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A B S T R A C T   

Non-thermal plasma (NTP) is thought to have a cytotoxic effect on tumor cells. Although its 
application in cancer therapy has shown considerable promise, the current understanding of its 
mechanism of action and cellular responses remains incomplete. Furthermore, the use of mela
tonin (MEL) as an adjuvant anticancer drug remains unexplored. In this study, we found that NTP 
assists MEL in promoting apoptosis, delaying cell cycle progression, and inhibiting cell invasion 
and migration in hepatocellular carcinoma (HCC) cells. This mechanism may be associated with 
the regulation of intracellular reactive oxygen species levels and ribonucleotide reductase regu
latory subunit M2 expression. Our findings confirm the pharmacological role of MEL and the 
adjuvant value of NTP, emphasizing their potential in combination therapy for HCC. Our study 
may have important implications for the development of new approaches for HCC treatment.   

1. Introduction 

Non-thermal plasma (NTP) is an ionized gas composed of charged particles, electronically excited atoms, molecules, free radicals, 
and ultraviolet photons [1]. NTP is believed to generate reactive oxygen species (ROS) that trigger DNA damage and mitochondrial 
dysfunction and inhibit tumor cell metabolism, thereby inducing tumor cell death [2,3]. Several studies have shown that NTP exhibits 
antitumor activity against various cancers, such as colorectal cancer, leukemia, and mesothelioma [4–6]. NTP in combination with 
drugs or chemotherapy has attracted increasing attention as a potential tumor treatment method. 
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Hepatocellular carcinoma (HCC) is the leading cause of death in patients with liver cirrhosis and the fourth leading cause of cancer 
deaths worldwide [7]. Despite current advances in HCC treatment, there remains a lack of effective treatments for improving the 
survival of patients with intermediate and advanced HCC [7]. Current radical treatments for HCC include surgical resection, liver 
transplantation, and locoregional therapies such as ablation and embolization. Although these treatments have shown some efficacy in 

Fig. 1. (A) Scanning electron microscopy (SEM) analysis showed that with the increase of NTP treatment time, the surface of MEL slices was 
smoother and particle size gradually increased; (B) X-ray photoelectron spectroscopy (XPS) analysis showed three strong waves at around 285 ev, 
400 ev and 530 ev, which were mainly the binding energies of C1s, N1s and O1s. Three binding energy standard peaks (phenyl group 1, C–O/C–N, 
C––O) of C1s at 284.5, 286, and 288 ev, one binding energy standard peak (C–NH) of N1s at 400 ev, and two binding energy standard peaks (C–O, 
C––O) of O1s at 531 ev and 533 ev all decreased with increasing treatment time. But when NTP treatment was used for 3 min, the intensity of all 
peaks rose, which was higher than that when NTP treatment was used for 1 min, but still lower than that when NTP was not used to treat; (C) laser 
particle size analysis showed that from the NTP-0min group (0-180μm) to NTP-5min group (0-300μm), the MEL particle size range was gradually 
expanded; (D) the IR spectra of the NTP-0min, NTP-1min, NTP-3min, and NTP-5min groups (Fig. 1D), with a clear peak at 3250 cm− 1; (E–G) CCK8 
assay results showed that melatonin treated with NTP for 3 and 5 min inhibited the viability of HepG2, Huh-7 and MIHA cells more significantly 
than melatonin without NTP treatment (*p < 0.05, **p < 0.01). 
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early stage HCC, their efficacy is often limited by factors such as tumor size, tumor location, and underlying liver dysfunction. 
Radiotherapy is another treatment option for HCC, particularly for patients who are not surgical candidates. However, radiotherapy is 
limited by its potential toxicity to the surrounding healthy tissues, which can cause liver dysfunction, thus limiting the total dose that 
can be delivered. Immunotherapy and targeted therapy have also shown promise for the treatment of advanced HCC; however, only a 
subset of patients respond to these treatments, and the development of resistance is a common challenge. Moreover, the use of 
immunotherapy in patients with hepatitis B or C viral infections requires careful consideration owing to the risk of viral reactivation 
[8]. Therefore, it is essential to explore and develop new therapeutic approaches for HCC to overcome these limitations and improve 
patient outcomes. Ribonucleotide reductase regulatory subunit M2 (RRM2) catalyzes deoxyribonucleotide production during DNA 
synthesis and is a potential prognostic marker in glioma, breast cancer, and prostate cancer [9–11]. Zhou et al. screened HCC-related 
prognostic markers and found that RRM2 was significantly enriched in the p53 signaling pathway, an important tumor suppressor gene 
pathway [12]. However, the specific mechanism of action of RRM2 in HCC remains unclear and requires further exploration. 

Melatonin (MEL) is an indoleamine with multiple biological functions that is secreted primarily by the pineal gland in humans and 
other mammals to adapt to darkness [13]. Other organs that synthesize MEL include the retina, gastrointestinal tract, skin, bone 
marrow and lymphocytes [14]. MEL levels increase at night and decrease during the day. The suprachiasmatic nucleus of the hy
pothalamus regulates MEL synthesis and secretion to regulate metabolism and defend against various diseases [15]. In addition to 
being a hormone, MEL is also thought to play a role in oxidative stress, immune regulation, and hematopoiesis [16,17]. MEL exerts 
anticancer effects by inducing cell apoptosis, inhibiting proliferation, tumor invasion, and metastasis, reducing the side effects of 
radiotherapy and tumor resistance, and enhancing therapeutic effects [18–20]. Furthermore, MEL can be used in combination with 
conventional treatments to enhance their efficacy and reduce side effects and has great potential as an adjuvant treatment for cancer 
[21]. 

The objective of this study was to investigate the efficacy and mechanism of synergistic NTP and MEL treatment for HCC. Our study 
showed that NTP-treated MEL is more effective against HCC, thus confirming the value of drug combinations. Additionally, we found 
that the mechanism underlying the synergistic anticancer effect of NTP and MEL may involve regulation of intracellular ROS and 
RRM2 expression levels. Overall, our study provides new avenues and ideas for future tumor therapies. 

2. Method 

2.1. Cell culture and reagents 

Two human HCC cell lines (HepG2 and Huh-7) and human normal liver cell line (MIHA) were purchased from ATCC (Manassas, 
VA, USA) and were cultured in Dulbecco’s modified eagle’s medium containing 10% fetal bovine serum (Gibco, Waltham, MA, USA) 
and 100 U ml− 1 penicillin-streptomycin (Gibco). The culture environment was maintained at 5% CO2 and 37 ◦C in humidified air. The 
culture medium was changed three times per week. 

MEL was purchased from Sigma-Aldrich (Darmstadt, Germany). Primary antibodies for RRM2, β-actin, Bax, Bcl-2, proliferating cell 
nuclear antigen (PCNA), matrix metalloproteinase-2 (MMP2), matrix metalloproteinase-9 (MMP9), Caspase 3 and p53 were purchased 
from Cell Signaling Technology (Beverly, MA, USA). 

2.2. Patient and tissue collection 

The Biomedical Ethics Committee of Anhui Medical University approved this study (20,210,683). Liver tissues were obtained from 
the General Surgery Department of The First Affiliated Hospital of Anhui Medical University. All patients were diagnosed with HCC 
according to WHO standards [22] and received radical surgery [23]. The surgical specimens were immediately placed in liquid ni
trogen for quick freezing and then stored in a − 80 ◦C refrigerator. Written informed consent was obtained from all participants. 

2.3. Treatment using non-thermal dielectric barrier discharge plasma 

As shown in Fig. 1A and mg of MEL powder (Sigma-Aldrich) was used to prepare slices that were subsequently exposed to He 
plasma for 1, 3, or 5 min, and labelled as P1, P3, and P5, respectively. Untreated MEL was used as a control. The gas flow rate of the 
injected He was set to 2 L/min, and the working current, voltage, and frequency of the He-plasma device were 0.488 A, 12.4 kV, and 
1.0 kHz, respectively (Figure S1). Following He-plasma exposure, the MEL slices were ground into a powder again in 10 min and 
immediately used to prepare the MEL solution for later HCC experiments. 

2.4. Material characterization analysis 

Scanning electron microscopy analysis was performed at various magnifications. Images of the MEL sections were recorded using a 
scanning electron microscope (GeminiSEM 500, Oberkochen, Germany). A Microtrac S3500 synchronous laser diffraction and dy
namic image particle analyzer (Microtrac, Montgomeryville, PA, USA) was used to analyze the change in particle size in MEL slices 
treated with NTP for different times, and the measured particle size ranged from 0.01 to 2800 μm. The relative contents of various 
functional groups in MEL treated with NTP for different durations were determined using a Thermo ESCALAB250Xi spectrometer 
(Thermo Fisher Scientific, Waltham, MA, USA). A Fourier transform infrared spectrometer (Thermo Fisher Scientific) was used in the 
wavelength range of 4000–400 cm− 1 to determine changes in the functional groups of MEL after NTP treatment for different times. 
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2.5. Cell viability assay 

Cells were inoculated into culture dishes at a density of 3 × 105 and placed in medium overnight before MEL was used. MEL treated 
with NTP for different times (0, 1, 3, and 5 min) was added to HepG2 and Huh-7 cells. After 24 h, the CCK-8 kit was used to determine 
cell viability, and a Varioskan Flash microplate reader (Thermo Fisher Scientific) was used to measure the absorbance at 450 nm. Cell 
viability was calculated using the following formula: % cell growth = [(OD492 of control-OD492 of sample)/OD492 of control]*100 
[24,25]. 

2.6. Transcriptome sequencing 

Total RNA was extracted from the samples using Trizol reagent (Invitrogen, Waltham, MA, USA), and the RNA quality was assessed 
using a NanoDrop spectrophotometer (Thermo Scientific) and an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, 
USA). Poly(A) mRNA was enriched using oligo (dT) beads, and cDNA libraries were prepared using the TruSeq Stranded mRNA Library 
Prep Kit (Illumina, San Diego, CA, USA) according to the manufacturer’s protocol. The cDNA libraries were sequenced on the Illumina 
HiSeq X Ten platform with paired-end reads of 150 bp. Quality control of the raw data was performed using FastQC, and the reads were 
trimmed and filtered using Trimmomatic. The clean reads were aligned to the reference genome using HISAT2, and gene expression 
levels were quantified using StringTie. Differential expression analysis was performed using the DESeq2 package. Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway analysis was performed using the clusterProfiler package. 

2.7. siRNA transfection 

The siRNA target sequence of RRM2 is: forward (F) primer sequence 5′-GTGGAGCGATTTAGCCAAGAA-3′ and reverse (R) primer 
sequence 5′-CACAAGGCA-TCGTTTCAATGG-3’. Human Huh-7 cells seeded in 35-mm dishes (50–60% confluency) were transfected 
with Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions, and the transfection mixture was added to the 
culture medium for cell culture. The cells were collected after 48 h of incubation. 

2.8. Flow cytometry assay 

Human Huh-7 cells were collected by trypsinization, washed twice in cold phosphate-buffered saline (PBS), suspended in 1Annexin 
V binding buffer (500 L), and stained using Annexin V-FITC and PI from the Apoptosis Detection Kit I (BD Biosciences, San Jose, CA, 
USA). A flow cytometer (BD Biosciences) was used to identify apoptosis, and FACS Suite software was used to analyze the results. The 
cells were trypsinized and fixed in 75% ice-cold ethanol in PBS for cell cycle testing. Bovine pancreatic RNase (2 mg/ml; Sigma- 
Aldrich) and propidium iodide (10 mg/ml; Invitrogen) were added to the cells. The cells were then kept in the dark and incubated 
at room temperature (20–25 ◦C) for 30 min. The flow cytometer (BD Biosciences) was used to examine cell dispersion. For the 
detection of intracellular ROS, cells were harvested by trypsinization and cultured with serum-free medium containing DCFH-DA for 
20 min at 37 ◦C. After centrifugation at 300g for 5 min, the supernatant was discarded, and the cells were washed three times with PBS. 
The intensity of the DCF signal was detected by flow cytometry (BD Biosciences) to quantify intracellular ROS generation. 

2.9. Wound healing assay 

Human Huh-7 cells in the logarithmic growth phase were inoculated with 1 × 106/ml cell count in six-well plates at passaging 3–5, 
and placed in an incubator for 24 h. Cells were collected when the growth reached 70%. A minor horizontal scratch was made on the 
bottom surface of adherent cells using a 10-μl autoclaved pipette tip. The cells were gently washed twice with PBS to remove detached 
cells. The plates were incubated in an incubator for 24 h. The cells were fixed with a methanol solution and stained with crystalline 
violet. An inverted microscope was used to observe the healing of the cell scratch during photography and recording. 

2.10. Transwell assay 

Human Huh-7 cells were introduced into the top chamber using a serum-free medium, and each well contained 2 × 106 cells. 
Additionally, 500 μL 20% fetal bovine serum medium was added to the bottom chamber. After incubation with 5% (v/v) CO2 at 37 ◦C 
for 2 days, non-invasive cells and matrix glue were removed from the top chamber. The cells were fixed to the bottom surface with 10% 
neutral-buffered formalin solution and stained with 0.1% crystal violet. The number of invading cells was calculated in five randomly 
selected microscopic fields. 

2.11. Western blotting 

The cells were lysed using RIPA lysis buffer after rinsing with cold PBS (Beyotime, Shanghai, China). The supernatant was collected 
after the lysates were centrifuged at 12,000 rpm for 10 min at 4 ◦C. The BCA Protein Assay Reagent Kit was used to measure the protein 
concentration (Beyotime). Equal amounts of protein were extracted using 8–12% SDS-PAGE and applied to a polyvinylidene difluoride 
membrane (Millipore Corporation, Burlington, MA, USA). The membranes were then incubated with specific primary antibodies 
overnight at 4 ◦C, blocked with 5% nonfat milk powder, and tagged with IRDye-conjugated secondary antibodies for 1 h at room 
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temperature (20–25 ◦C). Odyssey CLx (LI-COR, Lincoln, NE, USA) was used to measure the membranes. 

2.12. JC-1 staining 

Human Huh-7 cells were seeded at a density of 1 × 104 cells/well in 96-well plates and allowed to adhere overnight. The cells were 
then treated with the desired treatment for 24 h. The cells were washed twice with phosphate-buffered saline (PBS) and then incubated 
with 10 μg/ml JC-1 dye (Beyotime) in culture medium at 37 ◦C for 30 min. The cells were then washed twice with PBS and analyzed 
using a fluorescence microscope (Nikon, Tokyo, Japan) with excitation and emission wavelengths of 488 nm and 525 nm for the 
monomeric form (green), and 525 nm and 590 nm for the aggregated form (red). 

2.13. TUNEL staining 

The terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay was performed to detect apoptotic 
cells. Human Huh-7 cells were seeded in 24-well plates at a density of 1 × 105 cells/well and allowed to adhere overnight. The cells 
were then treated with the desired treatment for 24 h. The cells were fixed with 4% paraformaldehyde for 30 min at room temperature 
(20–25 ◦C) and permeabilized with 0.1% Triton X-100 in PBS for 5 min. The TUNEL assay was performed using the In Situ Cell Death 
Detection Kit (Roche, Basel, Switzerland) according to the manufacturer’s instructions. The images were captured using a fluorescence 
microscope (Nikon) with excitation and emission wavelengths of 488 nm and 525 nm for green fluorescence. The TUNEL-positive cells 
were quantified by counting the number of green fluorescent cells per high-power field (HPF). 

2.14. Caspase 3 immunofluorescence staining 

Human Huh-7 cells were seeded in 24-well plates at a density of 1 × 105 cells/well and allowed to adhere overnight. The cells were 
then treated with the desired treatment for 24 h. The cells were fixed in 4% paraformaldehyde and permeabilized in 0.1% Triton X-100 
in PBS to allow the immunostaining reagents to penetrate into the cells. The cells were then incubated with a primary antibody against 
Caspase 3 (diluted 1:500) overnight at 4 ◦C, followed by incubation with a fluorescent secondary antibody (diluted 1:1000, Alexa Fluor 
488 goat anti-rabbit IgG, Invitrogen) for 1 h at room temperature (20–25 ◦C). The cells were then washed three times and counter
stained with DAPI (4′,6-diamidino-2-phenylindole) nuclear stain. Fluorescence images were acquired using a fluorescence microscope 
(Nikon). 

2.15. Statistical analysis 

Data are presented as mean standard deviation (SD), and all experiments were repeated at least three times. Differences between 
the outcomes of the two groups were assessed using the Student’s t-test, and P < 0.05 was regarded as statistically significant. 

3. Results 

3.1. Material characterization of NTP-treated MEL 

As shown in Fig. 1A, as NTP treatment time increased, the surface of the MEL slices became smoother and the particle size gradually 
increased, which may have been caused by the enhanced electrostatic adsorption of the particles due to the change in chemical groups 
during the NTP treatment. This is consistent with the results of laser particle size analysis (Fig. 1C). The MEL particle size range 
gradually increased from the NTP-0 min group (0–180 μm) to the NTP-5 min group (0–300 μm). X-ray photoelectron spectroscopy 
(XPS) analysis (Fig. 1B) revealed three stronger waves near 285, 400, and 530 eV, which were mainly the binding energies of C1s, N1s, 
and O1s. Fig. 1B shows that the three standard peaks of C1s as phenyl, C–O/C–N, and C––O binding energies at 284.5, 286, and 288 eV, 
respectively, decreased with increasing treatment time. Additionally, N1s as C–NH and O1s as C–O and C––O binding energies had 
significant peaks around 400, 531, and 533 eV, respectively, and the intensity showed a downward trend with increasing exposure 
time. However, when NTP was used for treatment for 3 min, the intensity of all peaks increased, which was higher than that when NTP 
was used for treatment for 1 min, but still lower than that when NTP was not used for treatment. We also obtained the IR spectra of the 
NTP-0 min, NTP-1 min, NTP-3 min, and NTP-5 min groups (Fig. 1D), with a clear peak at 3250 cm− 1. 

3.2. NTP assists MEL in suppressing HCC and MIHA cell viability 

We stimulated HCC (HepG2 and Huh-7) and MIHA cells with MEL without NTP treatment and with MEL treated with NTP for 
different durations (1, 3, or 5 min) for 24 h. The results of the CCK8 assay showed that there was no difference between MEL treated 
with NTP for 1 min and MEL without NTP treatment in terms of its effect on the viability of HCC cells. However, MEL treatment with 
NTP for 3 and 5 min inhibited the viability of HepG2, Huh-7 and MIHA cells more significantly than MEL treatment without NTP 
(Fig. 1E–G). Therefore, in subsequent experiments, we selected 3 min as the optimal time for NTP treatment of MEL. 
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3.3. NTP assists MEL in promoting HCC cell apoptosis, delaying cell cycle progression, and inhibiting cell invasion and migration 

As shown in Fig. 2A, compared to the control group, the apoptotic rate of Huh-7 cells was significantly increased by MEL treatment 
and was increased to an even greater extent with NTP-treated MEL treatment. In terms of cell cycle progression, the G1 phase of Huh-7 
cells treated with MEL significantly increased and the S phase decreased, whereas NTP-treated MEL further increased the G1 phase and 
decreased the S phase (Fig. 2B). The results of both the transwell and wound healing assays separately showed that MEL inhibited the 
invasion and migration of Huh-7 cells, and NTP-treated MEL further enhanced the inhibitory effect (Fig. 2C). 

3.4. NTP assists MEL in increasing intracellular ROS levels 

As shown in Fig. 2D, flow cytometry (DCFH-DA fluorescence staining) showed that MEL increased intracellular ROS levels in Huh- 
7 cells, and the ability of NTP-treated MEL to increase intracellular ROS was further enhanced. Increased ROS levels in HCC cells 
promote apoptosis. 

3.5. NTP and MEL synergistically regulate RRM2 expression 

As shown in the results of transcriptome sequencing in Fig. 3A, H7_3min was the control group, and H7_MEL was the experimental 
group, the volcano plot results showed nine upregulated and nine downregulated genes. The results of heat map analysis also showed 
differences in cellular gene expression under the influence of MEL and NTP-treated MEL (Fig. 3B). Western blotting was performed 
using HCC and adjacent normal liver tissues, MIHA cells, and Huh-7 cells. The RRM2 gene was upregulated in HCC tissues and Huh-7 
cells, suggesting that RRM2 is involved in tumor progression (Fig. 3C and D). We performed RRM2 siRNA transfection on Huh-7 cells. 
Compared to the RRM2 negative control (NC), flow cytometry revealed a significantly higher rate of apoptosis in Huh-7 cells in the 
RRM2 siRNA group (Fig. 3E), which was also confirmed by Western blot analysis of Bcl-2 and Bax (Fig. 4B). In addition, the same 
results were also obtained from JC-1 staining (Figure S1A), Caspase 3 immunofluorescence staining (Figure S1B), and TUNEL staining 
(Figure S1C). EdU staining revealed that RRM2 siRNA inhibited the proliferation of Huh-7 cells (Fig. 3F), which was also confirmed by 
Western blot analysis of PCNA (Fig. 4C). Finally, we performed Transwell and wound healing assays. The results showed that RRM2 
siRNA significantly inhibited Huh-7 cell invasion and migration (Fig. 4A), consistent with the expression of MMP2 and MMP9 
(Fig. 4C). KEGG pathway enrichment analysis based on transcriptome sequencing was performed on RRM2, and it was found that p53 
might be a downstream signaling pathway of RRM2 (Fig. 4D), which was also confirmed by western blotting (Fig. 4E). 

4. Discussion 

The relationship between MEL and cancer has been explored for a long time [26]. MEL has been shown to slow cancer progression, 
and several potential mechanisms have been suggested [27]. MEL binds to two types of receptors belonging to the G-protein super
family that mediate its anticancer effects by inhibiting linoleic acid uptake [28]. The receptor-independent mechanism by which MEL 
exerts anticancer effects involves immunomodulation, anti-angiogenesis, modulation of MT1 and MT2 membrane receptor signaling 
processes, reduction in growth factor uptake, promotion of oxidative metabolism, and antioxidant activity [29,30]. It has also been 
suggested that MEL increases the sensitivity of cancer cells to radiotherapy, thereby increasing its therapeutic effect [31]. MEL shows 
considerable potential as an adjuvant treatment for cancer in clinical practice, especially for the treatment of HCC. MEL inhibits 
linoleic acid uptake by activating MT1 and MT2 receptors and preventing the formation of 1,3-hydroxyoctadecenoic acid, a mitotic 
metabolite, thus inhibiting the progression of HCC cells [28]. Moreover, current liver cancer treatment is hindered by drug resistance 
and distant metastasis in advanced stages of cancer, and MEL is an effective adjuvant therapy to address both problems. MEL effec
tively limits the invasion of cancer cells into the vasculature and prevents distant metastasis [32]. To confirm whether MEL has an 
antitumor adjuvant effect, we used NTP-treated MEL cells to verify its efficacy against HCC. Our findings support this view, and 
provide ideas and bases for the design of new therapies to treat and prevent cancer using MEL in the future (Fig. 5). 

NTP has numerous medical applications in hemostasis, angiogenesis, organ adhesion and cell proliferation [33]. NTP is currently 
considered a potential tumor therapy; however, its mechanism of action remains unclear. The antitumor effect of NTP appears to be 
largely attributable to oxidative stress. This hypothesis suggests that NTP can induce oxidative stress in cells and tissues by generating 
ROS and reactive nitrogen species and that ROS play an important role in inducing apoptosis [34]. ROS are known to affect multiple 
cellular signaling pathways, including cell proliferation, differentiation, and apoptosis [35]. ROS are usually produced at higher levels 
in tumor cells than in normal cells [36]. Although higher ROS levels can promote tumor progression to a certain extent, it also makes 
tumor cells more susceptible to NTPs than normal cells [37]. High levels of ROS and oxidative stress lead to DNA double-strand breaks 
and the inhibition of metabolic activity, leading to apoptosis [38]. Barbora et al. explored the detailed mechanisms of NTP-mediated 

Fig. 2. (A) Flow cytometry results showed that compared with the control group, the apoptotic rate of Huh-7 cells was significantly increased with 
MEL treatment; while the apoptotic rate of Huh-7 cells was further increased with the NTP-treated MEL treatment; (B) Flow cytometry results 
showed that the G1 phase of Huh-7 cells treated with MEL was significantly increased and the S phase was decreased; while NTP-treated MEL further 
increased the G1 phase and further decreased the S phase; (C) Transwell and wound healing assays showed that MEL can inhibit the invasion and 
migration of Huh-7 cells, and NTP-treated MEL will further enhance the inhibition effect (The scratch area was 30033.186, 29802.735, 52293.397 
μm2 in turn from left to right); (D) Flow cytometry (DCFH-DA fluorescence staining method) detection showed that MEL could increase the level of 
intracellular ROS in Huh-7 cells, and the ability of NTP-treated MEL to increase intracellular ROS was further enhanced. 
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redox signal changes in HCC cells. Our results showed that NTP-treated MEL was more effective at increasing ROS levels in HCC cells 
than MEL without NTP treatment. We speculate that this may be because NTP treatment alters the content of key oxidative functional 
groups in MEL. In the present study, we explored other molecular mechanisms underlying the synergistic effect of NTP and MEL on 

Fig. 3. (A) The volcano plot results show that 9 up-regulated genes and 9 down-regulated genes in H7_MEL group compared with H7_3min group; 
(B) The results of heat map analysis showed differences in cellular gene expression under the influence of MEL and NTP-treated MEL; (C) RRM2 gene 
expression was upregulated in HCC tissues compared with adjacent liver tissues (Supplementary file 1); (D) RRM2 gene expression was upregulated 
in Huh-7 cells compared with MIHA cells (Supplementary file 1); (E) Flow cytometry found that the apoptosis rate of Huh-7 cells was significantly 
higher in the RRM2 siRNA group compared with RRM2 NC; (F) Edu staining showed that RRM2 siRNA inhibited the proliferation of Huh-7 cells. 
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HCC. 
We used NTP to treat MEL for different durations to stimulate the HCC cell lines HepG2 and Huh-7. The results of the CCK8 assay 

showed that NTP treatment of MEL improved the effects of MEL on cell viability, but the duration of NTP treatment should be greater 
than 3 min. Additionally, flow cytometric analysis showed that the apoptosis rate of HCC cells stimulated with NTP-treated MEL 
increased significantly. EdU staining confirmed that NTP-treated MEL could better inhibit HCC cell proliferation, possibly by 
increasing the proportion of cells in the G1 phase. Wound healing and transwell assays confirmed that NTP-treated MEL had a better 
inhibitory effect on the invasion and migration of HCC cells than untreated MEL. To further explore the molecular mechanism, we 
screened DEGs during MEL and NTP-treated MEL treatments through transcriptome sequencing. We concluded that RRM2 may be an 
important site of action during the synergistic treatment with NTP and MEL. To explore and verify the role of RRM2, we performed 

Fig. 4. (A) Transwell and wound healing assays showed that RRM2 siRNA significantly inhibited Huh-7 cell invasion and migration (The scratch 
area was 13774.483, 27297.46, 54691.403 μm2 in turn from left to right); (B) Western blotting showed that RRM2 siRNA increased the expression of 
Bax and inhibited the expression of Bcl-2 in Huh-7 cells (Supplementary file 1); (C) Western blotting showed that RRM2 siRNA inhibited the 
expression of PCNA, MMP2 and MMP9 in Huh-7 cells (Supplementary file 1); (D) KEGG pathway enrichment analysis found that p53 may be a 
downstream signaling pathway of RRM2; (E) Western blotting showed that RRM2 siRNA increased the expression of p53 in Huh-7 cells, which 
confirmed that p53 is a downstream signaling pathway of RRM2 (Supplementary file 1). 
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flow cytometry, EdU staining, JC-1 staining, Caspase 3 immunofluorescence staining, TUNEL staining, transwell assays, and wound 
healing assays. These results confirmed that RRM2 promotes the tumor characteristics of HCC cells. KEGG enrichment pathway 
analysis based on transcriptome sequencing predicted that the p53 pathway might be the downstream pathway of RRM2, which was 
confirmed by subsequent western blotting (Figure S2). Some studies have shown that NTP directly induces apoptosis in HCC cells by 
downregulating STAT1 and p53 [39]. 

Current drug treatments for cancer face many challenges that require careful consideration and improvement. One major issue is 
the toxicity of chemotherapeutic drugs, which can limit the effectiveness of treatment despite the various treatment options available 
[40,41]. Using nanotechnology to increase drug solubility may help overcome this challenge by opening new avenues for therapeutic 
development [42]. MEL in our study was found to be very safe, and NTP treatment can often improve drug solubility, providing a 
means for solving this problem. 

Owing to the limited sample size, this study requires further verification. In future studies, we aim to explore additional mecha
nisms to build a more complete regulatory network. Further questions are also worth exploring, such as why NTP increases the anti- 
HCC efficacy of MEL. We will also verify the feasibility of this treatment combination for other tumor types. Tumor necrosis factor- 
related apoptosis-inducing ligand (TRAIL) selectively induces apoptosis in cancer cells and is currently regarded as a potential 
target for cancer therapy [43]. Whether a relationship exists between NTP, MEL, and TRAIL warrants investigation. 

5. Conclusion 

In conclusion, our study demonstrates the potential of NTP in combination with MEL as a promising therapeutic strategy for the 
treatment of HCC. NTP assists MEL in promoting apoptosis, delaying cell cycle progression, and inhibiting cell invasion and migration 
in HCC cells. Regulation of ROS levels and RRM2 expression may be involved in the mechanisms underlying these observed effects. Our 
study sheds new light on HCC treatment and highlights the need for further research to fully elucidate the potential of NTP and MEL in 
cancer therapy. 
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