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Background/Aims: Plumbagin (PL) has been shown to effe ctively inhibit autophagy, suppressing invasion and migration of
hepatocellular carcinoma (HCC) cells. However, the specific mechanism remains unclear. This study aimed to investigate the effect
of PL on tumor growth factor (TGF)-B-induced epithelial-mesenchymal transition (EMT) in HCC.

Methods: Huh-7 cells were cultured, and in vivo models of EMT and HCC-associated lung metastasis were developed through tail
vein and in situ injections of tumor cells. In vivo imaging and hematoxylin and eosin staining were used to evaluate HCC modeling
and lung metastasis. After PL intervention, the expression levels of Snail, vimentin, E-cadherin, and N-cadherin in the liver were
evaluated through immunohistochemistry and Western blot. An in vitro TGF-B-induced cell EMT model was used to detect Snail,
vimentin, E-cadherin, and N-cadherin mRNA levels through a polymerase chain reaction. Their protein levels were detected by
immunofluorescence staining and Western blot.

Results: In vivo experiments demonstrated that PL significantly reduced the expression of Snail, vimentin, and N-cadherin, while
increasing the expression of E-cadherin at the protein levels, effectively inhibiting HCC and lung metastasis. In vitro experiments confirmed
that PL up-regulated epithelial cell markers, down-regulated mesenchymal cell markers, and inhibited EMT levels in HCC cells.
Conclusion: PL inhibits Snail expression, up-regulates E-cadherin expression, and down-regulates N-cadherin and vimentin expres-
sion, preventing EMT in HCC cells and reducing lung metastasis.
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Introduction
Hepatocellular carcinoma (HCC) is the most common type of liver cancer, accounting for approximately 75-85% of
primary liver cancer cases.' It ranks as the sixth most prevalent malignant tumor globally” and has become the second
leading cause of cancer-related deaths.” The low survival rate of HCC results from it being asymptomatic in the early
stage. Timely diagnosis in the mid to late stages allows for extended survival through interventions like arterial
chemoembolization and chemoradiotherapy. Delayed diagnosis often leads to metastasis, significantly impacting the
efficacy of local or systemic treatment.* Lung metastasis accounts for 38.4-53.8% of extrahepatic metastases, being the
most common type of extrahepatic metastasis of liver cancer. The one-year survival rate of patients with lung metastasis
is approximately 10%.°

Understanding the mechanisms underlying liver cancer recurrence and metastasis by focusing on epithelial-mesench-
ymal transformation (EMT), a phenomenon crucial for tumor development, invasion, and metastasis, is vital for

improving overall treatment outcomes for patients with HCC.® EMT, a biological process, involves the morphological
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transformation of epithelial cells into mesenchymal cells, resulting in loss of cell polarity, cytoskeletal rearrangement,
and increased mobility.” Key manifestations include the down-regulation of epithelial cell markers such as E-cadherin
and B-catenin, and the up-regulation of mesenchymal cell markers such as N-cadherin and vimentin.®

Tumor growth factor (TGF)-B/suppressor of mothers against decapentaplegic (Smad), Notch, and Wingless-related
integration site (Wnt)/B-catenin are the main signaling pathways involved in EMT. Additionally, different signaling
transduction pathways regulate the expression of EMT-related genes by activating small molecular weight transcription
factors, known as EMT-induced transcription factors (EMT-TF), including Snail-1/2, Twist-1/2, and (Zinc finger E-box-
binding protein 1/2) ZEB-1/2, which serve as markers for mesenchymal cells.’

Mounting evidence indicates EMT activation in HCC occurrence, growth, progression, metastasis, and drug
resistance.'®'! The tumor microenvironment, characterized by hypoxia and heightened inflammation, stimulates the
acquisition of migratory and invasive capabilities by HCC cells, facilitating cancer cell localization to other tissues.'?
Because EMT endows cancer cells with strong migration and invasion capabilities, it plays a crucial role in early liver
cancer metastasis and recurrence.'® Furthermore, cancer cells undergoing EMT exhibit reduced sensitivity to various
anti-cancer treatments and drug resistance.'*' Inhibiting EMT in patients with HCC can reduce the resistance of
sorafenib.'® Thus, current research focuses on developing therapeutic strategies and drugs for HCC by targeting the
inhibition of EMT in HCC cells. For example, at present, HCC patients who failed sorafenib treatment can continue to be
treated with (tumor microenvironment) TME related therapies. Immunotherapy represented by immune checkpoint
inhibitors (ICIS) and targeted therapy represented by tyrosine kinase inhibitors (TKIs) can greatly improve the prognosis
of HCC by inhibiting EMT."”

Due to severe side effects associated with conventional and synthetic drugs used in the treatment of HCC, an
alternative treatment might offer a safer and more effective approach. Certain Chinese medicines and compounds exhibit
characteristics such as multi-component and multi-target capabilities,'® by regulating various signaling pathways and
subsequently inhibiting the invasion and metastasis of liver cancer cells.'® Therefore, identifying traditional and herbal
medicines with potential therapeutic effects on liver cancer is essential.

Plumbagin (PL), a natural naphthoquinone compound primarily derived from the root of Plumbago zeylanica L,
possesses various pharmacological activities, including anti-cancer, anti-fibrosis, anti-coagulation, cardiotonic, and anti-
microbial effects.’?! Furthermore, PL exhibits significant inhibitory effects on various malignancies such as lung,
breast, and prostate cancers.”> > PL can inhibit fibroblast growth factor 2 (FGF2) - induced EMT in breast cancer cells.”®
It induces autophagy and apoptosis in liver cancer cells both in vivo and in vitro,””® inhibits SMMC-7721 cell
proliferation and invasion induced by stromal cell-derived factor-1(SDF-1), significantly hinders HCC angiogenesis,”~*°
and triggers reactive oxygen species-mediated oxidative stress. This leads to DNA damage and the activation of the
Ataxia Telangiectasia Mutated/P53 signaling pathway, resulting in G2/M phase arrest of HCC cells.*!

A network pharmacology study identified tumor protein P53, mitogen-activated protein kinase (MAPK)1, MAPK2,
Rapidly Accelerated Fibrosarcoma 1 (RAF1), and cyclin D1 (CCND1) as the five key targets for PL’s anti-liver cancer
effect. The experiment confirmed a reduction in TP53 and MAPKI1 expression in liver cancer cells following treatment
with PL, a reduced form of PL.** Reducing the expression of MAPK1, RAF1, and CCND1 promoted the proliferation,
invasion, and the EMT of HCC cells.** > Therefore, to comprehensively understand the anti-liver cancer mechanism of
PL, this study analyzed its effect on lung metastasis by developing an in vitro tumor EMT model and two in vivo liver
cancer models. Our aim was to explore the inhibition of EMT in liver cancer cells as a mechanism underlying the anti-
cancer effect of PL.

Materials and Methods

Reagents

PL (4 mM, dissolved in dimethyl sulfoxide) was purchased from Sigma-Aldrich Co LLC (USA). The anti-rabbit-snail
antibody was purchased from ABclonal (Wuhan, China), Inc. (A5243; dilution, 1:1000). The anti-rabbit-vimentin and
anti-mouse-E-cadherin-antibodies were purchased from Abcam Inc. (Ab92547 and Ab231303; dilution 1:1000;
Cambridge, UK). The anti-rabbit-N-cadherin-antibody was purchased from Cell Signaling Technology Inc. (13116s;
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dilution 1:1000; Beverly, USA). The anti-B-actin antibody was purchased from Boster Biological Technology Inc.
(BMO0627; dilution 1:500; Wuhan, China).

Cell Lines and Culture Conditions
Human HCC cell lines (Huh7) were purchased from Procell Life Science&Technology (Wuhan, China). The Dulbecco’s
Modified Eagle Medium with a high-glucose content required for human HCC Huh7 cell culture and the Minimum
Essential Medium required for human HCC HepG2 and SK-Hepl cell cultures were acquired from Procell Life
Science&Technology. The complete culture media were supplemented with 10% fetal bovine serum (FBS, Gibco),
penicillin 100 U/mL, and streptomycin 100 pg/mL. All cells were incubated at 37 °C in an incubator with 5% CO,.
The EMT cell model was developed by treating Huh7 cells with 10 ng/mL TGF- for 48 h. Experiments utilized Huh7
and Huh7 EMT model cells in their logarithmic growth phase.

Cell Viability Assay

Huh7 and Huh7 EMT model cells were seeded at a density of 4x10° cells/well in 96-well plates. After 24 h of culturing,
the media was replaced, the culture was added to the EMT model group, and the mixture was incubated for 48 h;
additionally, the PL groups were exposed to various concentrations of PL (2, 4, or 8§ uM) for 48 h. Cell viability was
assessed using a cell counting kit-8 (CCK-8) (MedChemExpress, USA). Briefly, 10 pL of CCK-8 solution was added to
the cells, followed by incubation at 37 °C for 2 h. The absorbance values at 450 nanometers were measured using a
microplate reader (Multiskan MK3, Thermo Fisher Scientific, USA), with each set consisting of three replicate wells.

Animal Assay

Twenty-four 5-week-old male BALB/c nude mice, weighing 18-20 g, were purchased from Hunan Lake Jingda
Experimental Animal Co., LTD., and kept in the Specific Pathogen Free animal laboratory of Guangxi University of
Traditional Chinese Medicine (Animal Qualification Certificate Number: SCXK [Xiang] 2019—0004). The mice were
housed in an SPF environment at a temperature of 20-24 °C and relative humidity of 50-70% with a 12-h light—dark
cycle and air circulation in the animal laboratory of Guangxi University of Traditional Chinese Medicine. The mice were
fed for 7 days, with free access to food and water. Huh-7-LUC stably transfected cells, grown to 90% confluency in a
75 cm’® plate, and underwent digestion and resuspension in the complete culture medium. They were intravenously
injected into the tails of mice to create an in vivo metastasis model(n=12). Then the mice were divided into control group
(n=6) and PL group (n=6). In the remaining 12 mice, 1 x 10° Huh7 cells suspended in 50 pL of medium were injected
into the left hepatic lobe after exposing the right abdomen under sterile conditions to construct an in situ HCC model.
Again, the model mice were then divided into control groups (n=6) and PL groups (n=6). On the eighth day, mice in
control group were intraperitoneally injected with normal saline (0.2 mL/d), and mice in PL group were intraperitoneally
injected with PL(4 mg/kg/d). After four weeks of treatment, the mice were killed, lung and liver tissues were collected,
and metastatic nodules were observed using hematoxylin and eosin (H&E) staining. All experiments have been approved
by the Ethics Committee of Guangxi University of Traditional Chinese Medicine (approval number: DW20230324-116).
This work was performed under supervision for the declaration of Helsinki and “Guiding Opinions on the Treatment of
Animals” in China.

Bioluminescence Imaging (BLI)

The onset/development of liver metastasis was monitored using BLI. At each time point, mice received an intraperitoneal
injection of phosphate-buffered saline with D-luciferin (200 mg x kg™ '). After 20 min, mice were anesthetized with
isoflurane via inhalation, and imaging was conducted using an IVIS 200 system (PerkinElmer Imaging Systems, United
States). Data were processed and reconstructed on the workstation.

Immunohistochemistry (IHC) and H&E Staining
Samples underwent dehydration in gradient alcohol, fixation in neutral-buffered formalin, and paraffin embedding. Tissue
sections were prepared, dewaxed, and subjected to H&E staining. For IHC staining, antigen retrieval was achieved by
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pressure cooking in 0.01 M sodium citrate buffer at 100 °C for 15 minutes. Slides were treated with 3% H,0, in
methanol, blocked, and incubated with rabbit anti-snail (1:50), vimentin (1:100), and mouse anti-N-cadherin (1:100) and
anti-E-cadherin (1:100) antibodies overnight at 4 °C. Biotinylated secondary antibodies and a streptavidin-HRP complex
(Zsbio, Wuhan, China) were applied. Images were captured using an Olympus camera (Nikon Instruments, Melville).
Optical density analysis was performed on the immunohistochemical images using IPP 6.0 software. Four 400-fold
images were taken for each slice to evaluate optical density. The average optical density was utilized for further analysis.

Real-Time Polymerase Chain Reaction (PCR) Assay

Total RNA was extracted from Huh7 cells using TRIzol reagent (Takara, Japan) and reverse transcribed using HiScript 111
Reverse Transcriptase (Vazyme, Nanjing, China). Primers, designed based on Gene Bank reference gene sequence, were
used for real-time PCR messenger RNA(mRNA) detection with AceQ qPCR SYBR Green Master Mix (Vazyme). The
mRNA levels of E-cadherin, N-cadherin, vimentin, and Snail were evaluated, using B-actin as the internal control. Primer
sequences specific to each gene are listed in Table 1.

Immunofluorescence Staining

Huh-7 cells were seeded into 12-well plates, grown on sterilized coverslips, and exposed to the indicated treatments.
Subsequently, they were fixed using 4% paraformaldehyde, permeabilized with 0.5% Triton X-100 (ST795, Beyotime,
China) for 20 min at 25°C, blocked with normal goat serum for 30 min, incubated with primary antibodies against
N-cadherin (1:100, CST, USA) and E-cadherin (1:100, Abcam, UK) at 4 °C overnight, and subsequently, with
fluorochrome-labeled anti-rabbit and anti-mouse secondary antibodies (1:100, Boster, China) for 1 h at 25°C. The
coverslips were stained with 4',6-diamidino-2-phenylindole (DAPI; 1:5000, Beyotime) and visualized using an
Olympus camera (Nikon Instruments, Melville). Images were merged using Adobe Photoshop 6.0 software.

Western Blot

The expression of EMT-related proteins in Huh7 cells or tumor tissues was detected by Western blot. Protein samples
were lysed with RIPA protein lysate and quantified using a Bicinchoninic Acid Protein Concentration Assay Kit (P0010,
Beyotime, China). Then, the protein samples were loaded onto sodium dodecyl-sulfate polyacrylamide gel electrophor-
esis gels and transferred onto polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA). The membranes were
blocked with 5% non-fat milk for 2 h at 25°C, and further treated with the following appropriately diluted primary
antibodies: anti-B-actin (1:500), anti-snail (1:1000), anti-vimentin (1:1000), anti-E-cadherin (1:1000), and anti-N-

Table I mRNA Gene Primer Sequences

Name Primer Sequence Size

Homo B-actin Forward | 5'- AGCGAGCATCCCCCAAAGTT -3 285 bp

Reverse | 5- GGGCACGAAGGCTCATCATT -3’

Homo Forward | 5- CGTAGCAGTGACGAATGTGG -3’ 175 bp

E-cadherin

Reverse | 5- CTGGGCAGTGTAGGATGTGA -3’

Homo N-cadherin | Forward | 5- CTTGCCAGAAAACTCCAGGG -3’ 213 bp

Reverse | 5- TGTGCCCTCAAATGAAACCG -3’

Homo vimentin Forward | 5- TGAGTACCGGAGACAGGTGCAG -3’ | 119 bp

Reverse | 5- TAGCAGCTTCAACGGCAAAGTTC-3

Homo Snail Forward | 5- ATGCACATCCGAAGCCACA -3 190 bp

Reverse | 5- TGACATCTGAGTGGGTCTGG -3’
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cadherin (1:1000). The blots were incubated at 4 °C overnight. After washing three times with Tris-buffered saline with
tween (TBST), the corresponding secondary antibody was added, and the mixture was incubated for 2 h at 25°C. After
incubation with the luminescent solution from the ECL kit (Applygen, China), the film was exposed in the cassette. The
protein bands were developed, and grayscale images were scanned using Band Scan software.

Statistical Analysis

Data are expressed as mean + standard deviation (SD). Statistical analysis was performed using SPSS 22.0. One-way
ANOVA was used for comparisons between groups. The differences were considered statistically significant for P-values
< 0.05.

Results

PL Decreased Liver and Lung Metastases in the Metastatic HCC Mouse Models

The protocol of the HCC model is summarized in Figure 1A. Live imaging results illustrated in Figure 1B and C revealed
strong fluorescence in the abdominal cavity and liver of mice in the control group. Conversely, the PL group displayed
markedly reduced fluorescence intensity and area, with some liver tissues showing no fluorescence emission, indicating
significant inhibition of tumor metastasis. In Figure 1D, noticeable white spots or ring-shaped tumor foci were evident on
the liver tissue surface in the control group. Conversely, the PL group exhibited significantly fewer liver metastasis nodules
than the control group. Liver H&E staining results (Figure 1E) aligned with the in vivo imaging data, showing a substantial
reduction in the number of metastases and size of tumor lesions in the PL group compared to the control group. Similarly, as
shown in Figure 1F, the fluorescence intensity and area of the lungs in the PL group were significantly lower than those in
the control group. In Figure 1G, lung metastatic nodules were significantly less in the PL group than in the control group.
Lung he staining results (Figure 1H) were consistent with the in vivo imaging data, showing a significant reduction in the
number of metastases and tumor lesion size in the PL group compared with the control group. (n=4)

PL Reduces Lung Metastases in the Orthotopic HCC Mouse Model

To further explore the involvement of EMT in HCC-associated lung metastases, an in situ HCC model was developed by
injecting Huh-7-LUC cells into the left lobe of the liver (Figure 2A). Overall in vivo imaging indicated larger
fluorescence intensity, area, and area transferred to nearby areas in the control group compared to the PL group
(Figure 2B). As shown in Figure 2C, consistent with the liver cancer transplant tumor model, the control group exhibited
conspicuous white spots or ring-shaped tumor foci on liver tissue surfaces, while the PL group showed significantly
fewer such spots. Liver H&E staining demonstrated a significantly higher number of metastases and tumor size in the
control group than in the PL group (Figure 2D). In vivo lung imaging revealed a larger hot spot and area in the control
group than in the PL group (Figure 2E). Similarly, as shown in Figure 2F, the PL group had significantly fewer white
spots or ring-shaped tumor foci in the lung tissue than the control group. Lung he staining showed that the number of
metastases and tumor size were significantly lower in the PL group than in the control group (Figure 2G). This again
demonstrated the inhibitory effect of PL on tumor metastasis (n=5).

PL Inhibits EMT in the Orthotopic HCC Mouse Models

Snail is a key EMT inducer, primarily characterized by the down-regulation of E-cadherin and the up-regulation of
N-cadherin, vimentin, and other markers.*® The expression of EMT-related proteins in in situ HCC liver tissue was evaluated
using IHC and Western Blot. IHC revealed significantly higher expression levels of Snail, N-cadherin, and vimentin and
substantially lower E-cadherin expression levels in the control group compared to the PL group (Figures 3A and B). Western
blot results demonstrated a significant decrease in N-cadherin, vimentin, and Snail levels of expression in liver tissue after PL
intervention, accompanied by a significant increase in E-cadherin levels (Figure 3C and D), consistent with immunohisto-
chemical findings. These results indicated that PL down-regulates the expression of the transcriptional regulatory factor Snail,
leading to the up-regulation of E-cadherin in epithelial cells and down-regulation of N-cadherin and vimentin in interstitial
cells, thereby inhibiting EMT in the in situ HCC model. (n=3)
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Figure | (A) Schematics of liver cancer metastasis mouse model. (B) Fluorescence imaging of experimental groups and fluorescence intensity comparison. (C) Liver
fluorescence imaging for experimental groups and fluorescence intensity comparison. (D) Liver imaging and quantification of liver nodules in situ. (E) Liver hematoxylin and
eosin (H&E) staining. (F) Lung fluorescence imaging and fluorescence intensity comparison. (G) Lung imaging and quantification of pulmonary nodules. (H) Lung H&E
staining. **P < 0.01, **P < 0.001 vs the control group.
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Development and Validation of the EMT Huh-7 Cell Model

TGF-B is a potent inducer of cellular EMT.?>” Therefore, we used it to develop an EMT cell model. The expression levels
of Snail, E-cadherin, N-cadherin, and vimentin were assessed using immunofluorescence, validating the successful
development of the EMT model. As illustrated in Figure 4A-D, compared to the control group, TGF-B-treated Huh-7
cells exhibited a decrease in the expression level of E-cadherin, and an increase in the expression levels of Snail,
N-cadherin, and vimentin. (n=3)

The Effect of PL on TGF-B-Induced EMT in Huh-7 Cells

As illustrated in Figure 4A—D, immunofluorescence revealed differential expression patterns, with Snail being expressed
in the nucleus, vimentin in the cytoplasm, and E-cadherin and N-cadherin in the cytoplasmic membrane. N-cadherin and
Snail were nearly absent in normal cells but were highly expressed in the EMT model group. Vimentin exhibited a low
expression in normal cells and a high expression in the EMT model group. Conversely, E-cadherin was highly expressed
in normal cells and significantly decreased in the EMT model group. PL significantly increased the expression of
E-cadherin and decreased that of Snail, N-cadherin, and vimentin compared to the EMT model group. These results
indicated that PL significantly inhibited EMT, in a dose-dependent manner. The most pronounced inhibitory effect was
observed at the concentration of 8 uM. (n=3)

PL Regulated the mRNA of EMT-Related Markers

As illustrated in Figure 5A, compared to control, the mRNA levels of N-cadherin, vimentin, and Snail significantly
increased when EMT occurred, while the mRNA levels of E-cadherin significantly decreased. After PL intervention, the
mRNA levels of N-cadherin, vimentin, and Snail decreased significantly, while that of E-cadherin increased. The effect
was more pronounced with the increase in PL concentration. (n=3)

PL Regulates EMT-Related Signature Proteins

According to variance analysis (Figure 5B and C), the expression levels of N-cadherin, vimentin, and Snail significantly
increased in the model group compared to the blank control group, while those of E-cadherin significantly decreased. The
expression levels of N-cadherin, vimentin, and Snail decreased significantly in the PL group compared to the model
group, while that of E-cadherin increased, with the effect being more significant with the increase in PL concentration.
The results were consistent with those of qPCR, indicating that PL can effectively inhibit the EMT of HCC cells, the
therapeutic effect being concentration-dependent. (n=3)

Discussion

HCC, a common and highly lethal cancer,*® poses a significant challenge due to the limited efficacy of current surgical
and chemotherapy interventions. Despite therapeutic advancements, the 5-year survival rate remains low, primarily due
to adverse reactions from chemotherapy, including cachexia and drug resistance, and the inability to control tumor cell
invasion and metastasis.’® Approximately 90% of HCC-related deaths result from metastasis.*® Effective treatment
strategies must target fundamental factors involved in carcinogenesis, including metastasis. Metastasis is one of the most
important mechanisms driving HCC progression. Subsequently, inhibiting metastasis is crucial for improving patient
survival rates. EMT plays a key role in the early stages of metastasis.*'

Current HCC treatment approaches both conventional and traditional, exhibit limited effectiveness, necessitating the
exploration of novel treatment modalities. For example, metronomic capecitabine was well tolerated in hepatocellular
carcinoma patients who had been treated with sorafenib.*? Similarly, TME related therapies are increasingly recognized
as effective treatments, and molecular targeted therapy, immunotherapy and their combination are the main approaches.'”
In recent years, the emergency of ICI and TKI has revolutionized the management of HCC.** Although the pioneering
regimen of atezolizumab / bevacizumab is consolidating its position as the first-line treatment of advanced HCC and has
made major breakthroughs in systemic treatment, HCC still predicts a poor prognosis due to drug resistance and frequent
recurrence.** So, Identifying potential therapeutic markers and bioactive ingredients is crucial for effectively reducing
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HCC morbidity and mortality. Chinese herbal medicines and their bioactive constituents such as alkaloids, saponins,
polysaccharides, flavonoids, and quinones have gained attention for their diverse pharmacological properties and
demonstrated efficacy against HCC.*>

The drug PL, derived from the Chinese herbal medicine Baihua Dan, has been validated for its significant anti-HCC
effects. This study aimed to elucidate the anti-EMT mechanism of PL in HCC using both in vivo and in vitro
experiments. PL effectively reduced HCC-associated lung metastasis in vivo. IHC and Western blot analyses of liver
tissue in the in situ liver cancer model demonstrated that PL up-regulated the protein expression of E-cadherin and down-
regulated that of N-cadherin, vimentin, and Snail, effectively inhibiting the EMT in HCC. In vitro, TGF-f up-regulated
the expression of N-cadherin, vimentin, and Snail, while down-regulating the expression of E-cadherin at mRNA and
protein levels compared to the control group. PL up-regulated the mRNA and protein expression levels of E-cadherin and
decreased those of N-cadherin, vimentin, and Snail, and with the high dose of PL being the most effective. This suggests
that PL can inhibit the EMT of tumor cells and thus, HCC occurrence and metastasis.

There are three types of EMT: type I occurs in embryonic development, type II occurs in tissue damage repair, and
type III occurs in cancer cells, contributing to tumor initiation and progression, as well as metastasis through blood and

lymphatic circulation.*® In the transformation process of tumor cells, some epithelial cells undergo partial EMT, retaining
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both epithelial and mesenchymal cell markers. These transformed epithelial cells, with the ability to migrate, may
undergo mesenchymal to epithelial transformation (MET) when stimulated by the local environment in new areas. This
process promotes cell proliferation and permanently immobilizes cancer cells (MET).'**' EMT-MET is required for
metastatic colonization and plays a key role in intrahepatic and extrahepatic metastases.*’

Pinzani proposed a more flexible interpretation of EMT-MET. In HCC development, compared to the tumor-stromal
boundary, the tumor center exhibits hypoxia, inflammation, and necrosis, exhibiting a mesenchymal phenotype in
response to the harsh environment, known as the “escape response™’ Therefore, EMT transformation of HCC cells
yields mesenchymal progeny with anti-apoptotic, migratory, and drug-resistant properties.”’ HCC cells acquire stem cell-
like properties resembling cancer stem cells (CSC) post-EMT,** a factor believed to contribute to tumor recurrence and
drug resistance.”® TGF-p-stimulated HCC cells undergoing EMT are resistant to sorafenib-induced apoptosis.”*

As mentioned above, EMT occurrence in HCC involves reprogramming epithelial gene expression, primarily
activated by EMT-TF, with Snail being a critical inducer.’*® Additionally, an increase in hypoxia-inducible factor-1
(HIF-a) levels in breast cancer can lead to the increase of Snail expression and induce the occurrence of EMT. PL
effectively down-regulated the protein levels of HIF-1a in HepG2 cells.’® Therefore, we hypothesized that PL inhibits the
EMT of HCC by regulating HIF-1a levels.

Snail, an unstable protein with a very short half-life, is a widely recognized inhibitor of E-cadherin expression.’® It
inhibits the expression of the epithelial marker gene CDHI, encoding E-cadherin, by directly suppressing E-cadherin
transcription, thereby co-inducing EMT.>” Additionally, Snail induces EMT by regulating the expression of cytoskeleton
proteins, leading to biophysical changes associated with tumor metastasis.>® Snail reduces the metastasis-inhibitory effect
of E-cadherin by inducing the expression of E-cadherin repressors, such as Zeb-1 and Zeb-2.°° Furthermore, Snail-
induced EMT is implicated in the regulation of drug/immune resistance and the phenotyping of CSC.®® High Snail
expression correlates with increased tumor malignancy and poor prognosis, serving as a marker for poor prognosis in
liver, stomach, and bladder cancers.

Therefore, Snail emerges as an effective target to prevent tumor metastasis, while PL can effectively inhibit its
expression. E-cadherin, a transmembrane glycoprotein encoded by CDHI, is the most important component of adhesion
junctions, promoting epithelial cell adhesion and serving as the main organizer of the epithelial phenotype.®’ Snail-
mediated downregulation of the expression of E-cadherin enables epithelial cells to acquire a mesenchymal cell
phenotype, facilitating cell migration, invasion, and metastasis.*> Promoter methylation of E-cadherin exists in various
epithelial cancer cells, including gastric and liver cancers.®> During EMT, the up-regulation of E-cadherin leads to the
instability of the cadherin-catenin complex, from which B-catenin dissociates as a transcriptional activator of cell
proliferation, causing cadherin switching and the dissociation of B-catenin, which functions as a transcriptional activator
of cell proliferation, resulting in the upregulation of N-cadherin.®* When this occurs, the cadherin-catenin complex fails
to bind to the actin cytoskeleton, resulting in impaired cell adhesion and enhanced motor ability.®> N-cadherin activates
the ErbB pathway by up-regulating growth factor receptor binding protein 2 (GRB2), SHC-transforming protein, and
extracellular signal-regulated kinase (ERK) levels, thereby inducing EMT and tumor stem-like features. N-cadherin
regulates vimentin transcription through the MAPK/ERK and phosphoinositide 3-kinase/protein kinase B signal trans-
duction pathways, promoting EMT occurrence and HCC-associated metastasis.®®

Vimentin, a 57 kD intermediate filament protein widely expressed in mesenchymal cells, serves as a marker of
epithelial cells.®” The expression level of vimentin is positively correlated with the invasion and metastatic ability of
HCC cells.®® Vimentin plays a multifaceted role in tumor initiation, EMT, and metastatic dissemination of tumor cells. It
is an important component in the regulation of EMT, contributing to major signaling pathways in EMT, tumor
progression, cell migration, invasion, and organelle localization and anchoring. Vimentin influences cell adhesion,
both intercellular and with the extracellular matrix, making it an important regulator of cell movement.®® Additionally,
it promotes cell invasion by regulating the E-cadherin/B-catenin complex, exerting a more critical impact on the
metastatic process than the complex itself.”’

PL was shown to significantly inhibit HCC by impeding EMT. In previous studies, PL inhibited HCC tumor
angiogenesis, invasion, and metastasis, and induced autophagy-apoptosis interaction. These findings position PL as a
promising anti-HCC drug, with higher concentrations correlating with enhanced anti-HCC efficacy. However, due to poor
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Figure 6 Mechanism of plumbagin-induced Snail and hepatocellular carcinoma epithelial-mesenchymal transition inhibition.

water solubility and biocompatibility coupled with a short retention time and fluctuating blood concentrations, the use of
PL necessitates careful consideration of dosage. Thus, the effective anti-cancer dose cannot be reached, and the
therapeutic effect cannot be achieved.”' To optimize PL’s anti-HCC effects, the development of suitable carriers, dosage

1.72 Nanocarriers, a current research focus, offer the potential to enhance the

forms, and administration methods is essentia
advantages of drugs while mitigating adverse reactions, maintaining steady blood concentrations, and improving
solubility.”® Current research explores nanotherapy for HCC by utilizing nanostructures to deliver traditional drug
molecules. Thus, curcumin inhibits EMT and metastasis in HCC cells by down-regulating the Wnt/B-catenin signaling
pathway.”* Utilizing mesoporous silica nanostructures as carriers for curcumin, enables continuous drug release, exerting
tumor toxicity and inhibiting HCC progression while enhancing bioavailability.”>’® Loading curcumin and resveratrol
onto nanostructures, particularly those surface-modified with SP94 peptide, enhances the targeting of HCC cells.
Capitalizing on the enhanced permeability and retention effect, these nanostructures accumulate at the tumor site,
significantly boosting the anti-metastatic and anti-EMT effects of the active substances against HCC. They release the
drug in a prolonged manner and enhance the bioavailability of the drug.”” Moreover, when organic compound molecules
extracted from traditional Chinese medicine are combined with first-line antitumor drugs, the use of nanoparticle carriers
can avoid the shortcomings of high side effects and poor pharmacokinetics, showing excellent antitumor efficacy and
safety.”® Despite the practicality of nanoparticles as drug carriers, challenges such as long-term stability and safety
persist.” Therefore, identifying reasonable, effective, and safe nanostructures to deliver anti-HCC molecules, including
PL, represents a future research direction.

Conclusions

In response to harsh environmental conditions such as hypoxia and inflammation, HCC initiates the EMT, increasing
Snail expression, inhibiting the expression of E-cadherin, up-regulating N-cadherin, and inducing vimentin transcription
through modulation of specific signaling pathways. This results in epithelial cells acquiring a mesenchymal phenotype,
promoting EMT and HCC-associated metastasis. PL can prevent the EMT in HCC cells by inhibiting Snail expression
and reducing lung metastasis (Figure 6). Consistent with previous studies, PL is a potential anti-therapeutic agent for
HCC, with its anti-HCC efficacy increasing with the dosage increase. Further research is needed to support the clinical
use of PL in the treatment of HCC. Future research trends should focus on the exploration of PL combined with first-line
HCC drugs (such as TKI, ICI, capecitabine) to provide guidance for clinical treatment. Additionally, further exploration
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of nanoparticle-related HCC therapy is warranted, allowing the use of green synthetic nanostructures for PL delivery in
HCC treatment.
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