaffold (colored). (B) UV-vis absorption spectra and (C) fluorescence emission spectra of Se-Cys derivatives in methanol solution. (D) UV-vis 
absorption spectra and (E) fluorescence emission spectra of Se-Cys derivatives in PBS solution. (F) Optimized structures and corresponding total charge densities of Se-Cy1, 
Se-Cy2, Se-Cy3, Se-Cy4, and Se-Cy5. (G) The physicochemical and optical properties of Se-Cys derivatives. The maximum absorption wavelength (λAbs), molar extinction 
coefficient (ε), and maximum emission wavelength (λEm) were obtained from Figure 1B and C. (H) The relationship between MW, TPSA and Log Po/w of Se-Cys derivatives. 
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Figure 2. ROS reactivity and fluorescent changes of Se-Cys derivatives toward H2O2. (A-E) Fluorescence intensity changes at maximum emission wavelength (740 
nm) before and after reaction with H2O2. (F) The fluorescence enhanced folds of Se-Cys derivatives at 0 min (before) and 10 min (after) incubated with different concentrations 
of H2O2 in aqueous solution. (G) Near-infrared imaging of Se-Cy4 towards different concentrations (0-200 μM) of H2O2 in aqueous solutions. (H) HRMS analysis of Se-Cy4 and 
H2O2 mixture. (I) The proposed reaction mechanism of Se-Cy4 towards H2O2 and process of deselenation. 
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DFT calculations and proposed mechanisms 
for fluorescence enhancement 

DFT calculations were performed to evaluate the 
optimized structures and electrostatic potentials of 
Se-Cy4 and its fragments (IM-1 to IM-6, Figure S16), 
providing insights into the different reactivity and 
fluorescence enhancement mechanisms towards ROS. 
In the selenium-containing ROS reaction center of 
Se-Cy4, the bond lengths of selenium-carbon bonds 
(Se70-C71 and Se42-C43) are significantly longer than 
those of the adjacent carbon-carbon (C-C) bonds, 
carbon-nitrogen (C-N) bonds, carbon-oxygen (C-O) 
single bonds, and C-O double (C=O) bonds (Figure 
3A-B). However, longer bond lengths usually suggest 
lower bond energy and higher reactivity. The 
electrostatic potential is generally considered 
predictive of chemical reactivity, as regions with 
positive and negative potential are typically 
associated with electrophilic and nucleophilic attack 
sites [31, 32]. Owing to significant steric hindrance 
from adjacent atoms, the positively charged C49 and 
C77 atoms are hardly attacked by nucleophilic H2O2 

(Figure 3C). In contrast, due to the negligible steric 
hindrance and unfilled valence electron shells of 
selenium atoms (Figure 3D), the Se42 and Se70 atoms 
of Se-Cy4 with weak negative potential are more 
susceptible to nucleophilic attack by H2O2, resulting 
in their oxidation and the formation of intermediate 
IM-1 (Figure 3E). Moreover, for cyanine scaffold 
compounds (Se-Cy4 and IM-1 - IM-3), the electron 
clouds of HOMO and LUMO molecular orbitals are 
both distributed throughout the cyanine skeleton 
(Figure 3F and Figure S17A). In contrast to IM-1- 
IM-3, the electron clouds of Se-Cy4 located on 
HOMO-1 molecular orbital are completely 
concentrated on the side chain rather than the cyanine 
skeleton. Under fluorescence excitation, photonic 
energy is absorbed by the electrons in the molecule, 
causing the electrons to transition from the ground 
electronic state (S0) to higher excited electronic states 
(S1 - Sn), thereby generating fluorescence emission 
(Figure 3G). Therefore, the higher electron cloud 
density on cyanine fluorophore tends to promote 
stronger fluorescence emission [33, 34], offering a 
reasonable explanation for the fluorescence increase 
upon H2O2 stimulation. Most importantly, compared 
to IM-4 – IM-6, the narrower HOMO-LUMO energy 
gaps of Se-Cy4 and IM-1 – IM-3 may be beneficial to 
be attacked by nucleophilic species such as ROS 
(Figure S17B) [35]. Furthermore, the calculated high 
electrophilicity index (ω) values and low 
nucleophilicity index (N) values of Se-Cy4, IM-1 and 
IM-3 also offer a theoretical foundation for high ROS 
reactivity (Figure 3H and Table S1) [36, 37]. 

Se-Cy4 mitigates radiation-induced cellular 
damage 

The cytotoxicity of Se-Cys derivatives was 
assessed in L-02 liver cells using the CCK-8 assay. As 
shown in Figure S18, Se-Cy1 displayed obvious 
concentration-dependent cytotoxicity, with cell 
viability decreasing to 55.1% at 10 μM. By contrast, 
Se-Cy2, Se-Cy3, Se-Cy4, and Se-Cy5 exhibited 
minimal cytotoxicity over the tested concentration 
range and remained well tolerated even at 10 μM. The 
observed differences in cytotoxicity may be related to 
variations in physicochemical properties, such as 
LogP, polarity, molecular size, and structural 
flexibility, which could influence cellular uptake and 
intracellular interactions. Therefore, Se-Cy2–Se-Cy5 at 
2.5 μM were selected for subsequent biological 
studies. 

To investigate their radioprotective potential, 
Se-Cys derivatives were tested in L-02 cells exposed to 
60Co γ-radiation. As illustrated in Figure 4A–F, cell 
viability decreased in a dose-dependent manner 
within 48 h post-IR, with survival rates of 86.0%, 
70.9%, 67.7%, and 59.2% at 4, 6, 8, and 10 Gy, 
respectively. Pretreatment with Se-Cy2, Se-Cy4, and 
Se-Cy5 markedly improved cell survival, among 
which Se-Cy4 provided the most pronounced 
protection. Specifically, Se-Cy4 increased viability by 
by 18.7% at 72 h (Figure S19) compared with 10 Gy 
irradiated controls. Additional assays, including EdU 
incorporation (Figure 4G-H), colony formation 
(Figure 4I), and Calcein-AM/PI double staining 
(Figure S20), further confirmed that Se-Cy4 most 
effectively restored cell proliferation and survival 
following IR. Consistent with these observations, 
apoptosis analysis (Figure S21) revealed a marked 
reduction after Se-Cys pretreatment, with Se-Cy4 
outperforming even amifostine. Given that IR 
predominantly induces DNA double-strand breaks 
(DSBs), either directly or through ROS-mediated 
damage, thereby activating the DNA damage 
response (DDR) to initiate cell-cycle arrest and repair, 
we further evaluated oxidative and genotoxic stress. 
DCFH-DA staining revealed marked ROS 
accumulation in irradiated cells, whereas 
pretreatment with Se-Cys derivatives substantially 
suppressed ROS generation (Figure 4J and Figure 
S22)—comparable to the effect of amifostine, a 
clinically approved radioprotective agent. Among the 
derivatives, Se-Cy4 exhibited the strongest 
antioxidant activity, nearly eliminating the 
IR-induced ROS signal. Immunofluorescence analysis 
of γ-H2AX, a marker of DSBs, showed extensive 
nuclear foci formation following IR, while 
pretreatment with Se-Cys derivatives significantly 
reduced γ-H2AX intensity and foci number (Figure 
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4K and Figure S23). Notably, Se-Cy4 nearly restored 
nuclear morphology to that of untreated controls, 
indicating robust protection against IR-induced DNA 
damage. 

Since IR-induced DNA double-strand breaks can 
trigger DNA damage–dependent checkpoints, we 
next examined whether Se-Cys derivatives mitigate 
the resulting cell-cycle arrest. As indicated in Figure 
S24, 10 Gy IR induced a strong G2/M arrest, 
increasing the G2/M population from 5.98% in 

controls to 55.54%. Pretreatment with Se-Cy4 or 
Se-Cy5 substantially alleviated this arrest, reducing 
the G2/M fraction to 27.16% and 27.18%, 
respectively—representing a 1.9-fold decrease relative 
to IR alone. Collectively, these results demonstrate 
that Se-Cy4 provides potent radioprotection in L-02 
cells by suppressing ROS accumulation, alleviating 
DNA damage, maintaining normal cell-cycle 
progression, and enhancing overall cell survival 
following IR. 

 
 

 
Figure 3. DFT calculations of Se-Cy4 and its corresponding products after reacted to H2O2. Optimized structure (A), bond lengths (B), and Mulliken charges (C) 
of Se-Cy4. (D) The schematic diagram of electron configuration of selenium atom. (E) The electrostatic potential maps of Se-Cy4 and IM-1. (F) Frontier molecular orbitals of 
Se-Cy4, IM-1 and IM-3. (G) Schematic illustrating the principle of fluorescence emission. (H) Quantum chemical parameters of Se-Cy4, IM-1 and IM-3. Parameters: lowest 
unoccupied molecular orbital (ELUMO), highest occupied molecular orbital (EHOMO), energy gap between ELUMO and EHOMO (ΔELUMO-HOMO), electrophilicity index (ω), nucleophilicity 
index (N). 
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Figure 4. Se-Cys derivatives guard L-02 cells from IR-induced damage. (A–E) Cell viability of L-02 cells at 48 h after treated with a series of Se-Cys derivatives (Se-Cy1 
to Se-Cy5, 2.5 μM) under different doses of IR (0-10 Gy). (F) Comparative radioprotective efficacy of Se-Cys derivatives against 10 Gy IR. Representative images (G) and 
quantification (H) of EdU proliferation assays showing the effects of Se-Cys derivatives on cell proliferation after IR. Scale bars, 100 μm. (I) Colony formation assay evaluating the 
clonogenic survival of irradiated cells following treatment with Se-Cys derivatives or amifostine. (J) Intracellular ROS levels detected by DCFH-DA staining in each group. Scale 
bars, 100 μm. (K) Immunofluorescence analysis of phosphorylated γ-H2AX foci in each group. Scale bars, 50 μm. Data are presented as mean ± SD. Statistical significance was 
determined using one-way ANOVA followed by Tukey’s post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001. 
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Se-Cys guard mitochondria from 
radiation-induced damage  

Given that these Se-Cys derivatives retain the 
mitochondria-targeting scaffold, we further 
investigated their mitochondrial targeting ability. The 
results revealed that the red fluorescence from Se-Cys 
and the green fluorescence from Mito-Tracker 
co-localized to a significant extent, producing an 
orange signal (Figure 5A and Figure S25A), 
indicating specific localization within the 
mitochondria. Additionally, the Pearson’s correlation 
coefficients for Se-Cy2, Se-Cy4, and Se-Cy5 were 0.86, 
0.87, and 0.82, respectively (Figure 5B and Figure S25 
B-D), further confirming the specific mitochondrial 
localization of these derivatives. Importantly, Se-Cy4 
maintained strong colocalization with Mito-Tracker in 
irradiated liver cells (Figure S26), with a high 
Pearson’s correlation coefficient further confirming 
that its mitochondrial targeting and retention ability 
was not significantly affected by IR. 

IR is known to trigger excessive mitochondrial 
ROS (mtROS) generation, thereby perturbing cellular 
redox balance and promoting oxidative damage. As 
expected, exposure to IR resulted in a significant 
increase in mtROS fluorescence intensity. However, 
pretreatment with Se-Cys derivatives, especially 
Se-Cy4, effectively suppressed this increase (Figure 
5C and Figure S27). This indicates that Se-Cys 
derivatives possess potent ROS-scavenging capacity 
within mitochondria, comparable to surpassing that 
of the clinical radioprotector amifostine. Intracellular 
Ca²⁺ homeostasis is another critical determinant of 
mitochondrial stability. Following IR, a pronounced 
calcium overload was observed via Fluo-4 AM 
staining (Figure 5D and Figure S28), consistent with 
previous findings that IR impairs calcium pump 
function and promotes mitochondrial permeability 
transition. Notably, Se-Cys pretreatment markedly 
alleviated Ca²⁺ accumulation, suggesting that these 
compounds may stabilize calcium transport and 
prevent IR-induced mitochondrial dysfunction. MMP 
serves as a key indicator of mitochondrial integrity. In 
irradiated cells, JC-1 staining revealed a dramatic shift 
from red to green fluorescence, corresponding to 
depolarization of MMP (Figure 5E and Figure S29). 
However, Se-Cy4 pretreatment largely preserved 
MMP, maintaining a red-dominant fluorescence 
pattern similar to that of the control group. This 
protection implies that Se-Cys derivatives safeguard 
the electron transport chain and sustain 
mitochondrial bioenergetic function under oxidative 
stress. Given the close link between intracellular pH 
homeostasis and cellular stress responses [38], 
intracellular pH-related fluorescence was further 
assessed in irradiated liver cells. IR markedly reduced 

the pH-sensitive fluorescence signal, indicating 
intracellular acidification, whereas pretreatment with 
amifostine or Se-Cys derivatives significantly 
alleviated this decrease (Figure S30), suggesting that 
these Se-Cys derivatives help preserve intracellular 
pH homeostasis under IR-induced oxidative stress. 
Transmission electron microscopy provided 
ultrastructural confirmation of these findings (Figure 
5F). IR exposure induced severe mitochondrial 
swelling, cristae fragmentation, and outer membrane 
rupture, all of which are hallmarks of mitochondrial 
injury. Amifostine pretreatment partially mitigated 
these structural abnormalities, whereas Se-Cy4 
offered more pronounced protection, maintaining 
intact membranes and well-defined cristae. These 
morphological improvements highlight the superior 
mitochondrial-preserving efficacy of Se-Cy4.  

Biochemical analyses further substantiated these 
protective effects. Se-Cy4 treatment significantly 
increased mitochondrial content and enhanced the 
activities of key antioxidant enzymes, including 
glutathione peroxidase (GPX) and superoxide 
dismutase (SOD) (Figure 5G-H). To further evaluate 
the protective effect of Se-Cy4 against IR-induced 
lipid peroxidation, Liperfluo staining (Figure S31) 
and malondialdehyde (MDA) analysis (Figure 5I) 
were performed in irradiated cells. Both assays 
showed that IR exposure markedly increased lipid 
oxidative damage, as evidenced by enhanced 
Liperfluo fluorescence and elevated MDA levels, 
whereas pretreatment with either amifostine or 
Se-Cy4 significantly attenuated these changes. 
Moreover, Se-Cy4 restored intracellular ATP levels 
and increased mitochondrial Se content (Figure 5J 
and Figure S32). Taken together, these results 
demonstrate that Se-Cys derivatives, especially 
Se-Cy4, effectively target mitochondria, increase 
mitochondrial Se content, and protect against 
IR-induced mitochondrial oxidative damage and 
dysfunction.  

Se-Cy4 enables sensitive imaging of RILI 
Early detection of RILI is crucial for timely 

treatment, and developing molecular probes to 
sensitively detect early oxidative stress and metabolic 
changes is essential, as conventional imaging and 
biochemical indicators lack the necessary sensitivity 
and specificity. Se-Cy4 was selected as the optimal 
candidate for in vivo imaging in both healthy and RILI 
mice (Figure 6A-B). As expected, strong NIR 
fluorescence signals were predominantly localized in 
the liver, emerging earlier and more intensely in RILI 
mice compared with normal controls (Figure 6C-D). 
Consistently, quantitative analysis of fluorescence 
intensity over time further confirmed this trend, with 
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a pronounced and prolonged fluorescence peak in the 
RILI group (Figure 6E-F). The enhanced fluorescence 
in RILI mice likely results from two mechanisms: 
increased hepatic ROS levels from IR that activate 
Se-Cy4, and impaired metabolic clearance due to 
hepatic dysfunction, causing delayed excretion and 
prolonged signal retention. This fluorescence 

enhancement could serve as an early indicator of liver 
damage, aiding timely RILI diagnosis and 
intervention. Once RILI is treated and liver function 
recovers, the fluorescence pattern will return to 
normal, helping prevent overuse of antioxidants. 
Thus, Se-Cy4's imaging ability is valuable for both 
early diagnosis and therapeutic monitoring of RILI. 

 

 
Figure 5. Se-Cys derivatives protect against radiation-induced mitochondrial dysfunction in L-02 cells. (A) Confocal fluorescence images showing the 
co-localization of Se-Cys derivatives (Se-Cy4, red) with MitoTracker (green). Scale bars, 50 μm. (B) Line profile analyses and Pearson’s correlation coefficients (PCC) quantifying 
mitochondrial co-localization of Se-Cy4. (C) Mitochondrial reactive oxygen species (mtROS) level detected by MitoSOX™ Red staining in each group. (D) Intracellular Ca²⁺ 
levels measured with Fluo-4 AM probe in each group. (E) MMP assessed by JC-1 staining in each group, showing green fluorescence for monomers and red fluorescence for 
aggregates. (F) TEM images showing mitochondrial ultrastructure in each group, boxed areas are enlarged below. Scale bars, 500 nm. (G–J) Quantification of cellular antioxidant 
and metabolic parameters in each group, including GPx activity (G), SOD activity (H), MDA content (I), and intracellular ATP levels (J). Data are presented as mean ± SD. 
Statistical significance was determined using one-way ANOVA followed by Tukey’s post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001. 
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Figure 6. Se-Cy4 enables near-infrared fluorescent imaging of radiation-induced liver injury in vivo. (A) Schematic illustration of the experimental design showing 
abdominal IR (15 Gy) administered 7 days before Se-Cy4 injection, followed by in vivo and ex vivo NIR fluorescent imaging at the indicated time points. (B) Representative 
H&E-stained liver sections from normal and RILI mice showing radiation-induced histopathological alterations. Scale bars, 100 μm. (C) In vivo NIR fluorescence images of normal 
and RILI mice at 5 min to 72 h after Se-Cy4 injection. (D) Ex vivo NIR fluorescence imaging of major organs collected from normal and RILI mice at corresponding time points. 
H: Heart, L: Liver, S: Spleen, Lu: Lung, K: Kidney, I: Intestine. (E-F) Quantitative fluorescence intensity analysis of Se-Cy4 distribution in the whole body and liver, respectively. 

 
Se-Cy4 exhibits potent systemic and hepatic 
radioprotection via selenium-dependent 
antioxidant mechanisms 

Next, the in vivo radioprotective efficacy of 
Se-Cy4 was first evaluated in a lethal whole-body IR 
(7 Gy) mouse model (Figure 7A). Survival analysis 
showed that all mice in the IR group died within nine 

days, while Se-Cy4 treatment improved survival in a 
dose-dependent manner. Low- and medium-doses 
offered limited protection, whereas high-dose Se-Cy4 
increased survival to 80% at day 30, comparable to or 
exceeding amifostine (Figure 7B). Additionally, 
Se-Cy4 effectively reduced IR-induced body weight 
loss (Figure 7C), further confirming its potent 
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radioprotective effects. Encouraged by these systemic 
protective effects, we investigated organ-level 
radioprotection using a RILI mouse model with 
localized abdominal irradiation (Figure 7D). Serum 
biochemical markers of liver injury (ALT, AST, and 
ALP) were significantly elevated in the IR group, 
indicating severe hepatic damage. Se-Cy4 treatment 
markedly reduced these levels, with ALT and ALP 
returning to near-normal values, and AST levels 
significantly decreasing (Figure 7E-G), demonstrating 
its strong hepatoprotective effect. Histopathological 
examination revealed severe hepatic injury in the IR 
group, including inflammation and necrosis. In 
contrast, both amifostine and Se-Cy4 treatments 
alleviated these changes, with Se-Cy4-treated livers 
showing near-normal architecture similar to controls 
(Figure 7H). Furthermore, immunofluorescence 
staining of BAX and BCL-2 confirmed that Se-Cy4 
effectively protected hepatocytes from IR-induced 
apoptosis, as evidenced by decreased pro-apoptotic 
BAX and enhanced anti-apoptotic BCL-2 expression 
(Figure S33). Consistently, TUNEL staining showed 
that irradiation markedly increased hepatocyte 
apoptosis in liver tissue, while Se-Cy4 treatment 
significantly reduced the number of TUNEL-positive 
cells compared with the IR group. Quantitative 
analysis demonstrated that the apoptotic rate was 
significantly reduced by Se-Cy4, to a level comparable 
with amifostine., supporting the protective effect of 
Se-Cy4 against RILI (Figure S34). Although RILI 
primarily manifests as hepatic parenchymal and 
endothelial injury, increasing evidence indicates that 
RILI can also exert secondary effects on the 
hematopoietic system through inflammatory 
signaling, cytokine release, and systemic oxidative 
stress. To further evaluate whether localized hepatic 
IR influences hematopoietic homeostasis, peripheral 
blood parameters were analyzed in the RILI model. 
Localized abdominal irradiation led to a marked 
reduction in white blood cell (WBC) and platelet 
(PLT) counts compared with the control group 
(Figure S35), suggesting that hepatic IR–induced 
injury and inflammation may contribute to 
hematopoietic suppression. In contrast, Se-Cy4 
treatment significantly alleviated these reductions, 
restoring WBC and PLT levels toward normal values. 
Notably, Se-Cy4 exhibited a stronger recovery effect 
than amifostine, indicating superior protection 
against irradiation-associated hematopoietic damage. 
Red blood cell (RBC) counts and hemoglobin (HGB) 
levels remained largely unchanged among the 
groups, implying that erythropoiesis was less affected 
under localized radiation conditions. Collectively, 
these findings indicate that Se-Cy4 not only protects 

hepatic tissue from IR injury but also alleviates 
IR-associated hematopoietic suppression, further 
supporting its potent systemic radioprotective 
efficacy in the RILI model. 

Since oxidative stress plays a pivotal role in RILI, 
we next evaluated the hepatic antioxidant defense 
system by measuring the activities of key antioxidant 
enzymes, including GPX and SOD. IR exposure 
resulted in a decrease in the activities of both SOD and 
GPX compared to the control group, accompanied by 
a significant elevation in MDA levels (Figure 7I-L), 
indicating significant oxidative damage. In contrast, 
Se-Cy4 treatment significantly restored the activities 
of these enzymes, surpassing even those observed in 
the amifostine-treated group. Notably, Se-Cy4 
markedly enhanced GPX activity, even surpassing 
control levels, suggesting potentiation of the 
glutathione-dependent antioxidant pathway beyond 
physiological conditions. Given its stronger effect on 
GPX than on SOD, we next analyzed the expression of 
key glutathione peroxidase isoforms (GPX1, GPX2, 
and GPX4) to clarify the underlying mechanisms. As 
illustrated in Figure 7N-O, Se-Cy4 treatment restored 
GPX enzymatic activity, with GPX1 and GPX2 
showing levels exceeding those in the IR group and 
approaching or slightly surpassing control levels. 
GPX4 expression was also moderately increased 
compared with IR, consistent with the observed 
enzymatic activity. Considering that selenium is 
essential for GPX synthesis and that Se-Cy4 was 
previously shown to undergo de-selenization under 
oxidative stress, we next investigated its effect on 
hepatic selenium homeostasis. The IR group exhibited 
a slight decrease in hepatic Se concentration 
compared with the control group (Figure 7M), 
suggesting IR-induced selenium depletion. In 
contrast, Se-Cy4 administration significantly elevated 
hepatic Se levels—the highest among all 
groups—indicating efficient selenium delivery and 
retention in the liver. Because selenoproteins such as 
SELS require selenium for their synthesis and 
antioxidant function, we further examined the 
expression of SELS to assess selenium-dependent 
biological responses. As shown in Figure 7N-O, SELS 
expression was slightly affected by IR compared with 
the control group, with no statistically significant 
decrease. Treatment with Se-Cy4 produced a modest 
increase in SELS levels, exceeding control levels. 
Collectively, these findings demonstrate that Se-Cy4 
replenishes hepatic selenium, enhances GPX activity, 
and upregulates SELS expression, jointly reinforcing 
selenium-dependent antioxidant defenses against 
RILI. 
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Figure 7. Se-Cy4 protects against IR–induced systemic injury and liver damage in mice. (A) Schematic illustration of the experimental design showing Se-Cy4 
administration and whole-body IR (7 Gy), followed by survival observation. (B) Survival curves of mice after irradiation with or without Se-Cy4 or amifostine treatment (n = 10 
per group). (C) Changes in body weight after irradiation with or without Se-Cy4 or amifostine treatment (n = 10 per group). (D) Schematic representation of the experimental 
design for Se-Cy4 administration and abdominal IR (15 Gy), followed by sample collection and analysis. (E–G) Serum levels of ALT, AST, and ALP in each group at 7 days 
post-radiation (n = 5 per group). (H) Representative H&E-stained liver sections showing histopathological alterations in each group; red arrows indicate areas of necrosis and 
cellular damage. Scale bars, 200 μm (upper) and 100 μm (lower). (I-M) Quantification of superoxide dismutase (SOD) activity, glutathione peroxidase (GPx) activity, 
malondialdehyde (MDA) levels and hepatic selenium content at 7 days after IR (n = 3 per group). (N) Western blot analysis of hepatic antioxidant proteins (GPX1, GPX2, GPX4, 
and SELS) in control, IR, and IR + Se-Cy4 groups. GAPDH served as the loading control. (O) Quantification of relative protein expression levels corresponding to panel L. Data 
are expressed as mean ± SD. Statistical significance was determined by one-way ANOVA followed by Tukey’s post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001. 
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Nrf2 activation is required for Se-Cy4–induced 
antioxidant enhancement and radioprotection 

Building on the in vivo findings, transcriptomic 
analysis was performed to further elucidate the 
molecular mechanisms underlying the 
radioprotective effects of Se-Cy4. Differential gene 
expression analysis revealed pronounced 
transcriptional changes between the IR and Se-Cy4 + 
IR groups, with 783 genes upregulated and 62 
downregulated following Se-Cy4 treatment (Figure 
8A). Notably, several key genes highlighted in the 
heatmap (Figure 8B)—such as CYCS, TXNIP, HSPD1, 
PRDX1, VDAC1, and TOMM20—are closely 
associated with mitochondrial structure and function. 
Among them, CYCS (cytochrome c) and VDAC1 
(voltage-dependent anion channel 1) are crucial 
regulators of mitochondrial outer membrane 
permeability and apoptosis, whereas HSPD1 (HSP60) 
and TOMM20 participate in mitochondrial protein 
folding and import. In addition, TXNIP and PRDX1 
are central modulators of redox balance within the 
mitochondrial matrix. Se-Cy4 treatment reversed the 
radiation-induced dysregulation of these 
mitochondrial genes, restoring expression patterns 
toward normal levels. This transcriptional 
reprogramming suggests that Se-Cy4 preserves 
mitochondrial integrity, mitigates oxidative stress, 
and stabilizes energy metabolism in irradiated hepatic 
tissue. GO enrichment analysis further indicated that 
the differentially expressed genes were mainly 
involved in oxidative stress–related biological 
processes, including response to reactive oxygen species, 
response to oxidative stress, and response to decreased 
oxygen levels (Figure 8C). Consistently, pathway 
enrichment analysis revealed several signaling 
pathways modulated by Se-Cy4, such as the p53 
signaling pathway, IL-17 signaling pathway, and 
pathways related to lipid metabolism and atherosclerosis, 
all of which are tightly linked to oxidative stress 
regulation, DNA repair, and inflammatory responses 
(Figure 8D). Overall, these results indicate that 
Se-Cy4 protects against RILI by maintaining 
mitochondrial homeostasis and regulating oxidative 
stress–associated signaling cascades. 

To validate the transcriptomic findings and 
further elucidate the protective effects of Se-Cy4 on 
mitochondrial homeostasis, we examined the 
expression of several key mitochondrial proteins, 
including VDAC1, MFN1, MFN2, GPX4, and 
TOMM20 (Figure 8E and Figure S36A-E). Compared 
with the control group, IR exposure modestly 
increased VDAC1 levels and led to a slight reduction 
in MFN1, MFN2, and TOMM20, suggesting mild 
perturbation of mitochondrial membrane integrity, 

fusion dynamics, and protein import. GPX4 
expression was notably upregulated in the IR group, 
potentially reflecting a compensatory response to 
oxidative stress. In contrast, Se-Cy4 treatment largely 
reversed these IR-induced alterations. In the Se-Cy4 + 
IR group, VDAC1 levels returned toward control, 
MFN1 and MFN2 expression was restored, GPX4 
levels increased, and TOMM20 expression recovered. 
These results indicate that Se-Cy4 contributes to the 
maintenance of mitochondrial structure and function 
under IR-induced stress, supporting its role in 
preserving mitochondrial homeostasis. 

Given that IR-induced mitochondrial 
dysfunction activates intrinsic apoptosis, we 
examined key apoptosis-related proteins to see if 
Se-Cy4 modulates this pathway. IR increased 
pro-apoptotic BAX and decreased anti-apoptotic 
BCL-2 compared to controls. Se-Cy4 treatment 
reversed these changes, reducing BAX expression and 
restoring BCL-2 levels, shifting the BAX/BCL-2 
balance toward cell survival (Figure 8F and Figure 
S36F-H). Collectively, these protein expression 
changes are consistent with the transcriptomic results 
and further demonstrate that Se-Cy4 mitigates RILI 
by maintaining mitochondrial homeostasis and 
preventing the activation of mitochondrial-dependent 
apoptotic pathways. 

Building on the observation that Se-Cy4 
predominantly affects oxidative stress–related 
pathways, we further explored whether key 
antioxidant regulatory mechanisms were also 
involved. GSEA analysis revealed a significant 
enrichment of the Keap1–Nrf2 signaling pathway 
(NES = 1.723, FDR = 0.008), with Nrf2-responsive 
genes clustered toward the upregulated end of the 
ranked list (Figure 8G), indicating that Se-Cy4 
activates the Keap1–Nrf2 axis, a master regulator of 
cytoprotective and antioxidant responses. Under 
physiological conditions, Nrf2 remains sequestered in 
the cytoplasm through its interaction with Keap1. To 
investigate whether Se-Cy4 directly interferes with 
this interaction, molecular docking analysis was 
performed (Figure 8H). The results revealed that 
Se-Cy4 specifically binds to the critical Keap1 residues 
Arg380 and Arg415, which are essential for 
maintaining the structural stability of the Keap1–Nrf2 
complex. Se-Cy4 engages key binding sites on Keap1, 
thereby weakening the Keap1–Nrf2 interaction and 
promoting Nrf2 activation. Consistently, 
immunofluorescence revealed that Se-Cy4 restored 
IR-impaired nuclear Nrf2 accumulation, indicative of 
reactivated Nrf2-dependent antioxidant signaling. 
Compared with the IR group, cells treated with 
Se-Cy4 displayed a pronounced increase in nuclear 
Nrf2 fluorescence intensity, accompanied by a 
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reduction in cytoplasmic retention, further supporting 
the relief of Keap1-mediated repression (Figure S37). 
Similarly, Western blot analysis both in vitro and in 
vivo demonstrated a substantial decrease in Keap1 
protein levels, accompanied by enhanced stabilization 
of Nrf2 and markedly elevated expression of its 
downstream effector HO-1 in the Se-Cy4 + IR group 
relative to IR alone (Figure 8I, Figure S38 and Figure 
S39). The coordinated upregulation of Nrf2 and HO-1 
indicates that Se-Cy4 not only disrupts the Keap1–
Nrf2 complex but also robustly amplifies the 
downstream transcriptional antioxidant program. 
These findings further support the conclusion that 
Se-Cy4 reinforces cellular redox homeostasis by 
promoting NRF2 activation across multiple biological 
contexts. Notably, the selenium-related antioxidant 
enzymes GPX1, GPX2, GPX4, and SelS have been 
reported as direct or indirect transcriptional targets of 
Nrf2. Therefore, we further examined their expression 
at the cellular level. Consistent with the in vivo 
findings, the Se-Cy4 + IR group exhibited 
substantially increased GPX1 and GPX2 protein 
levels, while GPX4 expression remained stable and 
showed a further upward trend, and SELS levels were 
notably restored (Figure S40). This expression pattern 
closely parallels the activation of the Keap1–Nrf2 
pathway. To further investigate the involvement of 
the Keap1–Nrf2 axis in the radioprotective effects of 
Se-Cy4, we assessed the impact of the Nrf2-specific 
inhibitor ML385 on Se-Cy4–mediated cytoprotection. 
CCK-8 analysis revealed that the enhanced cell 
viability conferred by Se-Cy4 following IR exposure 
was markedly diminished upon ML385 treatment, 
indicating that inhibition of Nrf2 largely abolishes the 
protective effect of Se-Cy4 (Figure S41A). 
Consistently, dead staining further demonstrated a 
pronounced increase in PI-positive (dead) cells in the 
ML385 + Se-Cy4 + IR group compared with the 
Se-Cy4 + IR group, whereas Se-Cy4 alone 
substantially reduced IR-induced cell death to 
near-baseline levels (Figure S41B-C). The 
reappearance of extensive cell death upon Nrf2 
blockade strongly suggests that Nrf2 activation is 
indispensable for the radioprotective function of 
Se-Cy4. We next evaluated whether ML385 also 
affected the Se-Cy4–induced upregulation of Nrf2 and 
its downstream antioxidant enzyme GPX4. Western 
blot analysis showed that Se-Cy4 significantly 
increased Nrf2 protein stabilization following IR, 
whereas ML385 treatment effectively suppressed this 
upregulation (Figure 8J). A similar pattern was 
observed for GPX4: Se-Cy4 restored and further 
enhanced GPX4 expression after IR, while ML385 
markedly attenuated this increase (Figure 8J and 
Figure S42). Immunofluorescence staining 

corroborated the biochemical results. Se-Cy4 
promoted robust nuclear accumulation of Nrf2 and 
restored GPX4 expression at the cellular level, 
however, ML385 substantially impeded Nrf2 nuclear 
translocation and diminished GPX4 fluorescence 
intensity, thereby reversing the Se-Cy4–mediated 
antioxidant response (Figure S43-S44). Together, 
these results demonstrate that Se-Cy4 relies on Nrf2 
activation to elevate downstream antioxidant 
defenses, including GPX4, and that pharmacological 
inhibition of Nrf2 effectively negates both the 
signaling activation and the cytoprotective effects of 
Se-Cy4. 

Biosafety evaluation of Se-Cy4 
Given the potent radioprotective efficacy of 

Se-Cy4 demonstrated above, we next systematically 
evaluated its biosafety to ensure suitability for 
potential therapeutic applications. As shown in 
Figure S45, hemolysis assays confirmed excellent 
blood compatibility, with hemolysis rates remaining 
below 2% across all tested concentrations—well 
within the ISO 10993-5 safety threshold (<5%). The in 
vivo biocompatibility of Se-Cy4 was further examined 
in healthy BALB/c mice. Following repeated 
intravenous administrations (20 mg·kg⁻¹, once every 
three days for a total of five doses), histological 
analysis of major organs on day 31 revealed no 
detectable pathological abnormalities in the heart, 
liver, spleen, lung, or kidney compared with the 
control group (Figure S46). These findings 
collectively demonstrate the excellent systemic safety 
and biocompatibility of Se-Cy4, supporting its 
feasibility for further in vivo radioprotective and 
translational investigations. 

Discussion 
RILI remains a major challenge in 

nuclear-related exposure and radiotherapy because of 
the lack of organ-targeted radioprotectants, reliable 
early detection tools, and effective therapeutic 
strategies [39]. Existing radioprotectors suffer from 
several limitations, including poor selectivity for 
irradiated tissues, a reliance on nonspecific ROS 
scavenging with narrow therapeutic windows, and 
the absence of sensitive modalities for early diagnosis 
[40-42]. These shortcomings hinder timely 
intervention and can lead to excessive antioxidation 
and drug-related toxicity. The development of 
liver-selective contrast agents that enable 
noninvasive, real-time monitoring of RILI progression 
and therapeutic response would therefore be highly 
advantageous, enabling more precise treatment while 
minimizing adverse effects [43, 44].  
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Figure 8. Se-Cy4 maintains mitochondrial homeostasis and activates Keap1–Nrf2 signaling to mitigate irradiation-induced oxidative injury. (a) Volcano 
plot illustrating differentially expressed genes (DEGs) between the IR and Se-Cy4 + IR groups. (b) Heatmap of representative DEGs associated with mitochondrial structure, 
redox regulation, and apoptosis, comparing expression patterns across treatment groups. (c) Gene Ontology (GO) biological process enrichment analysis of DEGs, showing 
major biological pathways affected by IR and Se-Cy4 treatment. (d) KEGG pathway enrichment analysis highlighting the primary signaling pathways associated with the identified 
DEGs. (e) Western blot analysis of key mitochondrial homeostasis–related proteins, including VDAC1, MFN1, MFN2, GPX4, TOMM20 in each group. HSP60 served as the 
loading control. (f) Western blot analysis of apoptosis-associated proteins BAX and BCL-2 in the indicated groups. (g) Gene set enrichment analysis (GSEA) plot showing 
enrichment of the KEAP1–NRF2 signaling pathway in Se-Cy4 + IR samples compared with IR samples. (h) Molecular docking model illustrating the interaction between Se-Cy4 
and the Keap1 protein. (i) Western blot analysis of Keap1, Nrf2, and HO-1 expression across treatment groups, with β-actin as the loading control. (j) Western blot analysis of 
Nrf2 and GPX4 expression in control, IR, Se-Cy4 + IR, and ML385 + Se-Cy4 + IR groups. 
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In this context, we present Se-Cy4, a 
mitochondria-targeted, selenium-releasing 
heptamethine cyanine platform that integrates 
liver-selective accumulation, ROS-responsive NIR 
imaging, and radioprotection. Upon exposure to ROS, 
Se-Cy4 undergoes deselenization, releasing 
bioavailable selenium and generating an amplifying 
NIR fluorescence signal that reports oxidative stress 
in real time. Functionally, Se-Cy4 mitigates 
radiation-induced oxidative and mitochondrial 
damage, preserves mitochondrial bioenergetics, and 
improves survival in RILI models. Mechanistically, 
Se-Cy4 activates the Keap1–Nrf2 pathway, promotes 
the expression of key selenoproteins, and 
consequently strengthens intrinsic antioxidant 
defense systems. Unlike conventional 
radioprotectants, Se-Cy4 specifically targets liver 
mitochondria and simultaneously provides imaging 
and therapeutic functions, offering a dynamic 
monitoring approach during RILI management. 

Early diagnosis is crucial for effective 
intervention and management of RILI, however, the 
lack of reliable early biomarkers continues to impede 
timely detection [45]. Clinically, the diagnosis of RILI 
still relies mainly on its temporal association with 
radiotherapy, deterioration of liver function, 
biochemical abnormalities, and radiologic findings. 
Classic RILI is typically characterized by anicteric 
hepatomegaly, ascites, and elevated alkaline 
phosphatase, whereas non-classic RILI is more often 
defined by marked transaminase elevation and/or 
worsening of Child-Pugh score [46]. However, these 
criteria largely reflect downstream functional 
impairment rather than early molecular events, and in 
clinical practice they may be confounded by tumor 
progression, portal vein tumor thrombus, viral 
reactivation, or pre-existing cirrhosis [47]. Recent 
advances include the use of more objective liver 
reserve indicators, such as changes in the 
albumin-bilirubin score, and functional imaging 
approaches based on gadoxetic acid-enhanced MRI 
for assessing radiation-related liver injury [48, 49]. 
Nevertheless, clinically applicable early and specific 
biomarkers for RILI remain lacking. 

In this context, the theranostic strategy 
developed in our work may offer several advantages. 
First, it responds to oxidative stress, a key upstream 
event in RILI pathogenesis, enabling molecular-level 
visualization rather than relying solely on delayed 
structural or biochemical changes. Second, it 
integrates imaging and intervention into a single 
platform, allowing diagnosis and treatment to be 
more closely coupled. Similar integrated strategies 
have been reported in other liver injury settings, 
including hepatic ischemia-reperfusion injury and 

drug-induced liver injury [50, 51]. Third, compared 
with these previously reported systems, our design is 
tailored to the irradiation-associated oxidative 
microenvironment and may therefore be more 
suitable for studying and potentially managing RILI. 
Collectively, these findings suggest that 
ROS-responsive theranostic agents may complement 
current clinical assessment and provide a promising 
strategy for earlier detection and intervention in 
radiation-related liver injury.  

Mitochondria, as central regulators of cellular 
energy metabolism and signal transduction, are key 
targets in the pathogenesis of RILI [52]. Owing to their 
high metabolic activity and substantial energy 
demands, hepatocytes are densely populated with 
mitochondria, rendering them particularly vulnerable 
to IR [53-55]. IR exposure can directly or indirectly 
damage mtDNA and induce excessive generation of 
ROS, leading to lipid peroxidation, dissipation of 
MMP, respiratory chain dysfunction, ATP depletion, 
and aberrant opening of the mitochondrial 
permeability transition pore (mPTP) [6]. These 
pathological alterations compromise cellular 
bioenergetics, activate mitochondria-dependent 
apoptotic or necrotic pathways, and elicit 
inflammatory responses, ultimately exacerbating 
hepatic injury and fibrosis [56, 57]. Consequently, the 
preservation of mitochondrial structure and function 
has emerged as a promising therapeutic strategy for 
the prevention and treatment of RILI. Se, as an 
essential micronutrient, is uniquely positioned at the 
intersection of redox control and mitochondrial health 
through its incorporation into selenoproteins such as 
GPXs and other stress-responsive regulators [58, 59]. 
However, the clinical utility of Se supplementation 
has been largely constrained by limited tissue 
selectivity and insufficient subcellular precision. Here, 
we introduce Se-Cy4 as a liver- and 
mitochondria-enriched Se carrier that couples 
targeted biodistribution with organelle-resolved 
cytoprotection, thereby overcoming a key 
translational bottleneck of selenium-based 
interventions. Mechanistically, this design is poised to 
disrupt the pathogenic feed-forward cycle linking 
mitochondrial oxidative injury to impaired 
antioxidant capacity by concurrently preserving 
mitochondrial integrity and reinforcing Se-dependent 
redox defenses. Collectively, these findings position 
mitochondria-targeted Se delivery as a conceptually 
distinct and underexplored therapeutic paradigm for 
RILI, enabling redox reprogramming and bioenergetic 
preservation while attenuating downstream 
inflammatory and fibrotic progression. 

Nrf2 is a critical transcription factor that 
regulates the expression of downstream antioxidant 
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genes by activating antioxidant response elements 
(ARE), orchestrating the cellular defense against 
oxidative stress [60]. Under normal conditions, Nrf2 is 
sequestered in the cytoplasm through its interaction 
with Keap1, maintaining low intracellular levels of 
Nrf2 [61]. Recent studies underscore the importance 
of Nrf2 activation as a key adaptive response to 
IR-induced oxidative damage. For instance, in 
pulmonary and hepatic radiation models, Nrf2 
activation has been shown to protect against cell 
death and inflammation, while Nrf2 deficiency or 
inhibition exacerbates tissue damage [62, 63]. In this 
study, we identify Se-Cy4 as a potent 
organoselenium-based activator of the Keap1–Nrf2 
signaling pathway. Molecular docking analysis 
revealed that Se-Cy4 specifically binds to critical 
residues in Keap1 (Arg380 and Arg415), disrupting 
the Keap1–Nrf2 interaction and facilitating Nrf2 
release. Importantly, inhibition of Nrf2 with ML385 
significantly abolished Se-Cy4–mediated 
cytoprotection. Nrf2 enhances the expression of 
downstream target genes, including HO-1, GPX4, 
GCLC, and NQO1, which play key roles in 
antioxidant defense and detoxification. This 
upregulation helps to scavenge intracellular ROS and 
reduce lipid peroxidation, thereby mitigating cellular 
damage [64, 65]. Consistent with these findings, our 
results demonstrated that Se-Cy4 enhanced Nrf2 
nuclear accumulation and upregulated the expression 
of downstream antioxidant genes, including HO-1 
and selenium-related enzymes like GPX1, GPX2, 
GPX4, and SELS. 

Although Se-Cy4 demonstrates strong 
radioprotective and imaging performance, several 
limitations need addressing. First, the study focused 
on acute RILI, with long-term safety, 
pharmacokinetics, and therapeutic efficacy under 
chronic or fractionated radiation exposure, as well as 
repeated dosing, yet to be evaluated. Second, its 
protective effects in other radiation-sensitive organs, 
such as bone marrow, intestine, and lymphatic 
system, remain unexplored. Finally, while docking 
and inhibition data suggest Keap1–Nrf2 modulation, 
further structural and biochemical characterization of 
Se-Cy4–Keap1 interactions is needed to clarify the 
molecular mechanism. Despite these limitations, our 
findings present Se-Cy4 as a promising liver-directed 
theranostic candidate for RILI, warranting further 
preclinical optimization and translational 
investigation. 

Conclusion 
In this work, we designed and developed several 

new selenium-substituted heptamethine cyanine 

derivatives as theranostic radioprotectors for targeted 
imaging and therapy in RILI. The Se-Cys derivatives 
were synthesized by tuning their physicochemical 
properties, such as lipophilicity, ROS reactivity, and 
fluorescence performance. Among these derivatives, 
Se-Cy4 was identified for its excellent 
mitochondria-targeting accumulation and 
radioprotective properties. Notably, Se-Cy4 exhibits 
ROS-responsive bond cleavage, deselenization, and 
fluorescence enhancement in irradiated liver 
mitochondria. These features make Se-Cy4 an ideal 
candidate for RILI-targeted imaging and treatment, as 
a high-ROS microenvironment is characteristic of 
injured hepatic tissues and mitochondria. The 
intrinsic NIR fluorescence of Se-Cy4 enables 
noninvasive, real-time monitoring of RILI progression 
and therapeutic response. Additionally, its selenium 
release activates the Keap1–Nrf2 pathway, enhances 
antioxidant defense, stabilizes mitochondria, and 
upregulates key selenoproteins, collectively reducing 
oxidative stress, inflammation, and apoptosis. 
Overall, Se-Cy4 represents a first-in-class 
mitochondria-targeted selenium theranostic that 
combines both diagnostic and therapeutic functions in 
a single molecular platform. This work establishes a 
generalizable strategy for redox-responsive imaging 
and radioprotection, with strong translational 
potential for clinical applications in radioprotection, 
radiation oncology, and oxidative stress–related 
diseases.  

Supplementary Material  
Supplementary methods, figures and table. 
https://www.thno.org/v16p6554s1.pdf  

Acknowledgments 
This study was supported by the National 

Natural Science Foundation of China 
(82173457,82173456), Science and Technology Bereau 
of Chengdu (No. 2021YF0501659SN), and 
Postgraduate Research Innovation Project of Army 
Medical University (yjscx2024b05, yjscx2024b10). The 
gratefully acknowledge authors create several 
scientific BioRender.com for providing the platform 
used to illustrations in this manuscript. 

Authorship contribution statement 
Z.F.W., X.H., M.Q.G. contributed to chemical 

synthesis, biological validation, mechanism 
investigation and original draft preparation. L.T.W. 
performed the confocal microscopy imaging and data 
acquisition. Z.Z.D., Z.Q.S., X.D.Y., S.Y.D., X.R.Y., 
B.H.L. and J.L. aided in animal experiments and data 
curation. R.L. and W.D.W. provided funding 



Theranostics 2026, Vol. 16, Issue 12 
 

 
https://www.thno.org 

6574 

acquisition, experimental resources and guidance. 
S.L.L. contributed to the conceptualization of the 
whole study, chemical design, experimental 
supervision and writing revision. All authors had full 
access to the data and assume collective responsibility 
for the accuracy and integrity of the work. 

AI use statement 
ChatGPT (OpenAI) was used solely to assist 

with language polishing and to improve the clarity 
and readability of the manuscript. The authors 
carefully reviewed and edited all AI-assisted revisions 
as necessary and take full responsibility for the final 
content. No AI tool was used to generate scientific 
ideas, study design, data analysis, interpretation, 
figures, or conclusions. 

Data availability 
The data that support the findings of this study 

are available on request from the corresponding 
author. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Kamiya K, Ozasa K, Akiba S, Niwa O, Kodama K, Takamura N, et al. 

Long-term effects of radiation exposure on health. Lancet. 2015; 386: 469-78. 
2. Gracia-Sancho J, Caparrós E, Fernández-Iglesias A, Francés R. Role of liver 

sinusoidal endothelial cells in liver diseases. Nat Rev Gastroenterol Hepatol. 
2021; 18: 411-31. 

3. Kim J, Jung Y. Radiation-induced liver disease: current understanding and 
future perspectives. Exp Mol Med. 2017; 49: e359. 

4. Verginadis, II, Citrin DE, Ky B, Feigenberg SJ, Georgakilas AG, Hill-Kayser 
CE, et al. Radiotherapy toxicities: mechanisms, management, and future 
directions. Lancet. 2025; 405: 338-52. 

5. Wang K, Tepper JE. Radiation therapy-associated toxicity: Etiology, 
management, and prevention. CA Cancer J Clin. 2021; 71: 437-54. 

6. Du S, Chen G, Yuan B, Hu Y, Yang P, Chen Y, et al. DNA sensing and 
associated type 1 interferon signaling contributes to progression of 
radiation-induced liver injury. Cell Mol Immunol. 2021; 18: 1718-28. 

7. King M, Joseph S, Albert A, Thomas TV, Nittala MR, Woods WC, et al. Use of 
Amifostine for Cytoprotection during Radiation Therapy: A Review. 
Oncology. 2020; 98: 61-80. 

8. Walker RI. Requirements of radioprotectors for military and emergency needs. 
Pharmacol Ther. 1988; 39: 13-20. 

9. Malyarenko OS, Usoltseva RV, Zvyagintseva TN, Ermakova SP. Laminaran 
from brown alga Dictyota dichotoma and its sulfated derivative as 
radioprotectors and radiosensitizers in melanoma therapy. Carbohydr Polym. 
2019; 206: 539-47. 

10. Kouvaris JR, Kouloulias VE, Vlahos LJ. Amifostine: the first selective-target 
and broad-spectrum radioprotector. Oncologist. 2007; 12: 738-47. 

11. Gu J, Zhu S, Li X, Wu H, Li Y, Hua F. Effect of amifostine in head and neck 
cancer patients treated with radiotherapy: a systematic review and 
meta-analysis based on randomized controlled trials. PLoS One. 2014; 9: 
e95968. 

12. Zhang S, Zhang G, Wang P, Wang L, Fang B, Huang J. Effect of Selenium and 
Selenoproteins on Radiation Resistance. Nutrients. 2024; 16: 2902. 

13. Liu C, Wang W, Lai H, Chen Y, Li L, Li H, et al. Biosynthesis of fungus-based 
oral selenium microcarriers for radioprotection and immuno-homeostasis 
shaping against radiation-induced heart disease. Bioact Mater. 2024; 37: 
393-406. 

14. Sanz Del Olmo N, San Jacinto García J, Yin Y, Zhao Y, Hassan M, Malkoch M. 
Responsive Organoselenium Dendritic Polymers: From Monodisperse 
Dendrimers to Self-Assembled Micelles for Advanced Therapeutic 
Applications. J Am Chem Soc. 2025; 147: 18626-36. 

15. Zhang L, Song H, Guo Y, Fan B, Huang Y, Mao X, et al. Benefit-risk assessment 
of dietary selenium and its associated metals intake in China (2017-2019): Is 

current selenium-rich agro-food safe enough? J Hazard Mater. 2020; 398: 
123224. 

16. Lei G, Zhang Y, Koppula P, Liu X, Zhang J, Lin SH, et al. The role of ferroptosis 
in ionizing radiation-induced cell death and tumor suppression. Cell Res. 
2020; 30: 146-62. 

17. Hao Y, Ren T, Huang X, Li M, Lee JH, Chen Q, et al. Rapid phosphorylation of 
glucose-6-phosphate dehydrogenase by casein kinase 2 sustains redox 
homeostasis under ionizing radiation. Redox Biol. 2023; 65: 102810. 

18. Zong Y, Li H, Liao P, Chen L, Pan Y, Zheng Y, et al. Mitochondrial 
dysfunction: mechanisms and advances in therapy. Signal Transduct Target 
Ther. 2024; 9: 124. 

19. Li Z, Li S, Chen W, Zhang Z, Pan C, Lei P, et al. Mitochondrial dysfunction: 
Related diseases, influencing factors, and detection. Interdiscip Med. 2025; 3: 
e20250005. 

20. Zhou Y, Huang X, Liu H, Du Z, Gao M, Zhang Z, et al. 
Mitochondria-Targeting and ROS-Cleavable Hemicyanine-Tranexamic Acid 
Conjugates as Radioprotective Agents Mitigated Radiation-Induced Skin 
Injury. ACS Appl Mater Interfaces. 2025; 17: 37631-47. 

21. Du Z, Liu H, Huang X, Li Y, Wang L, Liu J, et al. Design and Synthesis of a 
Mitochondria-Targeting Radioprotectant for Promoting Skin Wound Healing 
Combined with Ionizing Radiation Injury. Pharmaceuticals. 2022; 15: 721. 

22. Tan X, Luo S, Long L, Wang Y, Wang D, Fang S, et al. Structure-Guided 
Design and Synthesis of a Mitochondria-Targeting Near-Infrared Fluorophore 
with Multimodal Therapeutic Activities. Adv Mater. 2017; 29: 1704196. 

23. Luo S, Tan X, Fang S, Wang Y, Liu T, Wang X, et al. Mitochondria-Targeted 
Small-Molecule Fluorophores for Dual Modal Cancer Phototherapy. Adv 
Funct Mater. 2016; 26: 2826-35. 

24. Hyun H, Park MH, Owens EA, Wada H, Henary M, Handgraaf HJ, et al. 
Structure-inherent targeting of near-infrared fluorophores for parathyroid and 
thyroid gland imaging. Nat Med. 2015; 21: 192-7. 

25. Dang Z, Liu X, Du Y, Wang Y, Zhou D, Zhang Y, et al. Ultra-Bright 
Heptamethine Dye Clusters Based on a Self-Adaptive Co-Assembly Strategy 
for NIR-IIb Biomedical Imaging. Adv Mater. 2023; 35: e2306773. 

26. Santos GB, Ganesan A, Emery FS. Oral Administration of Peptide-Based 
Drugs: Beyond Lipinski's Rule. ChemMedChem. 2016; 11: 2245-51. 

27. Ribaudo G, Bellanda M, Menegazzo I, Wolters LP, Bortoli M, Ferrer-Sueta G, 
et al. Mechanistic Insight into the Oxidation of Organic Phenylselenides by 
H2O2. Chem Eur J. 2017; 23: 2405-22. 

28. Grieco PA, Gilman S, Nishizawa M. Organoselenium chemistry. A facile 
one-step synthesis of alkyl aryl selenides from alcohols. J Org Chem. 1976; 41: 
1485-6. 

29. Nani RR, Kelley JA, Ivanic J, Schnermann MJ. Reactive Species Involved in the 
Regioselective Photooxidation of Heptamethine Cyanines. Chem Sci. 2015; 6: 
6556-63. 

30. Masuda R, Kimura R, Karasaki T, Sase S, Goto K. Modeling the Catalytic Cycle 
of Glutathione Peroxidase by Nuclear Magnetic Resonance Spectroscopic 
Analysis of Selenocysteine Selenenic Acids. J Am Chem Soc. 2021; 143: 
6345-50. 

31. Drissi M, Benhalima N, Megrouss Y, Rachida R, Chouaih A, Hamzaoui F. 
Theoretical and experimental electrostatic potential around the m-nitrophenol 
molecule. Molecules. 2015; 20: 4042-54. 

32. Kirubhanand C, Merciline Leonora J, Anitha S, Sangeetha R, Nachammai KT, 
Langeswaran K, et al. Targeting potential receptor molecules in non-small cell 
lung cancer (NSCLC) using in silico approaches. Front Mol Biosci. 2023; 10: 
1124563. 

33. Chen T, Lu CH, Chen Z, Gong X, Wu CC, Yang C. Modulating the 
Electron-Donating Ability of Acridine Donor Units for Orange-Red Thermally 
Activated Delayed Fluorescence Emitters. Chem Eur J. 2021; 27: 3151-8. 

34. Gan H, Huang X, Luo X, Li J, Mo B, Cheng L, et al. A Mitochondria-Targeted 
Ferroptosis Inducer Activated by Glutathione-Responsive Imaging and 
Depletion for Triple Negative Breast Cancer Theranostics. Adv Healthc Mater. 
2023; 12: e2300220. 

35. Sharma A, Nair KU, Kundu S. Bicyclic (alkyl)(amino)carbenes (BICAACs): 
synthesis, characteristics, and applications. Dalton Trans. 2025; 54: 458-76. 

36. Riaz R, Parveen S, Rashid M, Shafiq N. Combined Experimental and 
Theoretical Insights: Spectroscopic and Molecular Investigation of 
Polyphenols from Fagonia indica via DFT, UV-vis, and FT-IR Approaches. 
ACS Omega. 2024; 9: 730-40. 

37. Shalaby MA, Fahim AM, Rizk SA. Antioxidant activity of novel nitrogen 
scaffold with docking investigation and correlation of DFT stimulation. RSC 
Adv. 2023; 13: 14580-93. 

38. Lagadic-Gossmann D, Huc L, Lecureur V. Alterations of intracellular pH 
homeostasis in apoptosis: origins and roles. Cell Death Differ.. 2004; 11: 953-61. 

39. Dong A, Wei G, Liang Z, Di Y, Tang Y, Ling Y, et al. Gasdermin D aggravates a 
mouse model of radiation-induced liver disease by promoting chemokine 
secretion and neutrophil recruitment. Nat Commun. 2025; 16: 6064. 

40. Liu D, Cao F, Xu Z, Zhao C, Liu Z, Pang J, et al. Selective Organ-Targeting 
Hafnium Oxide Nanoparticles with Multienzyme-Mimetic Activities 
Attenuate Radiation-Induced Tissue Damage. Adv Mater. 2024; 36: e2308098. 

41. Kim A, Yonemoto C, Feliciano CP, Shashni B, Nagasaki Y. Antioxidant 
Nanomedicine Significantly Enhances the Survival Benefit of Radiation 
Cancer Therapy by Mitigating Oxidative Stress-Induced Side Effects. Small. 
2021; 17: e2008210. 



Theranostics 2026, Vol. 16, Issue 12 
 

 
https://www.thno.org 

6575 

42. Huang Y, Li J, Wang S, Tian H, Fan S, Zhao Y. Diselenide-based nanoparticles 
enhancing the radioprotection to the small intestine of mice. J Nanobiotechnol. 
2025; 23: 236. 

43. LoBianco FV, Krager KJ, Carter GS, Alam S, Yuan Y, Lavoie EG, et al. The Role 
of Sirtuin 3 in Radiation-Induced Long-Term Persistent Liver Injury. 
Antioxidants. 2020; 9: 409. 

44. Zhou YJ, Tang Y, Liu SJ, Zeng PH, Qu L, Jing QC, et al. Radiation-induced 
liver disease: beyond DNA damage. Cell Cycle. 2023; 22: 506-26. 

45. Yue R, Li Z, Liu H, Wang Y, Li Y, Yin R, et al. Imaging-guided companion 
diagnostics in radiotherapy by monitoring APE1 activity with afterglow and 
MRI imaging. Nat Commun. 2024; 15: 6349. 

46. Sun J, Lu HR, Wu JH, Li D, Zhang T, Duan XZ. Radiation-Induced Liver 
Injury: An Overview. J Hepatocell Carcinoma. 2025; 12: 2045-54. 

47. Saha B, Pallatt S, Banerjee A, Banerjee AG, Pathak R, Pathak S. Current 
Insights into Molecular Mechanisms and Potential Biomarkers for Treating 
Radiation-Induced Liver Damage. Cells. 2024; 13: 1560. 

48. Thonglert K, Apisarnthanarax S, Yeap BY, Havard ME, Schaub SK, Nyflot MJ, 
et al. Establishing Albumin-Bilirubin Score Changes as Predictors of 
Radiation-Induced Liver Disease in Hepatocellular Carcinoma Patients 
Post-External Beam Radiation Therapy. Int J Radiat Oncol Biol Phys. 2025; 00: 
1-8. 

49. Sun XL, Jiang X, Kuang Y, Xing L, Bu LY, Yuan SH, et al. Potential of 
Gd-EOB-DTPA as an imaging biomarker for liver injury estimation after 
radiation therapy. Hepatobiliary Pancreat Dis Int. 2019; 18: 354-9. 

50. Liu J, Yin D, Zhang W, Wang X, James TD, Li P, et al. A multifunctional 
"three-in-one" fluorescent theranostic system for hepatic ischemia-reperfusion 
injury. Chem Sci. 2024; 15: 19820-33. 

51. Sacks D, Baxter B, Campbell BCV, Carpenter JS, Cognard C, Dippel D, et al. 
Multisociety Consensus Quality Improvement Revised Consensus Statement 
for Endovascular Therapy of Acute Ischemic Stroke. Int J Stroke. 2018; 13: 
612-32. 

52. Borcherding N, Brestoff JR. The power and potential of mitochondria transfer. 
Nature. 2023; 623: 283-91. 

53. Naghdi S, Mishra P, Roy SS, Weaver D, Walter L, Davies E, et al. VDAC2 and 
Bak scarcity in liver mitochondria enables targeting hepatocarcinoma while 
sparing hepatocytes. Nat Commun. 2025; 16: 2416. 

54. Gao G, Li J, Ma Y, Xie M, Luo J, Wang K, et al. Dual-Responsive 
Multi-Functional Silica Nanoparticles With Repaired Mitochondrial Functions 
for Efficient Alleviation of Spinal Cord Injury. Exploration. 2025; 5: 270012. 

55. Qian K, Gao S, Jiang Z, Ding Q, Cheng Z. Recent advances in 
mitochondria-targeting theranostic agents. Exploration. 2024; 4: 20230063. 

56. An P, Wei LL, Zhao S, Sverdlov DY, Vaid KA, Miyamoto M, et al. Hepatocyte 
mitochondria-derived danger signals directly activate hepatic stellate cells and 
drive progression of liver fibrosis. Nat Commun. 2020; 11: 2362. 

57. Boland ML, Laker RC, Mather K, Nawrocki A, Oldham S, Boland BB, et al. 
Resolution of NASH and hepatic fibrosis by the GLP-1R/GcgR dual-agonist 
Cotadutide via modulating mitochondrial function and lipogenesis. Nat 
Metab. 2020; 2: 413-31. 

58. Winther KH, Rayman MP, Bonnema SJ, Hegedüs L. Selenium in thyroid 
disorders - essential knowledge for clinicians. Nat Rev Endocrinol. 2020; 16: 
165-76. 

59. Wesolowski LT, Semanchik PL, White-Springer SH. Beyond antioxidants: 
Selenium and skeletal muscle mitochondria. Front Vet Sci. 2022; 9: 1011159. 

60. Song G, Wang J, Liu J, Ruan Y. Dimethyl fumarate ameliorates erectile 
dysfunction in bilateral cavernous nerve injury rats by inhibiting oxidative 
stress and NLRP3 inflammasome-mediated pyroptosis of nerve via activation 
of Nrf2/HO-1 signaling pathway. Redox Biol. 2023; 68: 102938. 

61. Adinolfi S, Patinen T, Jawahar Deen A, Pitkänen S, Härkönen J, Kansanen E, et 
al. The KEAP1-NRF2 pathway: Targets for therapy and role in cancer. Redox 
Biol. 2023; 63: 102726. 

62. Wakamori S, Taguchi K, Nakayama Y, Ohkoshi A, Sporn MB, Ogawa T, et al. 
Nrf2 protects against radiation-induced oral mucositis via antioxidation and 
keratin layer thickening. Free Radic Biol Med. 2022; 188: 206-20. 

63. Xu Y, Wang L, Liao H, Li X, Zhang Y, Chen X, et al. Loss of Nrf2 aggravates 
ionizing radiation-induced intestinal injury by activating the cGAS/STING 
pathway via Pirin. Cancer Lett. 2024; 604: 217218. 

64. Zhang DD. Thirty years of NRF2: advances and therapeutic challenges. Nat 
Rev Drug Discov. 2025; 24: 421-44. 

65. Yamamoto M, Kensler TW, Motohashi H. The KEAP1-NRF2 System: a 
Thiol-Based Sensor-Effector Apparatus for Maintaining Redox Homeostasis. 
Physiol Rev. 2018; 98: 1169-203. 

 


