Combination treatment of cordycepin and radiation
induces apoptosis accompanied by protective
autophagy in TM3 mouse Leydig progenitor cells
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Abstract

Leydig cells are anatomically located in the testicular interstitial tissue, and their main function is to produce and secrete
testosterone and indirectly support spermatogenesis. We previously reported that the combination treatment of cordycepin
and radiation can effectively induce Leydig tumor cell apoptosis through cell cycle arrest, caspase activation, endoplasmic
reticulum (ER) stress, reactive oxygen species (ROS) accumulation, and DNA damage. However, there is still a lack of
scientific evidence for the susceptibility of normal Leydig cells to the combination treatment. In the present study, mouse
TM3 Leydig progenitor cells were used as a model to evaluate the effects and mechanisms of the combination treatment on
normal Leydig cells. It was found that 2-fold higher concentration of cordycepin (50 pM) plus 1.5-fold higher dosage of
radiation (6 Gy) induce death-related morphological changes and reduce cell viability to a similar extent in TM3 cells as
compared to the effects on MA-10 Leydig tumor cells. The treated TM3 cells showed a significant augmented percentage in
sub-G1 and G2/M phases with a decreased percentage of G1 and S phase in the cell cycle progression. Interestingly,
protective autophagy with the regulation of autophagy-related proteins, including an increase in LC3 conversion, Atg5 and
Atg12-Atg5 expressions, and a decrease in Beclin-1 expression were observed in TM3 cells following the combination
treatment. However, p62 accumulation became more pronounced over time after 24 h of treatment, accompanied by a rising
percentage of apoptotic cells. In conclusion, normal Leydig cells show higher resistance to the combination treatment of
cordycepin and radiation than Leydig tumor cells. Although apoptosis is eventually induced in TM3 cells, protective
autophagy is also activated to mitigate the cytotoxic impact of the combination treatment. This finding may provide a
reference for the development of safe therapeutic regimen for Leydig cell tumors.
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1. Introduction function is to produce and secrete testosterone
which is an essential steroid for spermatogenesis,

L eydig cells are located in the interstitial tissue ~ development of male reproductive organs, and
of the male testes, and their main biological ~ Maintenance fertility through binding to androgen
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receptors [1—3]. These cells and their secreted fac-
tors, such as testosterone and insulin-like growth
factor 1 (IGF1), also play a crucial role in Sertoli cell
development, peritubular cell differentiation, and
seminiferous tubule contractions to promote sperm
transfer and ensure fertility [4,5]. Therefore,
dysfunction or malignancy of Leydig cells will
seriously reduce male reproductive ability.

Leydig cell tumor, the most prevalent non-germ
cell tumor in the testis, is classified as a sex cord-
stromal tumor [6,7]. In clinical practice, radical or-
chiectomy is commonly used to treat Leydig cell
tumors [8]. Unfortunately, this procedure can result
in permanent damage to male reproductive ability
[9]. Radiotherapy is a conventional cancer treat-
ment which can induce cancer cell apoptosis
through direct and indirect mechanisms, including
the induction of DNA breakage and the accumu-
lation of reactive oxygen species (ROS), respectively
[10—12]. Since the testes are highly sensitive to ra-
diation, doses above 4 Gy can lead to azoospermia
in most men [13]. Therefore, combining it with ideal
chemotherapeutic agents capable of a synergistic
effect is necessary to enhance its clinical applica-
bility. Cordycepin, a predominant bioactive
component of Cordyceps sinensis, has been reported
to have pharmacological effects against various
cancers including melanoma, lung cancer, oral
cancer, breast cancer, prostate cancer, and testicular
cancer, based on its superior ability to modulate
different biological mechanisms, such as immunity,
cell cycle, oxidative stress, autophagy, and
apoptosis [14—16]. We have previously demon-
strated that cordycepin enhances radiosensitivity
by modulating the cell cycle, caspase pathway, and
endoplasmic reticulum (ER) stress, ultimately
leading to apoptosis in MA-10 mouse Leydig tumor
cells [17]. Furthermore, the combination treatment
of cordycepin and radiation also induced ROS
accumulation to cause DNA damage on MA-10 cells
[18]. In these studies, combining 25 pM cordycepin
with 4 Gy radiation killed approximately half of the
MA-10 cells in wvitro [17,18]. However, there is
insufficient scientific evidence on the impact of
combining cordycepin and radiation on normal
Leydig cells. Therefore, it is important to identify
the optimal cordycepin concentration and radiation
dosage that induce Leydig tumor cell death with
minimal impact on normal Leydig cells. Addition-
ally, understanding how the combination treatment
affects Leydig tumor cells differently from normal
Leydig «cells is crucial for future clinical
applications.

The cell cycle is a sequence of events in a cell that
ultimately drives the cell to divide into two

daughter cells [19]. The typical cell cycle consists of
Gl1, S, G2, and M phases, which are critical for cell
proliferation, growth, and repair [20]. The cell cycle-
related proteins, cyclin-dependent kinases (Cdks)
and cyclins, dominate the regulation of cell cycle
progression [21]. Any therapeutic strategy that
causes DNA damage may alter cell cycle progres-
sion, and the modulated consequences will affect
the sensitivity of cells to therapeutic strategies
[19,22]. Therefore, the impact on the cell cycle
should be considered when evaluating the efficacy
and safety of therapeutic strategies. In the cell cycle,
the presence of the Sub-G1 phase indicates cells
with DNA content lower than that of the G1 phase,
typically due to DNA damage or apoptosis [23].
When cells enter the G2/M phase, the cells will
check whether the DNA integrity is sufficient for
mitosis, if not, the repair mechanism will be initi-
ated. When the DNA damage is too severe to be
repaired, G2/M arrest will occur, and the apoptosis
mechanism will be initiate to avoid passing the
damage to the daughter cells [24]. This situation
may also lead to a reduction in the ratio of cells in
the G1 and S phases [19]. In our previous study,
prolonged sub-G1 and G2/M arrest accompanied
by the regulation of cell cycle-related proteins were
observed in MA-10 mouse Leydig tumor cells
following the combination treatment of 25 uM cor-
dycepin and 4 Gy radiation [17]. However, whether
the combination treatment affects the cell cycle of
normal Leydig cells remains unknown.

Autophagy is a stress-induced catabolic process
that can transport damaged organelles or misfolded
proteins to lysosomes for degradation [25]. It can
also respond to various cytotoxic injuries and pro-
mote cell survival [26]. However, dysregulation of
autophagosome content degradation may some-
times result in cell death [26,27]. Generally, auto-
phagy initiates with the formation of the Unc-51-
like kinase 1 (Ulk1)-RB1-inducible coiled-coil pro-
tein 1 (FIP200)- autophagy-related protein (Atg)13
complex induced by cellular stress. It is further
assisted by vacuolar protein sorting 34 (VPS34),
Beclin-1, Atg9 and other molecules to first form a
meniscus bilayer membrane structure, called
phagophore. With the assistance of two ubiquitin-
conjugation systems, Atgl2-Atg5-Atglé complex
and phosphatidylethanolamine (PE)-conjugated
microtubule-associated protein light chain 3 (LC3)
IT system, the phagophore gradually elongates and
transforms into an autophagosome with accumu-
lated cytosolic contents. Subsequently, the auto-
phagosome fuses with the lysosome, and the acid
hydrolase in the lysosome degrades the autophagic
cargo. Useful nutrients can be recycled and
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released back to the cytoplasm for reuse by the cell
[28]. Notably, p62, a multifunctional adapter protein
that has the function of connecting the autophago-
some and the ubiquitin degradation system, can
bind to ubiquitinated proteins and connect them to
LC3 II to promote their degradation during auto-
phagic process [29]. However, recent reports indi-
cate that accumulation of p62 leads to apoptosis
[30], possibly through deactivation of mechanistic
target of rapamycin complex 1 (mTORC1) or in-
duction of oxidative stress [31]. Furthermore, the
complex formed by p62 and LC3 II can activate the
pro-apoptotic factor BH3-interacting domain death
agonist (BID) [29]. Activated BID may further
initiate mitochondria-mediated apoptosis by trig-
gering the release of cytochrome c [29,32]. It is
important to gain a deeper understanding of the
ability of the combination treatment of cordycepin
and radiation to induce autophagy in Leydig cells
and whether the consequences are directed toward
cell survival or apoptosis.

Apoptosis is pivotal in determining the fate of
cells [33]. Following the initiation of autophagy, cells
may either inhibit or promote apoptosis, or they
may proceed independently of each other [27].
Apoptosis can be divided into two major forms
including intrinsic and extrinsic pathways based on
the triggering mechanism [34,35]. Intrinsic apoptosis
pathway is initiated by various stress conditions,
including DNA damage, hypoxia, growth factor
deprivation, or ER stress, and the process is regu-
lated by anti-apoptotic and pro-apoptotic Bcl-2
family proteins. Stress-induced signal transduction
can activate downstream mediators and lead to the
release of apoptotic factors such as cytochrome c,
endonuclease G, and apoptosis-inducing factor
(AIF). Cytochrome ¢ and caspase 9 precursors
combine with apoptotic protease activating factor-1
(APAF-1) to form the apoptosome, subsequently
triggering the cleavage and activation of caspase 9.
Extrinsic apoptosis pathway is initiated through the
binding of death receptors and corresponding li-
gands, such as Fas and Fas ligand (FasL). This
engagement leads to the formation of a receptor-
associated complex consisting of Fas-associated
death domain (FADD) and caspase 8 and 10,
resulting in the cleavage and activation of caspase 8
and 10. Both intrinsic and extrinsic apoptotic path-
ways ultimately induce the cleavage and activation
of caspase 3, which further cleaves and activates
polyADP-ribose polymerase (PARP), leading to cell
death [34,35]. Once apoptosis occurs, the DNA in the
cell nucleus is fragmented, and changes concur-
rently occur in the cell membrane which charac-
terized by phosphatidylserine flipping [36,37]. Our

previous report has shown that the combination
treatment of cordycepin and radiation can effec-
tively induce apoptosis in Leydig tumor cells [17],
but the impact on normal Leydig cells urgently
needs evidence support.

TM3 cell, a murine Leydig progenitor cell derived
from an immature BALB/c mouse, has been iso-
lated and extensively propagated in cell culture for
numerous years [38]. Notably, since tumor forma-
tion does not occur when TM3 cells are injected into
BALB/c nu/nu mice, this model can be regarded as a
normal cell model [39]. This cell line has been used
in many previous studies to address the cellular
toxicity exerted by different chemicals, growth fac-
tors or drugs such as butylated hydroxytoluene [40],
fibroblast growth factor 9 [41], and Tripterygium
glycoside tablets [42]. Therefore, present study
aimed to investigate the toxicological events and
mechanisms occurring in TM3 Leydig progenitor
cells treated with cordycepin, radiation and their
combination.

Our findings reveal that Leydig progenitor cells
are more resistant than Leydig tumor cells to the
combination treatment of cordycepin and radiation.
Although the treatment still induces Leydig pro-
genitor cells to eventually undergo apoptosis
through cell cycle arrest and p62 accumulation
under relatively higher dosage condition, protective
autophagy is initiated in the early stages post
treatment to reduce the cytotoxic impact on normal
Leydig cells. These results provide a scientific basis
for the application of combining cordycepin and
radiation in Leydig tumor treatment.

2. Materials and methods
2.1. Cell culture

TM3 mouse Leydig progenitor cell line (cat. no.
CRL-1714) was purchased from ATCC (Manassas,
VA, USA). Cells were cultured in Dulbecco's
modified Eagle's medium (DMEM)/F12 (cat no.
12400-024, Thermo Scientific, Waltham, MA, USA)
supplemented with 5% horse serum (cat no.
26050070, Thermo Scientific,c Waltham, MA, USA),
2.5% fetal bovine serum (cat no. 10437-028, Thermo
Scientific, Waltham, MA, USA), 100 IU/ml penicillin
and 100 pg/ml streptomycin (cat no. CC502-0100,
Simply Biologics, Redmond, WA, USA) in a hu-
midified incubator containing 5% CO, at 37 °C.

2.2. Chemicals

Cordycepin and dimethyl sulfoxide (DMSO) (cat.
no. D4540-500 ML, Sigma—Aldrich, St. Louis, MO,
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USA) were purchased from Sigma—Aldrich. The
purities of the cordycepin identified by high-per-
formance liquid chromatography is more than 98%.
The cordycepin was dissolved in DMSO to 80 mM
for stock. The stock solution is further diluted with
cell culture medium to working concentrations for
all experiments.

2.3. Radiation treatment

Radiation treatment was administered using a
linear accelerator (Siemens Medical Systems, Mal-
vern, PA, USA) with a 6 MV X-ray source. TM3 cells
cultured in 25T tissue culture flasks were irradiated
at a dose rate of 5 Gy/min for varying durations. To
ensure electronic equilibrium, an additional 2 cm of
tissue-equivalent bolus was placed on top of the
flask, while 10 cm of tissue-equivalent material was
placed beneath the tissue culture flask to achieve
full backscatter.

2.4. Cell morphology observation

TM3 cells were seeded at a density of
3 x 10° cells/ml in 25T flasks containing 4 ml of
culture medium. After attachment, cells were then
treated with varying concentrations of cordycepin
(10, 25, 50, and 100 uM) and radiation doses (2, 4, 6,
and 8 Gy) either individually or in combination for
24 h. Cell morphology was examined using an
Olympus CK40 light microscope (Olympus Corpo-
ration, Tokyo, Japan), and images were captured
with an Olympus DP20 digital camera (Olympus
Corporation).

2.5. Trypan blue exclusion assay

TM3 cells were seeded at a density of
3 x 10° cells/ml in 25T flasks with 4 ml of culture
medium. After attachment, cells were then treated
with varying concentrations of cordycepin (10, 25,
50, and 100 pM) and radiation doses (2, 4, 6, and
8 Gy) either individually or in combination for 24 h.
In addition, for the autophagy inhibition experi-
ment, TM3 cells were preincubated without or with
10 or 50 uM autophagy inhibitor, chloroquine (CQ),
for 1 h and then treated without or with 50 pM
cordycepin, 6 Gy radiation, or 50 pM cordycepin
plus 6 Gy radiation for additional 24 h. The cells
were detached using trypsin and mixed with an
equal volume of 0.4% trypan blue solution. Stained
(dead) and unstained (live) cells were counted
using a hemocytometer, and cell viability was
calculated as the percentage of live cells.

2.6. Treatment interaction assessment

The synergistic, additive, or antagonistic effects of
the combination treatment of cordycepin and radi-
ation on TM3 cells were evaluated using the com-
bination index (CI) method with CalcuSyn software
version 2.0, based on the median effect model [43].
Experimental data were input into the CalcuSyn
interface to compute CI values. A CI value less than
1 indicates synergistic interaction, equal to 1 sug-
gests additive effects, and more than 1 signifies
antagonistic  interaction between the two
treatments.

2.7. Cell cycle analysis

The cell cycle distribution was assessed using
propidium iodide (PI) staining followed by flow
cytometric analysis. TM3 cells were treated with or
without 50 pM cordycepin, 6 Gy radiation, or their
combination for 3, 6, 9, 12, and 24 h. After treatment,
cells were detached with trypsin, fixed in 70%
ethanol at 4 °C for 24 h, and then incubated with
100 pg/ml ribonuclease. Subsequently, samples
were stained with 40 pg/ml PI for 30 min and
analyzed using CytoFLEX flow cytometry (Beckman
Coulter, Brea, CA, USA) with CytExpert software
version 2.0 (Beckman Coulter) under an excitation
wavelength of 488 nm and bandpass filters of
600 nm conditions.

2.8. Autophagy detection

TM3 cells were treated with or without 50 M
cordycepin, 6 Gy radiation, or their combination for
12, and 24 h. After treatment, cells were harvested
and strained with 1 pg/ml acridine orange in
the dark for 20 min to detect acidic vesicular or-
ganelles (AVOs). Green (510—530 nm) and red
(>650 nm) fluorescence emission from cells illumi-
nated with blue (488 nm) excitation light was
measured using CytoFLEX flow cytometry (Beck-
man Coulter) with CytExpert software version 2.0
(Beckman Coulter). When autophagy activity in-
creases, the number and/or size of AVOs increases,
resulting in an increase in red fluorescence. Red
fluorescent positive cells are counted as autophagic
cells.

2.9. Protein extraction and western blotting

TM3 cells were seeded at a density of
3 x 10° cells/ml in 25T flasks containing 4 ml of
culture medium. After attachment, cells were then
treated with varying concentrations of cordycepin
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(10, 25, 50, and 100 pM) and radiation (2, 4, 6, and
8 Gy) doses either individually or in combination
for 3, 6, 9, 12, or 24 h, respectively. Cells were har-
vested, washed with cold phosphate buffered sa-
line, pelleted by centrifuging at 700xg for 5 min,
and then lysed using 100 pl of RIPA lysis buffer (cat
no. 89900, Thermo Scientific, Waltham, MA, USA)
with Halt protease inhibitor cocktail (cat no. 87786,
Thermo Scientificc Waltham, MA, USA) and incu-
bated at room temperature for 30 min. After lysis,
cell debris was removed by centrifugation at
12,000 g for 12 min at 4 °C. The supernatants were
collected and stored at —20 °C for subsequent
analysis. Protein concentrations in the cell lysates
were determined using the Bio-Rad protein assay
dye reagent concentrate (cat no. 5000006, Bio-Rad,
Hercules, CA, USA) following the manufacturer's
instructions. For western blotting analysis, protein
samples (25 pg/lane) were loaded onto a 12%
sodium dodecyl sulfate-polyacrylamide gel in
standard running buffer at room temperature.
Subsequently, proteins were electrophoretically
transferred onto a polyvinyldifluoride (PVDF)
membrane at 4 °C. The PVDF membrane (cat. no.
BSP0161, PALL Corporation, Port Washington, NY,
USA) was blocked with 5% nonfat milk and then
washed with tris-buffered saline containing 0.1%
Tween 20 (cat. no. 123412-1611, PanReac Appli-
Chem, Iselin, NJ, USA). The membrane was then
incubated overnight at 4 °C with primary antibodies
against LC3 A/B (cat. no. 12741, monoclonal rabbit
IgG, 1:1000 dilution, Cell Signaling, Boston, MA,
USA), B-actin (cat. no. A5441, monoclonal mouse
IgG, 1:8000 dilution, Sigma—Aldrich, St. Louis, MO,
USA), Atg5 (cat. no. 12994, monoclonal rabbit IgG,
1:2000 dilution, Cell Signaling, Boston, MA, USA),
Atgl12 (cat. no. 4180, monoclonal rabbit IgG, 1:2000
dilution, Cell Signaling, Boston, MA, USA), or
Beclin-1 (cat. no. 3495, monoclonal rabbit IgG,
1:1000 dilution, Cell Signaling, Boston, MA, USA).
After washing, the membrane was incubated with
horseradish peroxidase (HRP)-conjugated second-
ary antibodies: goat anti-mouse IgG (cat. no.
NEF82200-1 EA, 1:2000 dilution, PerkinElmer, Wal-
tham, MA, USA) or goat anti-rabbit IgG (cat. no.
NEF81200-1 EA, 1:2000 dilution, PerkinElmer) for
1 h at room temperature. Protein bands were visu-
alized using an enhanced chemiluminescence kit
(cat. no. WBKLS0500, Merck Millipore, Burlington,
MA, USA) and the UVP EC3 Biolmaging System
(Phoenix, AZ, USA). The intensity of each protein
band was quantified using Image] software version
1.50, with B-actin levels as a control for normalizing
protein expression.

2.10. Apoptosis detection

TM3 cells were treated with or without 50 M
cordycepin, 6 Gy radiation, or their combination for
24, 48 and 72 h, respectively. Cellular apoptosis was
assessed wusing the fluorescein isothiocyanate
(FITC) Annexin V apoptosis detection kit (BD
Pharmingen, San Diego, CA, USA), following the
manufacturer's instructions. Samples were evalu-
ated using a CytoFLEX flow cytometer (Beckman
Coulter) equipped with CytExpert software (Beck-
man Coulter). Fluorescence was excited at 488 nm,
and emission was captured through bandpass fil-
ters set at 515 nm for FITC and 600 nm for PI
detection. The data were visualized as histogram
plots and categorized into four quadrants based on
staining  patterns including double-negative
(Annexin V-/PI-), PI single-positive (Annexin V-/
PI+), Annexin V single-positive (Annexin V+/PI-),
and double-positive (Annexin V+/PI+), which cor-
responded to viable, necrotic, early apoptotic, and
late apoptotic cells, respectively.

2.11. Statistical analysis

The data are expressed as mean + standard error
of the mean (SEM) of three independent experi-
ments. Statistically significant differences were
determined by one-way or two-way analysis of
variance (ANOVA) with Dunnett's or Tukey's test
for multiple comparisons. The statistical signifi-
cance was considered as P < 0.05 in all experiments.

3. Results

3.1. Cordycepin and radiation induce morphological
changes and reduce cell growth density in TM3 cell
cultures

To evaluate the toxicity of cordycepin, radiation,
and their combination treatment on TM3 Leydig
progenitor cells, we conducted three series of ex-
periments that treating TM3 cells with either cor-
dycepin (10—200 pM), radiation (2—8 Gy), or their
combination under different arrangements. After
24 h of treatment, cell morphological change was
examined under a light microscope and images
were captured with a digital camera. In the exper-
iment with cordycepin alone treatment (Fig. 1A—F),
untreated control TM3 cells adhered firmly to the
bottom plane of culture flask and displayed the
expected spindle-shaped morphology. Conversely,
TM3 cells treated with increasing doses of cordy-
cepin gradually became rounder and more
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A-B-C-D-

0 uM Cordycepin 10 uM Cordycepin
E F
100 uM Cordycepin 200 pM Cordycepin

4 Gy Radiation

10 uM Cordycepin 25 uM Cordycepin
+ +

2 Gy Radiation 4 Gy Radiation

25 pM Cordycepin 50 pM Cordycepin

G-H-

0 Gy Radiation 2 Gy Radiation

0 pM Cordycepin
+

0 Gy Radiation
P

50 uM Cordycepin
+

100 pM Cordycepin
+

6 Gy Radiation 8 Gy Radiation

Fig. 1. Cordycepin and radiation induce morphological changes and reduce cell growth density in TM3 cell cultures. TM3 cells were treated (A—F)
with 0, 10, 25, 50, 100, or 200 uM cordycepin for 24 h; (G—K) with 0, 2, 4, 6, or 8 Gy radiation for 24 h; or (L—P) with the combination of cordycepin
and radiation under 0 uM cordycepin plus 0 Gy radiation, 10 uM cordycepin plus 2 Gy radiation, 25 uM cordycepin plus 4 Gy radiation, 50 uM
cordycepin plus 6 Gy radiation, or 100 uM cordycepin plus 8 Gy radiation conditions for 24 h, respectively. Cell morphology and growth density
were observed using phase contrast microscopy and images were captured by digital camera (scale bar, 100 um). The experiment was repeated three

times, and a representative result is presented.

separated. In the experiment with radiation treat-
ment alone (Fig. 1G—K), the morphological changes
in TM3 cells were similar to those in cordycepin-
treated cells. The number of rounded cells
increased, and adherent cells decreased progres-
sively from receiving 2—8 Gy radiation treatments.
These results indicate that both cordycepin and
radiation treatments induce morphological changes
associated with cell death and reduce cell growth
density in TM3 cell cultures. Furthermore, in the
experiment with combination treatment under
different conditions (Fig. 1L—P), the relatively high-
dose combinations (50 uM cordycepin plus 6 Gy
radiation and 100 pM cordycepin plus 8 Gy radia-
tion) showed a more obvious decrease in viable cell

density than the corresponding single treatment
groups, suggesting that combining the two treat-
ments under these conditions may have an additive
or synergistic effect on TM3 cells.

3.2. Cordycepin and radiation decrease cell viability of
TM3 cells in a dose-dependent manner

To further quantify the cell death-inducing ca-
pabilities of cordycepin, radiation, and their com-
bination treatment on TM3 cells, we utilized the
Trypan blue exclusion assay to analyze cell viability
and following the CI values were calculated by
using CalcuSyn software to assess the interaction of
the treatments. The results showed that the cell



JOURNAL OF FOOD AND DRUG ANALYSIS 2025;33:471—486 477

viability percentages of TM3 cells treated with
cordycepin at concentrations of 10—200 pM (Fig. 2A)
or radiation at doses of 4—8 Gy (Fig. 2B) for 24 h, as
baseline dose, were significantly reduced in a dose-
dependent manner (P < 0.05). In addition, combi-
nation treatment with cordycepin and radiation at
conditions of 25 uM plus 4 Gy, 50 uM plus 6 Gy, and
100 puM plus 8 Gy for 24 h led to significant re-
ductions in TM3 cell viability to 70%, 50%, and 38%,
respectively (P < 0.05) (Fig. 2C). The CI values
calculated by CalcuSyn software of the combination
treatments at 50 uM plus 6 Gy and 100 uM plus 8 Gy
are 0.976 (c point) and 0.991 (d point), respectively,
indicating an additive or synergistic effect on
reducing TM3 cell viability under these two

A 120 B 120
~ 100 _ 100
£ g
2 80 ey 80
:g 60 i 60
; 40 ; 40
8 8
20 20
[} [}
0 10 25 50 100 200 (1] 2 4 6 8
Cordycepin (uM) Radiation (Gy)
C 120 . -
[ 0 uM Cordycepin + 0 Gy Radiation
g 100 3 10 pM Cordycepin + 2 Gy Radiation
3
5 80 [ 25 uM Cordycepin + 4 Gy Radiation
E 60 Bl 50 uM Cordycepin + 6 Gy Radiation
E 40 Il 100 pM Cordycepin +8 Gy Radiation
3
o 20
[}
Combination treatment
D 2.5+ a: 10 uM Cordycepin + 2 Gy Radiation
§ 20 s b: 25 uM Cordycepin + 4 Gy Radiation
é : c: 50 uM Cordycepin + 6 Gy Radiation
£ 1.5 d: 100 uM Cordycepin + 8 Gy Radiation
$ :
B 10— L
;g c d
£ 0.5
S
o
0.0+

Fig. 2. Cordycepin and radiation decrease cell viability of TM3 cells in
a dose-dependent manner. TM3 cells were treated (A) with 0, 10, 25,
50, 100, and 200 uM cordycepin for 24 h, (B) with 0, 2, 4, 6, and 8 Gy
radiation for 24 h, or (C) with the combination of cordycepin and ra-
diation under 0 uM cordycepin plus 0 Gy radiation, 10 uM cordycepin
plus 2 Gy radiation, 25 uM cordycepin plus 4 Gy radiation, 50 uM
cordycepin plus 6 Gy radiation, and 100 uM cordycepin plus 8 Gy
radiation conditions for 24 h, respectively. Cell viabilities were deter-
mined by Trypan blue exclusion assay. Data are presented as
mean + SEM of three independent experiments in percentages of cell
viability relative to the control group. *P < 0.05, **P < 0.01,
**4P < 0.001, and ****P < 0.0001 indicate significant statistical dif-
ference compared to the control group. (D) Combination index (CI) was
calculated by using CalcuSyn software. The dashed line represents the
CI equal to 1. A CI of less than, equal to, and more than 1 indicates
synergistic, additive, and antagonistic interaction of two treatments,
respectively.

conditions (Fig. 2D). Based on the combination dose
at 50 M cordycepin plus 6 Gy radiation is close to
the half-maximal inhibitory concentration (ICs)
value on TMS3 cell viability inhibition, this condition
was selected for further mechanistic investigation
in the present study. Importantly, compared to
previous research finding, it requires 1.5-fold
higher radiation dosage and 2-fold higher cordy-
cepin concentration to induce cell death in TM3
Leydig progenitor cells compared to MA-10 Leydig
tumor cells as combination treatment of 25 pM
cordycepin plus 4 Gy radiation is the ICsy value on
MA-10 cell viability inhibition (control group) [17],
supporting that Leydig progenitor cells are more
resistant to the inhibitory effects on cell viability
caused by the combination treatment than Leydig
tumor cells.

3.3. Cordycepin and radiation regulate cell cycle
distribution in TM3 cells

Regulation of the cell cycle is crucial to cell
viability [23]. To determine whether cordycepin and
radiation caused cell viability reduction in TM3
cells is due to cell cycle regulation, TM3 cells
treated without or with cordycepin, radiation, or
their combination were stained with PI and the
DNA contents were analyzed by flow cytometry.
Fig. 3A demonstrates the distinct patterns in DNA
content between the treated groups and the control
group, particularly, the changes on the cell cycle
patterns are most pronounced in the groups that
TM3 cells receiving radiation and combination
treatment. The quantitative results indicate that
treatment with cordycepin, radiation, or their
combination potentially increases the proportion of
TM3 cells in the sub-G1 and G2/M phases, while
reducing the proportion in the G1 and S phases
(Fig. 3B—E). In detail, the proportion of cells in the
sub-G1 phase was significantly increased in the
combination treatment group at 12 h (P < 0.05),
suggesting the occurrence of DNA fragmentation in
TM3 cells after receiving the combination treatment
(Fig. 3F). The proportion of cells in the G1 phase
significantly decreased at 3 and 6 h in both the ra-
diation and combination treatment groups
(P < 0.05) (Fig. 3G). A significant decrease in the
proportion of cells in the S phase at 12 h was
observed in the combination treatment group, as
well as in the individual treatment groups (P < 0.05)
(Fig. 3H). Moreover, G2/M phase arrest occurred at
6 and 9 h in the radiation and combination treat-
ment group, respectively (P < 0.05), suggesting that
these cells may undergo apoptosis subsequently
(Fig. 3I).
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Fig. 3. Cordycepin and radiation regulate cell cycle distribution in TM3 cells. TM3 cells were treated without or with 50 uM cordycepin, 6 Gy
radiation, or 50 uM cordycepin plus 6 Gy radiation for 3, 6, 9, 12, and 24 h, respectively. Cells were fixed and stained with propidium iodide, and
cell cycle was measured using flow cytometry. The experiment was repeated three times, and (A) a representative result is presented. The horizontal
axis represents DNA content, and the vertical axis shows the cell counts. (B—E) The distribution of cells in sub-G1, G1, S and G2/M phase of the
TMS3 cells treated without or with 50 uM cordycepin, 6 Gy radiation, or 50 uM cordycepin plus 6 Gy radiation at different time points are
illustrated. (F—I) The curves depicting the changes in the percentage of cells over time in the Sub-G1, G1, S, and G2/M phases for different
treatment groups are shown. Data are presented as mean + SEM of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and
**4*P < 0.0001 indicate significant statistical difference compared to the control group.

3.4. Cordycepin and radiation induce autophagy in TM3
cells

Autophagy is a cellular process involving the
degradation and recycling of proteins and organ-
elles to maintain cellular homeostasis [27]. Both

cordycepin and radiation have been reported to
induce autophagy in treated cells [44,45]. When
autophagy activity increases, the number and/or
size of acidic vesicular organelles (AVOs) will in-
crease. To understand whether treatment with
cordycepin, radiation or their combination can
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induce autophagy in TM3 cells, we used acridine
orange (AO) staining to determine the extent of
autophagy. Incorporating AO into AVOs results in
intensified red fluorescence, indicating heightened
autophagy activity. A representative experimental
result shows that treatment with 6 Gy radiation plus
50 uM cordycepin induced autophagy rate of 31% at
12 h and 70% at 24 h, which were higher than those
observed with cordycepin alone (18% at 12 h and
38% at 24 h), radiation alone (19% at 12 h and 30% at
24 h), and untreated control (6% at 12 h and 4% at
24 h) groups, respectively (Fig. 4A). Statistical
analysis of three independent experiments reveals
a significant increase in the percentage of auto-
phagic cells among TM3 cells treated with cordy-
cepin, radiation, or their combination, compared to
the control group at 12 and 24 h, respectively
(P < 0.05) (Fig. 4B).

3.5. Autophagy inhibition aggravates cordycepin and
radiation-induced cell death in TM3 cells

Autophagy normally serves as a protective
mechanism for cells, but disruption or excess of
autophagy flux can also lead to cell death [27]. To
elucidate whether autophagy induced by cordyce-
pin, radiation, or their combination either protects
TM3 cells from death or promotes cell death, we
utilized CQ, a classic autophagy inhibitor that im-
pedes the fusion of autophagosomes with lyso-
somes. TM3 cells were pre-incubated with CQ for
1 h to inhibit autophagy, and then cell viability
under treatments with cordycepin, radiation, or
their combination was assessed using the Trypan
blue exclusion assay at 24 h. Consistent with the
data in Fig. 2, in groups without CQ pre-incubation,
treatments with cordycepin, radiation, or their
combination significantly inhibited TM3 cell
viability compared to the untreated control group
(P < 0.05) (Fig. 5). Notably, the cell viability of TM3
cells treated with cordycepin, radiation, or their
combination was significantly reduced when cells
pre-incubated with 50 pM CQ compared to those
without CQ pre-incubation (P < 0.05) (Fig. 5). These
findings indicate that inhibition of autophagy en-
hances cytocidal effect induced by cordycepin, ra-
diation, or their combination, confirming that
autophagy induction is protective in TM3 cells.

3.6. Cordycepin and radiation regulate autophagy-
related protein expressions in TM3 cells

To better elucidate the molecular involvement of
the protective autophagy induced by cordycepin
and radiation in TM3 cells, western blotting was
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Fig. 4. Cordycepin and radiation induce autophagy in TM3 cells. TM3
cells were treated without or with 50 uM cordycepin, 6 Gy radiation, or
50 uM cordycepin plus 6 Gy radiation for 12 and 24 h, respectively, and
stained with acridine orange (AO). The green and red fluorescence in-
tensity of AO-stained cells were measured by flow cytometry. The
experiment was repeated three times, and (A) the original density plots of
a representative result are presented. The horizontal axis represents the
green fluorescence intensity, and the vertical axis shows the red fluores-
cence intensity. The red numbers represent the percentage of autophagic
cells calculated from the sum of the upper left and upper right quadrants.
(B) The percentages of autophagic cells in different treatment groups from
three independent experiments were calculated, and data are presented as
mean + SEM. *P < 0.05, **P < 0.01, and ****P < 0.0001 indicate sig-
nificant statistical difference compared to the control group.

employed to analyze the expression levels of auto-
phagy-related proteins LC3 I, LC3 II, Atg5, Atgl2-
Atgb complex, and Beclin-1 in different time points
(Fig. 6A). The results showed significant elevated
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Fig. 5. Autophagy inhibition aggravates cordycepin and radiation-
induced cell death in TM3 cells. TM3 cells were preincubated without
or with 10 or 50 uM chloroquine (CQ) for 1 h and then treated without
or with 50 uM cordycepin, 6 Gy radiation, or 50 uM cordycepin plus
6 Gy radiation for additional 24 h. Cell viabilities were determined by
Trypan blue exclusion assay. Data are presented as mean + SEM of
three independent experiments in percentages of cell viability relative
to the group of control without CQ-preincubation. *P < 0.05 indicates
significant statistical difference compared to the 0 uM CQ-pre-
incubation group under individual treatment conditions. ##P < 0.01,
and ###HP < 0.0001 indicate significant statistical difference compared
to the 0 uM CQ-preincubation, untreated control group.

levels of the LC3 II/I ratio at 6, 9, and 24 h (Fig. 6B),
Atgb expression at 3 and 12 h (Fig. 6C), and Atgl2-
Atgb complex expression at 3 h (Fig. 6D) in TM3
cells following treatment with the combination of
cordycepin and radiation compared to the control
group (P < 0.05). However, the expression of Beclin-
1 was significantly decreased at 6, 9, and
24 h (P < 0.05) (Fig. 6E). These findings clearly
demonstrate that the combination treatment-
induced protective autophagy is accompanied by
regulation of the expression of autophagy-related
proteins in TM3 cells.

3.7. Cordycepin and radiation induce p62 protein
accumulation in TM3 cells

The stress-inducible autophagy-related protein
p62, located in cytosolic speckles, plays a crucial
role in regulating cell survival or death by recruit-
ing and oligomerizing essential signaling molecules
[30]. When p62 accumulates, it inhibits autophagy
by activating mTORC1 [31]. In addition, p62 can
form a complex with LC3 II, which in turn to acti-
vate the pro-apoptotic factor BID. BID activation
ultimately triggers the release of cytochrome ¢,
initiating mitochondria-mediated apoptosis [29]. To
clarify the regulation of p62 in TM3 cells after
treating with cordycepin, radiation, or their com-
bination, western blotting was used to detect the
expression levels of p62 protein at various time
points (Fig. 7A). The quantitative result shows that

the p62 expressions significantly increased in TM3
cells treated with cordycepin, radiation, or their
combination at 24 and 48 h, compared to the un-
treated control group (P < 0.05) (Fig. 7B). In the
combination treatment group, p62 expression was
notably 3.3-fold higher than in the control group
and also higher than in the groups treated with
either cordycepin or radiation alone at 48 h.

3.8. Cordycepin and radiation induce apoptosis in TM3
cells

To further confirm whether the cell death
induced by cordycepin and radiation in TM3 cells
proceeds via apoptosis, Annexin V/PI staining assay
was conducted and analyzed using flow cytometry.
Fig. 8A shows that both Annexin V+/PI- (lower
right quadrant; early apoptotic cells) and Annexin
V+/PI+ (upper right quadrant; late apoptotic cells)
cell populations were increased by time in TM3
cells treated with cordycepin, radiation, or their
combination, indicating that apoptosis was induced
after TM3 cells receiving these treatments. Signifi-
cant increase of apoptotic cell percentage was
detected in TM3 cells treated with cordycepin alone
and radiation alone at 48 and 72 h, compared to the
untreated control group (P < 0.05) (Fig. 8B). More-
over, TM3 cells receiving the combination treat-
ment exhibited a notable increase in apoptotic cell
percentage as early as 24 h, extending through 48
and 72 h, with approximately half of the cells un-
dergoing apoptosis at 72 h (P < 0.05) (Fig. 8B).

4. Discussion

Radiotherapy is a localized treatment method
commonly utilized in clinical therapeutic strategies
for various cancer treatments. However, tumor cells
may develop resistance to radiation, thereby
reducing their susceptibility to radiotherapy [10].
Our recent research findings have revealed that
cordycepin can enhance the radiosensitivity of MA-
10 mouse Leydig tumor cells by modulating five
different but interrelated mechanisms, including
cell cycle arrest, the caspase pathway, ER stress,
ROS accumulation, and DNA damage, to induce
apoptosis [17,18]. The combination treatment of
4 Gy radiation plus 25 uM cordycepin significantly
increased the ratios of MA-10 cells in the sub-G1
and G2/M phases while decreasing the ratios in the
S and G1 phases. This modulation was achieved via
the regulation of cyclins and cyclin-dependent ki-
nases (CDKs) expression, such as the down-
regulation of cyclin E1 and CDK4 expression.
Enhanced expression of cleaved caspase-3/-8/-9
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Fig. 6. Cordycepin and radiation regulate autophagy-related protein expressions in TM3 cells. TM3 cells were treated without or with 50 uM
cordycepin, 6 Gy radiation, or 50 uM cordycepin plus 6 Gy radiation for 3, 6, 9, 12, and 24 h, respectively. The protein expression levels of LC3 (LC3
I: 16 kDa; LC3 1I: 14 kDa), Atg5 (55 kDa), Atg12-Atg5 (55 kDa), Beclin-1 (60 kDa), and 3-actin (43 kDa) were detected by western blotting. The
experiment was repeated three times, and (A) a representative result is presented. (B) The integrated optical densities of LC3 II protein expression
were normalized with corresponding LC3 I proteins expression in each lane. The integrated optical densities of (C) Atg5, (D) Atg12-Atg5, and (E)
Beclin-1 protein expressions were normalized with corresponding B-actin protein expression in each lane. Data are presented as mean + SEM of
three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 indicate significant statistical difference compared to the control group.

and PARP, cytochrome ¢, glucose-regulated protein
(GRP78), phosphorylated-eukaryotic transition
initiation factor 2o (p-EIF20), and CCAAT-
enhancer-binding protein homologous protein
(CHOP), along with reduced levels of the anti-
apoptotic protein Bcl-2, was observed in MA-
10 cells following the combination treatment indi-
cating that these cells undergo apoptosis via the
induction of caspase pathway and ER stress.
Furthermore, the combination treatment also
induced intracellular ROS accumulation

accompanied by downregulation of heme oxygen-
ase-1 (HO-1) protein expression. Subsequently, it
causes single-stranded and double-stranded DNA
break through the activation of ataxia telangiectasia
mutated (ATM)/checkpoint kinase (Chk)2 and
ataxia telangiectasia mutated and Rad3 related
(ATR)/Chk1 signaling pathways, respectively, along
with a decrease in the expression of phosphorylated
H2A histone family member X (y-H2AX). Eventu-
ally, the p53-dependent pathway is activated,
prompting the cells towards apoptosis. In the
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Fig. 7. Cordycepin and radiation induce p62 protein accumulation in
TM3 cells. TM3 cells were treated without or with 50 uM cordycepin,
6 Gy radiation, or 50 uM cordycepin plus 6 Gy radiation for 12, 24,
and 48 h, respectively. The protein expression levels of p62 (62 kDa),
and -actin (43 kDa) were detected by western blotting. The experiment
was repeated three times, and (A) a representative result is presented.
The integrated optical densities of p62 protein expression were
normalized with corresponding (-actin protein expression in each lane
(B). Data are presented as mean + SEM of three independent experi-
ments. *P < 0.05, **P < 0.01, and ***P < 0.001 indicate significant
statistical difference compared to the control group.

present study, TM3 Leydig progenitor cells that
received the same combination treatment under
relative higher dosage condition also showed a
significant augmented percentage in sub-G1 and
G2/M phases with a decreased percentage of G1
and S phase in the cell cycle progression (Fig. 3).
Moreover, due to the p62 accumulation (Fig. 7),
these cells may ultimately undergo apoptosis
(Fig. 8). However, it needs 1.5-fold higher dosage of
radiation and 2-fold higher concentration of cor-
dycepin to induce 50% TM3 Leydig progenitor cell
death as compared to the conditions used in MA-10
Leydig tumor cells of previous studies [17,18],
reflecting that normal Leydig cells are more resis-
tant to the combination treatment than Leydig
tumor cells. As we know, the selective toxicity of
cancer treatment strategies to cancer cells versus
normal cells is crucial for both efficacy and safety. It
gives possibilities in design an effective and safe
combination treatment dosages of radiation plus
cordycepin based on the sensitivity difference
observed between normal Leydig cells and Leydig
tumor cells in this study.

Increasing evidence indicates that cordycepin can
improve cellular biofunction damage caused by
diseases or chemicals through inducing protective
autophagy [46—48]. On the other hand, the induc-
tion of autophagy also plays a key role in cell pro-
tection when cells face chemotherapy drugs [49,50].
Similarly, upon exposure of cells to radiation,

induction of autophagy is also often cytoprotective
[51,52]. Autophagy-induced resistance to interven-
tional therapeutic strategies may be achieved
through a variety of mechanisms, such as
enhancing drug or harmful metabolite efflux
through overexpression of certain types of trans-
porters, activating metabolic or antioxidant mech-
anisms, acquiring regulatory control in apoptotic
pathways or cell cycle checkpoint or activation of
DNA repair mechanisms to reduce DNA damage
induced by therapeutic intervention [53]. Accord-
ingly, our data show that the combination treatment
induced autophagy in TM3 cells (Fig. 4), accompa-
nied by the upregulation of autophagy-related
protein expression levels and the LC3 I/II conver-
sion feature (Fig. 6). Further functional analysis
demonstrated that the inhibition of autophagy by
pre-incubation with CQ markedly increased the
combination treatment-induced cell death (Fig. 5),
suggesting that the combination treatment-induced
autophagy plays a protective role in TM3 cells. This
phenomenon may be the main reason why TM3
cells are more resistant to the combination treat-
ment than MA-10 cells. The protective autophagy
induced by the combination treatment in normal
Leydig cells provides an optimal entry point for
drug development, which could improve the se-
lective toxicity of treatment strategies to ensure
safety.

Mechanistically, once autophagy is initiated, Atg5
is covalently linked to Atgl2, a ubiquitin-like pro-
tein, forming the Atgl2—Atg5 conjugate, which is
involved in phagophore expansion [54]. The
expression level of LC3 II correlates with the num-
ber of autophagosomes. Therefore, the ratio of LC3 I
to LC3 II conversion can serve as an indicator of
autophagic activity [55]. In the results of present
study, the expression levels of Atg5 and Atgl2-Atgb
complex were increased significantly and were
detected as early as 3 h after TM3 cells treating with
cordycepin plus radiation (Fig. 6A—D). In addition,
the ratio of LC3 I to LC3 II conversion was also
detected to be upregulated at 6, 9, and 24 h in TM3
cells treated with the combination treatment
(Fig. 6A and B). This evidence confirms that auto-
phagy is initiated as early as 3 h after TM3 cell
receiving the combination treatment and persists for
at least 24 h, as shown in the data from Fig. 4,
approximately 70% of cells undergo autophagy at
24 h in the combination treatment group. Beclin-1 is
a key protein in the autophagy process, involved in
the formation, expansion, and maturation of phag-
ophore [54]. It recruits and activates other auto-
phagy-related proteins, such as Atgl4, to regulate
the balance of cellular autophagy (54). The Beclin-1
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Fig. 8. Cordycepin and radiation induce apoptosis in TM3 cells. TM3 cells were treated without or with 50 uM cordycepin, 6 Gy radiation, or 50 uM
cordycepin plus 6 Gy radiation for 24, 48, and 72 h, respectively. Cells were stained with annexin-V-FITC and propidium iodide (PI). (A) The
fractions of viable cells (annexin V-FITC —, PI —; lower left quadrant), necrotic cells (annexin V-FITC —, PI +; upper left quadrant), early apoptotic
cells (annexin V-FITC +, PI —; lower right quadrant), and late apoptotic cells (annexin V-FITC +, PI +; upper right quadrant) were determined by
flow cytometry. The experiment was repeated three times, and the original density plots of a representative result are presented. The horizontal axis
represents the annexin V-FITC fluorescence intensity, and the vertical axis shows the PI fluorescence intensity. (B) Percentages of apoptotic cells are
calculated, and data are presented as mean + SEM of three independent experiments. *P < 0.05, **P < 0.01, and ****P < 0.0001 indicate significant
statistical difference compared to the control group.

expression is downregulated in TM3 cells at 6 h after
receiving the combination treatment, indicating a
negative regulation of autophagy (Fig. 6A—E).
Furthermore, the p62 protein is incorporated into

autophagosomes by binding to LC3 II and is effi-
ciently degraded within the autophagosome [54].
Therefore, the total level of p62 is negatively corre-
lated with autophagic flux [56]. We found that p62
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accumulation significantly increased over time from
24 h in TM3 cells treated with cordycepin, radiation,
or their combination (Fig. 7), which indicates that
autophagic degradation and the fusion between
autophagosomes and lysosomes were probably
inhibited. Excess accumulation of p62 might result
in the deactivation of mTORC1 or the induction of
oxidative stress, ultimately causing cell damage [31].

Autophagy-induced cell death can be classified
into autophagy-dependent cell death (ADCD) that
relies on the autophagy mechanism and autophagy-
mediated cell death (AMCD) that relies on other
mechanisms, for instance, apoptosis [27]. There are
three possibilities of the interactions between auto-
phagy and apoptosis including autophagy inhibiting
apoptosis, autophagy promoting apoptosis, and
both processes being activated independently
without influencing each other [27]. Previous studies
have revealed that autophagy can promote
apoptosis by engulfing apoptosis-related molecules
or by directly binding to apoptotic molecules [27,57].
The autophagy product p62 can bind to Fas-associ-
ated phosphatase-1 (Fap-1), a negative regulator of
Fas, leading to the degradation of Fap-1. Its degra-
dation can promote the phosphorylation of Fas,
thereby enhancing the Fas-induced apoptosis [58].
Furthermore, an excess of the p62-LC3 II complex
can activate the pro-apoptotic BID protein, thereby
initiating mitochondria-mediated apoptosis [29].
Under normal physiological conditions, Atg5 and
Atgl2 are degraded in a proteasome-dependent
manner during the late stages of autophagy [28,59].
If Atg12 is not efficiently degraded, the accumulated
Atgl12 can bind to and inactivate the anti-apoptotic
proteins Bcl-2 and myeloid cell leukemia-1 (Mcl-1)
through its BH3-like motif. This inactivation pro-
motes the release of cytochrome c from mitochon-
dria and induce apoptosis [60]. Atg5-induced
apoptosis is associated with calpain, which cleaves
Atgb into truncated Atg5. The truncated Atgb can
move into the mitochondria to inactivate Bcl-2 and
Mcl-1, altering the permeability of the mitochon-
drial outer membrane and triggering the activation
of the caspase cascade [61]. In this study, the com-
bination treatment of cordycepin and radiation in-
duces both autophagy and apoptosis in TM3 cells.
However, the crosstalk between these two mecha-
nisms and the molecular mechanisms involved still
require further clarification.

When conducting pharmacological and toxico-
logical studies on Leydig cell treatment strategies,
the choice of cell lines is relatively limited [1]. TM3
and MA-10 are currently the two most widely uti-
lized cell lines in this field. Both cell lines have
physiological properties like native Leydig cells,

particularly in hormone response and steroido-
genesis [62]. The TM3 cell line better exhibits
characteristics similar to those of normal Leydig cell
differentiation [38,39]. It is frequently used in
studies of Leydig cell function regulation [63],
signaling pathways [64], and the differentiation
process [41]. Furthermore, it is suitable as a cellular
model for drug screening and toxicological research
[65]. Therefore, we used MA-10 and TM3 cell lines
as Leydig cell tumors and normal Leydig cell
models in the previous studies [17,18] and the cur-
rent study, respectively, to evaluate the impact of
the combination treatment of cordycepin and radi-
ation on Leydig cells. One of the current limitations
in research is the scarcity of available experimental
models. Future research should aim to develop
stable primary Leydig cell models for more detailed
ex vivo analysis. In addition, developing a well-
established orthotopic Leydig tumor animal model
is also necessary for in vivo pharmacological and
toxicological assessments of the combination treat-
ment of cordycepin and radiation on Leydig tumor
cells and normal Leydig cells.

Current clinical applications of cordycepin are
basically in explorative stage, principally on its
potential roles upon anti-inflammation [15,16],
neuroprotection [66], reproduction [67], and cancer
therapy [18,68], in an adjunct status. However, the
preclinical investigations of cordycepin illustrate its
high potential roles to increase immune responses,
decrease inflammations, and suppress tumor
growths.

In conclusion, the current study bridges the gap
in scientific evidence concerning the effects of the
combined cordycepin and radiotherapy on normal
Leydig cells during the treatment of Leydig cell
tumors. The findings reveal that TM3 Leydig pro-
genitor cells exhibit greater resistance to the com-
bination treatment compared to MA-10 Leydig
tumor cells. Following the combination treatment
under relatively high-dose, TM3 cells still experi-
ence sub-G1 and G2/M phase cell cycle arrest and
may undergo apoptosis due to Beclin-1 down-
regulation and p62 accumulation. However, pro-
tective autophagy is promptly induced early in the
treatment process, as evidenced by the upregula-
tion of autophagy-related proteins like LC3 I, Atg5,
and the Atgl2-Atg5 complex. These results provide
valuable insights for designing optimal dosages and
improving the combination treatment of cordycepin
and radiation for treating Leydig cell tumors.
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