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Background: In recent years, photodynamic therapy (PDT) has gradually attracted the attention of researchers due to its therapeutic
potential for treating malignant tumors. Hypericin (HC) is anticipated to enhance the therapeutic effect on tumors as an efficient
photosensitizer (PS) for PDT. However, the role and mechanism of PDT in hepatocellular carcinoma (HCC) remain unclear.
Methods: In this study, we investigated the efficacy of hypericin nanoparticles (HC-NPs)-associated PDT (HC-NPs-PDT) on HCC to
explore its anti-HCC mechanism both in vitro and in vivo. Cellular molecular experiments, as well as HCC mouse tumor models, were
utilized to validate the impact of HC-NPs-PDT on HCC. Additionally, molecular docking and related experiments were employed to
investigate its potential mechanism.

Results: Our findings demonstrated that HC-NPs-PDT effectively inhibits the viability, migration, and invasion abilities of HCC cells,
as well as suppresses the growth of subcutaneous HCC tumors in BALB/C-nu nude mice. SERPINEI (also known as PAI, PAI-1,
PAI1, PLANHI1) may be a key target of HC, as its mRNA and protein levels were significantly up-regulated following HC-NPs-PDT.
This upregulation led to a decrease in mitochondrial membrane potential and promoted apoptosis of HCC cells. Additionally,
inhibition of SERPINEL1 partially restored changes in mitochondrial membrane potential.

Conclusion: These results suggest that HC-NPs-PDT may regulate the biological behavior of HCC by upregulating SERPINEI
expression, offering a new perspective for treating HCC.

Keywords: hepatocellular carcinoma, photodynamic therapy, hypericin, SERPINE1, biological behavior

Introduction

Liver cancer is the sixth most common malignant tumor worldwide, with an overall poor prognosis, and has become the third
most lethal cancer worldwide.! Several studies have indicated that the incidence of hepatocellular Carcinoma (HCC), the most
common type of liver cancer, continues to rise worldwide, and it is projected that more than 1 million people will be affected by
HCC by 2025,% which represents a significant burden on human health and social development and requires urgent attention.
Currently, the clinical treatments for HCC mainly include surgical treatment, ablation, liver transplantation, and comprehensive
treatment.” The therapeutic effect of HCC is influenced by numerous factors,* and most HCC patients were diagnosed at an
advanced stage, potentially missing the opportunity for radical treatment.>® Consequently, the overall therapeutic efficacy of
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HCC is not favorable. Although current immunotherapy and targeted therapies have brought new hope to patients with HCC,
only a small proportion of the patient population benefited from therapy in terms of overall survival (OS), with the possibility of
drug resistance and adverse events during treatment also being present.”® Therefore, more effective treatment strategies are
needed.

Photodynamic therapy (PDT) is a diagnostic and therapeutic method that utilizes three key elements: photosensitizer
(PS), light, and reactive oxygen species (ROS). The fundamental principle of PDT involves the absorption of excitation light
of a specific wavelength by the PS. This then undergoes a photochemical reaction with surrounding oxygen, generating
cytotoxic ROS capable of damaging and killing tumor cells. The generation of ROS is crucial for effectively eradicating
tumor cells.” Recent studies have suggested that PDT may present a promising approach for treating nasopharyngeal
carcinoma, lung cancer, bladder cancer, colon cancer, and other cancers.'®'? Hypericin (HC) is a natural polycyclic aromatic
naphthalene dibenzyl anthracene clover anthracene primarily found in hypericum species. It serves as a significant secondary
product in most hypericum species. Previous research has indicated that HC exhibits diverse pharmacological activities
including antitumor, antibacterial, antiviral, and neuroprotective effects.!>1° Furthermore, HC shows considerable potential
in PDT.'® Pharmacokinetic assays have suggested inadequate water solubility and bioavailability of HC. Studies have
demonstrated that nanoencapsulation of parthenolide significantly enhances therapeutic efficacy and improves physicochem-
ical properties compared to unencapsulated drugs.'” Utilizing nanoencapsulation technology not only enhances drug
effectiveness but also improves target activity while reducing drug toxicity and side effects.'®!

This study aims to assess the impact of HC-NPs-PDT on the biological behaviors of HCC cells and explore potential
mechanisms through in vivo and in vitro experiments. The findings will offer further support for clinical HCC treatment.
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Materials and Methods

Materials

The principal materials and reagents were procured from the following sources. Hypericin (CAS No: 548-04-9) was
obtained from Chengdu DeSiTe Biological Technology Co., Ltd (Sichuan, China). 1.2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[methoxy(polyethyleneglycol)2000] (DSPE-PEG2000) (Cat No: PS1-E1-2K) was acquired from
Ponsure (Shanghai, China). Fetal bovine serum (FBS) and Dulbecco’s Modified Eagle’s medium (DMEM) were obtained
from NCM Biotech (Jiangsu, China). Reactive oxygen species assay kit (DCFH-DA) and the mitochondrial membrane
potential assay kit (JC-1) were provided by Beyotime (Shanghai, China). Transwell migration chambers and invasion
chambers were sourced from CORNING (USA). The Annexin V/PI apoptosis assay kit was bought from BD Biosciences
(USA). Cell counting kit-8 (CCK-8) assay Kit was provided by DOJINDO (Shanghai, China). Anti-SERPINEI antibody
(Cat No: 13801-1-AP), anti-B-ACTIN antibody (Cat No: 66009-1-Ig) and anti-BCL-2 antibody (Cat No: 12789-1-AP)
were obtained from ProteinTech (Hubei, China); anti-P53 antibody (Cat No: 4667S), anti-p-P53 antibody (Cat No:
9286S), anti-AKT antibody (Cat No: 4685S), anti-p-AKT antibody (Cat No: 12694S) were bought from Cell Signaling
Technology (USA); anti-BAX antibody (Cat No: A18642) and anti-CASPASE3 antibody (Cat No: A19654) were
provided by ABclonal (Wuhan, China). Additionally, the remaining reagents not previously mentioned can be readily
obtained from commercial sources.

Methods
The Preparation and Characterization of HC-NPs

DSPE-PEG2000 is considered an ideal packaging material for nano-formulations due to its amphiphilic nature, excellent
biocompatibility, and biodegradability. The HC-NPs were prepared using the nanoprecipitation method. The final HC-
NPs solution was stored at 4°C, protected from light. The particle size of HC-NPs was assessed using electron
microscopy. For specific configuration methods and comprehensive characterization of the material, tests have been
performed by our collaborators and published in an article.?”.

Cell Culture

The Bel-7402 and Huh7 cell lines were generously provided by Prof. Hongsong Chen (Institute of Liver Diseases, Peking
University). The cells were cultured in DMEM complete medium (containing 10% FBS, 1% penicillin-streptomycin
double antibody) at 37 °C in a 5% CO, incubator.

Cytotoxicity Assay in vitro

The cytotoxicity of HC-NPs was assessed using a CCK-8 kit. Bel-7402 and Huh7 cells were seeded in 96-well plates
at a density of 8x10° cells/well with 100 pL. DMEM/well (with four replicates in each group). The cells were then
incubated at 37 °C in a 5% CO, incubator for 24 h. After that, the medium was replaced with new medium
containing different concentrations of HC-NPs. Following a 24-hour incubation period, the cells were exposed to
light for varying periods of time (100 mW/cm?) using a xenon lamp (NO: CEL-S500, purchased from Beijing China
Education Au-light Technology Co., Ltd). Subsequently, the complete medium was replaced with HC-NPs-free
DMEM, and the cells were further incubated for another 24 h. Then, the complete medium containing CCK-8
working solution was added and incubated for 2 h in a light-avoiding environment. Finally, the absorbance at 450
nm was measured using a continuous-wavelength zymography instrument (Molecular Devices, USA) to calculate
cell viability.

To enable a more comprehensive comparison of the effects of HC-NPs and HC aqueous solution, the experimental
groups were defined as follows: the HC aqueous solution group, the HC aqueous solution combined with PDT group,
the HC-NPs group, and the HC-NPs combined with PDT group. A range of drug concentration gradients were
established in the seed plates, and the methodology and assays were carried out following previously described
procedures.
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Growth Curve Assay in vitro

To assess the long-term impact of HC-NPs-PDT on the viability of two HCC cell lines, a growth curve assay was
conducted at designated time points. The experimental groups were as follows: control group, irradiation only group,
HC-NPs only group, and HC-NPs with irradiation group. Bel-7402 and Huh7 cells were inoculated at a density of 3x10°
cells/well in 6-well plates, with 2 mL DMEM/well. After the cells were irradiated with light (100 mW/cm?, 10 min), all
samples were replaced with fresh medium, and culture was continued for 24 h. Cells from each group were digested,
resuspended, and inoculated in 96-well plates at a density of 8x10°cells/well, 100 L DMEM/well. Cell proliferation for
each group was assessed at 6 h, 24 h, 48 h, 72 h, 96 h, and 120 h using the previously described cell viability assay
method.

Intracellular ROS Quantification

The experimental groups were defined as follows: positive control group, blank control group, irradiation only group,
HC-NPs only group, and HC-NPs with irradiation group. Bel-7402 and Huh7 cells were inoculated in 12-well plates at
a density of 1x10° cells/well with 1 mL DMEM/well. After the administration of cells and subsequent illumination, the
entire culture medium was replaced with fresh medium. Following a further 24-hour incubation period, 500 uL of
Resoup (prepared at a 1:1000 dilution in serum-free medium) was added to the positive control group. The solution was
then incubated at 37 °C for 20 minutes and subsequently washed three times with PBS. The reactive oxygen species
probe (DCFH-DA) (prepared at a 1:1000 dilution in serum-free medium, 500 pL per group) was then added to all groups
and incubated at 37 °C for a further 20 minutes. The samples were washed with PBS three times and photographed and
imaged under a fluorescence microscope (Carl Zeiss AG, German).

Invasion and Migration Assay in vitro

The experimental groups were defined as follows: control group, irradiation only group, HC-NPs only group, and HC-NPs
with irradiation group. After the administration of cells and subsequent illumination, the cells in each group were digested,
resuspended, and inoculated into the upper compartment of Transwell (without matrix gel) and Transwell (with matrix gel) at
a density of 3x100] cells/well with 100 pL serum-free DMEM/well, respectively. A total of 600 uL. of DMEM (containing
10% FBS) was added to the lower chamber. Following a 24-hour incubation period, the samples were fixed and stained.
Subsequently, images were captured under an inverted phase-contrast microscope (Olympus, Japan).

Cell Cycle and Apoptosis Assay

The experimental groups were defined as follows: control group, irradiation only group, HC-NPs only group, and HC-
NPs with irradiation group. After the administration of cells and subsequent illumination, cells from each group were
collected and stained according to the instructions provided with the cell cycle and apoptosis assay kit. The stained cells
were then analyzed using a flow cytometer (Agilent, USA).

Bioinformatics Analysis
A preliminary screening process was conducted based on the NCBI database, the String protein interaction network
(https://cn.string-db.org/), and the Cytoscape algorithm. Subsequently, molecule-protein binding simulation was per-

formed using drug molecule docking simulation software PYMOL. This process aimed to identify potential targets
for HC.

gRT-PCR Assay

The experimental groups were defined as follows: control group, irradiation only group, HC-NPs only group, and HC-
NPs with irradiation group. After the administration of cells and subsequent illumination, total RNA was extracted from
each group using TRIZOL lysate. cDNA was then synthesized according to the instructions of the Reverse Transcription
Kit (Takara, Japan). The PCR reaction system was configured according to the instructions of the TB Green™ Premix Ex
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TaqTM GC Kit (Takara, Japan), and amplification was carried out on a 7500 Quantitative PCR instrument (Thermo,
USA). Primer sequences for this analysis are detailed in Table S1.

Mitochondrial Membrane Potential Assay in vitro

The mitochondrial membrane potential was quantified using a Mitochondrial membrane potential kit (JC-1). The experimental
groups were defined as follows: control group, irradiation only group, HC-NPs only group, and HC-NPs with irradiation
group. Following the administration of cells and subsequent illumination, CCCP (1:1000 dilution) was initially introduced to
the positive control. It was then incubated at 37 °C for 20 minutes and washed three times with PBS. Subsequently, ImL of the
JC-1 working solution (1:160 dilution with JC-1 buffer) was added to each group. After incubating at 37 °C for 20 minutes, the
samples were washed three times with JC-1 buffer. Finally, the samples were analyzed using a flow cytometer (Agilent, USA).

Western Blot (WB) Analysis

The expression of SERPINEI, P53, p-P53, AKT, p-AKT, BAX, BCL-2 and CASPASE3 following HC-NPs-PDT
was determined through WB. The experimental groups were set as follows: control group, irradiation only group,
HC-NPs only group, and HC-NPs with irradiation group. Following the administration of cells and subsequent
illumination, total protein was extracted using RIPA lysate for each group. Total protein quantification was
performed using a BCA kit. The visualization of protein expression involved a series of steps including electro-
phoresis, blocking, incubation with the primary antibody and secondary antibody, and finally detection through

chemiluminescence on Tanon 5200 Series Fully Automated Chemiluminescent Image Analysis System.

Immunofluorescence (IF) Assay in vitro

The experimental groups were set as follows: control group, irradiation only group, HC-NPs only group, and HC-NPs
with irradiation group. Following the administration of cells and subsequent illumination, the cells in each group were
fixed, permeabilized, stained, incubated with primary antibody and secondary antibody and stained with DAPI to observe
the expression of SERPINEI under a fluorescence microscope (Carl Zeiss AG, German).

Evaluation of Antitumor Efficacy and Safety in vivo

All animals used in this study were treated in accordance with the Guidance for the Care and Use of Laboratory
Animals. The study was conducted following ethical standards set forth by the Institutional Animal Care and Use
Committee of Guilin Medical University (IACUC) and received ethical approval (ethical review number: GLMC-
IACUC-20241055). The anti-tumor effect of HC-NPs-PDT was evaluated by establishing a Bel-7402 nude mouse
subcutaneous xenograft tumor model. BALB/C-nu SPF-grade nude mice were purchased from Hunan Slaughter
Kingda Laboratory Animal Co., Ltd. A total of 1x10[] Bel-7402 cells were injected subcutaneously into the right
anterior dorsal region of the mice. Once the tumor volume reached 80—100 mm?, the nude mice were randomly divided
into four groups (control group, irradiation only group, HC-NPs only group, HC-NPs with irradiation group), with five
mice in each group. Subsequent treatments (10 minutes of irradiation each) were performed every four days for a total
of four photodynamic treatments. The anti-tumor effect was assessed by measuring the body weight and tumor volume
of nude mice in each group every two days. The control and irradiation only groups were administered 120 pL of
saline via intratumoral and peritumoral injections, while the HC-NPs only and HC-NPs with irradiation groups
received 120 pL of HC-NPs solution (400 pg/kg). Following a two-hour period after drug injection, the irradiation
only group and the HC-NPs with irradiation group were subjected to 10 minutes of light irradiation with a light
intensity of 223 J/cm?. The mice were euthanised after 20 days. Photographs were taken for record keeping, and tumor
tissues collected for analysis using immunohistochemistry and other experiments to investigate molecular mechanisms
related to drug action. The tumor volume was calculated according to the following Eq.: Volume = (Tumor Length) x
(Tumor Width)*/2.
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Immunohistochemistry (IHC) Assay

The subcutaneous tumors of nude mice were excised, fixed in 10% formalin, embedded in paraffin, deparaffinized and
hydrated. Antigen retrieval was performed, followed by peroxidase inactivation and blocking of non-specific sites. The
samples were then incubated with primary and secondary antibodies, developed, stained with hematoxylin, dehydrated,
and sealed. Subsequently, they were photographed for observation under a microscope.

Statistics Analysis

The experimental data were analyzed using SPSS 20.0 statistical software. Normally distributed data, presented as mean
+ standard deviation, were assessed using #-test and one-way ANOVA; non-normally distributed data were evaluated
using non-parametric tests. A significance level of p < 0.05 was considered statistically significant (* p < 0.05, ** p <
0.01, *** p < 0.001, **** p < 0.0001). Graphs were created using GraphPad Prism 9.0 software.

Results

Preparation and Characterization of HC-NPs

HC-NPs were prepared by encapsulating HC (Figure 1A shows the structural formula) with DSPE-PEG2000, resulting in
a thin coating film around the periphery of HC. The particles were well dispersed and had a size of <200 nm (Figure 1B),
meeting the standard for nanoparticles. This demonstrates the successful encapsulation of HC, as confirmed by
transmission electron microscopy (TEM).

Optimal Conditions for HC-NPs-PDT

Cell viability assays were conducted using a range of HC-NPs concentrations (0, 40, 80, 120, 160, 200 ng/mL) and
a variety of light durations (0, 5, 10, 15 min). It was observed that both HCC cell lines were affected by HC-NPs-PDT
(Figure 2A and B), which showed a dose- and time-dependent effect. The optimal ICs values of 120 ng/mL for Bel-7402
and 80 ng/mL for Huh7 were identified from the data analysis. Additionally, the optimal photodynamic time was
determined to be 10 minutes. Previous studies on drugs have often focused on their pharmacological properties with less
attention paid to their physical characteristics. However, in this study it was found that HC-NPs exhibited superior
inhibitory effects on the viability of the two HCC cell lines under photodynamic conditions when compared to ordinary
HC aqueous solvents (Figure 2C and D).

A B

Figure | Diagram of the molecular structural formula of HC and electron micrograph of HC-NPs. (A) Molecular structural formula of HC; (B) Electron micrograph of HC-
NPs (scale bar: 100 nm).

3718 https: International Journal of Nanomedicine 2025:20



Yan et al

> (%) —— 0 min (%) —— 0 min
= Q . > 9 .
9 2 —= 5 min £ o —= 5min
S - a v
> + 10 min © + 10 min
3 15 min - i
O o o 9
o~ w O v
o ~
N e
o I
8 o T T T T T T o T T T T T T
0 40 80 120160200 (ng/mi) 0 40 80 120160200 (ng/ml)
(%) -~ HC only (%) -e- HConly
o - o
e -= HC with irradiation =4 -=- HC with irradiation
—+ HC-NPs only —+ HC-NPs only
-+ HC-NPs with irradiation -+ HC-NPs with irradiation

Bcl-7402 Cell Viability
50
Huh7 Cell Viability
50

o T T T T T T (ngm) o T T T T T T (ng/m)
Q o o » (ngm Q o O O » (hgm
—e— Control group —e— Control group
3 -=- |rradiation only 2 -=- |rradiation only
—+ HC-NPs only —+ HC-NPs only
-+ HC-NPs with irradiation -+ HC-NPs with irradiation

0OD450nm of Huh7

0

0OD450nm of Bcl-7402
N

T T T T T T T T T T T T
6 24 48 72 96 120 6 24 48 72 96 120
time(h) time(h)
Figure 2 The photodynamic conditions of HC and comparing effects before and after HC nanocoating. (A and B) represent the effects of different concentrations of HC-

NPs at different light times; (C and D) illustrate the effects of different concentrations of HC with or without nanocoating at the same light time; (E and F) represent the
120h growth curves of Bel-7402 and Huh7 under the same photodynamic conditions, respectively.

The impact of HC-NPs-PDT on the viability of the two HCC cell lines was assessed through growth curves. The
results revealed that the long-term viability inhibition of HCC cells was significantly greater in the HC-NPs with
irradiation group compared to the control group (Figure 2E and F).

Intracellular ROS Quantification

The primary mechanism of PDT involves the generation of ROS. In this study, we further investigated the efficiency of
HC-NPs-PDT in generating ROS. As shown in Figure 3A-D, the levels of ROS in cells from different groups were
assessed using the DCFH-DA probe, with untreated cells serving as a positive control. The results demonstrated that the
group treated with HC-NPs with irradiation exhibited a significantly higher fluorescence signal for DCFH-DA compared
to the other experimental groups, indicating that this treatment was capable of effectively generating a substantial
quantity of ROS.

Migration and Invasion Assays
Based on the pre-established working conditions, we investigated the in vitro effects of HC-NPs on HCC cells. The
results of the Transwell assay (without matrix gel) are presented in Figure 4A. The HC-NPs with irradiation group
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(¥¥p<0.0001).

demonstrated a more pronounced inhibition of the migratory ability of HCC cell lines compared to the control group, the
irradiation only group, and the HC-NPs only group. The Transwell assay (with matrix gel) is presented in Figure 4B. In
comparison to the control group, the irradiation only group, and the HC-NPs only group, the HC-NPs with irradiation
group showed a more pronounced inhibitory effect on the invasive capacity of HCC cell lines. Figure 4C—F present the

statistical analysis of the results, respectively.
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Effect of HC-NPs-PDT on Apoptosis and Cell Cycle Progression

The flow cytometry analysis (Figure 5A and B) revealed that the proportion of apoptotic cells (Q4-2 + Q4-4) was
increased, while the normal state of HCC cells (Q4-3) was decreased in the HC-NPs with irradiation group compared to
the control group, the irradiation only group, and the HC-NPs only group. These findings suggest that HC-NPs-PDT may
induce apoptosis in HCC cells, with most apoptotic cells being in a late apoptotic state (Figure 5C and D). This
observation was statistically significant (p < 0.001). Consequently, we examined alterations in relevant apoptotic products
using WB. BAX and CASPASE3 protein levels were upregulated, while BCL-2 protein level was downregulated
(Figure 5E) in Bel-7402 and Huh7 following administration of HC-NPs-PDT. We then investigated the effect of HC-
NPs-PDT on the cell cycle of HCC cells by PI staining. The results showed (Figure S1B and D) that only the cell cycle of
Huh7 cells was affected by HC-NPs-PDT, mainly interfering with the G2 phase, while Bel-7402 did not exhibit similar
results (Figure S1A and C). After repeated experiments, we determined that HC-NPs-PDT had little effect on the cell
cycle of HCC cells. Therefore, it can be inferred that HC-NPs-PDT can induce apoptosis in HCC cells further inhibiting
their growth.

qRT-PCR Analysis

Based on the bioinformatics analysis, four candidate gene targets for HC were identified (Figure S2A). mRNA was then
extracted from the control group, irradiation only group, HC-NPs only group, and HC-NPs with irradiation group of the
two cell lines. The qRT-PCR analysis revealed that the mRNA level of SERPINE1 showed significant alterations in both
Bel-7402 and Huh7 cells compared to the control group (Figure S2B and C). The other three genes exhibited less
significant changes in mRNA levels, and their related results have not been presented. Therefore, SERPINE1 was
identified as a key target for HC and subsequently selected for further experimental investigation.

Western Blot (WB) Analysis

Proteins were extracted from HCC cells in the control group, irradiation only group, HC-NPs only group, and HC-NPs
with irradiation group. The WB results revealed up-regulated SERPINE1 expression in Bel-7402 and Huh7 cell lines of
the HC-NPs with irradiation group (Figure 6A), which was consistent with the findings of the qRT-PCR analysis.
Furthermore, we observed that the elevated expression of SERPINE1 was concomitant with the downregulation of P53/
p-P53 and AKT/p-AKT (Figure 6A). And Figure 6B and C present the statistical results for 7402 and Huh7 cells,
respectively. It was hypothesized that there was a correlation between the downregulation of P53/p-P53 and AKT/p-AKT
and the upregulation of SERPINEL. In tumor cells, AKT and its phosphorylated form (p-AKT) are regarded as important
molecules that regulate cell behaviors. The down-regulation of AKT/p-AKT protein expression could also verify that
HC-NPs-PDT could regulate the biological behaviors of HCC cells, which is in agreement with the results of cytological
experiments. Subsequently, the total proteins of Huh7 cells were extracted after 8 h, 24 h, and 48 h following HC-NPs-
PDT. The protein expression of SERPINE1 gradually increased, while the protein expression of P53 and p-P53 gradually
decreased with extension of treatment time. And the expression of SERPINE1 was negatively correlated with P53
(Figure S3). Consequently, it was postulated that the HC-NPs-PDT might have triggered SERPINE1 enhancement
dependent of P53 protein depletion.
In conclusion, HC-NPs-PDT resulted in the upregulation of SERPINE! protein expression in HCC cells.

Mitochondrial Membrane Potential Assay Analysis

Based on the combination of previous flow cytometry results and the subcellular localization of SEPRINE], it’s found that
SERPINE] is mainly concentrated in the cytoplasm and mitochondria of liver cancer cells after treatment (Figure S5A). We
hypothesized that HC-NPs-PDT-induced apoptosis may be linked to the activation or inhibition of its targets, which are
distributed in the cytoplasm and mitochondria. To investigate this further, we employed the JC-1 kit to detect mitochondrial
membrane potential. The flow cytometry results (Figure 7) revealed a significant decrease in the E2 cell population and
anotable increase in the E3 cell population following HC-NPs-PDT treatment (p <0.001). These findings indicate that HC-
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of biologically normal cell populations becoming aberrant and ultimately inducing apoptosis.
Furthermore, in order to substantiate the regulatory role of SERPINE1 on HCC cells, we divided the two HCC cell
lines into two groups: one with the addition of SERPINEI inhibitor TM5275 (6 pg/mL) (MedChemExpress), and one
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Figure 6 Graph of Western blot results. (A) displays the Western blot bands of different groups of Huh7 and Bel-7402; (B) presents the Western blot statistics of Bel-7402;
(C) presents the Western blot statistics of Huh7, (*p<0.01, **p<0.001, ***$<0.0001).

NPs-PDT can reduce the mitochondrial membrane potential of Bel-7402 and Huh7 cells, leading to a substantial proportion
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without it. A comparison of the results suggested that both cell lines in the HC-NPs with irradiation group (Figure S4A
and B) exhibited consistency with previous findings, namely a decrease in membrane potential and a downward shift of
the cell clumps. However, when the inhibitor TM5275 was added, there was an upward shift of some cell clumps and
partial restoration of the membrane potential. This indicates that inhibiting SERPINE1 expression was beneficial for

restoring mitochondrial membrane potential, reflecting SERPINE1’s tumor suppression properties.

Photodynamic Therapy of Subcutaneous Tumors in vivo

In light of the impressive antitumor efficacy of HC-NPs-PDT observed in vitro, we established a human-derived
xenograft tumor model to further evaluate its anticancer properties in vivo. The results revealed that the tumor growth
was significantly slower and the total volume was markedly smaller in the HC-NPs with irradiation group compared to
the control group, the irradiation only group and the HC-NPs only group (p < 0.01) (Figure 8). These findings suggest
that HC-NPs-PDT can inhibit further growth of subcutaneous tumors.

Immunofluorescence (IF) and Immunohistochemical (IHC) Analysis

To further validate the expression of SERPINEI, we utilized the IF staining technique. In Huh7 cells, the group treated
with HC-NPs with irradiation exhibited stronger fluorescence signals for SERPINE! (Figure S5A), while no significant
difference was observed between control group, irradiation only group, and HC-NPs only group. This suggests that HC-
NPs-PDT can enhance the expression of SERPINEI in Huh7 cells, which is consistent with previous findings.

Then, we conducted IHC analysis on subcutaneous tumors in nude mice. Consistent with the in vitro findings, HC-
NPs-PDT resulted in a significant increase in SERPINE1 expression in subcutaneous tumors (Figure S5B). These
combined results from both in vitro and in vivo experiments demonstrate the effective upregulation of SERPINE1
expression in HCC cells by HC-NPs-PDT.

A
C
" [>] 8-
3 5 =" -e- Control group
3 g € g = |rradiation only
s S |
£ § s e -+ HC-NPs only
— — 5 o -+ HC-NPs with irradiation
5] 2
— :7:6 %
> °
g £ 2 §1
o s
z 3
— 8 02 46 8 1012 14 16 18 20 Days
x
D

s

L

Volume (mms3)
0O 200 400 600 800

Q90 Q g0 ¢+

[ HC-NPs with Irradiation |
‘ 9% o ® & » o . <

O o&* o& .q‘;\\o(\
e RN 1 L1 0 W& 2 D
0 fm2 3 4 5 6 7 8 6 %0 1 2 13 14 6 16 A7 18 10 2 222 a2 gska 6\\0 b\fb\\ O’e &
o R
o O \&@ 8y S
Q‘J
o
RS

Figure 8 Statistics of subcutaneous tumors and in vivo PDT efficacy in nude mice. (A and B) represent the subcutaneous tumors in each group of nude mice at the end of
treatment; (C) represents the change in the volume of subcutaneous tumors in each group at the end of treatment; and (D) represents the volume of subcutaneous tumors
at the end of treatment, (**p<0.01).
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Discussion

Several recent studies have suggested that PDT, previously used for treating skin diseases, may also hold potential as an
anticancer treatment.”'*> Compared to traditional anticancer therapies, PDT offers several advantages such as minimal
invasiveness, low systemic toxicity, and the possibility of being combined with conventional treatments. Furthermore, it
can be utilized in patients with relatively poor physical conditions. HC is considered a promising natural photosensitizer,
with previous research indicating its potential effectiveness in the treatment of liver diseases.*>**

In this study, HC-NPs were synthesized through a nanoprecipitation encapsulation technique by combining DSPE-
PEG2000 with HC in tetrahydrofuran (THF). The nano-wrapped HC demonstrated a significantly enhanced inhibitory
effect on HCC cells and flow cytometry showed human HCC cells (Bel-7402 and Huh7) were induced to apoptosis,
which is consistent with the findings of Arani et al, who showed that HC induces apoptosis in K562 cells through the
downregulation of MYC and MDM2.%* Additionally, other studies have shown that HC can selectively target cancer cells
and induce apoptosis without harming normal cells, indicating its favorable biocompatibility.?’° Similarly, we also
verified the significant tumor inhibition effect of HC-NPs-associated photodynamic therapy in subcutaneous tumor in
nude mice, without side effects on liver function. This may be attributed to the subcellular targeting of cells by HC in
combination with photodynamic therapy. David et al identified the effector targets of HC in combination with photo-
dynamic therapy using specific fluorescent probes and concluded that the subcellular localization of HC mainly involves
the endoplasmic reticulum and lysosomes, without observing a decrease in mitochondrial potential.>” In contrast, our
study found that HC-NPs-PDT caused a decrease in mitochondrial membrane potential of HCC cells as determined by
JC-1 assay, which differs from the findings reported by David et al. It is hypothesized that this discrepancy may be
related to differences in cell lines, tissues or tumor microenvironments.

In this study, we identified a molecular target associated with HC-NPs-PDT (SEPRINE1), which is the predominant
plasminogen activator inhibitor belonging to the family of serine protease inhibitors. It can bind to urokinase-type
plasminogen activator (uPA), blocking the plasmin creation by uPA. SEPRINE]1 plays a crucial role in the fibrinolytic
system and is involved in various biological processes such as thrombolysis, wound healing, cell migration, and tissue
remodeling.”® The current study showed that the expression level of SEPRINEI is associated with a variety of
pathological processes, including cardiovascular disease, tumor development and metastasis, and diabetes.”® >* At
present, our findings showed that HC-NPs-PDT exhibits tumor-suppressive properties, including reduced cell growth,
decreased invasion and migration capabilities, and increased apoptosis. Concurrently, the mRNA and protein levels of
SERPINEI! in the cells were found to be significantly upregulated over time, accompanied by a decrease in P53 levels.
These results suggest that HC-NPs-PDT may enhance cell apoptosis through the upregulation of SERPINE1 expression.
These results are in line with the study conducted by Inoue et al, where they demonstrated that transfecting SERPINE1
into the highly metastatic human pancreatic cancer cell line SW1990 led to the inhibition of cell invasion, in vivo tumor
formation, and liver metastasis.>® In alignment with our findings in this study, the mRNA and protein levels of
SERPINE! were significantly upregulated in Bel-7402 and Huh7 cells following HC-NPs-PDT, and the cell migration
and invasion abilities were significantly inhibited. Recently, SERPINE1 up-regulation was shown to inhibit the migration
of prostate cancer DU145 cells, while inhibiting SERPINE1 reduced this migration inhibition.>* In addition, it has been
reported that the natural compound berberine can inhibit the invasion and migration abilities of HCC cells by
upregulating SERPINE1.>> The biological function of SERPINE1 varies in different cancers. Some studies suggest
that SERPINE1 has tumor suppressor potential, while other reports indicate that SERPINE1 tends to promote tumor
development.*®>” Wang et al found that SERPINE] expression is low in HCC, and high expression is associated with
poor prognosis, the increased expression of SERPINEI in several other tumors corresponds to a poorer prognosis.
Marquard et al*® found that SERPINE] is regulated by YAP and linked to tumor progression. Hong et al*’ showed that
CD248 inhibits Wnt signaling and upregulates OPN and SERPINEI] in pericytes, promotes angiogenesis and lung cancer
growth. In oral squamous cell carcinoma circFNDC3B drives epithelial-mesenchymal transition (EMT) or partial-EMT
and lymph node metastasis by upregulating SERPINEI and PROX1 via miR-181c-5p sequestration.’® In our study,
although the classical ROS-HIF1a-SERPINEI] resistance pathway exists for PDT,***! our pharmacological molecular
modeling results indicate that HC has a high affinity for SERPINE1. Therefore, we hypothesize that the direct action of
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the drug distinct from the ROS pathway, may partially alter the biological effects of SERPINE1 on tumors, although the
mechanism is not yet fully understood. As the liver is the main site where the coagulation and fibrinolysis systems
function, the anticancer effect of SERPINE! in HCC may be mediated by inhibiting uPA. There is increasing evidence
for involvement of SERPINEI in cell migration, tumor invasion, and metastasis. Growth of some tumors can be
attenuated by SERPINE1.?” Such as Sawai have found that activation of PPARy by ligands decreases pancreatic cancer
cell invasion through increasing PAI-1 and decreasing the uPA level.** And Pang et al observed that PPARYy activation
decreases liver cancer cell invasion by specific PPARy-dependent regulation of SERPINEL.** Therefore, the role of
SERPINE! in HCC is complex and may be mediated through inflammatory responses, changes in the tumor micro-
environment, and alterations in angiogenesis. Further research is needed to elucidate this role.

The present study focused on investigating the impact of HC-NPs-PDT on HCC cells and elucidating its potential
mechanism through in vitro experiments and a subcutaneous xenograft tumor model in nude mice. Although some
progress has been made, there are still certain limitations that need to be addressed. Firstly, the specific molecular
mechanism of HC-NPs-PDT remains unclear. Recent studies have suggested a possible association between ROS, P53/
Smad, and SERPINE1,* ¢ but the details are still unclear. In the future, we plan to investigate the specific mechanisms
involved in order to better understand their roles in the treatment of HCC. Additionally, it is important to consider that the
effect of PDT may be limited by conditions such as low oxygen status of HCC tissues in the treatment area or excessive
tumor volume. Therefore, we will explore the use of superior nanomaterials, such as auto-luminescence nanomaterials,
and consider incorporating hydrogen peroxide or oxygen-containing groups into HC or other drug formulations to
increase local oxygen concentration in future studies. Finally, two human HCC cell lines, Bel-7402 and Huh7, were
mainly used in this study. In order to further validate the universality and clinical significance of our findings, we intend
to incorporate additional types of human-derived HCC cell lines or human-derived HCC primary cells in future studies.
In conclusion, our study confirms the potential of HC-NPs-PDT in antitumor therapy for HCC, offering a new
perspective for the clinical treatment of this disease.

Conclusion

The main findings of this study are as follows: (1) HC-NPs-PDT significantly suppressed the cellular viability, migration,
and invasive ability of HCC cells; (2) HC-NPs-PDT effectively inhibited the further growth of subcutaneous HCC tumors
in BALB/C-nu nude mice; and (3) HC-NPs-PDT not only induced apoptosis of HCC cells and reduced the mitochondrial
membrane potential but also modulated the biological behaviors of HCC cells by upregulating the expression of
SERPINEL.
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PDT, Photodynamic therapy; HC, Hypericin, HCC, Hepatocellular carcinoma; HC-NPs, Hypericin nanoparticles; HC-
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