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Abstract

Objective: This study aimed to investigate the protective effect of Tectorigenin against irradiation-induced endothelial cell damage and
to elucidate the underlying mechanism, thereby identifying potential therapeutic targets for irradiation-induced heart disease. Methods:
An in vitro radiation-induced injury model was established to evaluate oxidative stress and apoptosis. Mitochondrial morphology was
assessed by transmission electron microscopy, while mitochondrial function was evaluated using JC-1 staining, MitoSOX staining, im-
munofluorescence, and ATP assays. To investigate the involvement of mitophagy in the underlying mechanism, a mitophagy inhibitor,
PINK1 siRNA, and PINK1 overexpression were employed. Results: Tectorigenin significantly attenuated radiation-induced oxidative
stress and apoptosis, suppressed mitochondrial reactive oxygen species (ROS) generation and membrane depolarization, and attenuated
mitophagy activation through downregulation of PINK1 and Parkin expression. Notably, PINK1 inhibition potentiated these protective
effects, whereas PINK1 overexpression abrogated Tec-mediated protection. Conclusion: Tectorigenin alleviated irradiation-induced
injury through suppressing the activation of PINK1-mediated mitophagy, thereby offering potential therapeutic targets and candidate
agents for radiation-induced heart disease (RIHD).
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1. Introduction

Radiotherapy for malignant tumor patients, particu-
larly those with thoracic malignancies, effectively allevi-
ates symptoms and prolongs survival. However, it in-
evitably induces harmful effects on the vascular system,
thereby increasing the risk of cardiovascular diseases [1—
3]. Radiation-induced heart disease (RIHD) is a serious
complication of radiotherapy; however, its pathogenesis re-
mains poorly understood, and effective preventive and ther-
apeutic strategies are severely lacking. Endothelial cells
play a pivotal role in maintaining vascular homeostasis, and
endothelial cell injury leading to vascular dysfunction is
considered a primary mechanism underlying RIHD. Pre-
vious studies have demonstrated that radiation induces en-
dothelial cell apoptosis and oxidative stress [4—0]. Irradi-
ation also impairs mitochondria, with mitochondrial dys-
function and abnormal mitophagy being of particular inter-
est [7,8]. Mitophagy functions as a self-protective mecha-
nism for cells under normal physiological conditions. How-
ever, in pathological contexts, its excessive activation in-

duces the clearance of substantial healthy mitochondria,
thereby exacerbating cellular energy metabolic derange-
ments and promoting cell death [9,10]. However, the spe-
cific mechanisms of mitophagy in irradiation-damaged En-
dothelial cells remain unclear. Tectorigenin (Tec), a plant-
derived isoflavonoid, has gained increasing attention for
its multifaceted biological activities. Emerging evidence
demonstrates that Tec alleviates excessive accumulation of
mitochondrial reactive oxygen species [11—14]. Therefore,
we hypothesized that Tec exerts protective effects against
irradiation-induced endothelial cell injury. Using human
umbilical vein endothelial cells (HUVECs) as an in vitro
model, the present study aimed to investigate the radiopro-
tective effects of Tec and elucidate the underlying mech-
anisms. These findings may provide novel insights into
the prevention and treatment of irradiation-induced injury
and establish a foundation for subsequent clinical investi-
gations.
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2. Materials and Methods
2.1 Cell Culture

HUVECs were obtained from Procell (Wuhan,
China). The cell line was authenticated by short tandem
repeat (STR) profiling and tested negative for mycoplasma.
The cells were seeded in culture dishes containing com-
plete DMEM medium supplemented with 10% fetal bovine
serum (FBS; Aoqing, Beijing, China). After thorough
mixing, the dishes were placed in a cell culture incubator
(Thermo, Waltham, MA, USA) maintained at 37 °C with
5% COz. Upon reaching 80% confluence, the supernatant
was discarded, and the cells were rinsed with PBS (NCM,
Suzhou, China). Subsequently, 1.5 mL of trypsin (Gibco,
Grand Island, NY, USA) was added to initiate digestion,
which was terminated after 3 minutes. The cells were then
resuspended and subcultured at a 1:4 split ratio.

2.2 Development of Irradiation Injury Models

HUVECs were irradiated using an X-ray irradiator
(KUBTEC, Stratford, CT, USA) at doses of 0, 3, 6, 9, and
12 Gy, with a dose rate of 1 Gy/min. After irradiation, the
HUVECs were cultured in an incubator for subsequent ex-
periments.

Tec was dissolved in DMSO to prepare a stock solu-
tion at a concentration of 2 mg/mL (6.66 mM) and subse-
quently diluted to the desired working concentrations using
basal DMEM medium. HUVECs were pretreated with Tec
working solution for 24 h prior to irradiation exposure, and
assays were performed 72 h post-irradiation.

MTK458 (MCE, South Brunswick, NJ, USA) and
U0126 (MCE, USA) were dissolved in DMSO to prepare
stock solutions and subsequently diluted with basal DMEM
medium to working concentrations of 100 pM. HUVECs
were treated with the working solutions for 48 h to induce
PINK1 overexpression or inhibit mitophagy, respectively.
Similarly, HUVECs were transfected with PINK1 siRNA
(GenePharma, Suzhou, China) for 48 h prior to subsequent
experimental procedures.

2.3 CCK-8 Assay

Cell viability was assessed using the CCK-8 assay
(Beyotime, Shanghai, China). Brieflyy, HUVECs were
seeded into 96-well plates (Corning, New York, NY, USA)
ata density of 5 x 102 cells per well. After cell attachment,
the culture medium was aspirated and replaced with CCK-8
working solution. Following incubation for 2 h at 37 °C, ab-
sorbance was measured at 450 nm using a microplate reader
(Thermo, USA).

2.4 Transmission Electron Microscopy (TEM)

HUVECs were harvested and centrifuged at 1500 rpm
for 3 min using a high-speed centrifuge (Sigma, Osterode,
Lower Saxony, Germany). The supernatant was care-
fully aspirated, and the cell pellet was resuspended in 4%
paraformaldehyde solution. Cells were fixed at room tem-

perature in the dark for 2 h, followed by storage at 4 °C.
Subsequently, the fixed cells were post-fixed with 1% os-
mium tetroxide at 4 °C for 2 h. Dehydration was performed
using a graded ethanol series (50%, 70%, 80%, 90%, and
100%). After dehydration, samples were embedded in resin
and polymerized at 60 °C for 48 h. Ultrathin sections (80
nm) were prepared, mounted on copper grids, and stained.
Cellular ultrastructure was observed under a transmission
electron microscope, with particular emphasis on analyz-
ing mitochondrial morphological changes and autophago-
some formation. For quantitative analysis, the independent
experiments were examined. Mitochondria were classified
as damaged if they exhibited swelling, cristae disruption,
cristae loss, or vacuolization.

2.5 Flow Cytometry Analysis of JC-1

HUVECs were seeded into 6-well plates (Corning,
USA) at a density of 1 x 10° cells per well, with 3 repli-
cate wells per experimental condition. Cells were collected
and incubated with JC-1 staining working solution in the
dark for 20 min, followed by 2 washes to remove unbound
probes. Fluorescence was then analyzed using a flow cy-
tometer (Beckman Coulter, Brea, CA, USA).

2.6 JC-1 Staining

HUVECs were seeded into confocal dishes (Corning,
USA) at a density of 1 x 10° cells per dish. Upon reach-
ing 80% confluence, cells were washed with PBS and in-
cubated with JC-1 working solution in the dark for 20 min.
After incubation, unbound probes were removed by wash-
ing, and the samples were mounted using Antifade Mount-
ing Medium with DAPI (Beyotime, China). Fluorescent
signals were visualized under a confocal laser scanning mi-
croscope (Leica, Wetzlar, Hessen, Germany).

2.7 Flow Cytometry Analysis of MitoSOX ™ Red

HUVECs were seeded into 6-well plates (Corning,
USA) at a density of 1 x 107 cells per well, with 3 replicate
wells per experimental condition. MitoSOX (MCE, USA)
was prepared as a 5 uM working solution. Cells were har-
vested and incubated with the working solution in the dark
for 30 min, followed by 2 washes with PBS to remove un-
bound probes. The samples were then resuspended in PBS
and kept on ice until analysis. Fluorescence intensity was
measured using a flow cytometer.

2.8 MitoSOX Staining

HUVECs were seeded into confocal culture dishes at
a density of 1 x 10° cells per dish. When cell confluence
exceeded 80%, the supernatant was discarded, followed by
washing the cells with PBS. HUVECs were stained with
MitoSOX Red (5 uM) and MitoTracker Green (1 uM) in
buffer for 30 minutes at room temperature in the dark. Af-
ter washing away unbound probes, the cells were mounted
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using Antifade Mounting Medium with DAPI. Finally, red
fluorescence was observed using a confocal laser scanning
microscope.

2.9 Western Blotting

HUVECs were lysed in RIPA lysis buffer (Beyotime,
China) supplemented with 1% protease inhibitor (NCM,
China). Following 30 min of lysis on ice, the lysates
were centrifuged at 14,000 rpm for 15 min at 4 °C us-
ing a high-speed centrifuge. The supernatant was col-
lected, and total protein concentration was determined us-
ing the BCA method. Protein samples were mixed with
loading buffer (Servicebio, Wuhan, China) and heated at
95 °C for 10 min. Proteins were separated by SDS-
PAGE (Bio-Rad, Hercules, CA, USA) and transferred
onto PVDF membranes (Bio-Rad, USA). After blocking
with 5% non-fat milk for 1 h at room temperature, mem-
branes were incubated overnight at 4 °C with primary an-
tibodies against PINK1 (Cat No.23274-1-AP, Proteintech,
Wuhan, China; 1:1000), Parkin (ab324566, Abcam, Cam-
bridge, UK; 1:1000), and [-actin (Ab8227, Abcam, UK;
1:1000). Following washing, membranes were incubated
with horseradish peroxidase-conjugated secondary antibod-
ies for 1 h at room temperature. Protein bands were visu-
alized and analyzed using a gel imaging system (Bio-Rad,
USA). Densitometric analysis was performed using ImageJ
software (Java 1.8.0, NIH, Bethesda, MD, USA). The gray
value of each target protein band was normalized to that of
[-actin from the same sample, and the relative expression
levels were expressed as fold change compared to the con-
trol group.

2.10 LC3B Immunofluorescence Staining

HUVECs were seeded into confocal dishes at a den-
sity of 1 x 10° cells per dish. Upon reaching 80% con-
fluence, cells were washed with PBS after aspiration of
the culture medium. HUVECs were then fixed with 4%
paraformaldehyde at room temperature for 20 min. Subse-
quently, the cells were permeabilized with 0.3% Triton X-
100 (Beyotime, China) at room temperature, followed by
blocking with 5% goat serum for 1 h. The samples were in-
cubated overnight at 4 °C with primary antibodies against
LC3B (Abcam, USA) and TOM20 (CST, USA). After
washing, the samples were incubated with Alexa Fluor 594-
conjugated goat anti-mouse IgG (H+L) secondary antibody
(Proteintech, China) and Alexa Fluor 488-conjugated goat
anti-rabbit IgG (H+L) secondary antibody in the dark at
room temperature for 1 h. Finally, the slides were mounted
using Antifade Mounting Medium with DAPI (Beyotime,
China), and fluorescence was visualized under a confocal
laser scanning microscope.

2.11 Flow Cytometry Analysis of Annexin-V/PI

HUVECs were seeded into 6-well plates at a density
of 1 x 10° cells per well, with 3 replicate wells per ex-
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perimental group. Cells were harvested using EDTA-free
trypsin (Gibco, USA), washed with PBS, and resuspended
in 100 pL of Annexin V binding buffer. Subsequently, 2.5
pL of Annexin V-FITC and 2.5 pL of propidium iodide (PT)
staining solution were added, and the cells were incubated
in the dark at room temperature for 15 min. After incuba-
tion, 400 pL of Annexin V binding buffer was added to each
sample, and fluorescence was immediately measured using
a flow cytometer. Early apoptotic cells were defined as
Annexin V-positive/PI-negative, while late apoptotic cells
were defined as Annexin V-positive/PI-positive. The total
apoptotic rate was calculated as the sum of early and late
apoptotic percentages.

2.12 Flow Cytometry of DHE

HUVECs were seeded into 6-well plates at a density
of 1 x 10° cells per well, with three replicate wells per ex-
perimental group. DHE was prepared as a 5 uM working
solution in serum-free medium. Cells were harvested, in-
cubated with the DHE working solution in the dark for 30
min at 37 °C, and then washed twice with PBS to remove
unbound probes. The samples were resuspended in PBS
and kept on ice until analysis. Fluorescence intensity was
measured using a flow cytometer.

2.13 DHE Staining

HUVECs were seeded into confocal dishes and cul-
tured until reaching approximately 80% confluence. The
culture medium was then aspirated, and cells were incu-
bated with DHE working solution (5 uM prepared in serum-
free medium) in the dark for 30 min at 37 °C. After in-
cubation, unbound probes were removed by washing with
PBS. Samples were then mounted using Antifade Mounting
Medium with DAPI (Beyotime, China). Fluorescence was
visualized under a fluorescence microscope (Leica, Ger-
many).

2.14 Mitophagy and Lysosomes Staining

Mitophagic activity was evaluated using a Mitophagy
Detection Kit (DOJINDO, Kumamoto Prefecture, Japan).
HUVECSs were seeded into confocal dishes at a density of 1
x 10 cells per dish. Following the designated treatments,
the culture medium was aspirated, and the samples were
gently rinsed 3 times with PBS. The samples were then
incubated in the dark for 30 min with a staining solution
containing 100 nM Mitophagy Dye and 1 pM LysoTracker.
Subsequently, the staining solution was removed, and the
samples were washed 3 times with PBS. Finally, the sam-
ples were mounted using Antifade Mounting Medium with
DAPI and visualized under a laser scanning confocal mi-
croscope.

2.15 Flow Cytometric Analysis of Mitophagy

HUVECs were seeded into 6-well plates at a density of
1 x 105 cells per well, with 3 replicate wells per experimen-
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tal group. Following treatment, the cells were harvested
and collected into 15 mL centrifuge tubes, then centrifuged
at 1500 rpm for 5 minutes. The supernatant was carefully
aspirated, and the samples were resuspended in a freshly
prepared staining solution containing 100 nM Mitophagy
Dye and 1 uM LysoTracker. Samples were incubated in
the dark for 30 minutes. After incubation, the samples were
washed 3 times with PBS to remove unbound probes. Fi-
nally, the samples were resuspended in PBS and immedi-
ately analyzed by flow cytometry.

2.16 ATP Assay

HUVECs were seeded into 6-well plates at a density
of 1 x 10° cells per well, with 3 replicate wells per ex-
perimental group. After the designated treatments, the cul-
ture medium was aspirated. Subsequently, 200 pL of lysis
buffer was added to each well. Following lysis, the lysates
were collected and centrifuged at 12,000 rpm for 5 min-
utes at 4 °C. Aliquots of ATP standards and samples were
transferred to a 96-well white opaque plate, and the lumi-
nescence was measured using a luminometer. ATP concen-
trations in the samples were calculated based on a standard
curve generated from known ATP standards.

2.17 Statistical Analysis

All statistical analyses were conducted using Graph-
Pad Prism 9.5 (GraphPad Software, La Jolla, CA, USA).
Data are presented as mean =+ standard deviation (SD). Dif-
ferences among multiple groups were assessed using one-
way analysis of variance (ANOVA), with pairwise compar-
isons performed by Tukey test. Statistical significance was
set at a p-value < 0.05.

3. Results
3.1 Irradiation Induces Injury to HUVECs

To establish an optimal irradiation dose for subse-
quent experiments, HUVECs were exposed to increasing
doses of irradiation (3, 6, 9, and 12 Gy), and cellular in-
jury was assessed. As shown in Fig. 1, irradiation induced
dose-dependent increases in apoptotic rate, reactive oxygen
species (ROS) production, and reductions in cell viability.
Annexin V/PI double staining revealed that the apoptotic
rate was significantly increased in the 3 Gy group com-
pared to the control (Con) group, with further progressive
increases observed at 6 Gy and 9/12 Gy (Fig. 1A,B). CCK-
8 assays demonstrated that cell viability decreased progres-
sively with increasing irradiation doses relative to the Con
group (Fig. 1C). Flow cytometric analysis of DHE fluores-
cence intensity, an indicator of superoxide levels, showed a
significant increase in the 3 Gy group compared to the Con
group, with significantly higher levels in the 6 Gy group
than in the 3 Gy group, and further elevation in the 9 Gy
and 12 Gy groups compared to the 6 Gy group (Fig. 1D,E).
DHE fluorescence staining further confirmed enhanced red
fluorescence signals in all irradiated groups relative to the

Con group (Fig. 1F). Western blot analysis revealed that
protein expression levels of PINK1 and Parkin increased
progressively with escalating irradiation doses (Fig. 1G-I).
Notably, 9 Gy irradiation induced the most pronounced cel-
lular injury, while increasing the dose to 12 Gy did not re-
sult in statistically significant exacerbation of damage com-
pared to the 9 Gy group. Therefore, a radiation dose of 9
Gy was selected for all subsequent experiments.

3.2 Irradiation Induces Mitochondrial Injury

To further investigate the effects of 9 Gy irradiation
on mitochondrial function, both mitochondrial function and
morphology were assessed. Flow cytometry showed that ir-
radiated cells exhibited a decrease in JC-1 aggregates and an
increase in JC-1 monomers, indicating mitochondrial mem-
brane potential (A¥m) depolarization (Fig. 2A—C). This
loss of A¥m was corroborated by confocal microscopy,
which demonstrated a marked attenuation of red fluores-
cence (JC-1 aggregates) and an intensification of green flu-
orescence (JC-1 monomers) following irradiation (Fig. 2D).
Flow cytometry showed a significant increase in MitoSOX
fluorescence intensity in irradiated cells (Fig. 2E,F). Con-
sistent with this, confocal microscopy confirmed enhanced
red fluorescence (MitoSOX) that co-localized with Mito-
Tracker Green stained mitochondria, confirming the mi-
tochondrial specific oxidative stress (Fig. 2G). Ultrastruc-
tural analysis by TEM further uncovered severe irradiation-
induced morphological injury Mitochondria in Con group
cells exhibited a regular morphology with clearly defined
and orderly cristae (green arrows). In contrast, mitochon-
dria from irradiated cells displayed pronounced swelling
and vacuolization (purple arrows), with a substantial pro-
portion exhibiting cristae that were disorganized, frag-
mented, or entirely absent (red arrows) (Fig. 2H). Finally,
immunostaining revealed a significant increase in red flu-
orescence (LC3B) in irradiated cells, which robustly co-
localized with TOM20, suggesting an augmentation of mi-
tophagic activity in response to irradiation-induced injury
(Fig. 20).

3.3 Tec Protects HUVECs From Irradiation-Induced
Injury

To evaluate the protective effects of Tec against 9 Gy
irradiation-induced injury, HUVECs were divided into 5
experimental groups: the Con group, the Ir group, and Ir
groups treated with Tec at concentrations of 0.5, 1.0, and
2.0 pg/mL (1.67, 3.33, and 6.66 uM). As shown in Fig. 3,
Annexin V/PI double staining revealed that the apoptotic
rate was significantly increased in the Ir group compared to
the Con group (p < 0.05), while treatment with Tec at 1.67,
3.33, and 6.66 uM significantly reduced irradiation-induced
apoptosis relative to the Ir group (p < 0.05) (Fig. 3A,B).
CCK-8 assays demonstrated that cell viability was signifi-
cantly suppressed in the Ir group compared to the Con group
(» < 0.05), an effect markedly reversed by Tec treatment at
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Fig. 1. Irradiation-induced injury in HUVECs. (A) Representative flow cytometry plots of Annexin V/PI staining for apoptosis
detection. (B) Quantitative analysis of apoptotic rates (n = 8). (C) Cell viability assessed by CCK-8 assay (n =8). (D) Representative flow
cytometry histograms of DHE fluorescence intensity. (E) Quantitative analysis of DHE fluorescence intensity (n = 8). (F) Representative
images of DHE fluorescence staining (red). Scale bar =20 pm. (G) Western blot analysis of PINK1 and Parkin protein expression. (H)
Quantitative analysis of PINK1 expression levels normalized to S-actin (n = 3). (I) Quantitative analysis of Parkin expression levels
normalized to B-actin (n = 3). Data are presented as mean + SD. Statistical analysis was performed using one-way ANOVA followed by
Tukey test. *: p < 0.05; NS: p > 0.05. HUVECs, human umbilical vein endothelial cells; PI, propidium iodide; CCK-8, Cell Counting
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Kit-8; DHE, Dihydroethidium; PINK1, PTEN induced kinase 1; SD, standard deviation, ANOVA, analysis of variance.
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staining. Scale bar = 20 pm. (H) Observation of cellular ultrastructure under TEM, Green arrows: Normal mitochondria; Red arrows:
Mitochondria with disorganized, fragmented, or absent cristae; Purple arrows: Mitochondria with swelling and vacuolization. Scale bar
=1 pm or 500 nm. (I) LC3B and TOM20 co-localization fluorescence imaging. Scale bar =20 pum. Data are represented as mean =+ SD.

Statistical analysis between two groups was performed using Tukey test. *: p < 0.05. TEM, Transmission Electron Microscopy.
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all three concentrations (p < 0.05 vs. Ir group) (Fig. 3C).
Flow cytometric analysis of DHE fluorescence intensity
showed a significant elevation in the Ir group relative to the
Con group (p < 0.05), which was significantly attenuated
by Tec treatment at 1.67, 3.33, and 6.66 pM (p < 0.05 vs.
Ir group) (Fig. 3D,E), and DHE fluorescence staining fur-
ther confirmed visibly reduced red fluorescence in all Tec-
treated groups compared to the Ir group (Fig. 3F). Collec-
tively, these results demonstrate that Tec protects HUVECs
from irradiation-induced injury by enhancing cell viability
and reducing apoptosis and oxidative stress, with the most
pronounced protective effect observed at 3.33 uM. As in-
creasing the concentration to 6.66 uM did not confer statis-
tically significant additional benefit compared to 3.33 uM,
this concentration was selected for all subsequent experi-
ments.

3.4 Tec Protects Mitochondria From Irradiation-Induced
Injury

To further investigate the effect of Tec on mito-
chondrial function following 9 Gy irradiation, both mito-
chondrial function and morphology were assessed. Flow
cytometric analysis of mitochondrial oxidative stress re-
vealed that MitoSOX fluorescence intensity was signif-
icantly increased in the Ir group compared to the Con
group, while Tec treatment markedly attenuated this eleva-
tion (Fig. 4A,B). Colocalization analysis of MitoSOX and
MitoTracker further confirmed that red fluorescence (Mi-
toSOX) was significantly enhanced in the Ir group rela-
tive to the Con group, accompanied by colocalization with
green fluorescence (MitoTracker). In contrast, the Ir+Tec
group exhibited markedly diminished red fluorescence and
decreased colocalization with green fluorescence compared
to the Ir group (Fig. 4C). Flow cytometric assessment of
mitochondrial membrane potential demonstrated that irra-
diation induced depolarization, as evidenced by a signifi-
cant reduction in the proportion of JC-1 aggregates in the
Ir group relative to the Con group. Conversely, Tec treat-
ment significantly increased the proportion of JC-1 aggre-
gates compared to the Ir group (Fig. 4D,E). JC-1 stain-
ing further confirmed that red fluorescence (JC-1 aggre-
gates) was markedly diminished in the Ir group compared
to the Con group. Conversely, the Ir+Tec group exhib-
ited significantly enhanced red fluorescence relative to the
Ir group, while green fluorescence (JC-1 monomers) dis-
played an opposite trend (Fig. 4F). TEM revealed dis-
tinct ultrastructural alterations in mitochondria across ex-
perimental groups (Fig. 4G). In the Con group, mitochon-
dria exhibited intact morphology with well-defined cristae
structures (green arrows). In contrast, the Ir group dis-
played marked pathological changes, characterized by dis-
organized, fragmented, or absent cristae (red arrows). No-
tably, mitophagic vacuoles were observed in the Ir group
(purple arrows), indicating irradiation-induced activation of
mitophagy. Importantly, Tec treatment ameliorated these
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irradiation-induced mitochondrial injuries, partially restor-
ing cristae integrity and promoting a more regular mito-
chondrial morphology (blue arrows) (Fig. 4G). Colocal-
ization analysis of LC3B and TOM20 revealed that mi-
tophagic activity was significantly enhanced in the Ir group
compared to the Con group, as evidenced by markedly
increased red fluorescence (LC3B) and its colocalization
with green fluorescence (TOM20). In contrast, Tec treat-
ment significantly attenuated red fluorescence relative to
the Ir group (Fig. 4H). Dual staining of Mitophagy and
Lysosomes was performed to assess mitophagic activity.
Fluorescence staining revealed that red fluorescence (Mi-
tophagy) was markedly increased in the Ir group com-
pared to the Con group, accompanied by green fluores-
cence (Lysosomes), indicating enhanced mitophagic activ-
ity. In contrast, red fluorescence was significantly attenu-
ated in the Ir+Tec group relative to the Ir group (Fig. 41).
Flow cytometric analysis of the mitophagy rate revealed
that the proportion of mitophagy-positive cells was sig-
nificantly increased in the Ir group compared to the Con
group, while Tec treatment markedly attenuated this eleva-
tion (Fig. 4J,K). Western blot analysis revealed that protein
expression levels of PINK1 and Parkin were significantly
increased in the Ir group compared to the Con group, while
Tec treatment attenuated this elevation (Fig. 4L—N).

3.5 Tectorigenin Protects HUVECs From Radiation by
Suppressing Mitophagy Activation

To investigate whether the radioprotective effect of
Tec against 9 Gy irradiation is mediated through suppres-
sion of mitophagy activation. HUVECs were treated with
the mitophagy inhibitor U0126 following irradiation expo-
sure, and the results are shown in Fig. 5. Flow cytomet-
ric analysis revealed that irradiation significantly increased
DHE fluorescence intensity, which was markedly attenu-
ated by both Tec and U0126 treatment, with the combina-
tion of Tec and U0126 (Ir+Tect+U0126) exhibiting the low-
est DHE fluorescence among irradiated groups (Fig. 5A,B).
DHE fluorescence staining further confirmed that red flu-
orescence (DHE) was significantly attenuated by both Tec
and U0126 treatment compared to the Ir group, with the
Ir+Tect+U0126 group displaying the faintest red fluores-
cence among all irradiated groups (Fig. 5C). CCK-8 as-
says demonstrated that both Tec and U0126 significantly
restored irradiation-induced reduction in cell viability, with
the Ir+Tec+UO0126 group exhibiting the highest cell via-
bility among all irradiated groups (Fig. 5D). Flow cyto-
metric analysis revealed that both Tec and U0126 treat-
ment suppressed the irradiation-induced increase in apop-
totic rate, with the Ir+Tec+U0126 group exhibiting the low-
est apoptosis levels among all irradiated groups (Fig. SE,F).
Colocalization analysis of mitophagy (red) and lysosomes
(green) revealed that the red fluorescence signal was sig-
nificantly enhanced following irradiation, while both Tec
and U0126 treatment attenuated this enhancement, with the
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most pronounced reduction observed in the Ir+Tec+U0126
group (Fig. 5G). Flow cytometric analysis further con-
firmed that both Tec and U0126 significantly reduced the
proportion of mitophagy-positive cells compared to the Ir
group, with the Ir+Tec+U0126 group exhibiting the lowest
percentage among all irradiated groups (Fig. S5H,I). ATP as-
says showed that irradiation-induced ATP depletion was re-
versed by both Tec and U0126, with the combination treat-
ment maintaining the highest ATP levels among all irradi-
ated groups (Fig. 5J). MitoSOX fluorescence analysis re-
vealed that irradiation significantly increased MitoSOX flu-
orescence intensity compared to the Con group, while both
Tec and U0126 treatment attenuated this effect, with the
Ir+Tec+U0126 group exhibiting the lowest levels among all
irradiated groups (Fig. 5K,L). MitoSOX and MitoTracker
colocalization further confirmed that both Tec and U0126
significantly reduced red fluorescence (MitoSOX) intensity
compared to the Ir group, with the Ir+Tec+U0126 group ex-
hibiting the faintest red fluorescence among all irradiated
groups (Fig. SM). JC-1 staining revealed that irradiation-
induced loss of mitochondrial membrane potential, char-
acterized by decreased red fluorescence (JC-1 aggregates)
and increased green fluorescence (JC-1 monomers), was
reversed by treatment with both Tec and U0126, with the
combination group exhibiting the highest red fluorescence
(Fig. 5N). Flow cytometric quantification confirmed that
U0126, similar to Tec, significantly increased the pro-
portion of JC-1 aggregates following irradiation, with the
Ir+Tec+U0126 group exhibiting the highest JC-1 aggregate
proportion among all irradiated groups (Fig. 50-Q).

3.6 Tec Protects HUVECs From Irradiation by
Suppressing PINK1

To further explore whether Tec protects HUVECs
against 9 Gy irradiation-induced injury by regulating mi-
tophagy, we examined protein expression levels by West-
ern blotting, along with apoptosis and oxidative stress
levels. Western blot analysis confirmed that PINK1 ex-
pression was suppressed by PINK1 siRNA (Fig. 6A-E),
while MTK458 significantly upregulated PINK1 expres-
sion (Fig. 6F—H). Flow cytometric analysis of apoptosis re-
vealed that the apoptotic rate was significantly increased
in the Ir group compared to the Con group, whereas Tec
treatment markedly reduced this elevation. Notably, in-
hibition of PINK1 expression (Ir+Tec+siRNA) further de-
creased the apoptotic rate relative to the Ir+Tec group, while
overexpression of PINK1 (Ir+Tec+MTK) completely abol-
ished the protective effect of Tec, resulting in a significantly
increased apoptotic rate (Fig. 61,J). CCK-8 assays demon-
strated that Tec significantly enhanced cell viability follow-
ing irradiation-induced injury, an effect further potentiated
by PINKI inhibition. Conversely, PINK1 overexpression
abrogated the protective effect of Tec, as evidenced by a
marked reduction in cell viability (Fig. 6K). Flow cytomet-
ric analysis of oxidative stress revealed that DHE fluores-
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cence intensity was significantly increased in the Ir group
compared to the Con group, while Tec treatment attenuated
this increase. Relative to the Ir+Tec group, inhibition of
PINK1 expression further reduced DHE fluorescence in-
tensity, whereas PINK1 overexpression significantly exac-
erbated oxidative stress levels, as evidenced by enhanced
DHE fluorescence (Fig. 6L,M). DHE fluorescence stain-
ing further confirmed that red fluorescence (DHE) was
markedly diminished in the Ir+Tec group compared to the
Ir group. Relative to the Ir+Tec group, inhibition of PINK1
expression further attenuated the red fluorescence signal,
while PINK1 overexpression completely abolished the pro-
tective effect of Tec, resulting in enhanced red fluores-
cence (Fig. 6N). Collectively, these findings demonstrate
that PINK1 plays a critical role in mediating the radiopro-
tective effects of Tec in HUVECs.

3.7 Tec Protects Mitochondria From Irradiation-Induced
Injury by Inhibiting PINK 1

To further explore whether Tec regulates PINK1 to in-
fluence mitochondrial outcomes following 9 Gy irradiation-
induced injury, mitochondrial function was assessed. To
assess mitophagic activity, dual staining of mitophagy and
lysosomes was performed. Confocal microscopy revealed
that red fluorescence (mitophagy) was significantly en-
hanced in the Ir group compared to the Con group, ac-
companied by green fluorescence (lysosomes), while Tec
treatment markedly attenuated this enhancement. Relative
to the Ir+Tec group, inhibition of PINK1 expression fur-
ther diminished the red fluorescence signal, whereas over-
expression of PINKI1 led to a pronounced increase in red
fluorescence (Fig. 7A). Flow cytometric quantification of
the mitophagy-positive cells further confirmed these find-
ings. The proportion of mitophagy-positive cells was sig-
nificantly increased in the Ir group compared to the Con
group, while Tec treatment markedly reduced this propor-
tion relative to the Ir group. Furthermore, inhibition of
PINK1 expression in combination with Tec treatment fur-
ther decreased the ratio of mitophagy-positive cells com-
pared to the Ir+Tec group, whereas PINK1 overexpression
significantly increased this proportion (Fig. 7B,C). ATP
levels were significantly decreased in the Ir group com-
pared to the control (Con) group. Conversely, Tec treatment
significantly restored ATP levels relative to the Ir group.
Relative to the Ir+Tec group, inhibition of PINK1 expres-
sion further elevated ATP levels, whereas overexpression
of PINK1 abolished the protective effect of Tec, result-
ing in reduced ATP production (Fig. 7D). Flow cytomet-
ric analysis of mitochondrial membrane potential revealed
that the proportion of JC-1 aggregates was significantly de-
creased in the Ir group compared to the Con group. Con-
versely, Tec treatment significantly increased the propor-
tion of JC-1 aggregates relative to the Ir group. Relative to
the Ir+Tec group, inhibition of PINK1 expression restored
mitochondrial membrane potential, as evidenced by an in-
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creased proportion of JC-1 aggregates. In contrast, over-
expression of PINK1 reversed the protective effect of Tec,
resulting in a significant reduction in JC-1 aggregates. The
proportion of JC-1 monomers exhibited an opposite trend
(Fig. 7E-G). JC-1 staining further confirmed that Tec treat-
ment significantly enhanced red fluorescence (JC-1 aggre-
gates) compared to the Ir group. Furthermore, inhibition
of PINK1 expression in combination with Tec treatment
further restored mitochondrial membrane potential, as evi-
denced by a marked increase in red fluorescence. In con-
trast, overexpression of PINK1 reversed the protective ef-
fect of Tec, resulting in significantly diminished red fluo-
rescence, indicating a loss of mitochondrial membrane po-
tential (Fig. 7H). Flow cytometric analysis of mitochondrial
oxidative stress levels revealed that MitoSOX fluorescence
intensity was significantly increased in the Ir group com-
pared to the Con group, while Tec treatment markedly at-
tenuated this increase. Relative to the Ir+Tec group, inhi-
bition of PINK1 expression further reduced mitochondrial
oxidative stress, as evidenced by decreased MitoSOX flu-
orescence. In contrast, overexpression of PINK1 reversed
the protective effect of Tec, resulting in significantly en-
hanced MitoSOX fluorescence (Fig. 71,J). Colocalization
analysis of MitoSOX and MitoTracker further confirmed
that red fluorescence (MitoSOX) was markedly diminished
in the Ir+Tec group compared to the Ir group, accompa-
nied by decreased colocalization with green fluorescence
(MitoTracker). Relative to the Ir+Tec group, inhibition of
PINK1 expression further attenuated red fluorescence, in-
dicating reduced mitochondrial oxidative stress levels. In
contrast, overexpression of PINK1 reversed the protective
effect of Tec, as evidenced by significantly enhanced red
fluorescence and its colocalization with green fluorescence
(Fig. 7K).

4. Discussion

During cancer radiotherapy, radiotherapy can amelio-
rate symptoms and prolong patient survival. However, it
also exerts significant adverse effects on the vascular sys-
tem [15,16]. Emerging evidence from the literature under-
scores the profound impact of thoracic radiotherapy (RT) on
the cardiovascular prognosis of long-term survivors of me-
diastinal Hodgkin lymphoma and breast cancer [17]. There-
fore, a deep understanding of the underlying molecular
and pathophysiological mechanisms, as well as the adop-
tion of effective preventive and therapeutic measures, is of
paramount importance.

The results demonstrate that radiation exposure in-
duces significant cellular injury, characterized by reduced
viability along with increased apoptosis and oxidative
stress. This is consistent with prior literature reporting
that irradiation exposure markedly elevates intracellular
ROS levels in HUVECs [18], and ~v-irradiation promotes
endothelial cell apoptosis [19]. Collectively, our results
are consistent with existing evidence, supporting the con-
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clusion that irradiation mediates HUVECs injury primar-
ily through the induction of oxidative stress and apoptotic
pathways. Our findings indicate that irradiation exposure
severely compromises mitochondrial function, as demon-
strated by elevated oxidative stress and loss of mitochon-
drial membrane potential. TEM revealed pronounced ul-
trastructural injury, including mitochondrial swelling and
disintegrated cristae, suggesting that mitochondria are a pri-
mary target in irradiation-induced injury. Furthermore, en-
hanced co-localization of LC3B with mitochondria was ob-
served, suggesting the activation of mitophagy as a poten-
tial mechanism underlying irradiation-induced mitochon-
drial injury. These collective findings indicate that irradi-
ation injury induces mitophagy activation. Kobashigawa
et al. [20] found that y-ray injury significantly increased
mitochondrial oxidative stress levels in human fibroblast
cells, resulting in mitochondrial dysfunction. Hu et al. [8]
demonstrated that irradiation exacerbated oxidative stress
in mouse hippocampal neurons. This was accompanied by
a significant upregulation of PINK1 and Parkin protein ex-
pression, a marked increase in mitophagy activity, and evi-
dent mitochondrial dysfunction [8]. Our results are consis-
tent with existing literature, demonstrating that irradiation
elevates mitochondrial ROS levels, thereby activating mi-
tophagy and subsequently leading to mitochondrial injury.

Tec, a plant-derived isoflavone isolated from the dried
flowers of Pueraria thomsonii, has previously been reported
to reduce ROS production [21]. Our findings demonstrate
that Tec significantly attenuates irradiation-induced oxida-
tive stress and apoptosis in HUVECs, as evidenced by DHE
staining and Annexin V/PI double staining. These findings
are in agreement with previous studies showing that Tec
reduces ROS generation in UVB-irradiated HaCaT cells
[22] and alleviates H-0O2-induced oxidative stress and apop-
tosis [23]. Moreover, our results extend these observa-
tions by demonstrating that Tec preserves mitochondrial
function following irradiation injury, as reflected by sup-
pressed mitochondrial ROS generation, restored mitochon-
drial membrane potential. TEM demonstrated that Tec at-
tenuated irradiation-induced mitochondrial damage, as evi-
denced by restored cristae integrity and improved morphol-
ogy, indicating direct mitochondrial protection. Interest-
ingly, dual staining of Mitophagy and Lysosomes revealed
that irradiation-induced mitophagic activity was signifi-
cantly attenuated by Tec treatment, suggesting that Tec may
exert its radioprotective effects through inhibition of mi-
tophagy. To further validate this mechanism, we employed
U0126 as a positive control. U0126, a MEK inhibitor,
has been previously reported to suppress mitophagy-related
proteins, thereby exerting protective effects [24,25]. No-
tably, Pandey et al. [26] demonstrated that U0126 at-
tenuates excessively activated PINK1/Parkin-mediated mi-
tophagy. In the present study, mitophagy assessment re-
vealed that U0126 significantly reduced the mitophagy rate
and attenuated the red fluorescence signal (Mitophagy)
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Fig. 7. Tec preserves mitochondrial function against 9 Gy irradiation-induced injury at 72 h post-exposure via PINK1 inhibition.
(A) Representative confocal images of dual staining for Mitophagy (red) and Lysosomes (green). Scale bar =20 um. (B) Flow cytometric
analysis of mitophagy rate. (C) Quantitative analysis of mitophagy rate (n = 6). (D) ATP levels measured by ATP assay (n = 3).
(E) Representative flow cytometry dot plots of JC-1 staining for mitochondrial membrane potential. (F) Quantitative analysis of JC-
1 monomer proportion (n = 6). (G) Quantitative analysis of JC-1 aggregate proportion (n = 6). (H) Representative images of JC-1
fluorescence staining (red: aggregates, green: monomers). Scale bar =20 um. (I) Representative flow cytometry histograms of MitoSOX
fluorescence intensity. (J) Quantitative analysis of MitoSOX fluorescence intensity (n = 6). (K) Representative confocal images of
MitoSOX (red) and MitoTracker (green) colocalization. Scale bar = 20 pm. Data are presented as mean + SD. Statistical analysis was
performed using one-way ANOVA followed by Tukey test. *: p < 0.05; NS: p > 0.05.
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Fig. 8. Mechanism diagram. (A) Mechanism of radiation-induced injury to HUVECs. (B) Therapeutic mechanism of tectorigenin

targeting the irradiation-induced injury pathway. The figure was created using Medpeer software.

following 9 Gy irradiation, confirming its inhibitory ef-
fect on mitophagy. Notably, inhibition of mitophagy by
U0126 recapitulated the protective effects of Tec, sup-
pressing irradiation-induced apoptosis and oxidative stress
while preserving mitochondrial function and ATP produc-
tion. These results collectively demonstrate that Tec pro-
tects HUVECs from radiation-induced injury by suppress-
ing irradiation-induced mitophagy activation. To delineate
the molecular mechanism, PINK1 expression was manip-
ulated using siRNA-mediated knockdown and MTK458-
mediated overexpression. Notably, PINK1 knockdown
potentiated the protective effects of Tec, further reduc-
ing apoptosis and oxidative stress, preserving mitochon-
drial function, and increasing ATP production. Conversely,
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PINK1 overexpression abrogated Tec-mediated protection.
Collectively, these findings demonstrate that Tec exerts
its radioprotective effects by attenuating the activation of
PINK1-mediated mitophagy.

Mitochondria serve as the central hubs of cellular en-
ergy metabolism, generating ATP through oxidative phos-
phorylation to fuel diverse cellular activities. Beyond en-
ergy production, mitochondria play pivotal roles in ROS
metabolism, intracellular calcium homeostasis, and apop-
tosis signaling [27]. Exposure to exogenous stressors, such
as ionizing irradiation, can impair mitochondrial integrity,
leading to metabolic dysfunction, oxidative stress imbal-
ance, and ultimately, apoptosis and pathophysiological al-
terations. Studies indicate that ionizing radiation disrupts
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the electron transport chain (ETC), resulting in excessive
generation and accumulation of superoxide within the mito-
chondrial matrix [28,29], while directly damaging the lipid
and protein components of the inner mitochondrial mem-
brane [30], and promoting aberrant opening of the mito-
chondrial permeability transition pore (mPTP) [31]. Sus-
tained mPTP opening dissipates the proton gradient and
causes mitochondrial membrane depolarization, a key sig-
nal that triggers the accumulation of PINK1 on the outer
mitochondrial membrane, thereby initiating the mitophagy
cascade [32]. Upon depolarization, PINK1 stabilizes and
recruits the E3 ubiquitin ligase Parkin to impaired mito-
chondria. Parkin amplifies the damage signal and facili-
tates recruitment of auxiliary proteins, thereby activating
the ubiquitin-dependent selective autophagy receptor path-
way to drive mitophagy [33-35]. Notably, mitophagy is a
double-edged sword, capable of exerting both cytoprotec-
tive and cytotoxic effects [36]. Under physiological con-
ditions, mitophagy serves as an essential quality-control
mechanism that selectively clears damaged mitochondria
to protect against stress-induced injury. Under patholog-
ical stress, however, excessive mitophagy can promote
cell death [37-39]. For instance, Wu et al. [40] demon-
strated that melatonin protects H9C2 cells from hypoxia-
reoxygenation injury by suppressing hyperactivated mi-
tophagy. Prior studies suggest that radiation exposure
causes mitochondrial damage, pathologically exacerbating
mitophagy and promoting cell death [41,42]. Consistent
with these findings, our results confirm that irradiation in-
duces mitochondrial oxidative stress in HUVECs, lead-
ing to depolarization, PINK1/Parkin activation, and exces-
sive mitophagy, which exacerbates cellular injury. Con-
versely, Tec confers mitochondrial protection by allevi-
ating mitochondrial oxidative stress, restoring membrane
potential, and inhibiting PINK1/Parkin-driven mitophagy,
thereby preserving endothelial integrity (Fig. 8).

5. Limitations

This study has several limitations. First, it primar-
ily employed in vitro cell models, lacking validation in
animal models of irradiation-induced injury. Second, mi-
tophagy was evaluated using static markers rather than di-
rect flux measurements; additional studies employing lyso-
somal inhibitors would be necessary to conclusively deter-
mine whether Tec directly inhibits mitophagic flux. Third,
although our genetic experiments indicate that PINKI1 is
required for Tec-mediated protection, it remains unclear
whether Tec acts directly on mitophagy or exerts its effects
upstream by alleviating mitochondrial oxidative stress and
membrane depolarization, with the observed suppression of
mitophagy occurring as a downstream consequence. Fu-
ture work should establish relevant animal models to further
evaluate the protective effects of Tec and integrate pathway
modulators with genetic approaches to delineate the broader
signaling network.
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6. Conclusion

The present study demonstrates that mitochondria
serve as critical targets of radiation-induced injury, with mi-
tophagy playing a key pathogenic role in this process. Tec
attenuates such injury by suppressing the activation of the
PINK 1/Parkin-mediated mitophagy pathway, thereby ef-
fectively preserving mitochondrial function, a mechanism
further validated by PINK1 overexpression experiments.
These findings reveal the protective potential of Tec and
propose a novel strategy for optimizing cardiovascular pro-
tection during radiotherapy.
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