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Abstract: Sericin, a natural macromolecular protein and the main component of silkworm
cocoons, exhibits biocompatibility, excellent mechanical properties, and biodegradability.
Previous research has confirmed that the sericin protein possesses anticancer properties.
Gastric cancer (GC) poses a serious hazard to human health, with a low rate of early
diagnosis and a poor prognosis. Investigating the safety and effectiveness of drugs for
their used in treatment is imperative. In this study, we confirmed that Antherea pernyi
sericin (APS) inhibited the proliferation, migration, and clonal formation of GC cells and
caused apoptosis in the cells by regulating the expression of Bcl2 and Bax. Moreover,
our data show that APS did not exhibit significant toxicity in normal gastric mucosal
cells and mice. Furthermore, the results show that APS suppressed the proliferation of
cisplatin-resistant GC cells and promoted cellular apoptosis; however, it had no synergistic
effects with cisplatin. All the results indicated that APS exhibits antitumor activity against
GC and is a prospective medicinal agent for the clinical treatment of GC, with minimal
toxicity and adverse side effects. This research can provide a theoretical basis for sericin
in the field of tumor treatment, especially for the application of natural macromolecular
polypeptide drugs.
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1. Introduction

Gastric cancer (GC) is a malignant and lethal tumor, the incidence and mortality
of which rank fifth in the world [1]. Although the worldwide incidence rate of GC has
de-creased over time [2,3], it still has the highest mortality rate and poses a serious threat to
human health. In recent years, there have been some achievements in the comprehensive
treatment of GC. Surgery combined with neoadjuvant chemotherapy can effectively pro-
long the survival time of patients [4]. Targeted therapy and immunotherapy are currently
the main treatment methods for GC, such as HER2-targeted drugs, VEGF inhibitors, and
PD-1/PD-L1 inhibitors, but drug resistance and side effects are still difficult problems
in the clinical treatment of GC. Therefore, screening drugs with diversified treatment
such as anti-tumor activity and the ability to reverse tumor resistance is a current prior-
ity to provide patients with a more effective, low-toxicity, comfortable, and economical
comprehensive treatment.

Peptides are compounds formed by the dehydration of three or more amino acids.
They are derived from widespread sources, including animals, plants, bacteria, and fungi.
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Peptides are characterized by their high activity, safety, and ease of absorption [5]. Re-
searchers have found that they also have antitumor activity. Antitumor peptides can exert
their antitumor effects by activating the body’s immune system, arresting the cell cycle, pro-
moting cellular apoptosis, and inhibiting the formation of tumor neovascularization [6-9].
Oncolytic peptides (OPs) are peptides that selectively target cancer cells while sparing
normal cells. These peptides can alter membrane dynamics and increased cellular activity,
and their effects on the viability of cancer cells have been asssessed. Among them, the
oncolytic peptide LTX-315 has played an important role in anti-tumor therapy [10,11]. In
GC, ANXA1-derived peptides bind to EphA2 and target EphA2 for degradation, thereby
inhibiting mouse gastric and colon cancer cell proliferation [12]. Apoptin-derived peptides
promote GC cells” apoptosis, necrosis, and the reversal of cisplatin resistance by inhibiting
the PI3K/AKT/ARNT signaling axis [13].

Silk cocoons are mainly made up of two natural proteins, sericin and fibroin. Com-
pared with the fibroin protein, sericin is largely ignored in the field of sericulture and is
mostly discarded in waste liquids [14]. However, with the utilization of natural resources,
sericin has gradually attracted the attention of researchers. Studies have shown that sericin
has high potential in beauty, healthcare, and food applications, as well as functional bioma-
terials [15], and it has been proven that sericin has better antioxidant, anti-ultraviolet, and
antibacterial activities than fibroin [16,17]. Sericin is a pure natural complex protein, consti-
tuting approximately 15-35% of the total cocoon weight; it is composed of 17-18 different
amino acids that are highly soluble in water, most of which are absorbable and utilizable by
the human body [18,19]. Sericin exhibits biocompatibility, excellent mechanical properties
and biodegradability, making it applicable in biomedical fields, tissue engineering, and
drug delivery [15]. It has been widely used as an anti-inflammatory, antioxidant, antibacte-
rial, anticoagulant, metabolic, anti-ultraviolet, and wound-healing agent with inhibitory
tyrosinase activity) and a material in the biomedical field [20,21]. A previous report showed
that sericin can prevent apoptosis of hippocampal neurons in diabetic rats by triggering
the Akt signaling pathway [22]. Moreover, multiple studies have suggested that sericin has
antitumor effects on a variety of tumor types, such as breast, colon, and skin cancer [23-26].
Sericin caused cell cycle arrest in the GO/G1 phase by blocking the PI3K/AKT signaling
axis in breast cancer cells [24]. To date, although it has been confirmed that sericin has
antitumor activity, there have been few related research reports. Most studies have focused
on its auxiliary antitumor effect as a biological drug delivery material. Moreover, no studies
have reported whether sericin has a therapeutic effect on GC and whether it is related to
chemotherapy resistance.

In the present study, we extracted sericin from Bombyx mori (871 strain), Antherea pernyi
(Yudal strain) and Bombyx mandarina (AK18 strain) cocoons and used it to treat GC cells.
The detection of cell proliferation activity revealed that A. pernyi sericin (APS) had the
best effect on MKIN45 cells. Therefore, APS was used as the subsequent research object.
In vitro and vivo experiments confirmed that APS had low toxicity to individuals and
cells. We found that APS had exhibited antitumor activity against GC in vitro, and in vivo,
inhibiting the proliferation, migration, and clonal formation of GC cells and promoting cell
apoptosis. Furthermore, the results suggested that APS has an effect on cisplatin-resistant
MKN45/CDDP cells; however, it has no synergistic effects with cisplatin. All of these
results can provide a theoretical basis for using sericin in the field of tumor treatment,
especially for the application of natural polypeptide drugs.
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2. Results
2.1. Extraction and Screening of Sericin

Sericin was extracted from B. mandarina, B. mori, and A. pernyi, and designated as
BMAS, BMOS, and APS, respectively. Coomassie Brilliant Blue staining results showed no
significant differences in the protein bands of the three kinds of sericin, with clear bands at
240 kDa and 35 kDa (Figure 1A). The UV absorption spectra showed that all three types
of sericin had UV absorption peaks at 275 nm, but the absorbance was different, and APS
had the highest absorbance (Figure 1B), which may be attributed to differences in the
amino acid composition and content of the sericin. Previous studies have confirmed that
sericin has antioxidant activity [16]. Therefore, we constructed a cellular oxidation model
using H,O, (Figure S1A,B). The results of treating the cells with the three types of sericin
after oxidation showed that APS reduced ROS formation (Figure 1C,D). Then, we treated
GC cells with different concentrations of the sericin. CCK-8 assay results suggested that
the half-maximal inhibitory concentration (ICsg) values for BMOS, APS, and BMAS were
15.35,23.49, and 28.58 mg/mL in AGS cells and 21.17, 6.914 and 46.7 mg/mL in MKN45
cells, respectively (Figure 1E). Further treatment of AGS cells with a sericin concentration
of 4 mg/mL for 24 h, 48 h, and 72 h revealed that APS more effectively lowered cell
proliferation compared to BMOS and BMAS (Figure 1F). Apoptosis assay results showed
that APS significantly promoted AGS cell apoptosis (Figure 1G), and thus, we selected APS
for subsequent studies.
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Figure 1. The effects of sericin from different sources on the apoptosis, proliferation, and oxidation of
cells. (A) Coomassie bright blue staining was used to detect differences in protein size among the three
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kinds of sericin: 1, marker; 2, Bombyx mori sericin (BMOS); 3, Bombyx mandarina sericin (BMAS);
4, Antherea pernyi sericin (APS). (B) The ultraviolet absorption spectra of BMOS, BMAS, and APS
were detected using a spectrophotometer. (C,D) The ROS levels of GES1 cells were evaluated using
DCFH-DA after treating with H,O,, BMOS, BMAS, and APS for 24 h. (E) The IC5y was evaluated
by performing CCK-8 tests on AGS and MKN45 cells treated with diverse concentrations of BMOS,
BMAS, and APS for 24 h (1 mg/mL, 2 mg/mL, 4 mg/mL, 6 mg/mL, 8 mg/mL, 10 mg/mL, 20 mg/mL,
30 mg/mL). (F) The CCK-8 test was used to measure cell viability after treatment with BMOS, BMAS,
and APS (4 mg/mL) or the control for 24 h, 48 h, and 72 h. (G) The level of apoptosis was determined
using flow cytometry after AGS cells were treated with BMOS, BMAS, and APS (4 mg/mL) for 24 h.
*** p <0.001; **, p <0.01; and *, p < 0.05; and ns, p > 0.05.

2.2. Safety Evaluation of APS

To explore whether APS is toxic to the body, we performed a safety evaluation of APS
in mice. There was no significant difference in body weight among the groups (Figure 2A).
After the treatments, the heart, liver, lungs, kidneys, spleen, and stomach were collected.
The organ index indicated no significant difference among the three groups (Figure 2B);
differences in colon length were not significant (Figure S2A). HE staining results suggested
that APS treatment had no effect on the pathological characteristics of the kidneys, liver,
lungs, stomach, heart, or spleen of the mouse (Figure 2C). Blood was collected to measure
routine blood parameters and biochemical indices; the data revealed no significant effects
of APS treatment on routine blood indices (Figures 2D and S2B), and it did not significantly
affect hepatorenal function (Figure 2E). These results suggest that APS exhibits good
biosafety. In vitro hemolysis experiments showed that the ddH,O group, the positive
control, exhibited significant hemolysis, while no significant hemolysis was observed in
the sericin groups at different concentrations (Figure S2C), indicating that APS has high
compatibility. All of these results indicate that APS might not have any negative impacts
on the mouse body and minimal toxicity.

2.3. APS Inhibited Proliferation, Clonogenicity, and Migration of GC Cells

To investigate the anticancer effects of APS, we treated GC cells with 4 mg/mL of APS
and assessed cell viability using CCK-8 after 24 h, 48 h, and 72 h. According to the findings,
APS significantly reduced the growth of GC cells compared to the medium-treated group,
but there was no time-dependent trend (Figure 3A); this may be caused by the degradation
of APS in the cell. In the images, where green Calcein/PI staining represents living cells
and dead cells are stained red, a significant increase in dead cells after treatment with
APS is observed (Figure 3B). Additionally, treatment with APS significantly reduced the
clonogenicity of GC cells compared to the control (Figure 3C). It also effectively decreased
the number of migrating GC cells (Figure 3D). These results demonstrate that APS can
inhibit GC cell proliferation, clonogenicity, and migration.

2.4. APS Induces Apoptosis in GC Cells

To assess the impact of APS on apoptosis, we employed flow cytometry to determine
whether treatment with APS induced apoptosis in GC cells. The results showed that
the apoptotic index of GC cells following APS was substantially greater than that of the
control cells (Figure 4A), although there was no discernible difference in the apoptotic cell
count in normal gastric mucosal cells (GES1) after APS treatment (Figure S3A). Then, the
TUNEL staining results indicated a marked increase in TUNEL-positive cells following
APS treatment (Figure 4B). We assessed changes in mitochondrial membrane potential and
found that it substantially decreased after treatment with APS (Figure 4C). Furthermore,
caspase-3/7 and caspase-9 enzyme activities were significantly increased after treatment
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with APS (Figure 4D,E), whereas no changes in caspase-3/7 or caspase-9 activity were
discovered in GES1 cells (Figure S3B,C). Then, we examined the expression of several
crucial apoptosis-related genes using qRT-PCR, and the results showed that the expression
of Bax, caspase-3, and caspase-9 was significantly upregulated, while that of the anti-apoptotic
gene Bcl2 was downregulated after APS treatment (Figure 4F). At the protein level, the
expression of the pro-apoptotic protein Bax increased, whereas that of anti-apoptotic
proteins decreased (Figure 4G). All findings confirmed that APS might cause caspase-
dependent apoptosis in GC cells.
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Figure 2. Safety evaluation of APS. (A) The body weights of C57BL/6 mice treated with 5000 mg/kg
and 10,000 mg/kg APS via intragastric administration. (B) The index of vital organs, where organ
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index (%) = organ weight/body weight x 100%. (C) Representative images of hematoxylin and
eosin staining of the heart, liver, spleen, lung, kidney, and stomach in the control and APS groups.
Scale bar = 50 uM. (D) The examination of routine blood parameters, including leukocyte (WBC), lym-
phocyte (lymph), platelet (PLT), and erythrocyte counts (RBC) and hemoglobin (HGB), in C57BL/6
mice. (E) The serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), creatinine,
and urea nitrogen (BUN) levels of different groups. ns, p > 0.05.
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Figure 3. The effects of APS on GC cell proliferation, clonogenicity, and migration. (A) The CCK-8 test
was used to measure cell viability after treatment with APS (4 mg/mL) or the control for 24 h, 48 h and
72 h. (B) Cells staining results of the Calcein/PI assay after treatment with APS (4 mg/mL) for 24 h.
Red and green indicate dead and living cells, respectively. (C) The colony formation test was carried
out on AGS and MKN45 cells after APS (4mg/mL) treatment. (D) Cell migration numbers were
determined in a Transwell chamber assay after treatment for 48 h with APS (4mg/mL). **, p < 0.01;
*,p <0.05; and ns, p > 0.05.
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Figure 4. The effects of APS on GC cell apoptosis. (A) The level of apoptosis was determined via
flow cytometry after AGS and MKIN45 cells were treated for 24 h with APS (4 mg/mL). (B) After cell
treatment with APS, the TUNEL-positive cells were identified by TUNEL staining. (C) The mitochondrial
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membrane potential was detected after AGS and MKIN45 cell treatment with APS. Green fluorescence
means the mitochondrial membrane potential has decreased; normally, it fluoresces red. (D,E) Cas-
pase 3/7 and caspase 9 enzyme activities were measured to evaluate the impact of APS on apoptosis.
(F) Quantitative real-time (qQRT)-PCR analysis was used to determine the mRNA levels of Bax, Cas-
pase3, caspase 9, and Bcl2 after treatment with APS (4 mg/mL) for 24 h. (G) Western blotting was
performed to evaluate the expression of Bcl2 and Bax after treatment with APS (4 mg/mL) for 48 h.
3 p <0.001; **, p <0.01; %, p <0.05; and ns, p > 0.05.

2.5. APS Suppresses Tumorigenesis of GC

In the tumor xenograft assay, the growth of tumors was significantly delayed with
APS compared to ddH,O treatment (Figures 5A and S4A). The tumor volume and weight
of the APS group were markedly reduced (Figures 5B and 54B). IHC data revealed that the
expression of Ki-67 was substantially decreased in the tumor samples from the APS group
(Figure 5C). We also used H&E staining to assess the effects of APS or ddH;O treatment
on the organs of the mice. Treatment with APS appeared to alleviate the tumor’s pressure
on alveolar tissue, but there were no significant pathological differences in the heart, liver,
spleen, or kidneys compared to the ddH,;O-treated group (Figure 5D). Interestingly, the
organ indices indicated that the liver and kidney indices were higher in the APS-treated
group than in the ddH,O-treated group, while there were no substantial differences in the
heart, lung, and spleen indices (Figure 5E). Furthermore, we assessed liver and kidney
function in the mice and found that serum AST and creatinine were substantially lower
in the APS group compared to the ddH,O-treated group, while serum ALT and urea
nitrogen showed no significant changes (Figures 5F and 54C). These results suggest that
APS medication may have had a protective effect on the liver and kidneys.

2.6. APS Inhibits Proliferation and Induces Apoptosis in Cisplatin-Resistant GC Cells

Cisplatin, a commonly used platinum-based complex, serves as a frequently employed
systemic chemotherapeutic drug for the management of GC. However, chemotherapy
resistance still poses a substantial obstacle in clinical GC treatment. We hypothesized that
APS could improve chemotherapeutic sensitivity. We treated MKN45 cells and cisplatin-
resistant GC cells (MKN45/CDDP) with different concentrations of cisplatin, and the results
showed that the IC5) values were 5.752 uM and 29.21 uM (Figure 6A); the IC5y value of
MKN45/CDDP cells was significantly higher than that of MKIN45 cells, indicating reduced
sensitivity to cisplatin. Therefore, we treated the MKIN45/CDDP cells with APS, and the
results showed that the ICsy value was 20.51 mg/mL (Figure 6B). Treatment with 10 mg/mL
APS significantly inhibited cell proliferation in MKN45/CDDP cells, showing a declining
trend over time according to the CCK-8 assay (Figure 6C). The flow cytometry results
indicated a significant increase in the apoptotic cell count in the APS group compared to
the control group (Figure 6D,E), and caspase-3/7 and caspase-9 enzyme activities were
significantly elevated (Figure 6F,G). These results demonstrated that APS can reduce the
growth of MKN45/CDDP cells and accelerate cell apoptosis.

2.7. APS and Cisplatin Have No Synergistic Effects

The results above indicate that APS could prevent MKN45/CDDP cells from prolif-
erating and cause them to undergo apoptosis. Next, we treated GC cells with varying
concentrations of cisplatin and APS in order to examine whether APS could increase the
sensitivity of the GC cells to cisplatin. The results showed that at low concentrations of
cisplatin, the combined treatment with APS significantly reduced the growth of GC cells.
Conversely, when cisplatin was combined with APS at high concentrations, cell prolifer-
ation increased (Figure 7A). Further, the flow cytometry results indicated that the rates
of apoptosis were not significantly different between the synergistic treatment (5 uM of



Int. J. Mol. Sci. 2025, 26, 1890

90f19

cisplatin with 4 mg/mL of APS) and cisplatin-only groups (Figure 7B). We speculated
about whether APS could reduce the cytotoxicity of cisplatin in GES1 cells. However, in
GES1 cells, combined treatment with APS and cisplatin produced no significant alterations
in cell proliferation viability or the rates of apoptotic cells compared with the cisplatin-only
group (Figure S5A,B). We investigated whether there was synergy between the two drugs
by treating GC cells with different concentrations of APS and cisplatin individually or in
combination. CCK-8 assays were performed to analyze cell proliferation, and the results
obtained using CompuSyn3.0 software showed that the CI value in AGS cells was less
than 1 when the APS concentration was 3 mg/mL with cisplatin 1 uM or 2 uM, the APS
concentration was 4 mg/mL with cisplatin 0.5 uM or 1 uM, and APS concentration was
6 mg/mL with cisplatin 0.5 uM, 1 uM or 2 uM, indicating synergistic effects; however,
at a cisplatin concentration of 5 uM, antagonistic effects were observed (Figure 7C,D). In
MKN45 cells, the CI value was higher than 1, suggesting antagonistic action with the
two agents (Figure S5C,D). These results indicate that APS has no synergistic effect with
cisplatin and does not enhance the sensitivity of GC cells to cisplatin.
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Figure 5. Antitumorigenic effects of APS on the GC. (A) Tumor xenografts were tested in MKIN45 cells
after treatment with APS (500 mg/kg) or ddH,O (control), and xenograft tumors from the indicated
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mice (n = 5) were imaged. (B) Mice in various groups had their tumor volumes measured and com-
puted. (C) Relative Ki-67 intensities of the control and APS groups are presented. Scale bar = 10 um.
(D) H&E staining test of the heart, liver, spleen, lung, and kidney in mice in the control and APS
groups. Scale bar = 10 um. (E) The vital organ index. (F) Serum markers of liver and kidney function:
ALT and creatinine. ***, p < 0.001; **, p < 0.01; and *, p < 0.05; and ns, p > 0.05.
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Figure 6. The effects of APS on apoptosis in MKN45/CDDP cells. (A) IC5y was determined by
performing the CCK-8 test on MKN45 and MKN45/CDDP cells treated with different concentrations
of cisplatin for 24 h (0.5 uM, 1 uM, 2uM, 5 uM, 10 uM, 15uM, 20 uM, 30 uM, and 40 uM). (B) ICsq
was determined by performing the CCK-8 assay on MKN45/CDDP cells after treatment with different
concentrations of APS for 24 h (1 mg/mL, 2 mg/mL, 4 mg/mL, 8 mg/mL, 10 mg/mL, 15 mg/mL,
20 mg/mL, 30 mg/mL, and 40 mg/mL). (C) Cell viability was tested by CCK-8 assay on MKN45/CDDP
cells after APS (10 mg/mL) treated for 24 h, 48 h, and 72 h. (D,E) The apoptotic rates of MKN45/CDDP
cells after treatment with APS (10 mg/mL) for 24 h, determined using flow cytometry analysis. (F,G) Cas-
pase 3/7 and caspase 9 enzyme activities were measured to evaluate the impact of APS on apoptosis.
#** p <0.001; **, p <0.01; and *, p < 0.05.



Int. J. Mol. Sci. 2025, 26, 1890

11 0f 19

= - Cisplatin e
S0 = Cisplatin+APS = -o- Cisplatin
> 82 100 - Cisplatin+APS
£ 100 G = F.. .
S |
5 .
= 60 : 60
8 S w
= 40 "
2= 2z »
Y k]
] o}
g h—— il
Q&fx L N Fe? T T
B Cisplatin(pM}) C:Kpl’::;(pm
AGS
Control Cisplatin APS Cisplatin+APS
- Conlrol : P2 . CODP P2 " Sericin: P2 . CDDP+ericin : P2
T o1uL215%) O1-URTE0%| T 01-UL(328% O1-UR(14.02%)| ™ F01-UL(1 75% O1-UR(497%)| T 301-UL(.07%) 01-UR(17.66%)
"E; = A By i =y
3 AT
“E‘; = 2 e
AGS 3 & &
‘Eé g o 5 ﬂ; B =]
"E; § = B =]
—|® Jot-Les ?6"%) . QI-LR(5.29%)| <4 ]O1-LLABA4%) QI-LRB.26%)) <, 1Q1-LLTT.70%) Q1-LR(5.58%)| < ]Q1-LL(64.05%) Q1-LR(14.22%)
T ‘) T | = e e o 2 S 2 Sy k -
10 10% 10% 100 10° 10° 10* 10° 1 10 o o o v ] 7
. 2:P2 - coDP : P2 - b 10‘sEncm' P W™ k”énp.s‘.'i’m P 10
T farui(.ao%) Q1ur(@4Se%) | T Ja1-uL(1.31e) Q1-URT.08%) | T JQ1-ULE 55%) Q1-URM13.46%) |~ Ja1-uL(1 de%) Q1-UR(B 46%)
MKN45 | <. =] od 5
e % ey )
£ 2 EE o
- a1iLEe7s%) Q-LRA18%) [ o |Q1-LL(ESEE%) at-iR@sa%) | o lo1iLesen) U] o LLie220%) Q1.LR(7 86%)
B N R TR TR R "M A TR TR ST T N i PRl PR Pt P ¥
Annexin V-FITC
E ® B Control 5 = El Control
° B Cisplatin s B Cisplatin
g . APS - . APS
= g
= B Cisplatin+APS = B Cisplatin+APS
S °
o M
5 k=S
= 10 L
|3 e
=3 2
6— -
Point Point3 Point4 Point5 Point6 Point7 Point8 Point9 Point10 Pointll Point 12
APS 3 3 3 3 4 4 4 4 6 6 6 6
(mg/mL)
APS 0175 0175 0175 0.175 0.243 0.243 0.243 0.243 0.772 0.772 0.772 0.772
Effect
CDDP 0.5 1 2 5 0.5 1 2 5 0.5 1 2 5
“M)
CDDP 0018 0137 0212 0373 0.018 0.137 0212 0373 0.018 0.137 0212 0373
Effect
Combined 0.143 0348 0362 0381 0.306 0328 0.339 0413 0.441 0.468 0498 0.522
Effect
CI 1478 0736 0917 1461 0916 0970 1.166 1457 0.854 0.863 0.927 1.243
D Normalized Isobologram for Combo: mix (Ser+CDDP)
Combination Index Plot 1
© Point1
2 O Point2
DC Point 3
s T Pointd
Q0 < Points
A « Point6
= + Point7
4 e Point 8
O Points
A Point10
v Point11
Point12

Figure 7. The effects of APS with cisplatin on proliferation and apoptosis in GC cells. (A) Cell activity
was tested by CCK-8 assay after treating the cells with APS (4 mg/mL) and different concentrations
of cisplatin for 24 h. (B) The apoptotic levels of AGS and MKN45 cells were evaluated using flow
cytometry analysis after APS (4 mg/mL) or/and cisplatin (5 pM) treatment for 24 h. (C) APS and
cisplatin concentration settings, combined effects, and CI values computed using CompuSyn software.
(D) CI value and the combined-effect scatter plot and the dose-normalized isoeffect plots for the two
drugs, with cisplatin as the ordinate and APS as the abscissa. ***, p < 0.001; **, p < 0.01; *, p < 0.05; and

ns, p > 0.05.
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3. Discussion

GC is a multifaceted disease. Although the incidence and mortality rates of GC in
China have shown a declining trend in recent years [2], less than 10% of diagnosed gastric
cancer cases are diagnosed early, which is a result of factors such as the subtlety of early
symptoms, health awareness, and the level of tumor screening [27]. Therefore, identifying
potential anticancer materials to improve the chemotherapy sensitivity of GC cells is not
only worthwhile but imperative.

Sericin, with a molecular weight of approximately 20400 kDa, is the main component
of silkworm cocoons [28]. Its variable amino acid composition and side-chain polar groups
collectively endow sericin with unique properties as an antioxidant, moisturizing, healing,
antibacterial, anti-UV radiation, and anti-tumor agent [21,29-33]. Due to the different
sources of sericin, the amino acid composition and content may vary, potentially affecting its
biological activity and functions [34]. Research has shown that sericin from Philosamia ricini,
B. mori and A. pernyi can significantly downregulate TNF-oc and promote the restoration of
the colonic epithelial barrier following damage [35]. In this study, we treated GES1 cells
and GC cells with sericin from B. mori, A. pernyi, and B.mandarina, and the results showed
that sericin from A. pernyi effectively cleared ROS in GES1 cells and promoted apoptosis in
GC cells. The sericin content varies significantly among B. mori, A. pernyi, and B. mandarina,
with content at 20-30% [36], approximately 15% [37], and about 33.34%, respectively [38].
Their differing contents may lead to variations in biological functions. Meanwhile, sericin
can significantly promote ROS generation in colon cancer cells, leading to cell cycle arrest
in the G1 phase and apoptosis, with APS demonstrating the best effects in MCF-7 cells [23].

Previous reports have indicated that sericin can inhibit tumor occurrence in vitro [22,24,25].
According to our findings, APS successfully stopped GC cells from growing, while causing
cells to undergo apoptosis. Additionally, APS showed no discernible harm to GES1 or
normal animals. These results showed that APS targeted cancer cells instead of t healthy
cells, which might be explained by the fact that cancer and healthy cells differ in their
genomic stability [37]. One of the ways chemotherapeutic agents stop the growth of
cancer cells is by apoptosis, which is a type of programmed cell death [8]. Apoptosis
mainly involves two pathways: one is the intrinsic pathway related to mitochondria and
several caspase-related processes, while the other is the extrinsic pathway, which involves
the binding of death receptors to their ligands [39]. We found that treatment with APS
promoted GC cells apoptosis, significantly increasing caspase 3/7 and caspase 9 enzyme
activities, while the mitochondrial membrane potential decreased, and the expression of the
anti-apoptotic protein Bcl2 was downregulated. The Bcl2 protein family primarily regulates
the intrinsic pathway, which is the mitochondrial pathway [40]. These results indicate
that APS leads to apoptosis in GC cells by means of the intrinsic pathway. However, this
may be part of the reason why APS inhibits the proliferation of GC cells. Previous studies
have reported that sericin can block the cell cycle and promote the generation of cellular
ROS to inhibit the growth of tumor cells [24]; and researchers have reported that peptides
can also inhibit tumor growth by regulating the body’s immune system and suppressing
angiogenesis. These may also be the mechanism by which APS inhibits the proliferation of
GC cells, and we can further explore this in future research.

Cisplatin is a commonly used chemotherapeutic agent for GC, and its resistance
remains a major concern in clinical practice [41]. In this study, we found that APS can
suppress proliferation and cause apoptosis in MKN45/CDDP cells. However, the results
indicate that APS did not exhibit a synergistic effect with cisplatin. We speculated that
the mechanisms of action for APS and cisplatin may differ. Cisplatin can form adducts
with DNA or proteins inside the cell [42]; these DNA adducts can induce DNA damage,
producing cytotoxicity that kills tumor cells [43]. On the other hand, protein adducts can



Int. J. Mol. Sci. 2025, 26, 1890

13 of 19

induce cells to produce large amounts of ROS, which can damage the DNA double-strand
backbone, further leading to DNA damage and enhancing cisplatin’s efficacy against tumor
cells [44]. However, cisplatin can bind not only to tumor cell DNA but also to normal cell
DNA [45], and it also has toxic side effects on the liver, kidneys, and heart [46]. Previous
research on sericin mechanisms has shown that it can reduce metal ions, for example, Fe,
Cu, and Zn, in normal cells, preventing metal-ion overload and clearing intracellular ROS
to avoid the oxidative damage that leads to necrosis or apoptosis [15,47-50]. In tumor cells,
its primary mechanism is through arresting the cell cycle and promoting oxidative stress to
induce apoptosis [24]. No studies have reported that sericin can induce DNA damage in
tumor cells.

In summary, we revealed that APS effectively suppressed GC growth and regulated
the expression of Bcl2 and Bax to induce apoptosis, thus exhibiting anticancer activity
(Figure 8). Moreover, it does not show discernible harm to gastric mucosal cells and mice,
indicating that APS is a prospective curative agent for GC treatment, with low toxicity and
few adverse side effects.

BaxA Bcl2y

cell apoptosis J .

K Active caspse9 :

Active caspse3,7

Figure 8. A schematic illustration of model regulation. APS reduces the mitochondrial membrane
potential and activates the caspase-dependent mitochondrial apoptosis pathway, thus promoting
apoptosis of GC cells.

4. Materials and Methods
4.1. Sericin Extraction

Cocoons of Bombyx mori (871 strain), Antherea pernyi (Yudal strain), and Bombyx manda-
rina (AK18 strain) were obtained from the State Key Laboratory of Resource Insects, Henan
Research Academy of Sericultural Science, and Shaanxi Key Laboratory of Sericulture,
Ankang University, respectively. Sericin is easily soluble in water and alkaline solutions,
whereas fibroin is insoluble in water and most organic solvents and requires special sol-
vents such as LiBr, formic acid, HFIP (hexafluoroisopropanol), or a CaCl, /ethanol/water
system for dissolution. Therefore, all the cocoon pieces were boiled in 1% sodium carbonate
solution for 1.5 h and centrifuged at 10,000 x g for 10 min, and then the supernatant was
collected. The filtrate was dialyzed against MiliQ H,O with a molecular weight cutoff of
8 kDa (Solarbio, Beijing, China) for 72 h. The dialyzed protein solution was freeze-dried and
stored at —80 °C. After sericin extraction, the remaining extract was washed with ddH,O
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and dried for weighing to evaluate the degumming rate. Typically, after degumming 50 g
of cocoons using this method, the remaining material weighs approximately 47 g, resulting
in a degumming rate of around 6%.

4.2. Ultraviolet Absorption Spectrum Detection

Equal amounts of three kinds of sericin were dissolved in the same volume of ddH,O,
and after complete dissolution, the UV absorption spectra of the three kinds of sericin were
detected by a spectrophotometer (SHIMADZU, Shanghai, China), and the ddH,O was
adjusted to zero.

4.3. Cell Culture

Human GES-1, MKN45, and AGS cells were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). These cells were cultured in RPMI-1640 medium
(Gibco, New York, NY, USA) supplemented with 100 U/mL penicillin, 100 pg/mL strepto-
mycin, and 10% fetal bovine serum (BIOAGRIO, Swampscott, MA, USA). MKN45/CDDP
cells were obtained from Zhejiang Matson Cell Technology Co., Ltd. (Huzhou, China), and
cultured in RPMI-1640 complete medium with 1 pM cisplatin (Sigma, St. Louis, MO, USA).
The cell line was cultivated in an incubator (Thermo Fisher, Waltham, MA, USA) with 5%
carbon dioxide (CO,) at 37 °C. The sericin protein is completely soluble in water and can
directly dissolve in the medium during subsequent cell treatment.

4.4. CCK-8 Assay

The Cell Counting Kit-8 (CCK-8, MCE, Buford, GA, USA) was used to determine the
viability of the cells after they were seeded into 96-well plates (Corning, New York, NY,
USA) and grown at 37 °C with 5% CO,. The Multifunctional Enzyme Marker (BioTek,
Winooski, VT, USA) was used to measure the absorbance value at 450 nm. All experiments
had three replicates.

4.5. Apoptosis Detection

The Annexin V-FITC apoptosis detection kit (Beyotime, Shanghai, China) was used
for flow cytometry analysis. The cells were centrifuged at 1000 x g for 5 min, and washed
with phosphate-buffered saline (PBS, Solarbio, Beijing, China). After that, the cells were
stained with PI and Annexin V-FITC at room temperature for 20 min. Finally, a CytoFLEX
flow cytometer (Beckman Coulter Biotech, Shanghai, China) was used to detect the cells.
Positive FITC staining and negative PI staining showed early apoptotic cells; positivity for
both stains indicated late apoptotic cells.

The TUNEL stain experiment was performed using the one-step TUNEL cell apoptosis
detection kit (Beyotime, Shanghai, China). Cells were seeded in a 24-well plate (Corning,
New York, NY, USA) with slips (Fisher Scientific, Waltham, MA, USA). For the analysis,
the cell culture medium was removed, and the cells were fixed with 4% paraformaldehyde
(Solarbio, Beijing, China) for 30 min using 0.1% Triton X-100 permeabilization for 10 min.
After that, the cells were washed with PBS, and 50 pL of the TUNEL test solution was
added. The cells were incubated at 37 °C for 60 min without light and then washed with
PBS. Finally, the cells were imaged using a laser scanning confocal microscope (Olympus,
Center Valley, PA, USA).

The caspase enzymatic activity was tested using the Caspase Glo® 3/7 Assay System
and the Caspase Glo® 9 Assay System (Promega, Beijing, China). A volume of 50 uL of
digested cell suspension was added to a 96-well enzyme plate (Corning, New York, NY,
USA), and 50 uL of Caspase 3/7 or Caspase 9 assay reagent was added. Then, the cells were
incubated at 37 °C for 1 h. The luminescence value was measured using the multifunctional
enzyme marker (BioTek, Winooski, VT, USA).
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4.6. Plate Colony Formation Assay

Cells were cultured in plates for 10 days. After that, the medium was removed, cells
were washed with PBS 2 times, and then 4% paraformaldehyde was used for immobilization
for 15 min. Finally, cells were stained with 0.1% crystal violet solution for 10 min and then
washed. Cell colony formation was analyzed using the Image] 1.53k software.

4.7. Transwell Migration Assay

For the Transwell migration experiment, 5 x 10* cells were seeded in the upper
chamber (Corning, New York, NY, USA) with serum-free medium, 600 pL of medium
containing 20% fetal bovine serum was added to the lower chamber; cells were cultivated
for 48 h at 37 °C in a cell incubator. After discarding the medium, a cotton swab was used to
clean the cells in the upper chamber. Then, the cells were fixed with 4% paraformaldehyde
for 30 min, after which they were stained with a 0.1% crystal violet solution for 10 min,
and washed with PBS. Finally, the chambers were imaged using an electron microscope
(Olympus, Center Valley, PA, USA). The results were analyzed using the Image] software.

4.8. Mitochondrial Membrane Potential Detection

The mitochondrial membrane potential assay kit with JC-1 (Beyotime, Shanghai,
China) was used in accordance with the manufacturer’s instructions. The steps were as
follows: the culture medium was removed from the cells and discarded, and JC-1 dye
working fluid was added; the cells were incubated for 20 min at 37 °C. After that, the
cells were washed with JC-1 buffer 3 times. The mitochondrial membrane potential was
measured using a laser scanning confocal microscope or flow cytometer.

4.9. Toxicological Testing

A toxicological assay was performed on 6-week-old C57BL/6 female mice weighing
16-18 g. The mice were obtained from ENSIWEIER Biotechnology Co., Ltd. (Shanghai,
China). For 14 days, the mice were given PBS or 5000 mg/kg or 10,000 mg/kg sericin
intragastrically. Body weight fluctuations were recorded over the course of treatment.
The Southwest University Animal Care Committee approved the experimental design of
this study.

4.10. Tumor Xenograft Assay

A tumor xenografts assay was performed on 4-week-old BALB/c nude female mice
(Charles River Laboratory Animal Technology Co., Ltd., Beijing, China). The mice were
fed in rooms free of pathogens. MKN45 cells (1 x 10°) were implanted subcutaneously
into their underarm. The sericin group mice received an intraperitoneal injection of sericin
(500 mg/kg) for 14 days, and the control group was injected with ddH,O. The tumor
volume was measured using the following equation: volume = (length x width?)/2. At the
end of the experiment, tumors were harvested from the mice and weighed. The Southwest
University Animal Care Committee approved the experimental design of this study.

4.11. Hematoxylin and Eosin (H&E) Staining Assay

The pathological structures of the mouse lung, spleen, kidney, heart, liver, and stomach
were assessed using an H&E staining kit (Lelai, Shanghai, China). Samples of the tissues
were fixed in 4% paraformaldehyde, dried, embedded, and cut into sections. After being
deparaffinized and rehydrated, the sections were stained for 24 h at 4 °C using H&E
staining buffer. Lastly, the sections were observed under an electron microscope.
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4.12. Quantitative Real-Time (qRT)-PCR

The Total RNA Kit (Omega Bio-Tek, Norcross, GA, USA) was used to extract the total
RNA from cells. Then, RNA was reversed-transcribed into cDNA using the Prime Script™
RT Reagent Kit (TaKaRa, Beijing, China). qRT-PCR was carried out with Hieff® qPCR SYBR
Green Master Mix (Yeasen, Shanghai, China). The parameters for the reaction were 95 °C
for 30 s, 40 cycles of 95 °C for 5 s, and 60 °C for 30 s, with three repetitions for each sample.
The internal reference gene was S-actin. The primers are shown in Table S1.

4.13. Western Blot Analysis

The cells treated with APS (4 mg/mL) for 48 h. Then, the Western lysis buffer (Bey-
otime, Shanghai, China) was added to the cells. After 2 h, the cells were centrifuged at
13,000 g for 10 min, and the protein supernatant was collected. Proteins were mixed with 5
x SDS loading buffer (Beyotime, Shanghai, China) and boiled for 10 min. After SDS-PAGE
gel electrophoresis, the denatured protein was transferred to a polyvinylidene fluoride
(PVDF) membrane (Millipore, Burlington, MA, USA), which was then blocked with 5%
skim milk powder, incubated with the Bcl2, Bax, or Tubulin antibody (Proteintech, Wuhan,
China) for 2 h, and then washed with TBST 6 times. Then, the membrane was incubated
with the secondary antibody (Beyotime, Shanghai, China) for 1 h. Finally, the Western blot
results were analyzed with the ECL Western blotting Detection System (Bio-Rad, Hercules,
CA, USA).

4.14. Statistical Analysis

GraphPad Prism 6 (GraphPad, La Jolla, CA, USA) was used for statistical analysis.
The significance of the variations between treatment groups was assessed using the ¢-test.
p < 0.05 indicated significant differences, and p < 0.01 indicated extremely significant
differences. The mean =+ SD of a minimum of three separate biological replicates is used to
show the data.
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