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Biosynthetic silver nanoparticles (AgNPs), specifically formed using medicinal plant extracts, have recently exhibited a remarkable therapeutic effect due to their anticancer potential. Here, we synthesized AgNPs using an aqueous extract of Ginkgo biloba leaves and evaluated its activity against cervical cancer (CCa) and the related molecular mechanisms. The physiochemical properties of the AgNPs were measured by ultraviolet-visible spectrophotometry, nanometre particle size analyzer and transmission electron microscopy. The AgNPs effects on cell proliferation and apoptosis were investigated through MTT, MTS, and colony formation assay; Hoechst 33258 staining; and flow cytometry. The intracellular ROS and oxidative stress levels were assessed using the appropriate commercial kits. Apoptosis-related protein levels were determined by western blotting. We prepared a series of different sized ginkgo extract synthesized AgNPs (GB-AgNPs), and the smallest mean particle size was 40.2 ± 1.2 nm with low polydispersity (0.091 ± 0.011), zeta potential values showed -34.56 mV. Compared to the controls, the GB-AgNP treatment inhibited the cell proliferation and induced the apoptosis of HeLa and SiHa cells. In addition, GB-AgNP treatment led to markedly increased levels of intracellular ROS, the release of cytochrome c (Cyt C) from mitochondria into the cytosol and the cleavage of caspase -9 and -3 in both CCa cell lines. Moreover, NAC, an ROS scavenger, eliminated the effect of GB-AgNPs on the HeLa and SiHa cells. This study reveals that GB-AgNPs suppresses cancer cell proliferation and induces apoptosis by upregulating intracellular ROS generation and inducing the activation of the caspase-dependent mitochondrial apoptotic pathway in CCa cells. Thus, GB-AgNPs may be a potential alternative drug for CCa therapy.
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Introduction

In the past several decades, cancer has ranked as the second leading cause of death in worldwide (1). For females, cervical cancer (CCa) is becoming more prevalent, in terms of both incidence and mortality, which are ranked fourth, globally (2). Despite new chemotherapeutic agents, human papillomavirus vaccination and other therapeutic approaches, which seem to offer effective control or prevention of cervical cancer, metastatic CCa is an incurable tumour for which new anticancer agents and therapeutic strategies are urgently needed (3, 4).

Nanoparticles (NPs) are new materials with dimension between approximately 1 and 100 nm in at least one dimension and in as many as three dimensions (5). Due to their physiochemical properties and characteristics, NPs exhibit therapeutic potential for numerous diseases (6). Silver nanoparticles (AgNPs) constitute a new type of nanometal particle that has been widely used in biological, medical, and engineering science (6). In particular, synthetic biologically active AgNPs have exhibited extensive therapeutic potential with broad spectrum antibacterial, antifungal, anticancer, anti-inflammatory, wound healing, antioxidative, and anti-diabetic activity (7–9).

In this study, our group applied an aqueous Ginkgo biloba leaf extract (GB-extract) as a reducing agent during AgNPs synthesis. G. biloba, commonly known as gingko or ginkgo, is classified in the Ginkgoaceae family and Ginkgo genus (10). Gingko leaf extracts have obvious effects as treatments for coronary heart disease, angina pectoris and hyperlipidaemia, and they exhibit anticancer, anti-inflammatory, antioxidant, anti-allergic, anti-ulcerogenic, and antibacterial activities because they are enriched in active metabolites, such as vitamin C, vitamin E, octacosanol, β-sitosterol, stigmasterol, alkaloids, and a variety of flavonoids (11, 12). In our study, we found that gingko leaf extract-based synthesis of silver nanoparticles (GB-AgNPs) exhibited good inhibitory effects on cell proliferation and induced the apoptosis of CCa cells. However, the molecular mechanism by which GB-AgNPs affect on CCa cells remains unknown.

Several studies have shown correlations between the activation of apoptosis and various synthetic AgNPs based on different medicinal plants. Recent evidence indicates that different mechanisms are involved in AgNP-induced apoptosis; such as ER stress mediation, altered ubiquitination, changed intracellular calcium (Ca2+) concentration, and induced reactive oxygen species (ROS) production (13–16). In this study, we analyzed the characteristics of GB-AgNPs and the inhibition of cervical cancer cell proliferation to investigate the underlying mechanism of GB-AgNP-induced apoptosis in cervical cancer cell lines.



Materials and Methods


Chemicals, Solvents, and Antibodies

For cell cultures, DMEM, FBS, penicillin, streptomycin, and trypsin-EDTA were purchased from GE Life (HyClone, USA). DMSO, MTT, MTS, and Hoechst 33258 were purchased from Sigma (Santa Clara, USA). An annexin V-FITC/PI apoptosis detection Kit, reactive oxygen species (ROS) assay kit, malondialdehyde (MDA) assay kit, glutathione peroxidase (GSH-Px) assay kit and superoxide dismutase (SOD) assay kit were purchased from KeyGen Biotech (Beijing, CN).The primary antibodies against β-actin, Bax, Bcl-2, Caspase-9, Caspase-3, Cyt C, and Vadc 1 were purchased from Cell Signaling (Massachusetts, USA). Horseradish peroxidase-conjugated goat anti-rabbit antibody was also purchased from Cell Signaling and was used as the secondary antibody. All the other fine chemicals and solvents used for this study were of analytical grade.



The Extract of Ginkgo Biloba Leaves

G. biloba grown in the Taizhou region and ginkgo leaves were purchased from in the local public market (Taizhou, CN). The ginkgo leaves were washed three times with deionized water, freeze-dried, and pulverized through a 40-mesh sieve, and stored in a darkened room at 4 °C. The resulting gingko leaf powder (1.0 g) was dissolved in ultrapure water (60 ml), placed in an ultrasonic bath at 80 °C for 30 min, and cooled. After centrifugation at 10,000 g for 20 min, the supernatant was obtained to generate aqueous extracts of the G. Biloba leaves (GB-extracts).



Synthesis and Characterization of the GB-AgNPs

Different concentrations of GB-extracts and AgNO3 were combined to synthesize GB-AgNPs at different temperatures and time. Detailed synthetic conditions are shown in Supplementary Materials Table 1. The size of the AgNPs was determined using a nanoparticle size analyser, and the synthesis conditions were determined, with conditions for synthesizing the smallest mean particles found to be the best. The synthesized silver nanoparticle gel solution was freeze-dried to obtain GB-AgNP powder.

The physiochemical properties and characteristics of the GB-AgNPs were analyzed by ultraviolet-visible spectroscopy with absorbance between 200 and 800 nm (Shimadzu, Japan), and the particle size and shape were measured by a NanoBrook Omni nanometre particle size analyser (Brookhaven, USA) and an HT-7700 transmission electron microscope (Hitachi, Japan).



Cell Lines and Culture

Human cervical epithelial cells (HcerEpic cell), HeLa, and SiHa human CCa cell lines were purchased from ATCC (Manassas, USA). The cells were cultured in DMEM supplemented with FBS (10%, v/v), penicillin (100 U/ml), and streptomycin (100 μg/ml) at 37 °C in a humidified incubator with 5% CO2. The cells were passaged when the confluence reached 80%. The cells in the logarithmic growth phase were used for assays.



Cell Viability and Proliferation Assay

Cell viability and proliferation were determined using MTT, MTS, and colony formation assays were performed as described in our previous reports (17). Briefly, for MTT assay, cells were incubated in 96-well plates and exposed to the indicated concentration of 40, 60, 90 nm GB-AgNPs or GB-extracts or AgNO3 or no-treatment control for 24 h. 10 µl MTT (5 mg/ml) was added to each well and incubated for 4 h. The medium was replaced with 150 µl of DMSO to dissolve the crystal formazan dye and absorbance was detected at 540 nm using an ELX808IU Microplate Reader (BioTek, USA). For MTS assay, cells were plated in 96-well plates and exposed to the indicated concentrations of 40 nm GB-AgNPs or no-treatment control for 12, 24, and 36 h. 20 µl of MTS was added to each well and incubated for 1 h, after which the absorbance of the MTS signal was calculated after absorbance detection at 490 nm. For colony formation assay, cells were treated with the indicated amount of 40 nm GB-AgNPs or no-treatment control for 24 h and cultured at a density of 500 cells/well in 6-well plates. Then the medium was changed every 3 d, and after two weeks cell colonies were stained with Giemsa stain solution (Solarbio, CN). Visible colonies were photographed and counted using a Gel DocTMXR+ Molecular Imager system (BioRad, USA).



Hoechst 33258 Staining

Hoechst 33258 staining was performed as described in our previous report (17). Briefly, cells were seeded in 6-well plates and added to indicated concentrations of 40 nm GB-AgNPs or a no-treatment control for 24 h, and then were stained using a Hoechst 33258 Staining Kit according to the manufacturer’s instructions. The morphology of the apoptotic cells was observed, and the number of cells was counted under an IX73-AF12/PH fluorescence microscope (Olympus, Japan).



Flow Cytometry

Cells were seeded in 6-well plates and added to different concentrations of 40 nm GB-AgNPs or a control for 24 h. The apoptosis rate was measured by an Annexin-V FITC/PI staining kit according to the manufacturer’s protocol. These data were analyzed using FlowJo software (BD Biosciences, USA).



ROS and Oxidative Stress Measurements

The intracellular ROS level and oxidative stressindexes were measured by a ROS assay kit, MDA assay kit, GSH-Px assay kit, and SOD assay kit according to the manufacturers’ instructions.



Western Blotting

Western blotting was performed as described in our previous reports (17). Briefly, cells were homogenized in RIPA lysis buffer. Total protein extracts and concentrations were measured using the BCA protein assay kit (Pierce, 23225). Proteins were separated on 12% SDS-PAGE and transferred to PVDF (Bio-Rad, USA) membranes. After blocking, the membranes were incubated with primary antibodies at 4°C overnight, and were subsequently incubated with secondary antibodies at room temperature for 1 h. Target proteins were detected and quantified using Enhanced Chemiluminescence reagents (Millipore, WBKLS0100).



Statistical Analysis

Statistical analyses were performed with Prism 7 software. Differences were analyzed by one-way ANOVA or two-sample equal variance Student’s t test. Data are expressed as the means ± SD. A value of P < 0.05 was considered significant.




Results


Characterization of the Synthesized GB-AgNPs

During GB-AgNPs synthesis, the colour of the reaction solution changed significantly, and eventually, the colourless solution gradually became brown-orange, suggesting the surface plasmon resonance excitation of the synthesized AgNPs (Figure 1A). As shown in Figure 1B, the UV-Vis spectra were recorded for the GB-extracts and synthetic GB-AgNPs, with the optical characteristic peak of nanoparticles at approximately 400–450 nm. The absorption spectrum of the GB-AgNPs spanned a wide range, from 320 to 600 nm, with a prominent peak at 448 nm, while the GB-extract shown no similar peak between 400 and 600 nm.




Figure 1 | Schematic representation of silver nanoparticle synthesis with aqueous extracts of G.biloba leaves. (A) Step silver nanoparticle (AgNP) synthesis; (B) UVspectrum; (C) dynamic lights scattering (DLS) images; (D) Zeta-potential images; and (E) TEM images.



To assess the size, the distribution of the synthesized AgNPs with the GB-extract, the dynamic lights scattering (DLS) method was used. In the series of silver nanoparticles we synthesized (Supplementary Table 1 and Figure 1), the smallest average particle size was 40.2 ± 1.2 nm with low polydispersity (0.091 ± 0.011), and the zeta potential values was measured -34.56 mV with low mobility (-2.95), meantime no particle agglomeration was observed (Figures 1C, D). Moreover, to analyze the size and physical characteristics of the GB-AgNPs, transmission electron microscopy was performed. As shown in Figure 1E, the shape of the GB-AgNPs seemed spherical or oval with diameters between 90 and 20 nm on average. These results supported and statistically correlated with the DLS images of the GB-AgNPs. In addition, the UV absorption spectrum and particle size of synthesized GB-AgNPs (40 nm) were monitored in two weeks, and there was no significant change to be observed, which shows that our synthesized GB-AgNPs have good stability (Supplementary Figures 2 and 3). These results suggest that we could use aqueous extracts of the G. Biloba leaves as a reducing agent to prepare a series of stabilized AgNPs.



Cytotoxic Effects of the GB-AgNPs on CCa Cells

To assess the cytotoxic effects of green-synthesized GB-AgNPs, the cell growth and proliferation of two CCa lines, HaLa and SiHa, were determined. First, these two cell lines were exposed to different concentrations and sizes of GB-AgNPs or different concentrations of GB-Extract and AgNO3 for the indicated durations, followed by analysis of whether the GB-AgNPs affected cell viability by MTT assay. The results of the MTT assays suggested that the viability of both the HaLa and SiHa cells was not only dose-dependent but also size-dependent with the viability suppression by GB-AgNPs greater than that by the controls (Figures 2A, B). In addition, the various sizes of the GB-AgNPs not only failed to inhibit cell growth but also promoted cell growth at low concentrations: cell growth was inhibited only when the concentration was greater than 1.5 mg/ml. At the same time, the cytotoxicity of AgNO3 was greater than that of all GB-AgNPs at the same concentration, while the GB extract was relatively less cytotoxic at high concentrations (Figures 2A, B).




Figure 2 | Ginkgo extract synthesized silver nanoparticles (GB-AgNPs) inhibit the proliferation of cervical cancer cells. (A, B) HeLa and SiHa cells were treated with different sizes of GB-AgNPs or AgNO3 or GB-Extract for 24 h, and cell viability was measured with an MTT assay; (C, D) HeLa and SiHa Cells were treated with indicated concentrations of 40 nm GB-AgNPs for 12, 24, and 36 h, and MTS-incorporating live cells were detected with an MTS proliferation assay; (E) Cells were treated with indicated concentrations of 40 nm GB-AgNPs for 14 days, and live cells were detected with a colony formation assay; (F) cells were treated with indicated concentrations of 40 nm GB-AgNPs for 24 h, cell morphology was observed under an inverted phase-contrast microscope and images were obtained. Data are expressed as the means ± SD; *P < 0.05, **P < 0.01, ***P < 0.001.



We also assessed whether PAC is toxic to normal human gastric mucosal cells (GES-1), and the results showed that PAC at <1.6 µM was not cytotoxic to normal gastric cells; the dose that produced obvious cytotoxicity was ∼3.2 µM, more than eightfold the dose used in our assays.

Subsequently, to examine whether the 40 nm GB-AgNPs affected cell proliferation, MTS and colony formation assays were performed. The MTS assays showed that cytotoxic effects of the 40 nm GB-AgNPs on both the HaLa and SiHa cells not only increased with exposure time but also with increasing doses (Figures 2C, D). Similarly, the colony formation assays indicated that 40 nm GB-AgNPs treatment markedly inhibited that proliferation of these two CCa cell lines compared to the controls (Figure 1E). Moreover, microscopy images showed that, compared with the controls, both the HaLa and SiHa cells had noticeably increased cellular atrophy and decreased cellular attachment after 24 h of exposure to the 40 nm GB-AgNPs (Figure 2F). Additionally, the toxicity of 40 nm GB-AgNPs to normal human cervical epithelial cells (HcerEpic) was assessed and the results show that the dose of 40 nm GB-AgNPs (>8.0 µg/ml) has obvious cytotoxicity to normal cervical epithelial cells (Supplementary Figure 4). All the results indicate that GB-AgNPs could specifically suppress the proliferation and viability of the cervical cells. As shown in Figures 2A, B, the IC50 value of 40 nm GB-AgNPs was approximately 3 μg/ml for both HeLa and SiHa cells.

Furthermore, colony formation assays suggested that PAC treatment markedly suppressed proliferation in MGC-803 and SGC-7901 cells compared to controls (Figure 1E). We also assessed whether PAC is toxic to normal human gastric mucosal cells (GES-1), and the results showed that PAC at <1.6 µM was not cytotoxic to normal gastric cells; the dose that produced obvious cytotoxicity was ∼3.2 µM, more than eightfold the dose used in our assays (Supplementary Figure 1).



GB-AgNPs Induced the Apoptosis of the CCa Cells

Next, we examined whether the suppression of cell proliferation after GB-AgNP treatment was accompanied by apoptosis. HaLa and SiHa cells were exposed to different amounts of 40 nm GB-AgNPs for 24 h, followed by Hoechst 33258 staining to examine whether apoptosis occurs. Hoechst 33258 staining showed changes in nuclear morphology, including cell nucleus shrinkage and chromatin condensation, which are typical apoptotic morphological features, after the 40 nm GB-AgNPs (6 μg/ml) were added to these two CCa cell lines (Figure 3A). Furthermore, to verify the apoptotic effects of the GB-AgNPs on HaLa and SiHa cells, we carried out flow cytometry on Annexin V-FITC/PI stained cells and discovered that GB-AgNPs induced both early and late apoptosis in a dose-dependent manner. Figure 3B clearly shows that the percent of apoptotic HeLa cells was 6.57 ± 0.62% for the control group and was increased to 21.78 ± 1.91%, and 43.92 ± 4.53% for the treatment groups; for the SiHa cells, the percent of apoptotic cells was 3.51 ± 3.51% for the control group and was 7.57 ± 0.85% and 31.23 ± 2.93% for the treatment groups. These findings confirmed that GB-AgNPs can induce the apoptosis of CCa cells in a dose-dependent manner.




Figure 3 | Ginkgo extract synthesized silver nanoparticles (GB-AgNPs) induce apoptosis in cervical cancer cells. (A) HeLa and SiHa cells were treated with the indicated concentrations of 40 nm GB-AgNPs for 24 h and stained with Hoechst 33258. Typical apoptotic morphology was observed in treated cells compared to untreated cells; (B) Cells were treated as in (A) for 24 h, apoptotic cells were stained by PI/annexin-V, and flow cytometry was performed. Data are expressed as the means ± SD; *P < 0.05, **P < 0.01.





GB-AgNP Induced Oxidative Stress and ROS Generation

AgNPs can effectively block the respiratory chain of bacteria and thus have antibacterial effects (18). The production of intracellular ROS plays a critical role in oxidative stress and apoptosiss (19). Therefore, we assessed the oxidative stress and ROS levels, which play important role in the apoptosis induced by various anticancer agents, in both CCa cell lines after GB-AgNPs treatment. As shown in Figure 4, upon 40 nm GB-AgNPs treatment, the levels of intracellular ROS and malondialdehyde (MDA), an endproduct of lipid oxidation, were sharply increased compared with those of the control group (Figures 4A, B), whereas the levels of antioxidant enzymes such as GSH-Px and SOD were remarkably decreased (Figures 4C, D). Additionally, when the 40 nm GB-AgNPs (6 μg/ml) with 20 μM N-acetyl-L-cysteine (NAC, an ROS scavenger) were added, the levels of ROS and MDA, which had sharply increased, were significantly reduced, and the originally low content levels of SOD and GSH-Px were obviously increased. These results showed that GB-AgNPs can induce oxidative stress by generating intracellular ROS.




Figure 4 | Ginkgo extract synthesized silver nanoparticle (GB-AgNP)-induced oxidative stress in cervical cancer cells. (A) HeLa and SiHa cells were treated with various doses of 40 nm GB-AgNPs for 24 h, and then intracellular ROS were measured by flow cytometry; (B) the content of lipid peroxidation MDA in cells was measured; (C) the level of SOD was measured in the cells; and (D) the level of GSH-Px was measured in the cells. Data are expressed as the means ± SD; *P < 0.05, **P < 0.01.





GB-AgNPs Induced Apoptosis Via the Mitochondrial Pathway

The overproduction of ROS may cause mitochondrial dysfunction or damage, which may affect the expression of some antiapoptotic and proapoptotic genes in the mitochondria (19). We then analyzed the expression levels of antiapoptotic Bcl-2 protein and proapoptotic Bax protein by western blotting. As shown in Figure 5, upon 40 nm GB-AgNP treatment, the expression levels of Bcl-2 were decreased in the HeLa and SiHa cells, while the expression levels of Bax were obviously increased in both CCa cell lines. Considering that Bax activation would change the permeabilization of the outer mitochondrial membrane and cause about the release of some proapoptotic mitochondrial proteins into cytosol, the release of cytochrome c (Cyt C) was analyzed (20). Compared with the control group, the content level of Cyt C in the mitochondria was sharply decreased in a dose-dependent manner in these two CCa cell lines after 24 h of exposure to GB-AgNPs; in contrast, the expression of Cyt C in the cytosol was markedly increased by GB-AgNPs treatment of the HeLa and SiHa cells (Figure 5). Cyt C released into the cytoplasm can induce apoptosis by activating downstream caspase-dependent apoptotic proteins; therefore, the expression of caspase-9 and caspase-3 was measured. As shown in Figure 5, the expressions levels of cleaved caspase-9 and caspase-3 were obviously increased in a dose-dependent manner in the HeLa and SiHa cells treated with GB-AgNPs; whereas the expression levels of pro-caspase 9 and pro-caspase 3 were noticeably decreased in both CCa cell lines. These results clearly indicate that GB-AgNPs induced the apoptosis of cervical cancer cells by generating excess ROS that permeabilized of the outer mitochondrial membrane and increase the amount of Cyt C released from the mitochondria into the cytosol.




Figure 5 | Ginkgo extract synthesized silver nanoparticles (GB-AgNPs) induce apoptosis through caspase-dependent mitochondrial signalling pathways. Expression levels of apoptosis-related proteins were detected by western blot analysis after HeLa and SiHa cervical cancer cells were treated with the indicated concentrations of 40 nm GB-AgNPs. Data are expressed as the means ± SD; *P < 0.05, **P < 0.01.



Furthermore, to confirm that GB-AgNPs induced apoptosis through the ROS/Cyt C signaling pathway, we employed the ROS scavenger NAC to measure the effects of Cyt C in the cytosol and caspase-9 and caspase-3 on the apoptosis induced by GB-AgNPs. As shown in Figure 6, the effects of the GB-AgNPs on Cyt C release in the cytosol and the cleavage of caspase-9 and caspase-3 were diminished by 20 μM NAC treatment. This finding indicated that NAC blocked the apoptosis induced by the GB-AgNPs, which corroborates the ROS assay results describe above.




Figure 6 | Ginkgo extract synthesized silver nanoparticles (GB-AgNPs) induce apoptosis through mediated intracellular ROS generation. HeLa and SiHa cells were treated with or without NAC (20 μM) for 4 h and then cells were incubated with GB-AgNPs (6 μg/ml) for 24 h, and the expression levels of apoptosis-related proteins were measured by western blot analysis. Data are expressed as the means ± SD; *P < 0.05.






Discussion

In recent decades, AgNPs, particularly green-biosynthesized AgNPs, have exhibited promising potency for biomedical applications due to their powerful antimicrobial properties, effective inhibition of tumour cell proliferation, potent anti-inflammatory and wound healing effects, and substantial chemical stability and biocompatibility (9, 21, 22). On the one hand, green biosynthesis of AgNPs can be undertaken using different natural resources, such as microorganisms, fruit extracts, and medicinal plants, to minimize the amount of stabilizing agents, which adsorb different biologically active substances during synthesis, endowing AgNPs with different biological activities (23). On the other hand, green-synthesized AgNPs are generally less toxic to mammalian cells and more environmental friendly than AgNPs synthesized by other methods (24). Biosynthetic AgNPs are larger than the chemosynthetic and physic synthetic AgNPs (9). Interestingly, we know that smaller AgNPs induces greater cytotoxicity, and we verified this phenomenon by MTT assay. Herein, a series of GB-AgNPs were prepared using different concentrations of gingko aqueous extracts, and nanoparticles smaller than 100 nm had narrow distribution and a good coefficient of dispersion, which means that the GB-AgNPs can easily pass through the vascular gap in capillary tumour tissue (25).

The commonly known notable hallmark of cancer is uncontrolled proliferation, which may indicate dysfunctional apoptotic machinery in the cell (4). We first tested whether the GB-AgNPs are capable of inhibiting the proliferation of two CCa cell lines. The results of the MTT, MTS and colony formation assays showed that the GB-AgNPs obviously inhibited the growth and proliferation of HeLa and SiHa cells in a dose-, size-, and time-dependent manner. Second, we discovered that GB-AgNPs induced apoptosis by generating ROS and increasing oxidative stress, which is usually involved in cell apoptosis and mitochondrial dysfunction (26). As expected, the levels of intracellular ROS and lipid oxidation end-product MDA were significantly increased after treatment with GB-AgNPs, compared to those of the controls, which affected the mitochondrial respiratory chain complex and key enzyme activity in mitochondria in vitro (26). Then, the antioxidant enzymes SOD and GSH-Px were found to be consumed at high levels to abrogate the increased ROS levels. Subsequently, we assessed several relative mitochondrial antiapoptotic and proapoptotic proteins by western blot assays. The Cyt C level in the mitochondria was sharply decreased upon GB-AgNP treatment compared to that of the controls, while the Cyt C level in the cytosol was dramatically increased after treatment with GB-AgNPs compared to the level in the controls, and this increase induced the caspase-dependent apoptosis pathway. Additionally, two CCa cells were treated with GB-AgNPs and the antioxidant NAC, and the increased levels of ROS and Cyt C in the cytosol and the extent of caspase-9 and caspase-3 cleavage were diminished. Our study findings strongly indicate that GB-AgNPs generate excess of ROS and induce apoptosis.

ROS play important roles in the progression of cancers (26). Compared to normal cells, cancer cells usually have higher levels of ROS and oxidative stress (27). However, the effect of ROS on the development of cancer is complex. Several studies have shown that ROS can induce DNA mutation and prooncogenic expression, thus promoting cancer formation (26, 27). ROS can also influence cell survival or proliferation by cellular processes (27, 28). Hence, a powerful strategy to fight cancer may be realized by destroying the balanced of intracellular ROS to induce their accumulation. Many studies have shown that many agents could induce cell apoptosis by generating ROS in a verity of cancer cells (29–31). Interestingly, in different studies, AgNPs were found to be antioxidants or prooxidants promoters (7, 8). These contradictory actions may be due to the synthesis of AgNPs using various medicinal plants, not the size of AgNPs nor the dose or duration of the treatment (8). In this study, high ROS levels were observed in both CCa cell lines treated with the GB-AgNPs, which implies that mitochondrial injury is probably involved in the apoptosis induced by GB-AgNPs. Mitochondria are the main production sites of ROS, and high levels of ROS induces mitochondrial membrane permeability, which lead to the release of several mitochondrial proteins into the cytosol (29). Cyt C is known as a proapoptotic protein and activates downstream caspase-dependent apoptosis when it is released from mitochondria into the cytosol (19). Bcl-2 is an antiapoptotic protein that can maintain the integrity of the mitochondrial membrane and prevent the release of Cyt C into the cytosol (32).

In summary, novel green biosynthetic AgNPs were prepared with aqueous extracts of G. biloba leaves, and the molecular mechanism of the effect of GB-AgNPs on human CCa (HeLa and SiHa) cell cytotoxicity and apoptosis was explored. Exposure to GB-AgNPs for 24 h induced an increase in ROS generation and mitochondrial membrane permeability, Cyt C release into the cytosol, and the cleavage of caspase-9 and caspase-3. All assays results indicated that GB-AgNPs contributed to the cell apoptosis of HeLa and SiHa cells (Figure 7). Herein, the results of this study offer further evidence of the cytotoxicity and the anticancer efficacy caused by increased ROS levels that induce the caspase-dependent mitochondrial apoptotic signaling pathways, which justifies further exploration of GB-AgNP potential for cancer therapeutics and preventive CCa treatments.




Figure 7 | Schematic mechanisms of Ginkgo extract synthesized silver nanoparticle (GB-AgNP)-induced apoptosis by caspase-dependent mitochondrial signalling pathways in cervical cancer cells.
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