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Abstract

:

Due to its aggressiveness and high mortality rate, oral cancer still represents a tough challenge for current cancer therapeutics. Similar to other carcinomas, cancerous invasion and metastasis are the most important prognostic factors and the main obstacles to therapy for human oral squamous cell carcinoma (OSCC). Fortunately, with the rise of the nanotechnical era and innovative nanomaterial fabrication, nanomaterials are widely used in biomedicine, cancer therapeutics, and chemoprevention. Recently, phytochemical substances have attracted increasing interest as adjuvants to conventional cancer therapy. The ginger phenolic compound zingerone, a multitarget pharmacological and bioactive phytochemical, possesses potent anti-inflammatory, antioxidant, and anticancer activities. In our previous study, we generated phytochemically derived zingerone nanoparticles (NPs), and documented their superior antitumorigenic effect on human hepatoma cells. In the present study, we further investigated the effects of zingerone NPs on inhibiting the invasiveness and metastasis of human OSCC cell lines. Zingerone NPs elicited significant cytotoxicity in three OSCC cell lines compared to zingerone. Moreover, the lower dose of zingerone NPs (25 µM) markedly inhibited colony formation and colony survival by at least five-fold compared to zingerone treatment. Additionally, zingerone NPs significantly attenuated cell motility and invasiveness. In terms of the signaling mechanism, we determined that the zingerone NP-mediated downregulation of Akt signaling played an important role in the inhibition of cell viability and cell motility. Zingerone NPs inhibited matrix metalloproteinase (MMP) activity, which was highly correlated with the attenuation of cell migration and cell invasion. By further detecting the roles of zingerone NPs in epithelial–mesenchymal transition (EMT), we observed that zingerone NPs substantially altered the levels of EMT-related markers by decreasing the levels of the mesenchymal markers, N-cadherin and vimentin, rather than the epithelial proteins, ZO-1 and E-cadherin, compared with zingerone. In conclusion, as novel and efficient phytochemically derived nanoparticles, zingerone NPs may serve as a potent adjuvant to protect against cell invasion and metastasis, which will provide a beneficial strategy for future applications in chemoprevention and conventional therapeutics in OSCC treatment.
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1. Introduction


The major subtypes of head and neck squamous cell carcinomas (HNSCCs) are derived from the oral cavity and oropharynx. Among them, oral squamous cell carcinoma (OSCC) represents 90% of lip and oral cancers [1]. Moreover, countries with a middle or lower human development index (HDI), such as southern Asia (especially in India and Sri Lanka) and the Pacific Islands (especially in Papua New Guinea), show a higher incidence rate of cancers of the lip and oral cavity. Notably, cancers of the lip and oral cavity are also the leading cause of cancer-related death among men in India and Sri Lanka [2].



Several risk factors have been suggested to be responsible for the etiopathogenesis of oral squamous cell carcinoma (OSCC), including smoking or tobacco consumption, drinking alcohol, chewing areca nut or betel quid [3,4], and infection with human papillomavirus (HPV) [5] or pathogenic and commensal strains of bacteria [6], as well as other associated causes [7,8]. These risks are all involved in chronic inflammation and may lead to the development of oral carcinogenesis. To date, several therapeutic strategies, including surgery, radiation therapy, chemotherapy, and targeted therapy, have been suggested as oral cancer treatments [9]. Nonetheless, the clinical manifestations and the effects of treatment will affect different aspects of the patient’s life. Patients who suffer from oral cancer endure multiple negative psychosocial effects from individuals, families, and health care providers, and physical changes caused by adverse effects on the face, speech, voice, and swallowing, as well as financial impacts that all increase burdens and affect patients’ quality of life [10]. Accordingly, methods to protect against the challenges of tumor metastasis and a poor prognosis have become an important issue for oral cancer therapeutics.



The challenges in curing oral squamous cell carcinoma are the high recurrence rate and lymph node metastasis. Previous studies have indicated that clinical indicators, including the tumor invasion depth [11], bone invasion [12], and vascular and perineural invasion [13], are strongly associated with poor patient prognosis, distant metastasis, and the recurrence of OSCC. Currently, several biological events and mechanisms have been identified and defined in the invasion and metastasis of OSCC cells, including the abnormal regulation of cell adhesion molecules, molecular communication and/or interaction among tumor cells, immune cells, and stromal cells in the tumor microenvironment, the orchestration of cellular signaling pathways, and the involvement of noncoding RNAs [14].



The epithelial–mesenchymal transition (EMT) is a dynamic biological process in which polarized epithelial cells undergo multiple biochemical changes and obtain a mesenchymal phenotype [15]. The EMT plays an important role in normal physiological processes (such as embryogenesis, organ development, tissue regeneration, and organ fibrosis) and pathological processes (including cancer progression and metastasis) [16]. During the EMT, cells reduce the expression of adhesion proteins, such as E-cadherin and ZO-1, and upregulate the expression of cell migratory markers, such as N-cadherin and vimentin [14]. Moreover, cells undergoing EMT increase the proteolytic degradation of the underlying basement membrane by activating matrix metalloproteinases (MMPs), such as MMP2 and MMP9 [17], and activating signal transduction pathways, including PI3K/Akt signaling and TGF-β signaling [18,19]. Therefore, treatments targeting EMT-associated events may be a potential strategy for OSCC therapy.



With the green revolution and the rise of nanoscience, natural compound-based therapeutics, chemoprevention, and health care in human diseases have attracted tremendous amounts of attention due to their potent native bioeffects, including antioxidant, anti-inflammatory, antimicrobial, and anticancer activities [20,21,22]. Phytochemicals, including phenolics, carotenoids, alkaloids, organosulfur compounds, and nitrogen-containing compounds, have been shown to have superior and potent antitumoral activities and interfere with cancer progression. Phytochemicals are therefore regarded as chemopreventive agents against cancer and effective adjuvants during conventional therapeutics [21,23]. However, the higher bioeffective dosage, lower water solubility and bioavailability, and low production are still challenges facing further biomedical development and clinical application. Carbon-based nanoparticles or carbon dots (CDs) are carbonaceous nanoparticles that exhibit unique physicochemical and optical properties analogous to conventional quantum dots and silicon nanoparticles [24]. The attractive characteristics of CDs include their small size (<10 nm), low cost, low cytotoxicity and good biocompatibility, eco-friendliness, abundant functional groups (e.g., amino, hydroxyl, and carboxyl groups), and brightness and high photostability, which all make them good candidates for interdisciplinary applications in bioimaging, biomedicine, and optoelectronic devices [25,26]. In our previous studies, fabricated carbon dots from natural products, including shrimp eggs, herbal essential oil, and phenolic components, displayed superior potential in bioimaging and antibacterial and antitumorigenic activities in vitro and in vivo, respectively [27,28,29].



In this study, we further investigated the efficacy of the as-fabricated, phytochemically derived zingerone nanoparticles (zingerone NPs) in terms of cytotoxicity and inhibiting cell invasion and the EMT in human OSCC cells. Our results broaden the scope of as-prepared, phytochemically derived carbon dots in inhibiting invasion and metastasis, suggesting that they may serve as potent and novel adjuvants in future chemoprevention and cancer therapeutics for oral squamous cell carcinoma.




2. Materials and Methods


2.1. Cell lines and Nanosized Zingerone


Three human oral squamous cell carcinoma (OSCC) cell lines, including Ca9-22 (the gingival SCC cells), Cal-27, and SAS (the tongue SCC cells), were cultured in DMEM supplemented with 10% fetal bovine serum (Gibco, HyClone, GE Healthcare Life Science, Logan, UT, USA) and 1% penicillin/streptomycin (Primocin, Invivogen, San Diego, CA, USA) [30]. These cell lines were incubated under humidified conditions in 95% air and 5% CO2 at 37 °C. Zingerone was purchased from Sigma-Aldrich (Rehovot, Israel) and was used without any purification. Moreover, we generated the zingerone NPs using a hydrothermal methodology that we have described in our previous study [29]. Briefly, zingerone was dissolved in pure ethanol (2% w/v) as a stock concentrate of 100 mM. The stock solution was next subjected to heat stirring (1100 rpm) for 4 h at a constant temperature of 120 °C on a hot plate. The obtained zingerone NPs were then stir cooled to room temperature and subjected to filtration using a 0.45 μm polyvinylidene fluoride (PVDF) syringe. Moreover, the obtained zingerone NPs have been analyzed for their uniformity using several experiments, including TEM, photograph images, and UV absorption spectra. Our data demonstrated that the obtained zingerone NPs did not need to be further purified (Figure S1).




2.2. Cytotoxicity Assay


Cells (1 × 104 cells/well) were seeded in a 96-well plate overnight and then treated with various concentrations of zingerone and zingerone NPs for 24 h. The effect of zingerone NPs on cell viability was analyzed using a quantitative colorimetric assay with a 3-(4,5-dimethyl thiazol-2-yl)-2,5- diphenyl-tetrazolium bromide (MTT) assay. The cellular formazan was further dissolved with DMSO (Sigma-Aldrich, J.T.Baker, Avantor Performance Materials, LLC., Center Valley, PA, USA), and we determined the optical densities using a microplate reader (Multiskan™ FC Microplate Photometer, Thermo Fisher Scientific, Shanghai, China) at the absorption wavelength of 570 nm.




2.3. Colony Formation Assay


Cells (2000 cells/well) were seeded in a 6-well culture plate overnight and incubated with zingerone and/or zingerone NPs for 7–10 days. Cells were then fixed with 4% paraformaldehyde and then stained with crystal violet solution (0.2% w/v in 4% paraformaldehyde). The clustered cell clone of over 50 cells was defined as a colony. The colony survival rate was further determined through re-dissolved cellular violet dye with crystal violet elution buffer [29]. A wavelength of 595 nm was used to detect the optical densities using a microplate reader (Multiskan™ FC Microplate Photometer, Thermo Fisher Scientific, Shanghai, China).




2.4. Invasion Assay


The invasion assay was performed using a Boyden chamber assay, as previously described [31]. Briefly, the lower chamber was filled with a culture medium (30 µL/well) containing 10% FBS. Following coating a polycarbonate membrane (8 µm pore size Nucleopore) with Matrigel matrix (Corning, Discovery Labware, Inc., Two Oak Park, Bedford, MA, USA), cells (2 × 105 cells/mL) were mixed with various doses of zingerone and/or zingerone NPs and then pipetted into the upper chamber (50 µL/well). By allowing adequate time courses for incubation (28 h for Ca9-22 and SAS cells, and 48 h for Cal-27 cells), the membrane-contained invasive cells were subjected to methanol fixation and Giemsa staining (10% v/v, Merck, Sigma-Aldrich Inc., MI, USA). Finally, the invasive cells were counted and photographed using an inverted microscope (ZEISS Axio vert.A1) and counted as mean ± SEM number of cells per filter under six different low-power fields.




2.5. Wound Healing Assay


Cell migration was carried out using a commercial Culture-Inserts set (ibidi GmbH, ibidi GmbH; Gräfelfing, Germany). Briefly, cells were seeded in a two-well ibidi Culture-Insert overnight. A cell-free gap was formed by removing the Culture-Insert. Cells were next treated with various doses of zingerone and/or zingerone NPs and incubated for different time intervals. The healing efficiency of the wound gap was monitored using a CYTONOTE 6W image system (iPRASENSE).




2.6. Gelatin Zymography Assay


Cells (3 × 105 cells/well) were seeded in a 6-well culture plate and then incubated with 2 mL of serum free medium containing various doses of zingerone and/or zingerone NPs for 24 h. Then, 30 µL of conditioned media was subjected to 10% SDS-PAGE containing 0.1% gelatin (Merck, Millipore, Burlington, MA, USA). Following electrophoresis, the gels were washed with 2.5% Triton X-100 buffer and reacted with activation buffer for 18–24 h, and the gel was then stained with Coomassie blue solution, as previously described [32]. The MMP activity was visualized as clear bands and quantified with a densitometer.




2.7. Quantified PCR (qPCR) Analysis


The total RNA from three human OSCC cell lines was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and these RNA extracts (2 μg) were further reverse transcribed into first-strand complementary DNA (cDNA) using SuperScript™ III reverse transcriptase (Invitrogen, Carlsbad, CA, USA) by following the manufacturer’s instructions. The mRNA expression levels of MMP2 were next analyzed using a pair of oligo primers which were described as follows: MMP2: Forward, 5′- TGATCTTGACCAGAATACCATCGA-3′; Reverse, 5′- GGCTTGCGAGGGAAGAAGTT-3′. GADPH: Forward, 5′-TGCACCACCAACTGCTTAGC-3′; Reverse, 5′-GGCATGGACTGTGGTCATGAG-3′. One twentieth of the complementary DNA generated was used as a template, and gene amplification and detection were achieved using a Fast SYBR® Green PCR Master Mix kit (Applied Biosystems; Life Technologies, Inc., Vilnius, Lithuania) in a StepOnePlus™ Real-Time PCR System (Applied Biosystems; Life Technologies, Inc.).




2.8. Western Blot Analysis


The immunoblotting assay was executed as previously described [29]. Briefly, the proteins were separated with 8–12% SDS-PAGE and were transferred onto polyvinylidene fluoride membranes (PVDF). The membrane was then incubated with the primary antibodies of Akt, phospho-Akt, ZO-1 (cell signaling), E-cadherin, N-cadherin, vimentin, and GAPDH (GeneTex, Inc., CA, USA) for 1 h at room temperature or overnight at 4 °C. After the HRP secondary antibody (Santa Cruz Biotechnology, Inc., Heidelberg, Germany) administration, the signals were detected using a Trident femto Western HRP Substrate (GeneTex) and exposed to a ChemiDocTM XRS Imaging System (BIO-RAD) for autoradiography.




2.9. Statistical Analysis


Data are presented as mean ± standard error of the mean (SEM) from indicated repeats of experiments. The statistical analysis was performed using GraphPad Prism 5.0 software (GraphPad Software, San Diego, CA, USA). A p value less than 0.05 was considered statistically significant.





3. Results


3.1. Zingerone NPs Inhibited Proliferation and Suppressed Tumorigenesis in Human Oral Squamous Cell Carcinoma (OSCC) Cell Lines In Vitro


Zingerone is one of the phenolic constituents of Zingiber officinale. Moreover, the nonvolatile and pungent compound zingerone possesses multiple pharmacological properties, including anti-inflammatory, anticancer, and antimicrobial properties [33]. In a previous study, we produced zingerone nanoparticles (zingerone NPs), characterized their tetramer structure, which we reconstituted from four zingerone molecules, and further documented their superior antitumorigenic efficacy in human hepatoma [29]. In the present study, we further validated the effect of zingerone NPs on human oral squamous cell carcinoma (OSCC). First, three OSCC cell lines, Ca9-22, Cal-27, and SAS cells, were treated with various doses of zingerone and/or zingerone NPs for 6 h and 24 h. The MTT assay was performed to analyze their cytotoxicity. Our data showed that zingerone NPs slightly affected cell survival. Even in the higher dose of zingerone NP (200 µM) treatment, OSCC cells still maintained 80–100% of cell viability. Moreover, the obtained IC50 with either zingerone or zingerone NPs was higher than 330 µM (Figure S2). Therefore, the 24 h treatment has been used for the subsequent experiments. As shown in Figure 1, compared to zingerone, zingerone NPs significantly induced morphological changes in these OSCC cell lines in a dose-dependent manner. For instance, zingerone NPs significantly transformed the regular cell arrangement into a polygon-like phenotype with an altered morphology in Ca-922 cells (Figure 1A). Moreover, zingerone NPs also triggered the occurrence of a loose boundary between cells and a protruded membrane structure in both Cal-27 (Figure 1B) and SAS cells (Figure 1C). Next, zingerone NP-mediated cytotoxicity was also analyzed, and the IC50 was calculated and recorded as 118.5 ± 5.6 µM, 174.4 ± 17.5 µM, and 147 ± 17 µM in Ca9-22, Cal-27, and SAS cells, respectively (Figure 1D–F). In addition, based on these results, zingerone NPs elicited substantial cellular stress that reduced survival in these OSCC cell lines compared to raw zingerone treatment.



Next, cells were cultured with zingerone and/or zingerone NPs and then subjected to an in vitro colony formation assay to characterize the effect of zingerone NPs on the tumorigenicity of OSCC cells. As shown in Figure 2, compared to zingerone, zingerone NPs induced a superior inhibition of colony formation in these OSCC cell lines. In Ca9-22 cells, zingerone significantly inhibited colony formation in a dose-dependent manner. Intriguingly, even the lowest dose (10 µM) of zingerone NP treatment exhibited an obvious suppressive efficacy (Figure 2A). Similar results were also obtained using the Cal-27 (Figure 2B) and SAS cell lines (Figure 2C), although the effective dose was higher than that in Ca9-22 cells (approximately 25 µM). Moreover, the colony numbers and colony survival were further analyzed and recorded. Zingerone significantly reduced colony numbers and colony survival in these OSCC cell lines in a dose-dependent manner. Undoubtedly, zingerone NPs elicited more substantial decreases in colony numbers and colony survival. Even at the lowest dose (10 µM), zingerone NPs significantly decreased colony numbers by greater than 60% and colony viability by 70%, and the higher dose (over 25 µM) treatment induced approximately a 100% inhibition of colony survival in Ca9-22 cells (Figure 2D). A similar outcome was also observed in Cal-27 cells (Figure 2E) and SAS cell lines (Figure 2F), indicating that a lower dose of treatment (25 µM) dramatically decreased colony formation and colony viability by greater than 80%. The complete inhibition of colony activity was observed in cells treated with doses greater than 50 µM. Therefore, zingerone NPs inhibited the proliferation and tumorigenicity of OSCC cell lines.




3.2. Zingerone NPs Attenuated the Migration and Invasion of Human OSCC Cell Lines


Cell motility and mobility are highly correlated with cell invasion, metastasis, and tumor progression. In OSCC, cellular metastasis into cervical lymph nodes or distant organs is suggested as the most important prognostic indicator of the clinical diagnosis [11,14]. Here, we investigated the effects of zingerone NPs on cell migration and invasion. As shown in Figure 3, zingerone NPs resulted in limited gap closure in all three OSCC cell lines compared to the zingerone group. In Ca9-22 cells, the zingerone groups showed favorable gap-healing efficiency compared to the zingerone NP groups at 15 h. At 24 h, in addition to the highest dose of zingerone (200 µM) and the zingerone NP groups, the wound gaps among the control and the remaining zingerone groups (25, 50, and 100 µM) were all filled. Furthermore, the quantitative data also revealed that the zingerone NP groups elicited good inhibition of cell motility and cell migration. For example, after treatment with the lower dose (50 µM) for 15 h, the gap healing efficiency among the control, zingerone, and zingerone NP groups reached 100%, 85%, and 40%, respectively. Even after 24 h of treatment, approximately 50% of the unhealed gap was still observed in the zingerone NP group compared to the other two groups (Figure 3A). A similar result was also observed in Cal-27 cells, although the healing time of the control group was prolonged to 40 h (Figure 3B). In addition, the zingerone NP-mediated inhibition of SAS cell migration was observed after treatment with higher doses (100 µM) for 15 h (Figure 3C). Altogether, these results suggested that zingerone NPs significantly attenuated cell motility and cell migration.



Next, the effect of zingerone NPs on cell invasion was also examined. Cells were mixed well with zingerone and/or zingerone NPs and then plated in a Boyden chamber equipped with a Matrigel-coated membrane. After an adequate incubation time, cellular invasion was analyzed and recorded. Compared to zingerone, zingerone NPs dramatically inhibited the invasion of these OSCC cell lines in a dose-dependent manner (Figure 4A–C). In Ca9-22 cells, zingerone NPs inhibited invasion by 20–60% in a dose-dependent manner compared to the zingerone group, which did not reach over 20% inhibition. Even the lowest dose (25 µM) of zingerone NP treatment induced 20% inhibition, which was only achieved with the highest dose (200 µM) of zingerone treatment (Figure 4D). In Cal-27 cells, zingerone NPs noticeably decreased invasion by 50–95% in a dose-dependent manner compared to zingerone, which did not substantially affect cell invasion (Figure 4E). In SAS cells, zingerone NPs inhibited invasion to a similar extent as that in Ca9-22 cells (Figure 4F). These results suggested that zingerone NPs exhibited a superior ability to inhibit the invasion of human OSCC cells.




3.3. Downregulation of Akt Signaling and EMT Signaling Was Involved in Zingerone NP-Mediated Inhibition of Cell Proliferation and Metastasis


Akt-mediated cell motility and cell invasion through the activation of EMT play important roles in OSCC tumorigenesis and metastasis [19]. Here, we verified the effects of zingerone NPs on Akt signaling. After treatment with various doses of zingerone and/or zingerone NPs for 24 h, cells were harvested and subjected to Western blotting. Zingerone NPs significantly decreased Akt activity in these three OSCC cell lines in a dose-dependent manner (Figure 5A–C). Moreover, the effective dose of zingerone NPs that inhibited Akt activation (approximately 25 µM) was lower than that of zingerone (Figure 5D–F). This result suggested that the zingerone NP-mediated inhibition of Akt signaling played a pivotal role in inhibiting cell proliferation and motility. PI3K/Akt signaling plays critical roles in various pathophysiological processes, including cell proliferation, motility, invasion, and metastasis. PI3K/Akt signaling is thus regarded as a main target for the development of cancer therapeutics [34]. Indeed, a previous study suggested that therapies for human tongue carcinomas based on Akt inhibition might be a strategy for controlling the Akt-driven EMT and cell motility and invasiveness [19]. Accordingly, the phytochemical zingerone NP-mediated inhibition of Akt activity to abolish cell proliferation and motility and invasion in OSCC may represent a novel candidate chemopreventive adjuvant for OSCC treatment.



Overcoming the extracellular matrix (ECM) barrier is the first step in tumor cell invasion and distant metastasis. The enzymatic digestion of ECM by matrix metalloproteinases (MMPs) is an important component of normal physiological and pathological processes, such as embryonic development, wound healing, inflammation, and cancer [35]. In addition, due to the critical roles of MMPs in tumor cell invasion and metastasis, MMPs such as MMP2 and MMP9 have been identified as prognostic factors for many types of cancer, such as head and neck squamous cell carcinomas (HNSCCs) and oral cancers. [36,37] Therefore, we further analyzed the effects of zingerone NPs on MMP activity. Using a zymography assay, we found that zingerone NPs significantly attenuated MMP2 and MMP9 activity in these three OSCC cell lines compared to zingerone treatment (Figure 6A–C). Moreover, the effect of zingerone NPs on reducing the levels of lower molecular weight MMP proteins (~45–50 kDa) was also observed (Figure S3). Additionally, compared to MMP9, zingerone NPs seemed to be more effective at decreasing MMP-2 activity in a dose-dependent manner. Accordingly, we further analyzed the expression level of the MMP2 mRNA using quantitative PCR analysis. In Ca9-22 cells, zingerone significantly increased MMP2 mRNA levels. Conversely, zingerone NPs dramatically suppressed MMP2 mRNA expression in a dose-dependent manner, and the effective dose for MMP2 mRNA inhibition was observed with the 50 µM treatment (Figure 6D). A similar result was also observed in Cal-27 and SAS cells; in particular, a greater decrease in MMP2 mRNA levels was observed after treatment with the higher dose (100 µM) of zingerone NPs (Figure 6E,F). According to these data, zingerone NPs abolished cell migration and invasion, and may simultaneously decrease the activities of various MMPs, especially MMP2 and MMP9. Indeed, several MMPs have been shown to digest gelatin, such as MMP1, MMP3, MMP10, and MMP12, whose molecular weights range from approximately 54 to 57/44 to 45 kDa in latent/active forms, respectively [38]. Moreover, these MMPs also play roles in various types of cancer and metastasis [39].



On the other hand, due to the superior efficacy of zingerone NPs in suppressing cellular invasion, we next investigated the effects of zingerone NPs on the levels of EMT-related markers, such as the epithelial markers ZO-1 and E-cadherin, and the mesenchymal markers N-cadherin and vimentin. In Ca9-22 cells, zingerone NPs significantly reduced the levels of the mesenchymal markers of N-cadherin and vimentin, rather than the epithelial marker of ZO-1, in a dose-dependent manner compared with zingerone. Moreover, neither zingerone nor zingerone NPs induced an obvious change in the epithelial marker of E-cadherin protein levels (Figure 7A,B). Interestingly, in Cal-27 cells, zingerone achieved maximal reductions of 30% and 45% in the levels of epithelial markers (ZO-1 and E-cadherin) and mesenchymal markers (vimentin, but not N-cadherin), respectively. In contrast to zingerone, zingerone NP treatment induced substantial decreases in the levels of both epithelial markers and mesenchymal markers in a dose-dependent manner (the maximal inhibition achieved was >90%) (Figure 7C,D). Moreover, in SAS cells, zingerone treatment induced a slight increase in the levels of mesenchymal markers (N-cadherin and vimentin) compared with epithelial markers (E-cadherin, but not ZO-1). Conversely, zingerone NPs significantly reduced the levels of both epithelial markers and mesenchymal markers, and the effective dose was at least 100 µM, which achieved a decrease of approximately 60% (Figure 7E,F). These results revealed that zingerone NPs substantially altered the levels of EMT-related markers, and especially interfered with mesenchymal markers compared to epithelial markers among these OSCC cell lines.





4. Discussion


Previous studies have indicated that zingerone exhibits different cytotoxic effects on different cancer cell types. For example, a lower dose (IC50 < 25 µM) of zingerone treatment has been shown to induce >50% cytotoxicity in both colon cancer and prostate cancer [40,41], while a high dose (IC50 > 2000 µM) of zingerone treatment merely elicited 40% cytotoxicity in neuroblastoma cells [42]. Indeed, higher tolerance to zingerone treatment (IC50 is over 200 µM) was also observed in OSCC cells and hepatoma cells [29]. Here, we fabricated green and carbon-based zingerone NPs and showed that they possessed superior cytotoxicity and antitumorigenic activity. For instance, a lower dose (25 µM) of zingerone NP treatment inhibited tumorigenesis by 50% and 80% in hepatoma cells [29] and OSCC cells, respectively, whereas higher doses of zingerone (>200 µM) may be needed to achieve a similar efficacy. Notably, the safety of zingerone NPs was also validated in our previous study. After mice were fed either zingerone or zingerone NPs for 8 weeks (0.4 mg/25 g BW), neither treatment elicited significant liver toxicity (based on the GOT/GPT index of the sera) [29]. Moreover, in vitro data also validated that the normal bone marrow HS-5 cells had higher tolerance to zingerone NP treatment (IC50 = 184.2 ± 6.8 µM) compared to these OSCC cell lines (Figure S4). This result suggested that zingerone NPs revealed good biocompatibility and safety toward normal cells.



The as-prepared zingerone NPs had an ultrasmall size of 1.42 ± 0.67 nm and were clear with an amber color. Moreover, zingerone NPs have a negative charge (−15.99 ± 0.23 mV), and an absorption peak at 350 nm is observed in the UV–vis spectrum due to the π−π* transition of the benzenoid rings. The total ion chromatogram analysis also reveals functional groups, including methoxy and hydroxyl groups, on the nanoparticle. Alterations in the physicochemical properties may increase the pharmacological efficacy of zingerone NPs in cancer cells. Indeed, nanosized zingerone may have more surface chemistry consisting of methoxy and hydroxyl groups than zingerone alone [29]. Moreover, methoxy groups and hydroxyl groups have been reported play pivotal roles in the bioactivities of natural compounds, such as anticancer, antimigration, and antiproliferative activities [43]. Furthermore, unlike positively charged nanoparticles, which are internalized by cells through an electrostatic interaction between cationic NPs and the negatively charged cell membrane, negatively charged nanoparticles adsorb to the nuclear membrane and interact with nuclei, potentially because the nucleolar pH is consistently 0.3 to 0.5 units higher than that of the cytosol [44,45,46]. Therefore, variations in physicochemical properties, such as the ultrasmall size, shape, surface charge, and surface chemistry, may increase the uptake of nanoparticles by cells and allow them to interact with macromolecules, such as nucleotides, lipids, and proteins, thus interfering with cellular biofunctions [47,48]. These outcomes may ultimately induce lethal stress in cancer cells. On the other hand, we have reported that zingerone NPs significantly increased cell apoptosis, decreased cell proliferation and disturbed the cell cycle distribution in human hepatoma cells. These results are attributed to the zingerone NP-mediated downregulation of Akt/NF-κB signaling, increased DNA damage and DNA instability, and the activation of caspase-mediated apoptosis signaling pathways. These outcomes finally contribute to the inhibitory effects of zingerone NPs on the proliferation and tumorigenicity of hepatoma cells [29]. Accordingly, both Akt/NF-κB signaling and the caspase signaling cascade might be involved in the zingerone NP-mediated inhibitory effects on proliferation and tumorigenicity in OSCC cell lines.



Recently, zingerone has attracted increasing interest from researchers for its chemopreventive potential, including eliciting antiangiogenic activity to protect against tumor development [49], protecting against colon carcinogenesis mediated by the carcinogen 1,2-dimethylhydrazine (DMH) in rats [50], and inducing the mitotic arrest of the cell cycle to suppress neuroblastoma development [42]. However, a relatively higher dose is necessary to achieve therapeutic efficacy. To date, compared to the raw phytochemical compounds, phytochemically derived carbon dots (CDs) have been reported to have superior efficacy in biomedical applications, including antiviral activity and anticancer efficiency. For instance, curcumin-derived carbon quantum dots (Cur-CQDs) significantly inhibited enterovirus 71 (EV71) infection (half-maximal effective concentration (EC50) < 20 µg/mL compared to curcumin (EC50 > 200 µg/mL)) and protected newborn mice from virus-induced hindlimb paralysis [51]. Moreover, berberine is an isoquinoline alkaloid that possesses good anticancer, antibacterial, and anti-inflammatory bioactivities [52]. A previous study reported that berberine-based carbon dots (Ber-CDs) not only had superior optical properties for bioimaging and retained the biofunctions of berberine, but also exhibited selective and safe antitumor performance (with a decrease of approximately 50% of tumor nodules) [53]. In the present study, a lower dose (<25 µM) of zingerone-based carbon dots (zingerone NPs) not only elicited significant antiproliferative and antitumor activity, but also inhibited the migration and invasion of OSCC cells.



Cancer cells that metastasize into the cervical lymph nodes and/or distant organs have become the most important prognostic indicator of oral squamous cell carcinoma (OSCC). Moreover, several signaling mechanisms have been identified that are involved in OSCC invasion and metastasis, such as MMP activity, cadherin switching-associated EMT-related signaling cascades, and signaling pathways, such as the PI3K/Akt signaling, TGF-β, and Wnt/β-catenin pathways [54]. Based on accumulating evidence, phytochemicals interfere with various intracellular mechanisms in many types of cancer, including the induction of apoptosis, the arrest of cell cycle progression, the blockade of transcription factors, such as NF-κB, the induction of oxidative stress, the suppression of MMP activity, and the inhibition of signal transduction pathways, such as the Akt, VEGF, Wnt, and STAT3 signaling pathways [21,55]. In addition, as potent adjuvants, accumulating studies have suggested that phytochemicals significantly improve cancer invasion and metastasis, and attenuate side effects and drug resistance during treatment with conventional tumor therapeutics [56,57].



Additionally, compared to the tongue squamous cell carcinoma cell lines, Cal-27 and SAS, zingerone NPs showed greater bioactivity and suppression of gingival squamous cell carcinoma Ca9-22 cells activity in the MTT assay (Figure 1), colony formation assay (Figure 2), wound healing assay (Figure 3), and MMP activity assay (Figure 6). Interestingly, by analyzing the EMT-related markers, zingerone NPs obviously reduced the levels of epithelial markers in the Cal-27 and SAS cell lines rather than in Ca9-22 cells (Figure 7). Zingerone NPs also exerted different inhibitory effects on invasion (Figure 4) and Akt activity (Figure 5) among these OSCC cell lines. Although the Ca9-22, Cal-27, and SAS cell lines were classified as aggressive OSCC cells in the cancer grading system, differences in the genome and/or gene diversity, and variations in the cellular molecular biology, may guide different cellular responses to environmental stimuli. For example, Ca9-22 cells, a malignant gingival squamous cell carcinoma line that was extracted from a 43-year-old Japanese male, were identified as tetraploid cells without the typical normal chromosome form 46XY [58]. Cal-27 cells are a form of malignant tongue squamous cell carcinoma that were extracted from a 56 year-old Caucasian male, and a cytogenetic analysis revealed moderate hyperploidy; the average number of chromosomes per cell analyzed was 43. One of the chromosomes of certain pairs was always (pairs 8, 9, 11, 13, 22) or almost always (pairs 12, 21) missing [59]. The SAS cells, representing poorly differentiated tongue squamous cell carcinoma, were extracted from a 69-year-old Japanese female [60]. All the different genomic backgrounds may contribute to the differences in tolerance to zingerone and/or zingerone NP treatment. Moreover, the gene expression profile and differences in genetic heterogeneity in different races and sexes would also confer differences in sensitivity to zingerone and/or zingerone NP treatment.



Altogether, we combined both phytochemicals and nanotechnology to enhance raw zingerone bioactivity, and attempted to develop zingerone NPs as potent nanomedicines and/or phytochemical nano-adjuvants for not only hepatocellular carcinoma cells [29], but also oral squamous carcinoma cells. In this study, the as-prepared zingerone NPs exhibited impressive efficacy in decreasing levels of cell invasion-associated factors, such as MMPs and Akt signaling, and interfered with EMT-associated proteins, which all led to reduced cell survival and inhibited the invasion and metastasis of OSCC cells (Figure 8).




5. Conclusions


Nanoscience is rapidly reorganizing the landscapes of various cancer therapeutic strategies and chemopreventive agents. In the present study, we fabricated phytochemically derived zingerone NPs and documented their superior bioactivity and multiple pharmacological effects on OSCC cells, including their inhibitory effects on proliferation, motility, invasion, and tumorigenesis. Our data indicate that zingerone NPs significantly suppress the activities of the Akt protein and MMP enzymes, decrease MMP2 mRNA expression, and disturb EMT marker expression. Zingerone NPs thus exert potent inhibitory effects on the invasion and metastasis of OSCC cells.



Altogether, these results suggest that zingerone NPs may represent a potent chemopreventive adjuvant and provide an alternative strategy for treating OSCC that improves the side effects, drug resistance, and recurrence associated with conventional cancer therapies.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/biomedicines10020320/s1, Figure S1: Characterization of zingerone NPs reproducibility; Figure S2: Cytotoxicity effects of Zingerone NPs at short-term incubation of OSCC cell lines; Figure S3: Effect of zingerone NPs on the enzyme activity of lower molecular weight MMPs in human OSCC cell lines; Figure S4: Effect of Zingerone NPs on cytotoxicity of normal human bone marrow HS-5 cells.





Author Contributions


Conceptualization, S.H. and M.-L.K.; Data curation, C.-M.Y., T.-H.C. and K.-W.T.; Formal analysis, K.-W.T.; Investigation, C.-M.Y., T.-H.C., K.-W.T., S.H. and M.-L.K.; Methodology, T.-H.C., S.H. and M.-L.K.; Project administration, C.-M.Y.; Supervision, M.-L.K.; Validation, T.-H.C.; Writing–original draft, C.-M.Y. and M.-L.K.; Writing–review & editing, C.-M.Y. and M.-L.K. All authors have read and agreed to the published version of the manuscript.




Funding


Grants were received from the Ministry of Science and Technology of Taiwan (MOST 110-2314-B-075B-004-MY3), and Kaohsiung Veterans General Hospital (KSVGH110-098 and VGHKS109-177).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors have declared that no competing interest exists.




References


	



Global Cancer Observatory: Cancer Today. International Agency for Research on Cancer. Available online: https://gco.Iarc.Fr/today/fact-sheets-cancers (accessed on 15 November 2021).

	



Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424, Erratum in CA Cancer J. Clin. 2020, 70, 313. [Google Scholar] [CrossRef]

	



Anwar, N.; Pervez, S.; Chundriger, Q.; Awan, S.; Moatter, T.; Ali, T.S. Oral cancer: Clinicopathological features and associated risk factors in a high risk population presenting to a major tertiary care center in Pakistan. PLoS ONE 2020, 15, e0236359. [Google Scholar] [CrossRef] [PubMed]

	



Tenore, G.; Nuvoli, A.; Mohsen, A.; Cassoni, A.; Battisti, A.; Terenzi, V.; Della Monaca, M.; Raponi, I.; Brauner, E.; De Felice, F.; et al. Tobacco, Alcohol and Family History of Cancer as Risk Factors of Oral Squamous Cell Carcinoma: Case-Control Retrospective Study. Appl. Sci. 2020, 10, 3896. [Google Scholar] [CrossRef]

	



Vargas-Ferreira, F.; Nedel, F.; Etges, A.; Gomes, A.P.N.; Furuse, C.; Tarquinio, S.B.C. Etiologic factors associated with oral squamous cell carcinoma in non-smokers and non-alcoholic drinkers: A brief approach. Braz. Dent. J. 2012, 23, 586–590. [Google Scholar] [CrossRef] [PubMed]

	



Chattopadhyay, I.; Verma, M.; Panda, M. Role of Oral Microbiome Signatures in Diagnosis and Prognosis of Oral Cancer. Technol. Cancer Res. Treat. 2019, 18. [Google Scholar] [CrossRef] [PubMed]

	



Isayeva, T.; Said-Al-Naief, N.; Ren, Z.; Li, R.; Gnepp, D.; Brandwein-Gensler, M. Salivary mucoepidermoid carcinoma: Demonstration of transcriptionally active human papillomavirus 16/18. Head Neck Pathol. 2013, 7, 135–148. [Google Scholar] [CrossRef]

	



Pan, S.Y.; De Groh, M.; Morrison, H. A Case-Control Study of Risk Factors for Salivary Gland Cancer in Canada. J. Cancer Epidemiology 2017, 2017, 4909214. [Google Scholar] [CrossRef]

	



Available online: https://www.cancer.org/cancer/oral-cavity-and-oropharyngeal-cancer.html (accessed on 15 November 2021).

	



Valdez, J.A.; Brennan, M.T. Impact of Oral Cancer on Quality of Life. Dent. Clin. N. Am. 2018, 62, 143–154. [Google Scholar] [CrossRef]

	



Ebrahimi, A.; Gil, Z.; Amit, M.; Yen, T.C.; Liao, C.; Chaturvedi, P.; Agarwal, J.P.; Kowalski, L.P.; Kreppel, M.; Cernea, C.R.; et al. Primary tumor staging for oral cancer and a proposed modification incorporating depth of invasion: An international multicenter retrospective study. JAMA Otolaryngol.–Head Neck Surg. 2014, 140, 1138–1148. [Google Scholar] [CrossRef]

	



Wong, R.J.; Keel, S.B.; Glynn, R.J.; Varvares, M.A. Histological Pattern of Mandibular Invasion by Oral Squamous Cell Carcinoma. Laryngoscope 2000, 110, 65–72. [Google Scholar] [CrossRef]

	



Cracchiolo, J.R.; Xu, B.; Migliacci, J.C.; Katabi, N.; Pfister, D.G.; Lee, N.Y.; Patel, S.G.; Ghossein, R.A.; Wong, R.J. Patterns of recurrence in oral tongue cancer with perineural invasion. Head Neck 2018, 40, 1287–1295. [Google Scholar] [CrossRef]

	



Siriwardena, S.B.S.M.; Tsunematsu, T.; Qi, G.; Ishimaru, N.; Kudo, Y. Invasion-Related Factors as Potential Diagnostic and Therapeutic Targets in Oral Squamous Cell Carcinoma—A Review. Int. J. Mol. Sci. 2018, 19, 1462. [Google Scholar] [CrossRef] [PubMed]

	



Kalluri, R.; Neilson, E.G. Epithelial-mesenchymal transition and its implications for fibrosis. J. Clin. Investig. 2003, 112, 1776–1784. [Google Scholar] [CrossRef] [PubMed]

	



Kalluri, R.; Weinberg, R.A. The basics of epithelial-mesenchymal transition. J. Clin. Investig. 2009, 119, 1420–1428. [Google Scholar] [CrossRef] [PubMed]

	



Iizuka, S.; Ishimaru, N.; Kudo, Y. Matrix Metalloproteinases: The Gene Expression Signatures of Head and Neck Cancer Progression. Cancers 2014, 6, 396–415. [Google Scholar] [CrossRef] [PubMed]

	



Zavadil, J.; Bottinger, E.P. Tgf-beta and epithelial-to-mesenchymal transitions. Oncogene 2005, 24, 5764–5774. [Google Scholar] [CrossRef] [PubMed]

	



Grille, S.J.; Bellacosa, A.; Upson, J.; Klein-Szanto, A.J.; Van Roy, F.; Lee-Kwon, W.; Donowitz, M.; Tsichlis, P.N.; LaRue, L. The protein kinase Akt induces epithelial mesenchymal transition and promotes enhanced motility and invasiveness of squamous cell carcinoma lines. Cancer Res. 2003, 63, 2172–2178. [Google Scholar] [PubMed]

	



Moghaddam, R.H.; Samimi, Z.; Moradi, S.Z.; Little, P.J.; Xu, S.; Farzaei, M.H. Naringenin and naringin in cardiovascular disease prevention: A preclinical review. Eur. J. Pharmacol. 2020, 887, 173535. [Google Scholar] [CrossRef]

	



Ranjan, A.; Ramachandran, S.; Gupta, N.; Kaushik, I.; Wright, S.; Srivastava, S.; Das, H.; Srivastava, S.; Prasad, S.; Srivastava, S.K. Role of Phytochemicals in Cancer Prevention. Int. J. Mol. Sci. 2019, 20, 4981. [Google Scholar] [CrossRef]

	



Francini, F.-P.; Spinella, P.; Calò, L. Potential role of phytochemicals in metabolic syndrome prevention and therapy. Diabetes Metab. Syndr. Obes. Targets Ther. 2019, 12, 1987–2002. [Google Scholar] [CrossRef]

	



Meybodi, N.M.; Mortazavian, A.M.; Monfared, A.B.; Sohrabvandi, S.; Meybodi, F.A. Phytochemicals in Cancer Prevention: A Review of the Evidence. Iran. J. Cancer Prev. 2017, 10, 7219. [Google Scholar] [CrossRef]

	



Zhang, Y.; Gonçalves, H.; da Silva, J.C.G.E.; Geddes, C.D. Metal-enhanced photoluminescence from carbon nanodots. Chem. Commun. 2011, 47, 5313–5315. [Google Scholar] [CrossRef] [PubMed]

	



Wang, F.; Chen, Y.-H.; Liu, C.-Y.; Ma, D.-G. White light-emitting devices based on carbon dots’ electroluminescence. Chem. Commun. 2011, 47, 3502–3504. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Li, R.; Yang, B. Carbon Dots: A New Type of Carbon-Based Nanomaterial with Wide Applications. ACS Central Sci. 2020, 6, 2179–2195. [Google Scholar] [CrossRef]

	



Lin, P.-Y.; Hsieh, C.-W.; Kung, M.-L.; Chu, L.-Y.; Huang, H.-J.; Chen, H.-T.; Wu, D.-C.; Kuo, C.-H.; Hsieh, S.-L.; Hsieh, S. Eco-friendly synthesis of shrimp egg-derived carbon dots for fluorescent bioimaging. J. Biotechnol. 2014, 189, 114–119. [Google Scholar] [CrossRef]

	



Kung, M.-L.; Lin, P.-Y.; Hsieh, C.-W.; Tai, M.-H.; Wu, D.-C.; Kuo, C.-H.; Hsieh, S.-L.; Chen, H.-T.; Hsieh, S. Bifunctional Peppermint Oil Nanoparticles for Antibacterial Activity and Fluorescence Imaging. ACS Sustain. Chem. Eng. 2014, 2, 1769–1775. [Google Scholar] [CrossRef]

	



Kung, M.-L.; Lin, P.-Y.; Huang, S.-T.; Tai, M.-H.; Hsieh, S.-L.; Wu, C.-C.; Yeh, B.-W.; Wu, W.-J.; Hsieh, S. Zingerone Nanotetramer Strengthened the Polypharmacological Efficacy of Zingerone on Human Hepatoma Cell Lines. ACS Appl. Mater. Interfaces 2019, 11, 137–150. [Google Scholar] [CrossRef]

	



Yang, C.-M.; Chang, H.-S.; Chen, H.-C.; You, J.-J.; Liou, H.-H.; Ting, S.-C.; Ger, L.-P.; Li, S.-C.; Tsai, K.-W. Low C6orf141 Expression is Significantly Associated with a Poor Prognosis in Patients with Oral Cancer. Sci. Rep. 2019, 9, 4520. [Google Scholar] [CrossRef]

	



Tsai, H.-E.; Liu, G.-S.; Kung, M.-L.; Liu, L.-F.; Wu, J.-C.; Tang, C.-H.; Huang, C.-H.; Chen, S.-C.; Lam, H.-C.; Wu, C.-S.; et al. Downregulation of Hepatoma-Derived Growth Factor Contributes to Retarded Lung Metastasis via Inhibition of Epithelial–Mesenchymal Transition by Systemic POMC Gene Delivery in Melanoma. Mol. Cancer Ther. 2013, 12, 1016–1025. [Google Scholar] [CrossRef]

	



Ma, Y.-L.; Lin, S.-W.; Fang, H.-C.; Chou, K.-J.; Bee, Y.-S.; Chu, T.-H.; Chang, M.-C.; Weng, W.-T.; Wu, C.-Y.; Cho, C.-L.; et al. A Novel Poly-Naphthol Compound ST104P Suppresses Angiogenesis by Attenuating Matrix Metalloproteinase-2 Expression in Endothelial Cells. Int. J. Mol. Sci. 2014, 15, 16611–16627. [Google Scholar] [CrossRef]

	



Ahmad, S.B.; Rehman, M.U.; Amin, I.; Arif, A.; Rasool, S.; Bhat, S.A.; Afzal, I.; Hussain, I.; Bilal, S.; Mir, M. A Review on Pharmacological Properties of Zingerone (4-(4-Hydroxy-3-methoxyphenyl)-2-butanone). Sci. World J. 2015, 2015, 816364. [Google Scholar] [CrossRef] [PubMed]

	



Lu, Y.; Wang, H.; Mills, G.B. Targeting PI3K-AKT pathway for cancer therapy. Rev. Clin. Exp. Hematol. 2003, 7, 205–228. [Google Scholar] [PubMed]

	



Malemud, C.J. Matrix metalloproteinases (mmps) in health and disease: An overview. Front. Biosci. 2006, 11, 1696–1701. [Google Scholar] [CrossRef] [PubMed]

	



Ioannis, G.; Nikolaos, N.; Jaya, A.; Nanditha, R.; Kalu, O. Matrix metalloproteinases in head and neck cancer: Current perspectives. Met. Med. 2017, 4, 47–61. [Google Scholar]

	



Aparna, M.; Rao, L.; Kunhikatta, V.; Radhakrishnan, R. The role of MMP-2 and MMP-9 as prognostic markers in the early stages of tongue squamous cell carcinoma. J. Oral Pathol. Med. 2015, 44, 345–352. [Google Scholar] [CrossRef]

	



Ricci, S.; D’Esposito, V.; Oriente, F.; Formisano, P.; Di Carlo, A. Substrate-zymography: A still worthwhile method for gelatinases analysis in biological samples. Clin. Chem. Lab. Med. (CCLM) 2015, 54, 1281–1290. [Google Scholar] [CrossRef] [PubMed]

	



Kapoor, C.; Vaidya, S.; Wadhwan, V.; Hitesh; Kaur, G.; Pathak, A. Seesaw of matrix metalloproteinases (MMPs). J. Cancer Res. Ther. 2016, 12, 28–35. [Google Scholar] [CrossRef]

	



Su, P.; Veeraraghavan, V.P.; Krishna Mohan, S.; Lu, W. A ginger derivative, zingerone-a phenolic compound-induces ros-mediated apoptosis in colon cancer cells (hct-116). J. Biochem. Mol. Toxicol. 2019, 33, e22403. [Google Scholar] [CrossRef]

	



Qian, S.; Fang, H.; Zheng, L.; Liu, M. Zingerone suppresses cell proliferation via inducing cellular apoptosis and inhibition of the PI3K/AKT/mTOR signaling pathway in human prostate cancer PC-3 cells. J. Biochem. Mol. Toxicol. 2021, 35, 22611. [Google Scholar] [CrossRef] [PubMed]

	



Choi, J.-S.; Ryu, J.; Bae, W.-Y.; Park, A.; Nam, S.; Kim, J.-E.; Jeong, J.-W. Zingerone Suppresses Tumor Development through Decreasing Cyclin D1 Expression and Inducing Mitotic Arrest. Int. J. Mol. Sci. 2018, 19, 2832. [Google Scholar] [CrossRef]

	



Liew, S.K.; Malagobadan, S.; Arshad, N.M.; Nagoor, N.H. A Review of the Structure–Activity Relationship of Natural and Synthetic Antimetastatic Compounds. Biomolecules 2020, 10, 138. [Google Scholar] [CrossRef] [PubMed]

	



Seksek, O.; Bolard, J. Nuclear pH gradient in mammalian cells revealed by laser microspectrofluorimetry. J. Cell Sci. 1996, 109, 257–262. [Google Scholar] [CrossRef] [PubMed]

	



Lawaczeck, R.; Nandi, P.K.; Nicolau, C. Interaction of negatively charged liposomes with nuclear membranes: Adsorption, lipid mixing and lysis of the vesicles. Biochim. Biophys. Acta (BBA)-Biomembr. 1987, 903, 123–131. [Google Scholar] [CrossRef]

	



Arvizo, R.R.; Miranda, O.R.; Thompson, M.A.; Pabelick, C.M.; Bhattacharya, R.; Robertson, J.; Rotello, V.M.; Prakash, Y.S.; Mukherjee, P. Effect of Nanoparticle Surface Charge at the Plasma Membrane and Beyond. Nano Lett. 2010, 10, 2543–2548. [Google Scholar] [CrossRef]

	



Zhang, S.; Gao, H.; Bao, G. Physical Principles of Nanoparticle Cellular Endocytosis. ACS Nano 2015, 9, 8655–8671. [Google Scholar] [CrossRef]

	



Saei, A.; Yazdani, M.; Lohse, S.E.; Bakhtiary, Z.; Serpooshan, V.; Ghavami, M.; Asadian, M.; Mashaghi, S.; Dreaden, E.; Mashaghi, A.; et al. Nanoparticle Surface Functionality Dictates Cellular and Systemic Toxicity. Chem. Mater. 2017, 29, 6578–6595. [Google Scholar] [CrossRef]

	



Bae, W.Y.; Choi, J.S.; Kim, J.E.; Park, C.; Jeong, J.W. Zingerone suppresses angiogenesis via inhibition of matrix metalloproteinases during tumor development. Oncotarget 2016, 7, 47232–47241. [Google Scholar] [CrossRef]

	



Ganaie, M.A.; Al Saeedan, A.; Madhkali, H.; Jan, B.L.; Khatlani, T.; Sheikh, I.A.; Rehman, M.U.; Wani, K. Chemopreventive efficacy zingerone (4-[4-hydroxy-3-methylphenyl] butan-2-one) in experimental colon carcinogenesis in wistar rats. Environ. Toxicol. 2019, 34, 610–625. [Google Scholar] [CrossRef]

	



Lin, C.J.; Chang, L.; Chu, H.W.; Lin, H.J.; Chang, P.C.; Wang, R.Y.L.; Unnikrishnan, B.; Mao, J.Y.; Chen, S.Y.; Huang, C.C. High amplification of the antiviral activity of curcumin through transformation into carbon quantum dots. Small 2019, 15, e1902641. [Google Scholar] [CrossRef]

	



Yao, J.; Kong, W.; Jiang, J. Learning from berberine: Treating chronic diseases through multiple targets. Sci. China Life Sci. 2015, 58, 854–859. [Google Scholar] [CrossRef]

	



Zhang, F.; Zhang, M.; Zheng, X.; Tao, S.; Zhang, Z.; Sun, M.; Song, Y.; Shao, D.; He, K.; Li, J.; et al. Berberine-based carbon dots for selective and safe cancer theranostics. RSC Adv. 2018, 8, 1168–1173. [Google Scholar] [CrossRef]

	



Krisanaprakornkit, S.; Iamaroon, A. Epithelial-Mesenchymal Transition in Oral Squamous Cell Carcinoma. ISRN Oncol. 2012, 2012, 681469. [Google Scholar] [CrossRef] [PubMed]

	



Chikara, S.; Nagaprashantha, L.D.; Singhal, J.; Horne, D.; Awasthi, S.; Singhal, S.S. Oxidative stress and dietary phytochemicals: Role in cancer chemoprevention and treatment. Cancer Lett. 2018, 413, 122–134. [Google Scholar] [CrossRef] [PubMed]

	



Kotecha, R.; Takami, A.; Espinoza, J.L. Dietary phytochemicals and cancer chemoprevention: A review of the clinical evidence. Oncotarget 2016, 7, 52517–52529. [Google Scholar] [CrossRef] [PubMed]

	



Surh, Y.-J. Cancer chemoprevention with dietary phytochemicals. Nat. Rev. Cancer 2003, 3, 768–780. [Google Scholar] [CrossRef]

	



Horikoshi, M.; Kimura, Y.; Nagura, H.; Ono, T.; Ito, H. A new human cell line derived from human carcinoma of the gingiva. Jpn. J. Oral Maxillofac. Surg. 1974, 20, 100–106. [Google Scholar] [CrossRef]

	



Gioanni, J.; Fischel, J.-L.; Lambert, J.-C.; Demard, F.; Mazeau, C.; Zanghellini, E.; Ettore, F.; Formento, P.; Chauvel, P.; Lalanne, C.-M.; et al. Two new human tumor cell lines derived from squamous cell carcinomas of the tongue: Establishment, characterization and response to cytotoxic treatment. Eur. J. Cancer Clin. Oncol. 1988, 24, 1445–1455. [Google Scholar] [CrossRef]

	



Takahashi, K.K.H.; Akiyama, Y.; Tazaki, S.; Takahara, M.; Muto, T.; Tanzawa, H.; Sato, K.-I. Establishment and characterization of a cell line (sas) from poorly differentiated human squamous cell carcinoma of the tongue. Jpn. Stomatol. Soc. 1989, 38, 20–28. [Google Scholar]








[image: Biomedicines 10 00320 g001 550] 





Figure 1. Zingerone NPs induced a significant cytotoxicity in three human OSCC Ca9-22, Cal-27 and SAS cell lines. Cells were treated with zingerone and/or zingerone NPs for 24 h. The effects of zingerone and/or zingerone NPs on cellular morphology and cell viability were observed in Ca9-22 cells (A), Ca1-27 cells (B), and SAS cells (C), respectively, using inverted microscopy. Bar: 50 µm. Further cellular viability was analyzed and recorded using an MTT assay in Ca9-22 cells (D), Ca1-27 cells (E), and SAS cells (F), respectively. Data are expressed as mean ± SEM of three experiments. 
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Figure 2. Zingerone NPs elicited a superior anti-tumorigenicity in three human OSCC Ca9-22, Cal-27, and SAS cell lines in vitro. Cells were treated with various doses of zingerone and/or zingerone NPs for 7–10 days. The colony formation was further stained and detected using crystal violet staining. The zingerone NP-mediated anti-tumorgenicity on Ca9-22 cells (A), Ca1-27 cells (B), and SAS cells (C) was observed and recorded using inverted microscopy. Quantitative analysis of colony formation was performed, and either colony numbers or colony survival rate for (D) Ca9-22 cells, (E) Ca1-27 cells, and (F) SAS cells, respectively, were further counted and determined using absorbance detection at 595 nm. All data are expressed as the mean ± SEM of three experiments. * p < 0.05, ** p < 0.01. 
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Figure 3. Effect of nanosized zingerone on cell motility of human OSCC cell lines. Dose and time effects of zingerone NPs on (A) Ca9-22 cells, (B) Ca1-27 cells, and (C) SAS cells were validated and imaged using wound scratch assays. The percentages of gap healing were further analyzed and quantified at the indicated time intervals (right panels). Data are mean ± SEM of at least three independent experiments. 
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Figure 4. Effect of nanosized zingerone on cell invasion of three human OSCC cell lines. Cells were treated with various doses of zingerone and/or zingerone NPs and then subjected to Boyden chamber assays. Following incubation for an adequate time, the cell invasion of three human OSCC cell lines, (A) Ca9-22 cells, (B) Ca1-27 cells, and (C) SAS cells, was imaged and recorded using inverted microscopy. Bar: 100 µm. The invasive cells of (D) Ca9-22 cells, (E) Ca1-27 cells, and (F) SAS cells were further counted and quantified. Bars represented as mean ± SEM for n = 5 membranes in three separate experiments (* p < 0.05; ** p < 0.01). 
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Figure 5. Effect of zingerone NPs on Akt activity of human OSCC cell lines. Cells were treated with zingerone and/or zingerone NPs for 24 h. The Akt activity was detected on (A) Ca9-22 cells, (B) Ca1-27 cells, and (C) SAS cells, respectively using Western blotting. The Akt activity was further analyzed and quantitated for (D) Ca9-22 cells, (E) Ca1-27 cells, and (F) SAS cells. Data are expressed as mean ± SEM of three experiments. * p < 0.05, ** p < 0.01. 
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Figure 6. Effects of zingerone NPs on MMPs activity of human OSCC cell lines. Cells were incubated in serum-free DMEM and contained with various doses of zingerone and/or zingerone NPs for 24 h. The conditioned media of (A) Ca9-22 cells, (B) Ca1-27 cells, and (C) SAS cells were collected to analyze MMP activity, including MMP2 and MMP9, using a gelatin zymography assay. Moreover, the mRNA expression levels of MMP2 in (D) Ca9-22 cells, (E) Ca1-27 cells, and (F) SAS cells were analyzed using qPCR analysis. Data are mean ± SEM of three independent experiments. * p < 0.05, ** p < 0.01. 
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Figure 7. Zingerone NPs disturbed the expression levels of EMT-associated proteins in human OSCC cell lines. Cells were treated with zingerone and/or zingerone NPs for 24 h. The EMT-associated proteins, including ZO-1, E-cadherin, N-cadherin, and vimentin, were analyzed and quantitated on Ca9-22 cells (A,D), Ca1-27 cells (B,E), and SAS cells (C,F), respectively, using Western blotting assay. Data are expressed as mean ± SEM of three experiments. * p < 0.05, ** p < 0.01. 
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Figure 8. The phytochemically derived zingerone NPs elicited superior efficacy to inhibit the cell invasion and metastasis of human oral squamous cell carcinoma. The as-fabricated zingerone NPs significantly suppressed Akt signaling-mediated cell survival and cell motility, which led to obvious cytotoxicity and anti-proliferation. Moreover, the zingerone NP-mediated downregulation of MMP activity was also reflected in the harsh cell motility. In addition, the zingerone NPs substantially disturbed the expression levels of EMT-associated markers, including the mesenchymal markers N-cadherin and vimentin, and the epithelial markers ZO-1 and E-cadherin. These results suggested that the zingerone NPs exerted superior suppression on cell proliferation, tumorigenicity, and cell motility, and thus achieved an inhibitory effect against the cell invasion and metastasis of human oral squamous cell carcinoma. 
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