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Abstract

BACKGROUND

Hepatocellular carcinoma (HCC) is the most common malignant liver disease in
the world. Platelets (PLTs) are known to play a key role in the maintenance of
liver homeostasis and the pathophysiological processes of a variety of liver
diseases. Aspirin is the most classic antiplatelet agent. However, the molecular
mechanism of platelet action and whether aspirin can affect HCC progression by
inhibiting platelet activity need further study.

AIM

To explore the impact of the antiplatelet effect of aspirin on the development of
HCC.

METHODS

Platelet-rich plasma, platelet plasma, pure platelet, and platelet lysate were
prepared, and a coculture model of PLTs and HCC cells was established. CCK-8
analysis, apoptosis analysis, Transwell analysis, and real-time polymerase chain
reaction (RT-PCR) were used to analyze the effects of PLTs on the growth,
metastasis, and inflammatory microenvironment of HCC. RT-PCR and Western
blot were used to detect the effects of platelet activation on tumor-related
signaling pathways. Aspirin was used to block the activation and aggregation of
PLTs both in vitro and in vivo, and the effect of PLTs on the progression of HCC
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was detected.

RESULTS

PLTs significantly promoted the growth, invasion, epithelial-mesenchymal transition, and formation of an inflam-
matory microenvironment in HCC cells. Activated PLTs promoted HCC progression by activating the mitogen-
activated protein kinase/protein kinase B/signal transducer and activator of transcription three (MAPK/
AKT/STATS3) signaling axis. Additionally, aspirin inhibited HCC progression in vitro and in vivo by inhibiting
platelet activation.

CONCLUSION

PLTs play an important role in the pathogenesis of HCC, and aspirin can affect HCC progression by inhibiting
platelet activity. These results suggest that antiplatelet therapy has promising application prospects in the
treatment and combined treatment of HCC.

Key Words: Platelets; Antiplatelet therapy; Hepatocellular carcinoma; Aspirin; Antitumor

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Previous studies have revealed the role of platelet plasma and its derivatives in tumorigenesis and development.
Aspirin has also been shown to reduce the risk of hepatocellular carcinoma (HCC). However, the molecular mechanism of
platelet action and whether aspirin can affect the progression of HCC by inhibiting platelet activity need to be further
studied. Therefore, our study focused on exploring the functional mechanisms of platelets in the progression of HCC and
using aspirin as an example to evaluate the application prospects of antiplatelet therapy. These findings will provide a
potential strategy for the treatment of HCC and combination therapy.

Citation: Zhao LJ, Wang ZY, Liu WT, Yu LL, Qi HN, Ren J, Zhang CG. Aspirin suppresses hepatocellular carcinoma progression by
inhibiting platelet activity. World J Gastrointest Oncol 2024; 16(6): 2742-2756

URL: https://www.wjgnet.com/1948-5204/full/v16/i6/2742 htm

DOI: https://dx.doi.org/10.4251/wjgo.v16.i6.2742

INTRODUCTION

Platelets (PLTs), the main component of the coagulation system, are produced by megakaryocytes in the hematopoietic
tissues of the bone marrow and play a physiological role in coagulation, hemostasis and wound healing[1]. However,
subsequent research has shown that PLTs also play a critical role in other pathological processes, including inflammation,
tissue repair, innate immunity, and tumor growth and metastasis[2]. In recent years, increasing clinical evidence has
suggested that an increased platelet count may be a predictive factor for certain cancers, such as bladder cancer,
esophageal cancer, breast cancer, lung cancer, colorectal cancer, gallbladder cancer, pancreatic cancer, cervical cancer, and
stomach cancer, and it is also a method for monitoring tumor progression[3]. Furthermore, many preclinical studies have
revealed the close association between PLTs and tumor cells in processes such as tumor cell proliferation, angiogenesis,
tumor-related inflammation, and chemotherapy resistance[1,4], highlighting their potential as diagnostic and prognostic
biomarkers and therapeutic targets[5].

Hepatocellular carcinoma (HCC) is the most common malignant liver disease in the world, accounting for more than
90% of primary liver cancers, and it is also a malignant disease that seriously threatens the health and life of the Chinese
people[6]. Studies have shown that the liver is an important organ for the regulation of platelet production and clearance
[7]. PLTs play a key role in the maintenance of liver homeostasis and in the pathological and physiological processes of
various liver diseases[8]. Under physiological conditions, PLTs promote hemostasis and maintain vascular integrity. They
also regulate the immune system to protect the liver from pathogen invasion[9]. However, under pathological conditions,
the function of PLTs seems to be dual, exerting either protective or harmful effects in different pathological stages[9]. For
example, in acute viral hepatitis, PLTs can enhance adaptive immunity[10], while in other types of liver injury, PLTs can
promote damage, fibrosis, and HCC[11]. Overall, patients with chronic liver disease (CLD) often have abnormalities in
platelet count or quality[8]. These findings suggest that PLTs may play a significant role in the occurrence and
development of liver cancer and that in-depth research on the role and molecular mechanisms of PLTs in the occurrence
and development of HCC is highly important.

Aspirin is one of the three classic drugs in the history of medicine and is widely used in clinical practice for its anti-
inflammatory and analgesic effects, cardiovascular and cerebrovascular events, postoperative thrombosis prevention and
so on[12]. It is still the most widely used antipyretic, analgesic, and anti-inflammatory drug in the world and is also used
as a standard preparation for comparing and evaluating other drugs[13]. Aspirin appears to be a panacea that is effective
in treating a variety of diseases, including cancer[13]. Recently, aspirin was found to effectively inhibit the release of
cyclooxygenase-1 from PLTs, leading to platelet dysfunction and thus inhibiting the metastasis of tumor cells[14]. Clinical
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studies have shown that low-dose aspirin has been linked to a reduced risk of various cancers[15]. Aspirin can improve
the survival rate by reducing liver inflammation and thus improving liver function[16]. Aspirin can reduce the mortality
rate of CLD and can reduce the risk of liver cancer onset[17]. However, whether aspirin inhibits HCC progression by
inhibiting PLTs remains to be studied.

In this study, we found that PLTs could significantly promote growth, invasion, epithelial-mesenchymal transition
(EMT), and the formation of an inflammatory microenvironment in HCC cells through platelet and HCC cell coculture
experiments. Furthermore, we found that activated PLTs promoted HCC progression by activating the mitogen-activated
protein kinase/ protein kinase B/signal transducer and activator of transcription three (MAPK/AKT/STATS3) signaling
axis in HCC and that aspirin inhibited HCC progression in vitro and in vivo by inhibiting platelet activation. In
conclusion, our study showed that PLTs play an important role in the pathogenesis of HCC. Moreover, aspirin has
promising application prospects in the treatment of HCC and combination therapy, which will provide potential ideas for
the clinical treatment of liver cancer diseases and a theoretical basis for the risks of clinical blood transfusion therapy.

MATERIALS AND METHODS

Preparation of platelet plasma, PLTs, and platelet lysate

Whole blood (20 mL) was collected from healthy adults in our research group and centrifuged to obtain platelet-rich
plasma (PRP). After centrifugation, the supernatant was collected, which was platelet-poor plasma (PPP), and the
remaining plasma in the lower layer was PRP with a high platelet content (the platelet concentration in PRP used in this
project was 800 x 10°/L). After separation, a purified PLT was obtained (the PLT concentration used in this study was 800
x 10°/L). Finally, PLTs are subjected to several cycles of repeated freeze-thaw cycles at a platelet concentration of 800 x
10°/L to disrupt the membrane structure and release the growth factors stored in PLTs to form platelet lysates (PLs).

Cells and cell culture

The human HCC cell lines HepG2 (#CBP60199, COBIOER) and SMMC-7721 (#CBP60210, COBIOER) and the mouse
hepatoma cell line HepA1-6 (#CBP60574, COBIOER) were purchased from Nanjing Cobioer Biosciences Co., Ltd. All
HCC cell lines were cultured in DMEM (#12100, Solarbio) supplemented with 10% fetal bovine serum (FBS, #P08X20, G-P
Link) supplemented with 100 U/mL penicillin/streptomycin (#C100C5, New Cell & Molecular Biotech Co., Ltd.). All cell
lines were maintained in a 5% CO, incubator at 37 °C.

For cell coculture experiments, HepG2 and SMMC-7721 cells were seeded in 6-well plates at 5 x 10° cells/ well the day
before the experiment, the cells were mounted, remained intact for 8 h and then starved for 4 h. Then, the supernatant
was replaced with different configured cell coculture media (10% PPP medium, 10% PRP medium, 10% PLT medium,
and 10% PL medium) for 24 h. Note: Heparin (#07980, Stemcell Technologies) was added to the PL at a concentration of 2
IU/mL to prevent coagulation.

Cell proliferation assay

HepG2 cells and SMMC-7721 cells were seeded in 96-well plates at 2 x 10° cells/ well, and the medium was changed to
platelet-containing coculture medium according to experimental needs after the cells were adherent. Cell viability was
measured for the first time (0 h) after cell attachment, followed by 24 h, 48 h, 72 h, and 96 h. The cell viability assay was
performed according to the manufacturer’s instructions. CCK8 (10 pL, #B34304, Bimake) reagent was added to each well,
and the plates were incubated in a 37 °C incubator for 2 h, after which the absorbance was determined at 450 nm using a
Multiskan MK3 microplate reader (Thermo).

Cell invasion assay

Transwell assays were used to test the invasion of HCC cells according to the manufacturer’s instructions. Briefly, 1 x 10°
cells were seeded in serum-free culture media and placed inside a Transwell chamber (8 pm pore size, #19521030, Costay)
with complete medium containing 20% FBS in the lower chamber. After 28 h of incubation at 37 °C, a cotton swab was
used to remove the residual cells on the upper surface of the inner chamber. Cells that migrated to the bottom of the
membrane were fixed with 4% paraformaldehyde (#SL1830, Coolaber) and stained with 0.1% crystal violet (#G1064,
Solarbio). Images were taken under a light microscope (Leica DMIS8), and the number of cells in 5 randomly selected
fields of view was counted for quantification.

Drug and cytotoxicity assays

Aspirin (#HY-14654, MCE) was purchased from MCE and dissolved in dimethylsulfoxide (DMSO, #D8371, Solarbio).
HepG2 and SMMC-7721 cells were seeded in 96-well culture plates at a density of 6 x 10* cells/well (100 pL per well) and
incubated overnight at 37 °C, 5% CO,, and saturated humidity. After adherence, aspirin (#195036, MCE) was added to
reach final concentrations of 102.4 pM, 51.2 uM, 25.6 pM, 12.8 uM, 6.4 pM, 3.2 pM, 1.6 pM, 0.8 pM, 0.4 pM, 0.2 pM, 0.1
M, and 0 pM. Each group was set up with 4 compound wells, and the final volume of each well was 100 puL. The control
group was supplemented with an equal amount of DMEM. After 24 h of incubation, the medium was replaced, and 10 pL
of CCKS8 (#B34304, Bimake) reagent was added according to the manufacturer’s instructions. The absorbance was
measured at 450 nm using a Multiskan MK3 microplate reader (Thermo).
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Apoptosis assays

Cells from the different experimental treatment groups were collected and washed three times with precooled 4 °C PBS.
Fluorescein isothiocyanate-labeled Annexin V (Annexin V-FITC) single staining, propidium iodide (PI) single staining,
and Annexin V-FITC and PI double staining were performed according to the instructions of the apoptosis kit
(#AK10303, Elabscience). All samples were analyzed using a BD FACS CaliburTM Flow Cytometer (#342975, BD
Biosciences).

RNA extraction and real-time polymerase chain reaction

Total RNA was isolated from cell lines using TRIzol reagent (#R401-01, Vazyme) according to the manufacturer’s
protocol. HiSCRIPTR II Q RT SuperMix (#R223-01, Vazyme) was used for reverse transcription. HISCRIPTR Universal
SYBR qPCR Master Mix (#Q511-02, Vazyme) and the Pikoreal96 Real-Time PCR Detection System (Thermo Fisher
Scientific) were used for real-time polymerase chain reaction (RT-PCR). GAPDH was used as an endogenous normal-
ization control, and relative expression levels were calculated using the 2724 method. All of the experiments were
performed in three biological replicates. Information on the primers used is given in Supplementary Table 1.

Western blot

RIPA buffer (#R0020, Solarbio) was used to extract total protein. Then, 5 x protein buffer (#WB2001, New Cell &
Molecular Biotech Co., Ltd.) was mixed with the lysates. Proteins were denatured at 95 °C for 10 min and then separated
on an 8%-12% sodium dodecyl sulfate polyacrylamide gel. After the proteins were transferred to a PVDF membrane
(#IPVHO00010, Millipore), the PVDF membrane was blocked in blocking solution (#P0252, Beyotime) for 2 h at room
temperature. After that, the membranes were incubated with the corresponding primary antibodies at 4 °C according to
the manufacturer’s instructions. After treatment with the appropriate horseradish peroxidase (HRP)-conjugated
secondary antibody, the membrane was incubated with an enhanced chemiluminescence (ECL) kit (#KE0101, Kemix).
The ECL signals were detected using an ECL imaging system (GE Amersham Imager 680, United States). The following
antibodies were used: p-MAPK (#4390S, CST), p-AKT (#4060T, CST), P-STAT3 (#9139s, CST), GAPDH (AB0037, abways),
anti-mouse IgG (#P03801M, Gplink), and anti-rabbit IgG (#P03802M, Gplink).

Animal experiments

All animal experiments were carried out in accordance with a protocol approved by the Ethics Committee of Xinxiang
Medical College (number: XYLL-2020537, date: 2020.08.01). C57BL/6 black mice (5 wk old) were obtained from Beijing
Vital River Laboratory Animal Technology Co., Ltd., and maintained under specific pathogen-free (SPF) conditions.

As previously described[18], HCC mouse models were constructed using diethylnitrosamine chemically induced in 5-
wk-old C57BL/6 mice. After 25 wk, the experimental group was treated with 30 mg/kg/d aspirin and intragastrically
treated for two weeks every other day. At the end of the experiment, whole blood samples were collected from the mice
via an EDTA anticoagulant tube for routine blood testing. EDTA anticoagulated plasma was collected for blood
biochemical analysis. Mouse liver tissue was collected, fixed with 10% neutral formaldehyde, or stored at 80 °C for
immunohistochemistry experiments and subsequent analysis.

For the subcutaneous tumorigenesis experiment in mice, we used 5-wk-old C57BL/6 male mice (Beijing Vital River
Laboratory Animal Technology Co., Ltd.). Mouse HepA1-6 cells were subcutaneously injected with 1.2 x 10°/0.1 mL of
saline. After injection, the animals were monitored for 1-2 wk, and when the tumor volume reached an average of 50
mm?, the experimental group was given 30 mg/kg/d aspirin and gavaged for two weeks every other day. At the end of
the experiment, the mice were sacrificed, the tumors were collected, and tumor volume and weight were measured. The
tumor volume (V) was calculated as follows: V=L x W2 x 0.5.

Immunohistochemical staining

The specimens were fixed in 4% paraformaldehyde (#SL1830, Coolaber) overnight and then paraffin-embedded.
Specimens with a thickness of 8 pym were cut, placed on glass slides, and dried overnight. Sections were dewaxed and
rehydrated before staining. Antigen repair was performed with citric antigen repair solution (#G1202, Sevier), and
endogenous peroxidase activity was blocked with 3% hydrogen peroxide solution. The samples were incubated with 3%
BSA for 1 h to block specific antibody binding. The slides were incubated with a primary antibody against Ki67 (1:100) at
4 °C overnight. Then, the secondary antibody (HRP-labeled) was added to the corresponding primary antibody and
incubated for 50 min at room temperature. Then, freshly prepared DAB was used for color development, and the positive
signal was a brownish-yellow color. Next, the sections were counterstained with hematoxylin for approximately 3 min,
washed with tap water, returned to blue with hematoxylin and then washed again with running water. Finally, the
samples were dehydrated and sealed. Images were acquired using a Nikon ECLIPSE 90i microscope. Images were saved,
and were acquired with NIS-Elements AR 3.2 software. The different channels (RGBs) of the immunofluorescence image
were fused with Image]J software. Blind quantification was performed using Image]J software, where the binary image of
each channel was converted to a binary image and staining on the threshold image was automatically detected
macroscopically.

Statistical analysis

All experiments were performed independently and repeated at least three times. All the data are presented as the mean
+ SD. Two groups were compared using a two-tailed Student’s t test. Multiple groups were compared using one-way or
two-way ANOVA. Correlations were calculated using Pearson’s correlation coefficient. All the statistical analyses were
performed in GraphPad Prism 9. P < 0.05 was considered to indicate statistical significance. *P < 0.05, °P < 0.01, <P < 0.001.
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RESULTS

PLTs significantly promote the growth of HCC cells

To determine the role of PLTs in the occurrence and development of HCC, we cocultured PPP and PRP with HCC cells in
vitro. After 24 h, the effects of PPP and PRP on HCC cell proliferation were detected by CCK-8 analysis. Compared with
those in the PPP group, the proliferative capacities of the HepG2 (Figure 1A) and SMMC-7721 (Figure 1B) HCC cells in
the PRP group were significantly greater. Given the complex composition of PRP, we separated PRP to obtain purified
PLTs. We cocultured PLTs with HCC cells while maintaining the basic growth of HCC cells at a low concentration of FBS
(1%)[19] and tested the effect of PLTs on HCC cell proliferation by CCK-8. The results showed that the proliferation of
HepG2 (Figure 1C) and SMMC-7721 (Figure 1D) cells was significantly greater after the addition of PLT than in the
control group.

Since cell growth is a balance between growth stimulation and apoptosis, we further examined the effect of PLTs on
apoptosis by flow cytometry. Compared with the PPP, PRP inhibited the early apoptosis of HepG2 (Figure 1E; Supple-
mentary Figure 1A, 7.45% £ 0.28% vs 5.43% + 0.11%) and SMMC-7721 (Figure 1F; Supplementary Figure 1B, 4.77% %
0.15% vs 3.53% * 0.11%) cells, and the difference in the proportion of cells that underwent early apoptosis between the
groups was statistically significant (P < 0.05). However, the effects on late apoptosis (1.13% * 0.02% vs 0.79% * 0.12%,
1.04% * 0.03% vs 1.10% # 0.05%) were not significant. The purified and concentrated PLTs were cocultured with HCC
cells for 24 h, and the effect of PLTs on the apoptosis of HCC cells was detected. PLTs significantly inhibited the apoptosis
of HepG2 (Figure 1G; Supplementary Figure 1C) and SMMC-7721 (Figure 1H; Supplementary Figure 1D) HCC cells, and
there was a significant difference in the percentage of early apoptotic cells (8.20% + 0.05% vs 6.89% + 0.13%, 7.46% + 0.30%
+3.45% % 0.11%) and late apoptotic cells (1.71% + 0.16% vs 0.94% = 0.10%, 3.45% = 0.11% vs 1.54% * 0.13%) (P < 0.05). The
above studies showed that PLTs significantly promote the growth of HCC cells.

PLTs promote HCC cell invasion and EMT

PLTs play an important role in tumorigenesis and metastasis[20]. Activated PLTs can interact with tumor cells to secrete a
variety of cytokines, promoting EMT and enhancing tumor cell migration and invasion[21]. Therefore, we further invest-
igated the effects of PLTs on HCC cell invasion and EMT ability.

Transwell assays revealed that PRP significantly promoted the invasion ability of HepG2 (Figure 2A) and SMMC-7721
(Figure 2B) cells compared with PPP. Similarly, the invasion capacity of HepG2 (Figure 2C) and SMMC-7721 (Figure 2D)
cells was significantly enhanced after PLT addition compared with that of the control group. The RT-PCR results showed
that PRP significantly reduced the expression of an epithelial cell marker (E-cadherin) and promoted the expression of
mesenchymal cell markers (Fibronectin, N-cadherin, Snail, Vimentin, ZEB1 and B-catenin) in HepG2 (Figure 2E) and
SMMC-7721 (Figure 2F) cells. Similarly, the EMT capacity of HepG2 (Figure 2G) and SMMC7721 (Figure 2H) cells was
significantly enhanced after the addition of PLT compared to that of the control group. These results indicate that PLTs
promote HCC cell invasion and EMT.

PLTs promote the formation of an inflammatory microenvironment in HCC
Moreover, previous studies have shown that HCC is a typical inflammation-related tumor, and the tumor immune
microenvironment (TIME) plays a key role in HCC development and the response to antitumor therapy[22]. Therefore,
we further examined the effect of PLTs on the HCC TIME. We used PPP, PRP and purified and concentrated PLTs to
coculture HCC cells, collected the cell pellet after 24 h, extracted total RNA and performed reverse transcription. Finally,
the effect of PLTs on the HCC TIME was detected by RT-PCR. Compared with the PPP, PRP stimulated the secretion of
inflammatory cytokines (IL-1B, IL-6, IL-8, TNF-a, and iNOS) and chemokines (CCL2 and CCL5) in HepG2 cells
(Figure 3A) and SMMC7721 cells (Figure 3B). Similarly, compared with those in the control group, the PLT significantly
promoted the secretion of inflammatory cytokines (IL-18, IL-6, IL-8, TNF-q, and iNOS) and chemokines (CCL2 and CCL5)
in HCC cells (Figure 3C and D). These results suggest that PLTs promote the formation of an inflammatory microenvir-
onment in HCC.

In summary, our study demonstrated that PLTs can not only significantly promote the proliferation, invasion and EMT
of HCC cells but also promote the secretion of more inflammatory cytokines and chemokines by HCC cells, which further
aggravates the inflammatory microenvironment of tumors and promotes the growth and survival of tumor cells.

Activated PLTs promote HCC progression by activating the MAPK/AKT/STAT3 signaling axis in HCC

To further explore the mechanism by which PLTs promote the progression of HCC and the formation of an inflammatory
microenvironment. We first induced platelet activation to release factors by repeated freezing and thawing cycles.
Subsequently, PL was cocultured with HCC cells, and the effect of activated PLTs on the biological activity of HCC cells
was monitored in vitro. Compared with that in the control group, the proliferation ability of HCC cells in the PL group
was significantly enhanced (Figure 4A and C), while the apoptosis was significantly inhibited (Figure 4B and D; Supple-
mentary Figure 1E and F). The percentages of cells in early apoptosis (4.97% * 0.06% vs 3.04% + 0.25%, 5.09% + 0.49% vs
3.30% £ 0.17%) and late apoptosis (0.42% * 0.03% vs 0.19% * 0.02%, 3.11% * 0.32% vs 1.18% * 0.11%) were significantly
different (P < 0.05). Transwell assays and RT-PCR detection of EMT markers also yielded similar results, that is,
compared with the control group, the PL group significantly promoted the invasion of HepG2 cells and SMMC-7721 cells
(Figure 4E and F) and EMT ability (Figure 4G and H). In addition, the ability of PL-treated HepG2 cells and SMMC-7721
cells to secrete proinflammatory cytokines was significantly enhanced (Figure 41 and J).
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Figure 1 Platelets promote the growth of hepatocellular carcinoma cells. A and B: CCK-8 assay was used to analyze the effects of platelet plasma
(PPP) and platelet-rich plasma (PRP) on the proliferation of hepatocellular carcinoma (HCC) cells; C and D: CCK8 analysis of the effect of platelets (PLTs) on HCC
cell proliferation; E and F: Flow cytometry was used to detect the effects of PPP and PRP on apoptosis in HCC cells, and the results of the statistical analysis of early
apoptosis and late apoptosis are shown on the right; G and H: Flow cytometry was used to detect the effect of PLTs on HCC apoptosis, and the results of the
statistical analysis of early apoptosis and late apoptosis are shown on the right. The figure shows the mean + SD of the experimental results, with asterisks denoting
significant differences between the two groups (3P < 0.05, °P < 0.01, °P < 0.001). Annexin V-FITC: Fluorescein isothiocyanate-labeled Annexin V; Pl: Propidium
iodide; PPP: Platelet plasma; PRP: Platelet-rich plasma; FBS: Fetal bovine serum; PLT: Platelets.

Previous studies have shown that the effects of cytokines mediated by pathways such as the MAPK and JAK/STAT
pathways are evidence that inflammation promotes tumorigenesis[23]. Therefore, we hypothesized that activated PLTs
could exert proinflammatory and protumor effects on HCC by activating the MAPK/AKT/STATS3 signaling axis. The
results showed that PL indeed activated the MAPK/AKT/STATS3 signaling axis (Figure 4K and M) and promoted the
protein expression of p-MAPK, p-AKT, and p-STAT3 in HCC (Figure 4L and N). In conclusion, our study revealed that
activated PLTs can have proinflammatory and protumor effects on HCC by releasing their components to activate the
MAPK/AKT/STATS3 signaling axis.
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Figure 2 Platelets promote hepatocellular carcinoma cell invasion and epithelial-mesenchymal transition. A and B: Transwell assays were used
to detect the effects of platelet plasma (PPP) and platelet-rich plasma (PRP) on hepatocellular carcinoma (HCC) cell invasion, and the statistical results are shown on
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the right. 200 x magnification, Scale bar: 200 ym; C and D: Transwell assays were used to detect the effects of platelets (PLTs) on HCC cell invasion, and the
statistical results are shown on the right. 200 x magnification, Scale bar: 200 um; E and F: Real time polymerase chain reaction (RT-PCR) was used to detect the
effects of PPP and PRP on the epithelial-mesenchymal transition (EMT) ability of HCC cells; G and H: RT-PCR was used to detect the effect of PLTs on the EMT
ability of HCC cells. The figure shows the mean + SD of the experimental results, with asterisks denoting significant differences between the two groups (3P < 0.05, ®
P <0.01,°P <0.001). PPP: Platelet plasma; PRP: Platelet-rich plasma; FBS: Fetal bovine serum; PLT: Platelets.
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Figure 3 Platelets promote the formation of an inflammatory microenvironment in hepatocellular carcinoma. A and B: Real time polymerase
chain reaction (RT-PCR) was used to detect the effects of platelet plasma and platelet-rich plasma on the expression of inflammatory cytokines (IL-1B, IL-6, IL-8,
TNF-a, and iNOS) and chemokines (CCL2, CCL5) in hepatocellular carcinoma (HCC) cells; C and D: RT-PCR was used to detect the effect of platelets (PLTs) on the
expression of inflammatory cytokines (IL-1B, IL-6, IL-8, TNF-0,, and iNOS) and chemokines (CCL2 and CCL5) in HCC cells. The figure shows the mean + SD of the
experimental results, with asterisks denoting significant differences between the two groups (2P < 0.05, °P < 0.01, °P < 0.001). PPP: Platelet plasma; PRP: Platelet-
rich plasma; FBS: Fetal bovine serum; PLT: Platelets.

Aspirin inhibits the progression of HCC by inhibiting platelet activity

In addition, studies have shown that aspirin is a classic antiplatelet agent that is effective in treating a variety of diseases,
including cancer[13]. To further determine whether the inhibitory effect of aspirin on PLTs can affect the progression of
HCC, we performed relevant tests at the cellular and animal levels. We first measured the IC;; of aspirin in the HCC cell
lines HepG2 and SMMC-7721 (Figure 5A and B), set up different concentration gradients for cell proliferation
experiments (Figure 5C and D), and finally selected the appropriate dose for “rescue” experiments. After coculture of
PLTs and HCC cells, aspirin was used for 24 h, and the proliferation and EMT of HCC cells in different experimental
groups were detected. The results showed that PRP and PLTs could significantly promote the proliferation and EMT
ability of HCC cells. And the proliferation and EMT transformation of PRP and PLTs were significantly inhibited after
aspirin treatment (Figure 5E-H). These results indicated that aspirin could inhibit HCC tumor growth and EMT by
inhibiting platelet activity.

Second, we tested the platelet-blocking effect of aspirin and whether blocking platelet activation could inhibit the
growth of HCC tumors in a constructed animal model of HCC. We first collected whole blood from DEN-induced HCC
mice and aspirin-treated HCC mice for routine blood testing to determine the inhibitory effect of aspirin on PLTs. As
shown in Figure 6A, the platelet content in the whole blood of the successfully induced HCC model mice was abnormally
increased and was significantly greater than the normal value (450-1590 x 10°/L). In contrast, the platelet content was
significantly reduced in the aspirin-treated HCC model mice (Figure 6A). Next, we measured the effect of aspirin on HCC
progression in vivo. Elevated alanine transaminase (ALT) and aspartate transaminase (AST) are the typical manifestations
of all liver diseases[24], and a low content of albumin (ALB) often indicates severe liver disease or poor reserve function,
which is at the end stage of liver disease[25]. EDTA-K2 anticoagulant plasma was collected, and the levels of ALT, AST
and ALB in the different experimental groups were biochemically measured. After 25 wk of induction by the carcinogenic
compound DEN, the ALT and AST levels of all mice in the HCC group were significantly greater than the normal values
(ALT: 10.06-96.47 U/L, AST: 36.31-235.48 U/L), but the ALB level was significantly lower than the normal value (ALB:
21.22-39.15 U/L), indicating different degrees of liver injury. However, after aspirin treatment, these abnormal indicators
were significantly reduced (Figure 6B-D).
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Figure 4 Activated platelets activate the MAPK/AKT/STAT3 signaling axis in hepatocellular carcinoma. A and C: CCK-8 analysis was used to
detect the effect of platelet lysis buffer (PL) on the proliferation of hepatocellular carcinoma (HCC) cells; B and D: The effect of PL on apoptosis detected by flow
cytometry is shown on the left, and the corresponding statistical results are shown on the right; E and F: Transwell assays were used to detect the effect of PL on the
invasion ability of HCC cells, and the statistical results are shown on the right. 200 x magpnification, scale bar: 200 um; G and H: Real time polymerase chain reaction
(RT-PCR) was used to detect the effect of PL on the epithelial-mesenchymal transition ability of HCC cells; | and J: RT-PCR was used to detect the effect of PL on
cytokine secretion by HCC cells; K and M: RT-PCR was used to detect the effect of PL on the expression of genes involved in the MAPK/AKT/STAT3 signaling axis;
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L and N: Western blot was used to detect the effect of PL on the protein expression of p-MAPK, p-AKT and p-STAT3. The figure shows the mean + SD deviation of
the experimental results, with asterisks denoting significant differences between the two groups (2P < 0.05, °P < 0.01, °P < 0.001). NC: Negative control; PL: Platelet
lysis buffer; Annexin V-FITC: Fluorescein isothiocyanate-labeled Annexin V; PI: Propidium iodide.
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Figure 5 Aspirin can inhibit hepatocellular carcinoma tumor growth and epithelial-mesenchymal transition by inhibiting platelet activity.
A and B: Cytotoxicity analysis of the IC50 of aspirin in HepG2 and SMMC-7721 cells; C and D: CCK8 analysis of the effects of different concentrations of aspirin on
the proliferation of hepatocellular carcinoma (HCC) cells; E and F: CCK8 analysis to detect the effect of platelets and aspirin on the proliferation of HCC cells; G and
H: Real time polymerase chain reaction was used to detect the effects of platelets and aspirin on epithelial-mesenchymal transition in HCC cells. The figure shows the
mean + SD of the experimental results, with asterisks denoting significant differences between the two groups (2P < 0.05, °P < 0.01, °P < 0.001). NC: Negative
control; PPP: Platelet plasma; PRP: Platelet-rich plasma; FBS: Fetal bovine serum; PLT: Platelets.
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Figure 6 Aspirin can inhibit the progression of hepatocellular carcinoma by inhibiting platelets. A: Routine blood was used to detect the platelet
content in the whole blood of mice in different treatment groups, and statistical analysis was performed; B-D: Blood biochemistry was used to detect alanine
transaminase, aspartate transaminase, and albumin in the anticoagulated plasma of mice in different treatment groups, and statistical analysis was performed; E:
Macroscopic map of liver tissue from hepatocellular carcinoma mice in different treatment groups; F: Immunohistochemistry was used to detect the content of Ki67
(antigen identified by monoclonal antibody Ki67) in liver tissues from the different treatment groups; G and H: In vivo experiments were performed to detect the effect
of aspirin on tumor growth, and statistical analysis was performed. The figure shows the mean + SD of the experimental results, with asterisks denoting significant
differences between the two groups (2P < 0.05, °P < 0.01, °P < 0.001). NC: Negative control; WT: Wild-type; PLT: Platelets; HCC: Hepatocellular carcinoma; ALT:
Alanine transaminase; AST: Aspartate transaminase; ALB: Albumin.

We also collected liver tissue from different experimental groups of mice, and macroscopic evaluation revealed a
significant reduction in the number of tumors on the cell surface of mice treated with aspirin (Figure 6E). Tumor cells are
known to have a greater rate of proliferation[26]. To further evaluate whether aspirin treatment affects tumor cell prolif-
eration in the liver, we performed immunohistochemical staining of liver tissue using the proliferation marker Ki67. The
results showed a significant decrease in the percentage of Ki67-positive nuclei in tumor tissue after aspirin treatment
(Figure 6F). Finally, to better visualize the effect of aspirin on HCC tumor growth, we treated HCC tumor-bearing mice
with aspirin, and the results showed that aspirin significantly inhibited HCC tumor growth (Figure 6G and H). In
summary, our study suggested that aspirin can inhibit HCC progression by inhibiting platelet activity.
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DISCUSSION

HCC is the most common malignant tumor in the world[27]. HCC has a low incidence in Western countries and a high
incidence in parts of Asia and Africa, particularly China, where it has the third highest mortality rate among digestive
malignancies, after gastric and esophageal cancers[28]. Early-stage HCC lesions are usually small and can often be cured
through surgical resection, local ablative therapies, or liver transplantation[29]. However, approximately 50% of patients
are diagnosed after the manifestation of advanced HCC symptoms, which limits treatment options[29]. Moreover, the
five-year recurrence rate after HCC treatment is more than 70%, and the five-year survival rate is unsatisfactory even in
patients with early-stage HCC undergoing surgical treatment[30]. Therefore, exploring and studying the pathological
mechanism underlying the occurrence and development of HCC, identifying specific or sensitive biological markers as
early as possible, and laying a solid foundation for early clinical diagnosis and prognosis evaluation can improve the
treatment and prognosis of HCC patients.

PLTs, which are the smallest cells in the peripheral blood and are approximately 2-3 mm in diameter and have no
nucleated or discal structure, are derived from megakaryocytes. PLTs are predominantly found in the bone marrow, two-
thirds of which are found in the peripheral blood circulation, and the remaining one-third are reversibly sequestered in
the spleen[31]. PLTs play multiple roles in physiological and pathological processes, including hemostasis, maintenance
of vascular integrity, angiogenesis, inflammatory response, nonspecific immunity, wound healing, and tumorigenesis
[32]. However, the role of PLTs in HCC appears to be controversial. Clinical studies have shown a direct correlation
between high platelet counts and greater tumor invasiveness as well as poorer survival rates in HCC patients.
Conversely, thrombocytopenia can promote patient survival[33]. Furthermore, platelet count has been incorporated as a
prognostic biomarker and a criterion for treatment selection in patients at risk of developing HCC and in patients with
viral cirrhosis[34]. Notably, other studies suggest that PLTs can also play a protective role in liver regeneration, CLD, and
fibrosis, as well as in the prevention of HCC. For instance, platelet-derived growth factor mediates platelet production
following liver resection, which can reduce liver fibrosis and promote liver regeneration[35]. PLTs can decrease the
progression of liver fibrosis through MMP-9 induction and TGF-p downregulation[36]. PLTs can inhibit HCC growth by
enhancing the CD8+ T-cell-dependent antitumor immune response through P2Y12/Leukotriene-dependent CD40L
release[37]. Taken together, these data support that PLTs are relevant regulators of CLD and liver cancer, however, their
effects are likely dependent on the context.

Currently, platelet transfusion is a commonly used method for the treatment of tumors[38]. Clinical studies have
shown that appropriate platelet supplementation can improve and enhance the anticoagulant function of patients for the
purpose of coagulation and hemostasis[38]. However, repeated blood transfusions have been found to lead to immune
tolerance in patients[39], which subsequently promotes tumor metastasis or recurrence[40]. In our study, to explore the
role of PLTs and their components in the development of HCC, we cocultured PRP, PLTs and PL with HCC cells to
observe the effect of PLTs and their components on the biological function of HCC cells. The results showed that PLTs
and their components play a significant role in influencing the phenotype of HCC and closely contribute to disease
progression and malignant processes. These findings further suggest that clinical platelet transfusion therapy has the risk
of promoting the progression of HCC.

Furthermore, studies have shown that PLTs are active mediators in the HCC microenvironment[41]. In HCC, severe
liver fibrosis and cirrhosis are typically present, leading to platelet aggregation and activation[41]. Activated PLTs not
only interact with various types of cells in the HCC microenvironment, including hepatic stellate cells, inflammatory
cells, cancer cells, and macrophages[42] but also release multiple growth factors and mitogens, such as PDGF-B, TGF-,
VEGEF, interleukin-1, and serotonin[43]. These platelet-derived factors participate in fibroblast signaling, regulate hepatic
inflammatory responses, and promote HCC invasion and metastasis[44]. Moreover, this intercellular communication
stimulates tumor cells to release various cytokines to induce additional platelet generation or activate platelet secretion of
proangiogenic, prometastatic, and tumor cell growth-stimulating factors, further enabling tumor cells to evade immune
system attacks[45]. In this study, we found that PLTs could induce HCC cells to secrete more interleukins (IL-1pB, IL-6, and
IL-8), members of the TNF-a superfamily, proinflammatory cytokines (iNOS), chemokines (CCL2 and CCL5) and other
cytokines. These results indicate that PLTs can support the progression of HCC in vivo by stimulating tumor cell prolif-
eration and regulating the surrounding liver microenvironment and further suggest that excessive platelet transfusion
has the risk of generating an inflammatory cytokine storm.

In recent years, an increasing number of preclinical and clinical studies have demonstrated that systemic antiplatelet
therapy is a promising option for improving the outcomes and efficacy of chemotherapy and immunotherapy treatment.
However, the increased risk of bleeding and complications associated with platelet depletion (low platelet count) hinder
the targeted use of PLTs as cancer therapeutic agents[46]. Therefore, identifying targets that can effectively block platelet-
tumor cell interactions without affecting the normal physiological function of PLTs is highly important[47]. As aspirin is
the most classical antiplatelet drug, there have been many studies on the prevention and treatment of tumors with aspirin
in recent years[48]. Studies have shown that aspirin can reduce the risk of liver fibrosis in patients with chronic hepatitis
B and C, and it has preventive and therapeutic effects on liver cancer[49]. Our research also demonstrated that aspirin
inhibits the growth and metastasis of HCC tumors by inhibiting platelet function. This suggests that antiplatelet therapy,
including the use of aspirin, holds great potential for preventing or delaying the progression of HCC in patients with
CLD, as well as for the treatment and combination therapy of HCC, and warrants further exploration. However, recent
clinical data also indicate that daily low-dose aspirin intake is associated with an increased incidence of high-grade cancer
at the time of diagnosis[50], particularly an increased risk of cancer-related mortality in older individuals[51]. Therefore,
it is important to consider using antiplatelet therapy in combination with chemotherapy, radiation therapy, or immune
modulators. In summary, understanding the interaction between PLTs and HCC is vital for elucidating the mechanisms
of HCC development and developing new treatment strategies.
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CONCLUSION

PLTs play an important role in the pathogenesis of HCC, and antiplatelet therapies such as aspirin still have wide
application prospects for preventing or delaying the progression of HCC in patients with CLD, HCC treatment and
combination therapy, which are worthy of further exploration.
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