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Background: Monotherapy consisting of radiotherapy or chemotherapy has limited efficacy in pancreatic tumors. This study
aims to investigate whether the combination of 12°I brachytherapy and gemcitabine (GEM) chemotherapy has a synergistic effect
on pancreatic cancer (PC).

Methods: In vitro, PANC-1 cells in the exponential phase were treated with 12°I radioactive seeds (6 Gy) and GEM (30 nM).
Cell proliferation, apoptosis, and mitochondrial membrane potential were measured using the Cell Counting Kit-8 (CCK-8)
assay, Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining, and flow cytometry, respectively. In
vivo, we examined the inhibitory effect of three different treatment regimens on tumor growth in mice when combined with 51
brachytherapy and GEM. Next, we investigated the effects of the optimal scheme among the three on the tumor microenviron-
ment, tumor tissue morphology, tumor cell apoptosis, systemic inflammatory response, and levels of apoptosis-related proteins in
the tumor. Changes in the tumor microenvironment and levels of apoptosis-related proteins were measured by Western blot. The
extent of damage to tumor tissue morphology was assessed by Hematoxylin and Eosin (HE) staining. Tumor cell apoptosis was
measured by TUNEL staining. Changes in inflammation-related factors were determined by Enzyme-Linked Immunosorbent
Assay (ELISA).

Results: The results of in vitro cell experiments demonstrated that the combination of '2°I radioactive seeds (6 Gy) and GEM
(30 nM) had a stronger inhibitory effect on PANC-1 cells than either alone (p < 0.05). In vivo, data showed that the GEM (after
3 d) + '?°I treatment group had the strongest tumor inhibition effect on PC (p < 0.05). Western blot analysis showed that the
combined treatment of '2°I brachytherapy and GEM caused changes in the expression of collagen and connexin in the tumor
microenvironment, promoted tumor cell apoptosis, upregulated the expression of pro-apoptotic proteins, and helped to restore
pancreatic function (p < 0.01).

Conclusion: Our research results suggest that the strategy of '°I seed implantation surgery in mice after 3 days of GEM treat-
ment has a more pronounced synergistic effect on the treatment of PC.
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Introduction and chemotherapy regimens can reduce local incidence and
improve overall survival [8]. Based on these results, radia-
tion therapy combined with chemotherapy has been adopted
as the first-line treatment standard for patients with ad-
vanced PC [9].

Gemcitabine (GEM), as a first-line chemotherapy
drug for PC, has established efficacy in the treatment of
advanced PC. However, PC patients who use GEM alone

tend to develop resistance, posing some limitations to PC

Pancreatic cancer (PC) is one of the most deadly can-
cers in clinical oncology and ranks third among causes of
cancer-related death [1]. PC is inherently resistant to con-
ventional chemotherapy due to pancreatic tumor specificity
[2]. These tumors develop genetic aberrations that pro-
mote an aggressive phenotype and resistance to chemora-
diotherapy [3,4]. In addition, the microenvironment of pan-

creatic tumors is composed of an extensive, dense, and
vascular-deficient desmoplastic matrix. Together, these
factors constitute a powerful barrier to drug delivery and
inhibit chemoradiotherapy [5,6].

Traditionally, local pancreatic tumors are controlled
by surgical resection and adjuvant chemotherapy. A previ-
ous study has shown that adjuvant therapy reduces local re-
currence rates and prolongs survival [7]. In addition, neoad-
juvant external-beam radiotherapy combined with surgery

treatment [10]. *2°I seed implantation can persistently and
safely kill cancer cells due to its long half-life and low-dose
effect [11]. The study by Li et al. [12] showed that com-
bined treatment with 1251 and GEM increased apoptosis in
PC cells. Therefore, we speculated that the combination of
1251 and GEM would reduce the drug resistance of PC in
vivo.
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In our study, we first probed the inhibitory utility of
1251 brachytherapy combined with GEM on PC cells in
vitro. The therapeutic effects of different regimens of 12°1
brachytherapy and GEM combination therapy were subse-
quently investigated in PC xenograft mice. The mechanism
of 1251 seed implantation after 3 days of GEM treatment
against PC was further explored.

Materials and Methods

Cell Culture

We purchased a Human PC cell line (PANC-1) (iCell-
h172) from iCell Bioscience Inc (Saibaikang Biotechnol-
ogy Co., Ltd., Shanghai, China). The medium used for cell
culture was DMEM (iCell-138-0001, Cellverse Bioscience
Technology Co., Ltd., Shanghai, China) containing 10% fe-
tal bovine serum and 1% double antibiotic. The cells were
placed in air containing 5% CO,. The incubation temper-
ature was 37 °C. The cell lines used in this study have un-
dergone STR profiling and tested negative for mycoplasma
contamination.

Cell Intervention

Cell interventions were divided into four groups (Con-
trol group, GEM group, '2°1 group, GEM (30 nM) + 1251
(6 Gy) group). We purchased '2°I radioactive seeds from
Xinke Co., Ltd. (Shanghai, China). After PANC-1 cells
had grown to the logarithmic phase, we irradiated the cells
using the Gray model of '2°1 seed radiation [13,14]. The
model allows the calculation of absorbed dose and expo-
sure time. The initial dose of radiation to PANC-1 cells
was 12.13 cGy/h, and the cumulative dose was 6 Gy [15].
Drug intervention was performed by adding 100 pL of fresh
complete medium containing 30 nM GEM (G8970, Solar-
bio, Beijing, China) to the cells [16].

Cell Counting Kit-8 (CCK-8) Assay

We cultured PANC-1 cells in 96-well plates. Then we
placed PANC-1 cells in a 5% COz culture environment at
37 °C. We added CCK-8 solution (Cat. No. MA0218-5,
Meilunbio, Dalian, China) to the 96-well plates at a fixed
time and incubated PANC-1 cells in the dark for 2 h. The
absorbance of PANC-1 cell viability was detected at 450
nm by a microplate reader (Cmax plus, Molecular Devices
Corporation, Silicon Valley, CA, USA). Cell viability (%) =
(Absorbance of the control group — Absorbance of the blank
control group)/(Absorbance of the experimental group —
Absorbance of blank control group) x 100%.

Apoptosis Assay

We assessed the apoptosis of PANC-1 cells using
a Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) dye assay (T2130, Solarbio, Beijing,
China). Simultaneously, 4’,6-Diamidino-2-phenylindole
(DAPI) antibody (C0060, Solarbio, Beijing, China) was in-
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troduced to the PANC-1 cells. The apoptotic cell count in
PANC-1 cells was observed through a microscope (CX53,
Olympus, Tokyo, Japan).

Flow Cytometry

PANC-1 cells were seeded in 6-well plates. The cells
were cultured for 12 hours. Cells were then harvested
and resuspended with JC-1 dye (M8650, Solarbio, Beijing,
China) at 37 °C for 30 min in the dark. Changes in mito-
chondrial membrane potential were quantified by flow cy-
tometry (BECKMAN, Beckman Coulter Co., Ltd., Brea,
CA, USA) using red and green fluorescence.

Mice Model of Pancreatic Cancer

Fifty female Specific Pathogen-Free (SPF) C57BL/6
mice, aged 5-6 weeks and weighing (17 + 2) g, were pur-
chased from the Shanghai Institute of Materia Medica, Chi-
nese Academy of Sciences. The animals were kept in an
SPF environment with a constant temperature of 22-25 °C,
constant humidity of 50%—60%, natural light, and free ac-
cess to food and water.

Random assignment into five groups was conducted
using a random number table method. Forty mice were ran-
domly selected. The remaining 10 serve as a non-modeled
Control group. Subcutaneous injection of PANC-1 tumor
cells (1 x 105 cells/mL) was performed in the left axillary
region of mice to establish a PC xenograft mouse model.
The PANC-1 cell suspension was adjusted to an appropri-
ate concentration of 1 x 10° cells/mL to ensure the injec-
tion provided a specific quantity of viable cells. The health
status of the mice was monitored and the growth of the tu-
mor following the cell injection was recorded. After one
week of growth, the mice were randomly divided into 4
groups (n = 10). According to the study design, mice in
the experimental groups received one of 3 different treat-
ments. To anesthetize the mice, pentobarbital sodium (30
mg/kg) was used, and the 12°] particles were implanted into
the left axillary region of the mice using appropriate surgi-
cal techniques. Following implantation, the surgical inci-
sion was treated to ensure the mice’s recovery. Mice in the
first experimental group received an intravenous tail injec-
tion of GEM (50 mg/kg) for three days, followed by the
implantation of 12°I seeds. Mice in the second group re-
ceived concurrent tail vein injection of GEM (50 mg/kg)
and the implantation of '2°I seeds. Mice in the third group
received GEM (50 mg/kg) via tail vein injection three days
after the implantation of '2°I seeds. Euthanasia was per-
formed on mice by intravenous injection of pentobarbital
sodium (110 mg/kg) through the tail vein. The study has
obtained approval from the Beijing KeWeiTe for Experi-
mental Animal Welfare Ethics Committee (Approval No.
KWT-2023-084).
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Tumor Growth Indicators

The specific growth of the tumor was observed, and
the specific weight and volume of the tumor were counted
on the 21st day. The specific size of tumor tissue was mea-
sured by the vernier caliper. Tumor volume = [(length x
width)/2]? x 0.5236. Tumor inhibition rate = (1 — tumor
volume of experimental group/tumor volume of the Con-
trol group) x 100%. After the mice were euthanized, the
tumor metastasis was carefully observed and the number of
metastatic lesions was counted.

HE Staining

The pancreatic tumor tissue samples were collected
from the mice and fixed by adding formalin (G2161, Solar-
bio, Beijing, China). Samples were dehydrated by immers-
ing them in a series of increasing concentrations of ethanol.
Phenol (108-95-2, MITSUBISHI CHEMICAL GROUP,
Tokyo, Japan) was added for clearing. The cleared tissue
samples were immersed in molten paraffin. After paraffin
embedding, the tissue samples were placed in an embedding
machine (EG1150C, Leica Microsystems, Wetzlar, Ger-
many). A rotary microtome or an ultra-thin sectioning ma-
chine (RM2255, Leica Microsystems, Wetzlar, Germany)
was used to cut the tissue blocks into extremely thin sec-
tions. Sections were stained by adding hematoxylin-eosin
solution (G1120, Solarbio, Beijing, China). Sections were
dehydrated, cleared and mounted. Finally, we observed the
stained sections under a microscope (DM5000, Leica Mi-
crosystems, Wetzlar, Germany) for pathological analysis.

Distribution of > Radiation

The '2°1 activity in the tumor and blood of the mice
was counted using a Wallac Wizard 3 automated gamma
counter (1470, Perkin Elmer, Waltham, MA, USA).

Western Blot

Proteins were separated by SDS-polyacrylamide gel
electrophoresis and then transferred to a polyvinylidene
fluoride (PVDF) membrane. The PVDF membrane was
placed in 5% BSA at 25 °C for 1 h. Then Cleaved
Caspase-3 (1:2000 dilution; cat no. ab2302, Abcam,
Cambridge, UK), Cleaved Caspase-9 (1:1000 dilution; cat
no. AF5240, Affinity Biosciences, Guangzhou, China),
B-cell lymphoma 2 (Bcl-2) (1:2000 dilution; cat no.
ab182858, Abcam, Cambridge, UK), Bcl-2—associated X
protein (Bax) (1:2000 dilution; cat no. ab182733, Ab-
cam, Cambridge, UK), Claudin-4 (1:2000 dilution; cat no.
ab210796, Abcam, Cambridge, UK), Cluster of Differen-
tiation 31 (CD-31) (1:2000 dilution; cat no. ab28364, Ab-
cam, Cambridge, UK), Cluster of Differentiation 144 (CD-
144) (1:2000 dilution; cat no. ab313632, Abcam, Cam-
bridge, UK), and Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) (1:2000 dilution; cat no. Ab9485, Abcam,
Cambridge, UK) antibodies were added and incubated at 4

°C for 12 h. The PVDF membrane was then incubated with
secondary antibody horseradish peroxidase (HRP) (1:2000
dilution; cat no. ZB-2305, ZB-2301, ZSGB-BIO, Beijing,
China). Finally, the protein was quantitatively analyzed
with a chemiluminescence enhancement kit (E-IR-R301,
Elabscience Biotechnology Co., Ltd., Wuhan, China). Vi-
sualizing protein bands using gel imaging systems (Chemi-
Doc MP Imaging System, Bio-Rad ChemiDoc, Hercules,
CA, USA) and performing quantitative analysis of the
bands using Image J software (version 1.5¢, National In-
stitutes of Health, Bethesda, MD, USA). The grey values
of protein bands in this study are normalized with GAPDH
as an internal reference.

Enzyme-Linked Immunosorbent Assay (ELISA)

Using a double-antibody sandwich assay, we analyzed
the activity of secretory phospholipase A2 (sPLA2) (H243-
2), amylase (C016-1-1), Alanine Aminotransferase (ALT)
(C009-2-1), and Aspartate Aminotransferase (AST) (C010-
2-1) in peripheral blood. Enzyme-Linked Immunosorbent
Assay (ELISA) detection kits were purchased from Nan-
jing Jiancheng Biological Engineering Institute (Nanjing,
China). Data were acquired using a Multiskan Go mi-
croplate reader (Cmax plus, Molecular Devices Corpora-
tion, Silicon Valley, CA, USA).

Statistical Analyses

The data were expressed as the mean =+ standard de-
viation, and p values < 0.05 were considered significant.
GraphPad Prime software 8.0 (GraphPad Prime Inc, San
Diego, CA, USA, https://www.graphpad-prism.cn/) was
used for statistical analysis. Data were statistically analyzed
using a T-test and analysis of variance (ANOVA). Using
Tukey’s test for post hoc analysis.

Results

1251 Seeds and Gemcitabine Suppressed PANC-1 Cell
Viability, Promoted Apoptosis, and Reduced
Mitochondrial Membrane Potential

PANC-1 cells were irradiated with 1251 seeds at a dose
ofup to 6 Gy and treated with GEM at a dose of 30 nM. The
effects of 12°1 seeds and GEM alone and in combination on
the survival rate, apoptosis, and mitochondrial membrane
potential of PANC-1 cells were comprehensively evaluated.

Fig. 1A illustrates the inhibitory effect of 12°I seeds
and GEM on the activity of PANC-1 cells. Compared with
the Control group, the viability of PANC-1 cells in the GEM
(30 nM) treatment group, 12°I (6 Gy) treatment group, and
GEM (30 nM) + 1251 (6 Gy) combined treatment group was
significantly decreased (p < 0.05). When '2°[ seeds and
GEM were used alone, the results showed that the inhibitory
effect of 1251 seeds on the viability of PC cells was signifi-
cantly lower than that of GEM (p < 0.05). Notably, the in-
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Fig. 1. Effects of 2° radioactive seeds and gemcitabine on cell viability, apoptosis, and mitochondrial membrane potential of
PANC-1 cells. (A) Effect of 1251 seeds, GEM, and GEM + '2°T on PANC-1 cell viability. (B) Effect of 12°I seeds, GEM, and GEM +
1257 on PANC-1 cell apoptosis. Scale bar: 100 um. Green: Expression level of the apoptosis marker protein labeled with GFP; Blue:
Cell nuclei labeled with DAPI. (C) Effect of 121 seeds, GEM, and GEM + 12°T on PANC-1 cell mitochondrial membrane potential. (n =
6) (*p < 0.05, **p < 0.01, ***p < 0.001). GEM, gemcitabine; GFP, green fluorescent protein; DAPI, 4’,6-diamidino-2-phenylindole.
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Fig. 2. Inhibitory effects of three different treatment strategies on pancreatic tumors. (A,B) Tumor Solid Images (A) and measure-
ment of tumor volume (B). (C) The tumor inhibition rate was calculated. (D) Number of metastatic lesions. (E) Survival rate of mice at
the end of the experiment (n = 10). (*p < 0.05, **p < 0.01, ***p < 0.001).

hibitory effect of 1251 seeds combined with GEM on PANC- Fig. 1B illustrates the effect of 12°I seeds and GEM
1 cell proliferation was significantly better than that of 1251 on apoptosis in PANC-1 cells. The results showed that the
seeds or GEM alone (p < 0.05, p < 0.01). apoptosis rate of PANC-1 cells in the GEM (30 nM) treat-
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Fig. 3. Toxicity of GEM (after 3 d) + 12°I treatment on pancreatic tumor cells in vivo. (A) The amount of 12°1 radiation in the tumor.
(B) The amount of *2°1 radioactivity in the blood. (C) The pathology of the pancreatic tumor tissue was evaluated by Hematoxylin and
Eosin (HE) staining. The red arrows represent local necrotic and inflammatory regions. (D) The apoptosis of tumor cells was evaluated
by Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining (n = 10). Scale bar: 100 um (*p < 0.05, **p <
0.01).
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ment group, ‘2°1 (6 Gy) treatment group, and GEM (30
nM) + 251 (6 Gy) combined treatment group was signif-
icantly higher than that in the Control group (p < 0.05, p
< 0.01, and p < 0.001). Compared with the GEM (30 nM)
treatment group, '2°1 (6 Gy) irradiation had a lower pro-
apoptotic effect on PANC-1 cells (p < 0.05). Compared
with the GEM (30 nM) treatment group and '2°1 (6 Gy)
treatment group, the apoptosis rate of PANC-1 cells in the
GEM (30 nM) + 1251 (6 Gy) combined treatment group was
significantly increased (p < 0.01, and p < 0.001).

Next, we determined the effects of '2°I seeds and
GEM on mitochondrial membrane potential in PANC-1
cells. Under normal mitochondrial membrane potential
conditions, JC-1 exists in an aggregated state, emitting red
fluorescence. When the mitochondrial membrane poten-
tial decreases, JC-1 transitions from its aggregated state to
a monomeric form, resulting in an increase in green fluo-
rescence. Therefore, an increase in the JC-1 green fluores-
cence ratio reflects a decrease in mitochondrial membrane
potential. The results are shown in Fig. 1C. Compared with
the Control group, the mitochondrial membrane potential
was significantly decreased in the GEM (30 nM) treatment
group, 12°I (6 Gy) treatment group, and GEM (30 nM) +
1251 (6 Gy) combined treatment group (p < 0.05, p < 0.01,
p <0.001). When treated with 12°I seeds or GEM alone, the
mitochondrial membrane potential of PANC-1 cells in the
1251 seed radiation group was higher than that in the GEM
treatment group (p < 0.05). Compared to the GEM (30 nM)
treatment group and '2°1 (6 Gy) treatment group, the mito-
chondrial membrane potential of PC cells treated with the
GEM (30 nM) + 1251 (6 Gy) combined treatment group was
lower (p < 0.05, and p < 0.01).

The Therapeutic Effects of 1?1 Brachytherapy and
Gemcitabine were Evaluated in a PC Model

We evaluated the therapeutic effect of three different
treatment strategies, '2°I brachytherapy, and GEM on PC
tumors. The first strategy was to perform '2°I seed implan-
tation surgery in mice 3 days after GEM treatment. The sec-
ond strategy was to perform 12°I seed implantation surgery
in mice at the same time as GEM treatment. The third strat-
egy was to treat the mice with GEM three days after 12°1
seed implantation surgery.

First, we determined the effect of the three treatment
regimens on tumor volume. As shown in Fig. 2A,B, in
PANC-1 xenograft mice, all treatment groups significantly
inhibited tumor growth (p < 0.05). However, there were
significant differences in tumor volume among groups (p
< 0.05, and p < 0.01); the treatment effect of 12° seed
implantation after three days of GEM treatment was signif-
icantly better than that of the other two groups. Compared
with the GEM (after 3 d) + '2°I group, tumor volume was
distinctly higher in the GEM + '25] treatment group and
1251 (after 3 d) + GEM treatment group (p < 0.05, and p <
0.01). In addition, the tumor inhibition rate of the GEM +

1251 treatment group and '2°1 (after 3 d) + GEM treatment
group was significantly lower than that of the GEM (after 3
d) + 251 group (p < 0.05, and p < 0.01) (Fig. 2C).

We simultaneously evaluated the effect of the three
treatment regimens on the number of metastatic lesions in
mice. Asshown in Fig. 2D, the number of metastatic lesions
in the three treatment groups was significantly lower than
that in the Model group (p < 0.001). There were significant
differences in the number of metastatic lesions among the
three treatment groups (p < 0.05, p < 0.01), and the num-
ber of metastatic lesions was the lowest in the GEM (after
3 d) + 1251 group.

We measured the survival rate of the mice after
21 days of treatment with the three regimens (Fig. 2E).
Whereas the survival rate of mice in the Model group was
approximately 40%, the survival rate of mice in all treat-
ment groups was significantly higher. Compared to the
other groups, the GEM (after 3 d) + 1251 group had the high-
est survival rate (p < 0.05, p < 0.01, and p < 0.001).

Based on the observation of the therapeutic effects of
the three treatment regimens, we chose to perform 121 seed
implantation surgery in mice after 3 days of GEM treatment
for subsequent experiments.

Effect of Y21 Brachytherapy Combined with
Gemcitabine on the Cytotoxicity of Tumor Cells

During the study, we evaluated the radioactivity of
1251 in the tumor and blood of mice after GEM (after 3 d)
+ 1251 treatment (Fig. 3A,B). The results showed that the
radioactive content of 12°[ in the tumor and blood of mice
decreased gradually with the extension of treatment time in
a time-dependent manner (p < 0.05).

The effect of GEM (after 3 d) + 251 treatment on
mouse pancreatic tissue was evaluated by Hematoxylin and
Eosin (HE) staining (Fig. 3C). There are marked areas of
necrosis in untreated PC tissue (Model). After GEM (after
3 d) + 12°] treatment, the pancreatic tumor tissue showed lo-
calized necrosis, and more obvious interstitial fibrosis and
inflammation.

Next, we performed histological analysis of tumor
sections using TUNEL staining to see the effect on tumor
cytotoxicity after combined treatment with GEM and '2°1.
As shown in Fig. 3D, the tumor cells in the Model group
were stained light, indicating that the number of apoptotic
cells was the least. This indicated that GEM (after 3 d) +
1251 had induced obvious apoptosis of local tumor cells (p
< 0.01).

1251 Brachytherapy Combined with Gemcitabine
Reduced Related Enzyme Activities in the Blood

To explore the effect of 12°1 brachytherapy combined
with GEM on biochemical parameters in blood, serum lev-
els of sPLA2, amylase, ALT, and AST were measured
(Fig. 4A-D). Compared with the Control group, the activity
levels of SPLA2, amylase, ALT, and AST were significantly
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Fig. 4. Effect of GEM (after 3 d) + 2°I treatment on serum levels of sSPLA2, amylase, ALT, and AST. (A) The level of sSPLA2 in
serum. (B) The level of amylase in serum. (C) The level of ALT in serum. (D) The level of AST in serum (n = 10). (*p < 0.05, **p <

0.01). sPLA2, secretory phospholipase A2; ALT, Alanine Aminotransferase; AST, Aspartate Aminotransferase.

increased in the Model group (p < 0.01). Compared with
the Model group, '2°1 brachytherapy combined with GEM
significantly reduced the activity levels of SPLA2, amylase,
ALT, and AST (p < 0.05) (Fig. 4A-D).

Effect of Y>> Brachytherapy Combined with
Gemcitabine on Apoptosis-Related Proteins in
Tumors

We determined the expression levels of Cleaved
Caspase-3, Cleaved Caspase-9, Bax, and Bcl-2 in pancre-
atic tumor tissues to evaluate the impact of GEM and 12°1
combination treatment on apoptosis pathways (Fig. SA-D).
The results showed that, compared to the Model group,

the expression levels of Cleaved Caspase-3 and Cleaved
Caspase-9, which are key markers of the activation of apop-
tosis, were significantly increased in the GEM (after 3 days)
+ 1251 group. This suggests enhanced activation of the cas-
pase cascade, which is crucial for the execution phase of cell
apoptosis. Additionally, the pro-apoptotic protein Bax was
also significantly upregulated in the combination treatment
group, indicating a shift towards the promotion of apopto-
sis. In contrast, the anti-apoptotic protein Bcl-2 was signifi-
cantly downregulated in the same group (p < 0.01), further
confirming the induction of apoptosis by the combination
therapy. These changes in protein expression levels collec-
tively suggest that GEM combined with '2°] treatment po-
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tentiates apoptotic mechanisms in pancreatic tumor tissues,
thereby inhibiting tumor growth more effectively than ei-
ther treatment alone (Fig. 5A-D).

Effect of '2°I Brachytherapy Combined with
Gemcitabine on the Microenvironment of Pancreatic
Tissue

Claudin-4, a protein that regulates the structure and
function of tight junctions between cells, is present in
PANC-1 pancreatic tumor cells. Claudin-4 expression was
significantly reduced in tumor cells treated with GEM (af-
ter 3 d) + 1251 compared with the Model group (p < 0.01)
(Fig. 6A).

CD-31, also known as platelet endothelial cell adhe-
sion molecule, is upregulated by radiotherapy due to its role

as a vascular marker [17]. The results indicated that the
expression of CD-31 in the GEM (after 3 d) + '2°1 treat-
ment group was significantly reduced compared to that in
the Model group (p < 0.01) (Fig. 6B).

CD-144 is a protein used to support the vascular en-
dothelial barrier. After GEM (after 3 days) + 1251 treatment,
the protein expression level of CD-144 in tumor cells was
significantly lower than that in the Model group (p < 0.01)
(Fig. 6C).

These expression changes in the tumor microenviron-
ment suggest that the combination of '2°I brachytherapy
and GEM treatment greatly attenuates the biological barrier
that regulates tumor permeability.
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Discussion

Radioactive particles have attracted interest in the
treatment of solid tumors. In particular, radioactive seed
implantation technology can selectively and continuously
inject high concentrations of radioactive materials into tu-
mors [18]. Our study shows that 122 brachytherapy has a
synergistic effect with GEM chemotherapy in vitro, and its
efficacy is also present in an in vivo PC model.

It is well known that GEM is the first-line chemother-
apy drug for the treatment of PC but it faces a major chal-
lenge due to chemoresistance [19]. Zhang et al. [20]
showed that radiation doses greater than 3.12 Gy of 251
seeds significantly reduced the viability of human neurob-
lastoma cells. Wang et al. [21] showed that 12°] seed ra-
diation triggered apoptosis and autophagy by inducing in-
creased production of reactive oxygen species in human
esophageal squamous cell carcinoma cells. At the same
time, the maximum cell death was observed when the radi-
ation dose was 6 Gy [21]. This study showed that both 1251
brachytherapy and GEM alone inhibited the proliferation
of PC cells, whereas the combination of '2°I brachytherapy
and gemcitabine was superior to either alone. Our data also
indicated that 12°1 brachytherapy and gemcitabine treat-
ment induced apoptosis in PANC-1 cells by inducing a de-
crease in mitochondrial membrane potential. Therefore, we
hypothesized that '2°1 brachytherapy could improve drug
sensitivity in the synergistic treatment of PC.

A previous study has shown that different regimens
of neoadjuvant radiotherapy based on GEM have signifi-
cantly different efficacies in the treatment of PC [22]. Our
data suggest that to maximize the synergy between systemic
GEM therapy and brachytherapy, GEM should be admin-
istered for some time before combining '2°1 radiotherapy.
The levels of SPLA2, amylase, AST, and ALT in the blood
can reflect the recovery of pancreatic function [23]. Per-
forming 12°1 seed implantation surgery 3 days after GEM
treatment may capitalize on the sensitivity of tumor cells
to GEM. This timing could potentially lead to a more pro-
nounced effect of radioiodine implantation on tumors al-
ready influenced by GEM. There might be a synergistic ef-
fect between GEM and radioiodine implantation, enhanc-
ing each other’s therapeutic effects. Conducting 12°1 seed
implantation surgery at a specific time point may enhance
synergy with the effects of GEM. Tumor cells exhibit vary-
ing sensitivities to treatment at different points in the cell
cycle. Performing '2°I seed implantation surgery 3 days
after GEM treatment might align with a specific cell cy-
cle phase, where tumor cells are particularly susceptible to
the treatment. In our study, GEM (after 3 d) + 2°I treat-
ment significantly reduced the levels of sPLA2, amylase,
AST, and ALT, indicating that GEM (after 3 d) + 12°I treat-
ment reduced systemic inflammatory response and organ
failure. The process of apoptosis is tightly regulated by
caspases and the Bcl-2 family. In this study, GEM (after

3 d) + 251 induced apoptosis in tumor cells. It decreased
the expression of apoptosis inhibitor protein Bcl-2 and in-
creased the expression of pro-apoptotic protein Bax. It also
induced the activation of Caspase-3 and Caspase-9, thereby
promoting the apoptosis of PANC-1 cells. Sun et al. [24]
demonstrated that hypericin can reduce the resistance of
pancreatic tumor cells to GEM, and promote the apoptosis
of Capan-2 cells by inhibiting the level of Bcl-2, stimulat-
ing the level of Bax and triggering the activation of cas-
pases. The tumor microenvironment has long been the root
cause of drug resistance in PC because the tumor microen-
vironment is composed of different non-tumor cells as well
as abundant extracellular matrix components, with multi-
ple biochemical and physical interactions between various
cellular and cell-free components to promote tumor pro-
gression and treatment resistance [25]. Overcoming this
barrier has been the focus of clinical research. Jia et al.
[26] treated the tumor microenvironment with a nano de-
livery system that could alter the tumor microenvironment
in PC by depleting the extracellular matrix, inhibiting asso-
ciated fibrocytes to reverse immunosuppression, and pro-
moting angiogenesis. Kang ef al. [27] designed a novel
non-steroidal vitamin D receptor modulator in combination
with GEM to reshape the tumor microenvironment and ef-
fectively inhibit the activity of PC cells. Our findings in-
dicate that 12°1 brachytherapy enhances tumor permeabil-
ity, resulting in elevated GEM accumulation. This height-
ened drug concentration sensitizes the tumor tissue to the
cytotoxic effects of radiation. Consequently, the radiation
induces tumor volume reduction, diminishes the microen-
vironment, and lowers connexin levels in the stroma. The
enhanced permeability fosters increased GEM uptake dur-
ing subsequent chemotherapy, establishing a positive feed-
back loop of synergistic therapy. This augmented perme-
ability underscores the successful combination of 251 with
chemotherapeutic agents to achieve radiosensitization, mi-
croenvironment modulation, and direct contributions to cy-
totoxicity.

This study used a mouse model to evaluate therapeutic
strategies for pancreatic cancer. Despite the important role
of mouse models in preliminary screening and mechanis-
tic studies, their biological characteristics may differ from
human pancreatic cancer, thus limiting the direct applica-
bility and generalization of the results. The treatment and
observation period in this study were relatively short, es-
pecially with evaluation occurring only 3 days post-GEM
treatment, which may not fully reflect long-term treatment
effects and potential complications. Although in vitro ex-
periments demonstrated the potential of combined GEM
and 12°[ therapy, translating these results to in vivo mod-
els and ultimately to clinical practice requires considera-
tion of more complex biological variables and treatment re-
sponse differences. This study focused on the combined ef-
fects of GEM and '2°] radioactive seed implantation ther-
apy, restricting exploration of the general applicability of
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other treatment modalities or combination therapies. While
changes in tumor microenvironment and apoptosis-related
proteins were assessed, the molecular mechanisms and sig-
naling pathways of combined GEM and '2°1 therapy were
not deeply explored, which is crucial for understanding
the exact mechanisms of synergistic effects and optimiz-
ing treatment strategies. Despite providing experimental
data in mouse models, the clinical relevance and feasibil-
ity of this study require validation through further clinical
research.

Conclusion

Despite the availability of well-developed chemora-
diotherapy options, PC still displays a high recurrence rate
and poor survival rate. Our results suggest that 1251 seed im-
plantation performed 3 days after GEM administration has
better efficacy in PC mice. It can promote tumor cell apop-
tosis and reduce tumor metastasis by reducing mitochon-
drial membrane potential, improving the tumor microenvi-
ronment, and reducing the systemic inflammatory response.
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