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Introduction: Bagassa guianensis Aubl, a tree widely distributed in Brazil, significantly contributes to the furniture industry. Notably, it harbors the bioactive compound 1-deoxynojirimycin (1-DNJ), which is retrievable from timber residues and retains activity even days after wood extraction. This makes Bagassa guianensis a promising biological resource for anticancer therapy and pharmacology studies. This study delves into the in vitro antineoplastic actions of 1-DNJ, focusing on adenocarcinoma gastric cell lines (ACP02) and glioblastoma (A172).
Methods: The effect of 1-DNJ on cell viability was evaluated after 72 hours of treatment in the ACP02 and A172 cell lines. We also assessed the effect of 1-DNJ on the pattern of cell migration, cell death, changes in the cell cycle by flow cytometry, the production of reactive oxygen, and its antioxidant capacity in the scavenging of free radicals.
Results: Assessing cell viability after 72 h (about 3 days) of treatment reveals a remarkable reduction, particularly in glioblastoma cells (A172), exhibiting a lower IC50 compared to ACP02 and MRC5 (fibroblast derived from normal lung tissue) cell lines. This decreased viability correlates with reduced reactive oxygen species (ROS) production in both cell lines after the treatment with 1-DNJ. Furthermore, 1-DNJ induces cell cycle arrest, impedes cell migration, and prompts cell death in ACP02 and A172.
Discussion: These findings support 1-DNJ as a potent antineoplastic agent, particularly efficacious against glioblastoma and gastric adenocarcinoma. Thus, unveiling the therapeutic potential of Bagassa guianensis Aubl for cancer treatment and expanding the horizons of bioeconomy applications.
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1 INTRODUCTION
The unparalleled biodiversity of the Amazon is under threat due to indiscriminate logging, which contributes to deforestation and puts numerous plant species at risk (Brancalion et al., 2018). In contrast, sustainable forest management not only supports local economies but also paves the way for adopting a circular bioeconomy in the region (McDermott et al., 2015; Watanabe et al., 2018), benefiting a wide array of stakeholders including indigenous populations and eco-friendly businesses. Selective logging, a prominent practice in legal logging, entails the careful selection of certain trees for harvest, thus minimizing waste and promoting more responsible use of resources (Asner et al., 2005; Acquah et al., 2016). One such tree, Bagassa guianensis Aubl or Tatajuba, is abundant in Brazil’s North and Northeast, especially in states like Pará and Maranhão. Notably, its timber waste, often left to decay, contains bioactive compounds such as 1-deoxynojirimycin (1-DNJ), which has been identified to linger in the wood residues (Pinheiro et al., 2022). While 1-DNJ is also present in Morus sp. leaves, silkworm parts, and produced by bacteria like Bacillus velezensis, these sources do not yield the compound as abundantly (Yin et al., 2010; Parida et al., 2019; Lee et al., 2021; Marchetti et al., 2021).
This study zeroes in on 1-DNJ extracted from Tatajuba’s timber waste, exploring its potential anticancer effects. Previous research has established 1-DNJ’s antioxidant and anti-inflammatory capabilities, suggesting its suitability for anticancer therapy (Naik et al., 2015; George et al., 2017; Nyambe et al., 2019). For example, Morus nigra extract, rich in 1-DNJ, has been shown to have such effects and to inhibit carcinogenesis in prostate cancer models and prevent gastric ulcers in mice (Yatsunami et al., 2008; Turan et al., 2017; Piao et al., 2018). Given the significant global impact of cancer, with 19.3 million new cases and nearly 10 million deaths in 2020 alone (Bray et al., 2021; Sung et al., 2021), it is imperative to develop new therapeutic strategies to improve patient survival rates (Bray et al., 2021)."
2 MATERIALS AND METHODS
2.1 Isolation of 1-deoxynojirimycin from the plant Bagassa guianensis Aubl
To isolate 1-deoxynojirimycin, 500 g of Bagassa guianensis Aubl stem bark residue, sourced from sustainable forestry practices, was utilized. The dried and finely milled biomass, supplied by the Central Extraction Laboratory of the Federal University of Pará, underwent ultrapure water extraction. This process was performed in an ultrasonic bath (BRANSON 2510 – Danbury, CT, USA) set to a frequency of 42 kHz, a power of 100 W, and a stable temperature of 27°C, ensuring optimal extraction without thermal degradation. The biomass was exposed to the ultrasonic waves in a sealed container with indirect contact for 30 min. The resulting extract was filtered through a fine mesh to remove particulates, and the extraction was repeated twice more, yielding three cumulative batches. These extracts were then combined and concentrated using a rotary evaporator under reduced pressure at a controlled temperature to preserve the integrity of the volatile components, resulting in 50g of a crude dry extract. Fractionation of the crude extract was accomplished through wet column chromatography (WCC), utilizing silica as the stationary phase. A solvent system of acetone and methanol in a 1:1 ratio was chosen for its efficacy in separating the desired compound, which was confirmed by passing the mixture through the column twice. To finalize the isolation, pure methanol, known for its high elution strength, was used to elute the substance from the silica. The fraction containing 1-deoxynojirimycin was then air-dried in a fume hood, affording 10g of the purified substance. The molecular structure of the isolated compound was confirmed by 1H e 13C Nuclear Magnetic Resonance (NMR) spectroscopy (Figure 1). The NMR spectra were recorded and analyzed, providing definitive structural identification consistent with known data for 1-deoxynojirimycin, thus validating the isolation process.
[image: Figure 1]FIGURE 1 | Structural formula of 1-deoxynojirimycin.
2.2 Identification and purity analysis of 1-Deoxynojirimycin
For the structural identification and purity assessment of 1-deoxynojirimycin (compound S1), 1H and 13C Nuclear Magnetic Resonance (NMR) spectra were acquired. We utilized a Bruker Ascend™ spectrometer operating at 400 MHz for 1H NMR and 100 MHz for 13C NMR (Germany). Preparation involved dissolving 50 mg of S1 in 600 µL of deuterated water (D2O), with the subsequent data control and processing by TopSpin software (Version 3.6.0). The Free Induction Decays (FIDs) were transformed using Fourier transform, applying a line broadening (LB) of 0.3 Hz to enhance resolution. Residual D2O signal suppression was achieved through low power pre-saturation sequences, and manual adjustments were made for baseline correction and calibration. The residual solvent peak at 4.82 ppm in D2O provided an internal reference for calibration.
The physical form of compound S1 was noted as a brown to red solid with solubility in H2O. It was isolated via counter-current chromatography (CCC) following ultrasonication of the aqueous extract. The 1H NMR spectrum (Supplementary Material S1) displayed eight distinct signals in the δH 3.0 to 4.0 range, consistent with single hydrogen integrations. Analysis of these chemical shifts and coupling constants suggested these hydrogens were linked to an oxymethine carbon or in proximity to a heteroatom, as detailed in Supplementary Table A. Corroborating this, the 13C NMR spectrum (Supplementary Material S2) exhibited six lines between δC 45.0 and 80.0, indicative of a cyclic saccharide structure. Cross-referencing the spectral data from 1H and 13C NMR with established literature values (Pinheiro et al., 2022), the molecular identity of compound S1 was confirmed as the iminosugar 1-deoxynojirimycin.
2.3 Cell cultures
Cells were seeded in 96-well microplates at a density optimized for each cell line to ensure uniform growth and responsiveness. The cell lines used included A172 (grade IV astrocytic tumor/glioblastoma multiforme), provided by the Clinical Cytopathology Laboratory at the School of Pharmaceutical Sciences, Federal University of São Paulo. The primary gastric adenocarcinoma cell line ACP02 was developed and established by the Human Cytogenetics Laboratory, Federal University of Pará (UFPA) (Leal et al., 2009). Additionally, the MRC5 cell line (human lung fibroblast) from the Oncology Nucleus of UFPA was included as a non-neoplastic culture model. For cell culture, aseptic techniques such as laminar flow work and sterile handling were strictly adhered to. The ACP02 cell line was cultured in Dulbecco’s Modified Eagle’s Medium F12 (DMEM-F12), while the A172 and MRC5 cell lines were maintained in DMEM medium. The media for all cell lines were enriched with 10% fetal bovine serum (FBS) and supplemented with 1% antibiotic and antimycotic solution (Gibco) to prevent microbial contamination. Cultures were kept in a humidified incubator set to an atmosphere of 95% air and 5% CO2 at a constant temperature of 37°C. Confluence was carefully monitored, with experiments initiated upon reaching 70%–80% confluence to ensure cells were in the exponential phase of growth. The integrity of the cell lines was regularly verified through genetic profiling, and routine mycoplasma testing was conducted to confirm the absence of contamination. These stringent protocols guaranteed that the results could be confidently attributed to the biological properties of the cells.
2.4 Cell viability and selectivity index
For the cytotoxicity assay, the MRC5 and ACP02 cell lines were seeded in 96-well plates at a density of 3 × 104 cells per well, while the A172 cell line was seeded at a higher density of 5 × 104 cells per well to account for its distinct growth kinetics. The cells were treated with varying concentrations of 1-DNJ, ranging from 0.5 to 32 mM, prepared in a 0.01% DMSO solution, selected for its inert properties and ability to dissolve 1-DNJ effectively without affecting cell viability. Each cell line was maintained in its optimal medium, with DMEM/F12 for the ACP02 and MRC5 cell lines, and DMEM for the A172 cells, both supplemented with 5% Fetal Bovine Serum. The incubation took place in a CO2 incubator set at 37°C with a 5% CO2 atmosphere for 72 h, conditions conducive to cell growth and response to treatment.
The cell viability post-treatment was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, a colorimetric method where the reduction of MTT to formazan by metabolically active cells is measured. After incubation with the MTT reagent, the formazan product was solubilized, and the absorbance at 570 nm was measured using a microplate spectrophotometer, with the DMSO-only wells serving as blanks. The selectivity index of 1-DNJ was calculated by determining the ratio of IC50 values in the normal MRC5 cell line to the IC50 and IC25 in the A172 and ACP02 cancer cell lines, using non-linear regression analysis. An index of 3 or greater, as suggested by Indrayanto et al. (2021), is indicative of a favorable selectivity profile, suggesting that 1-DNJ is more toxic to cancer cells than to normal cells, which is essential for the potential therapeutic application of the compound.
2.5 Cell cycle assessment by flow cytometry
Cells were plated in 12-well culture plates, designed for optimal cell attachment and growth, at a density of 1 × 106 cells per well. After a 24-hour period allowing for cell adherence and stabilization, the cultures were treated with 1-DNJ at precise concentrations determined by preliminary dose-response curves: 9.6 and 19.3 mM for the gastric cancer cell line ACP02, and 2.6 and 5.3 mM for the glioblastoma cell line A172. These concentrations represent the IC25 and IC50 values, respectively, aiming to evaluate a range of inhibitory effects. Control groups were maintained in parallel, with untreated cells receiving only the standard culture medium, which was DMEM supplemented with 5% fetal bovine serum, ensuring consistent conditions across all experimental setups. After a 72-hour incubation at 37°C in a CO2 incubator, providing an environment conducive to cell viability, the cultures were gently washed with phosphate-buffered saline (PBS) to remove any non-adherent cells and metabolic byproducts. Subsequently, cells were trypsinized using a 0.25% trypsin-EDTA solution to detach them for subsequent analysis. The cell suspension was then neutralized with an equivalent volume of culture medium and cells were stained with 50 μg/mL propidium iodide for at least 12 h to label the DNA of compromised cells, facilitating their identification during flow cytometry. Flow cytometric analysis was conducted on the BD FACSVerse™ system, processing ten thousand events per sample to ensure a robust representation of the cell population. Each group consisted of four biological replicates, a number chosen to balance the need for statistical power with practical considerations of assay throughput and resource allocation, as proposed by Shahrestanaki et al. (2019). This sample size is adequate to detect significant differences between treated and control groups while accounting for biological variability.
2.6 Differential staining assay for the quantitative analysis of apoptotic and necrotic cells using ethidium bromide and acridine orange
In this assay, ACP02 and A172 cell lines were plated at a density of 1 × 105 cells per well in 12-well culture plates, with each well containing an appropriate volume of culture medium to sustain cell growth. After a 24-hour incubation period at 37°C in a 5% CO2 atmosphere, allowing for cell attachment and stabilization, the cells were treated with 1-DNJ. The concentrations of 9.6 and 19.3 mM for ACP02 and 2.6 and 5.3 mM for A172 were selected based on their respective IC50 values determined from previous dose-response studies. The cells were treated in triplicate wells for 72 h, a duration chosen to encompass at least one complete cell cycle. Post-treatment, the supernatant was carefully aspirated, and the cells were gently centrifuged at 1,000 rpm for 5 min, a speed and duration optimized to pellet the cells without disrupting their integrity. The supernatant was discarded, and the cell pellet was resuspended in 15 µL of PBS to ensure a suitable concentration for downstream analysis. For the dual staining, 1 µL of ethidium bromide/acridine orange solution was added directly to the cell suspension. This staining solution was prepared according to a standardized protocol to achieve consistent staining quality across all samples. A slide was then prepared for analysis under a fluorescence microscope equipped with the appropriate filters and at a magnification that allows clear differentiation of cellular phenotypes. A systematic counting of 300 cells from each sample was performed to quantify the percentage of each cellular phenotype: viable, apoptotic, and necrotic. The count of 300 cells was determined to provide a balance between a comprehensive assessment and a manageable workload for analysis. This sample size was deemed sufficient to detect significant trends in cell death patterns and is representative of the cell population’s response to the treatment.
2.7 Cell migration assay using the wound healing test
The wound healing assay was conducted to assess the migratory response of ACP02 and A172 cancer cell lines to 1-DNJ treatment. Cells were seeded at a density of 2 × 105 cells per well in 12-well culture plates and grown to full confluence. A uniform scratch was introduced across the cell monolayer using a sterile pipette tip. Following the scratch, wells were rinsed with pre-warmed culture medium to remove cell debris and to standardize the initial condition of the cell-free gap. Each well was then treated with 1-DNJ at tailored concentrations specific to each cell line: 19.3 mM and 9.6 mM for ACP02, and 5.3 mM and 2.6 mM for A172. Parallel control wells contained culture medium without the drug. The migration of cells into the scratch area was monitored at 0 (immediately post-treatment), 6, 12, 24, 36, and 48 h using time-lapse photography on an inverted microscope with consistent magnification and focus. Quantitative analysis of the migration was performed using ImageJ software. The “scratch” area was measured at each time point, and the rate of area closure was calculated, providing an index of migratory speed for treated and control cultures. This allowed for a comparative evaluation of the anti-migratory potential of 1-DNJ on the cancer cell lines.
2.8 Quantitative evaluation of superoxide anion production in 1-DNJ treated cell lines using the NBT assay
To quantitatively assess the intracellular superoxide anion production, the Nitro Blue Tetrazolium (NBT) reduction assay was utilized following the methodology of Hyung et al. (2006). In this assay, a 1 mg/mL NBT solution was freshly prepared under light-protected conditions. This yellow solution undergoes a reduction reaction with intracellular superoxide radicals (O2-), forming a purple formazan precipitate. After treating the ACP02 and A172 cell lines with 1-DNJ at 19.3 and 9.6 mM, and 5.3 and 2.6 mM concentrations respectively for 72 h, cultures were washed with PBS and incubated with the NBT solution for 2 h at 37°C in the dark. Post-incubation, the medium was aspirated, cells were rinsed with PBS, and fixed rapidly with methanol. The cell membrane was then permeabilized using 2 M potassium hydroxide to facilitate the dissolution of formazan crystals. DMSO was added to fully solubilize the crystals, enabling quantitative analysis. Absorbance was measured at 620 nm using a microplate spectrophotometer, a wavelength optimal for detecting the reduced form of NBT. The absorbance readings provided a comparative measure of superoxide anion production between 1-DNJ treated and control cell lines, offering insights into the oxidative stress response induced by the treatment.
2.9 ABTS•+ antioxidant ability
The scavenging activity of 1-DNJ against ABTS•+ cation radicals was assessed, and the data were obtained through spectrophotometry using the SpectraMax i3 ELISA reader. To prepare the ABTS•+ solution, an aqueous solution of diammonium salt 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS•+) (7 mM) was reacted with an aqueous solution of 140 mM potassium persulfate, following the procedure by Sridhar and Charles (2019). After 16 h of reaction, the solution was utilized for the tests. The antioxidant capacity of 1-DNJ was determined based on the reduction in absorbance at concentrations spanning 10–1,000 µM of 1-DNJ and the standard antioxidant Trolox, also at the same concentrations. The value was measured with the ABTS solution after 16 h of reaction. The mixture underwent incubation in the dark for 10 min, and absorbances were determined at a wavelength of 734 nm.
2.10 DPPH• antioxidant ability
The antioxidant efficacy of 1-DNJ against ABTS•+ cation radicals was evaluated using a spectrophotometric assay, with readings taken by the SpectraMax i3 ELISA reader (Akar et al., 2017). The ABTS•+ working solution was prepared by mixing a 7 mM aqueous solution of ABTS•+ diammonium salt with a 140 mM potassium persulfate solution, as per the protocol by Sridhar and Charles (2019). This reaction mixture was then allowed to stand for 16 h at room temperature in the dark to generate the ABTS•+cation radicals. The antioxidant capacity of 1-DNJ was quantified by its ability to reduce the absorbance of the ABTS•+ solution, indicative of scavenging activity. A series of 1-DNJ concentrations ranging from 10 to 1,000 µM were tested against a standard curve of the known antioxidant Trolox, prepared at identical concentrations for comparative purposes. After adding 1-DNJ to the ABTS•+ solution and incubating for 10 min in the dark to allow for reaction, the absorbance was measured at 734 nm. This wavelength is specifically selected for its sensitivity to the characteristic blue-green color of the ABTS•+ cation, which diminishes upon reduction by an antioxidant. A decrease in absorbance relative to the control indicates the scavenging capability of 1-DNJ. The results are expressed in Trolox equivalent antioxidant capacity (TEAC), facilitating the comparison of 1-DNJ’s antioxidant power to that of a well-established reference compound.
The antioxidant capacity of 1-DNJ was evaluated by the DPPH• radicals (1,1-diphenyl-2-picrylhydrazyl), and samples were quantified using a 96-well microplate spectrophotometer. In this assay, a 120 mM solution of DPPH• was prepared, serving as the DPPH• standard curve with concentrations ranging from 0 to 60 μM, following the methodology by Sridhar and Charles, 2019. A Trolox solution was also employed as a standard at 10–1,000 µM concentrations. 1-DNJ was diluted in an aqueous solution at concentrations spanning from 10 to 1,000 µM. Methanol and water were used as the reaction blank, and positive controls included 1-DNJ/water, DPPH•/methanol, and Trolox/methanol. The various concentrations of 1-DNJ and Trolox underwent a 30-minute incubation in the dark at room temperature. After the incubation period, the absorbances of the solutions were measured at a wavelength of 517 nm.
2.11 Statistical analysis
The results are presented as the mean ± standard deviation (SD), calculated from a minimum of three independent experiments. Statistical analyses were performed using one-way ANOVA to compare between groups, or two-way ANOVA when interactions between two independent variables were assessed. Before applying ANOVA, we ensured that data met the assumptions of normality and homogeneity of variances. A significance level of p < 0.05 was established, denoting a 95% confidence interval for statistical significance. Post hoc analyses, when necessary, were conducted using Tukey’s test to control for Type I errors in multiple comparisons. The data were processed and analyzed using statistical software, which was selected for its robustness and wide acceptance in the scientific community. Replicability was reinforced by conducting all experimental conditions in triplicate, ensuring the reliability of the results.
3 RESULTS
3.1 1-DNJ promotes a reduction in cell viability in cancer cell cultures
The compound 1-deoxynojirimycin (1-DNJ) demonstrates a distinct impact on cell viability, revealing differential effects between cancerous and normal cell lines. In the non-neoplastic MRC5 fibroblast cell line, no notable reduction in cell viability was observed at concentrations ranging from 0.5 mM to 18 mM. However, concentrations of 24 mM (0.03% ± 0.003%, ***p ≤ 0.0001, F = 77.14) and 32 mM (0.001%± 0.0017%, ***p ≤ 0.0001, F = 77.14) (refer to Figure 2) exhibited a significant decrease in viability compared to the control. Consequently, the half-maximal inhibitory concentration (IC50) for the MRC5 cell line was determined to be 21.8 mM (R2 = 0.9145, ***p ≤ 0.0001, see Table 1).
[image: Figure 2]FIGURE 2 | Cytotoxic Effects of 1-DNJ on A172, MRC5, and ACP02 Cell Lines In this graph, white bars represent MRC5 cell line, black bars represent A172 cell line, and gray bars represent ACP02 cell line, all treated with concentrations ranging from 0 to 32 mM of 1-DNJ for 72 h. Each data point represents the mean of quadruplicates, and error bars correspond to ±SD. *** p-value <0.0001 or ** p-value <0.001 for the treatment compared to the control (0 mM).
TABLE 1 | Maximum inhibitory concentration and selectivity of the isolated substance 1-DNJ in cell lines.
[image: Table 1]In the gastric adenocarcinoma cell line ACP02, 1-DNJ demonstrated a significant reduction in cell viability from 8 mM (82.6% ± 3.13%, ***p ≤ 0.0001, F = 164.3) to 32 mM (5.9% ± 1.06%, ***p ≤ 0.0001, F = 164.3) compared to the control (100% ± 3.21%, ***p ≤ 0.0001, F = 164.3) (see Figure 2). The IC50 for ACP02 was determined to be 19.3 mM, with an IC25 of 9.6 mM (see Figure 2 and Table 1). In the A172 cell line, a significant reduction in viability was observed with 1-DNJ treatment from 6 mM (65.88% ± 6.89%, ***p ≤ 0.0001, F = 144.1) to 32 mM (27.21% ± 1.22%, ***p ≤ 0.0001, F = 144.1) compared to its control (100% ± 6.46%, ***p ≤ 0.0001, F = 144.1). The IC50 for A172 was 5.3 mM, with an IC25 of 2.6 mM, significantly lower than the other cell lines (see Figure 2; Table 1).
The selectivity index of 1-DNJ in A172 and ACP02 cancer cell lines was calculated based on the ratio of their respective IC50 values to the MRC5 normal cell line. A172 exhibited a selectivity index of 4.13, indicating higher selectivity, while ACP02 presented an index of 1.13, suggesting lower selectivity. These results highlight that 1-DNJ demonstrates higher selectivity for the A172 cell line and lacks selectivity for ACP02 by the reference values for the selectivity index, which should be equal to or greater than 3 (see Table 1).
3.2 Treatment with 1-DNJ interferes with the cell cycle of cancer cells
1-DNJ demonstrated an ability to induce a G2/M phase arrest in the A172 cell line at the tested concentrations (Figure 3B) (***p < 0.0001) compared to control cultures. Additionally, it exhibited a notable reduction in the number of cells in the G0/G1 phase in the ACP02 cell line (refer to Figure 3A). There was a significant increase in the percentage of ACP02 cells in the G2/M phase by 4.4% (**p < 0.001, F = 97.1) and a reduction of 10.95% (***p < 0.001, F = 97.1) in the G0/G1 phase at a concentration of 9.6 mM (Figure 3). However, at a concentration of 19.3 mM (refer to Figure 3), an increase of 7.5% (**p < 0.001, F = 97.1) in cells in the G2/M phase and 3% (*p < 0.05, F = 97.1) in the S phase was observed. Notably, there was also a significant reduction of 18% (***p < 0.001, F = 97.1) of cells in the G0/G1 phase (Figure 3A). In A172 cells (refer to Figure 3B), a percentage of 3.343% (***p < 0.001, F = 99.3) in the G0/G1 phase was observed at a concentration of 2.6 mM (Figure 3) compared to the control without treatment (refer to Figure 3B). At a concentration of 5.3 mM (refer to Figure 3B), there was a reduction in cells in G0/G1 by 4.8% (**p < 0.001, F = 99.3), a decrease of 3.2% (**p < 0.001, F = 99.3) in the S phase, and a relative increase in cells in the G2/M phase by 4.2% (**p < 0.001, F = 99.3), indicating cell cycle arrest in this phase (Figure 3).
[image: Figure 3]FIGURE 3 | Effect of 1-DNJ on the Cell Cycle (A) ACP02 cell line treated with concentrations of 9.6 and 19.3 mM of 1-DNJ for 72 h. (B) A172 cell line treated with concentrations of 2.6 and 5.3 mM of 1-DNJ. Flow cytometry analysis shows the inhibitory effect of 1-DNJ in blocking the cell cycle at the G2/M phase in the A172 cell line (B) and reducing the number of cells in G0/G1 in the ACP02 cell line (A) compared to their respective controls. Presented data represent the mean ± standard deviation in quadruplicate. ***p-value <0.0001 vs. corresponding control group and ###p-value <0.0001 vs. the concentration of 2.6 mM compared to the control.
3.3 The compound 1-DNJ induces different patterns of cell death in the ACP02 and A172 cell lines
We investigated the impact of 1-DNJ on cell death induction in the ACP02 and A172 cancer cell lines through dual staining with acridine orange and ethidium bromide. The results revealed distinct patterns of cell death induced by the bioactive compound in these cell lines (refer to Figure 4). In the gastric adenocarcinoma cell line ACP02, treatment with 19.3 and 9.6 mM of 1-DNJ for 72 h led to cell death primarily by necrosis, as illustrated in Figure 4A. Necrotic cell death was evident at both concentrations, marked in red within the cells (Figure 4A). Conversely, in the A172 cell lines (Figure 4B), 1-DNJ induced apoptotic cell death, as indicated by the notable presence of cells marked in orange. Additionally, alterations in cell membrane morphology were observed at both tested concentrations of 2.6 mM and 5.3 mM.
[image: Figure 4]FIGURE 4 | 1-DNJ Induces Cell Death (A) ACP02 cell line treated with concentrations of 9.6 and 19.3 mM of 1-DNJ for 72 h. (B) A172 cell line treated with concentrations of 2.6 and 5.3 mM of 1-DNJ. After treatment with 1-DNJ, we observed necrotic cell death (N) in the ACP02 cell line at a concentration of 19.6 mM and apoptosis (AP) in A172 at concentrations of 2.6 and 5.3 mM, compared to their respective controls and the quantity of viable cells (V). Presented data represent the mean ± standard deviation in quadruplicate. ***p-value <0.0001 and ###p-value <0.0001 vs. the corresponding control group.
3.4 1-DNJ alters the pattern of cell migration in cell line models
The cancer cell lines underwent treatment with the isolated compound 1-DNJ at various time points (T0, T6, T12, T24, T36, and T48) to evaluate its impact on cellular migration patterns. Significant changes in cellular migration were observed in all tested cell lines, but these effects were particularly pronounced at the 48-h time point compared to their respective controls. The concentrations used for ACP02 were 19.3 and 9.6 mM, while those for the A172 cell line were 5.3 and 2.6 mM (Figure 5). In the ACP02 cell line (Figure 5A; Supplementary Material S1), the control demonstrated a decrease in risk over time, signifying normal cell activity in the migration process from 0 h without treatment (100% ± 0.0%, ***p ≤ 0.0001) to complete closure of the risk at 48 h. This effect was not replicated with 1-DNJ treatment. At 9.6 mM, there was no significant difference compared to the control at 48 h (0.00% ± 0.0%, ***p ≤ 0.0001), but migration occurred without complete risk closure (21.0% ± 16.0%, *p ≤ 0.005). At 19.3 mM, a significant difference was observed compared to the control at 48 h (0.00% ± 0.0%, ***p ≤ 0.0001), and there was no risk area closure (79.5% ± 16.8%, ***p ≤ 0.0001), indicating that 1-DNJ prevented cellular migration, and this reduction was time-dependent. In the A172 cell line (Figure 5B; Supplementary Material S2), both concentrations of 1-DNJ (2.6 and 5.3 mM) reduced risk size over the 0–48 h of treatment. At 48 h, 2.6 mM (70% ± 10.9%, ***p ≤ 0.0001) and 5.3 mM (73.5% ± 21.6%, ***p ≤ 0.0001) showed reduced risk compared to the respective controls at 48 h (22.25% ± 6.29%, ***p ≤ 0.0001).
[image: Figure 5]FIGURE 5 | Effect of 1-DNJ on the Suppression of Cell Migration in A172 and ACP02 (A) ACP02 cell line treated with concentrations of 9.6 and 19.3 mM of 1-DNJ for 72 h. (B) A172 cell line treated with concentrations of 2.6 and 5.3 mM of 1-DNJ at time points 0, 6, 12, 24, 36, 48 h (T0 – T48), compared to their respective controls. Presented data represent the mean ± standard deviation in quadruplicate. ***p-value <0.0001 vs. the corresponding control group.
3.5 1-DNJ reduces the production of ROS in cancer cell lines
We investigated the potential of 1-DNJ to reduce ROS production in cell lines, using concentrations of 9.6 and 19.3 mM in ACP02 and 2.6 and 5.3 mM in the A172 cell line after a 72-hour treatment period (refer to Figure 6). In the ACP02 cell culture (Figure 6A), the control group exhibited an increase in ROS levels (0.106% ± 0.024%, ***p ≤ 0.0001). However, following 72 h of treatment with 1-DNJ, a significant reduction in ROS production was observed compared to the ACP02 control cultures at both concentrations, with 9.6 mM (0.048% ± 0.035%, **p ≤ 0.001) and 19.3 mM (0.03% ± 0.004%, ***p ≤ 0.0001) (Figure 6A). Similarly, comparable results were observed in the A172 cell line (Figure 6B), where the control showed ROS levels of (0.602% ± 0.02%, ***p ≤ 0.0001), while the concentrations of 2.6 mM (0.466% ± 0.028%, ***p ≤ 0.0001) and 5.3 mM (0.405%± 0.039%, ***p ≤ 0.0001) demonstrated a significant reduction in ROS production. These findings indicate that the A172 cell line, associated with human glioblastoma, also displayed the ability to decrease ROS production upon treatment with 1-DNJ (Figure 6B).
[image: Figure 6]FIGURE 6 | 1-DNJ Promotes a Reduction in the Production of Superoxide Anion in ACP02 and A172 ACP02 (A) treated with 9.6 and 19.3 mM, and A172 (B) treated with 2.6 and 5.3 mM, both for 72 h, compared to their respective controls. Presented data represent the mean ± standard deviation in quadruplicate. ***p-value <0.0001 vs. the corresponding control group.
3.6 1-DNJ exhibits antioxidant capacity in cell-free systems
The outcomes of the electron transfer assay employing the DPPH⋅ and ABTS⋅+ techniques revealed the inhibitory capacity of 1-DNJ against both radicals, surpassing the standard antioxidant Trolox. The results of the DPPH⋅ radical inhibition (Figure 7) indicate that 1-DNJ significantly inhibits the radical at all tested concentrations ranging from 10 to 100 μM, demonstrating a concentration-dependent effect, similar to the Trolox antioxidant. Particularly noteworthy is 1-DNJ’s pronounced impact at concentrations of 50 µM (63.85% ± 1.44%, ***p ≤ 0.0001), 100 µM (68.93% ± 0.98%, ***p ≤ 0.0001), and 250 µM (73.44% ± 1.51%, ***p ≤ 0.0001) compared to Trolox at the same concentrations (50 µM: 32.75% ± 0.87%, ***p ≤ 0.0001; 100 µM: 38.22% ± 5.33%, ***p ≤ 0.0001; 250 µM: 51.15% ± 1.70%, ***p ≤ 0.0001) (Figure 7). It suggests that, at these concentrations, 1-DNJ has a higher antioxidant capacity against DPPH radiation. Regarding the ABTS radical (Figure 8), inhibition is observed after interaction with 1-DNJ and Trolox, and this inhibition is also concentration-dependent. However, 1-DNJ continues to display a more significant potential for inhibiting the ABTS radical at concentrations of 50 µM (53.66% ± 1.25%, ***p ≤ 0.0001) and 100 µM (62.9% ± 1.001%, ***p ≤ 0.0001) compared to Trolox at 50 µM (19% ± 1.7%, ***p ≤ 0.0001) and 100 µM (40.58% ± 0.196%, ***p ≤ 0.0001). It is observed that for this radical, Trolox exhibits a higher potential for inhibition at concentrations of 250 µM (92.54% ± 5.98%, ***p ≤ 0.0001) and 500 µM (99.21% ± 0.408%, ***p ≤ 0.0001) compared to 1-DNJ at 250 µM (66.72% ± 7.71%, ***p ≤ 0.0001) and 500 µM (81.00% ± 2%, ***p ≤ 0.0001) (Figure 8).
[image: Figure 7]FIGURE 7 | 1-DNJ Promotes Inhibition of the DPPH· Free Radical Black bars represent the effects of 1-DNJ at different concentrations (10–1,000 μM). Gray bars show the inhibitory capacity of the standard antioxidant trolox against the DPPH radical. Presented data represent the mean ± standard deviation in quadruplicate. ***p-value <0.0001 vs. the corresponding Trolox group.
[image: Figure 8]FIGURE 8 | 1-DNJ Promotes Sequestration of the ABTS Cation Black bars represent the effects of 1-DNJ at different concentrations (10–1,000 μM). Gray bars show the inhibitory capacity of the standard antioxidant trolox against the ABTS cation. Presented data represent the mean ± standard deviation in quadruplicate. ***p-value <0.0001 vs. the corresponding Trolox group.
4 DISCUSSION
Cancer remains a significant global health challenge, with conventional treatments often causing systemic side effects due to their non-selective nature (Castedo et al., 2004; Schlichtig et al., 2019; Siegel et al., 2023). In this context, our study explored the potential of 1-deoxynojirimycin (1-DNJ), a compound isolated from wood residue, as a selective anticancer agent in gastric adenocarcinoma and glioblastoma cell cultures.
Our findings demonstrated that 1-DNJ selectively reduces the viability of cancer cells, with a more pronounced effect in glioblastoma cells compared to gastric adenocarcinoma cells. This selectivity is crucial for minimizing cytotoxic effects on healthy cells, as observed in normal cell line MRC5. The cytotoxic and antiproliferative effects of 1-DNJ align with previous studies on natural products, such as N-Alkyl-1,5-dideoxy-1,5-imino-l-fucitols and N-(8-(3-ethynylphenoxy) octyl-1-deoxynojirimycin, which have shown similar effects in various cancer cell lines (Zhao et al., 2010; Zhou et al., 2019; Tang et al., 2020) and show neuroprotective effects (Costa et al., 2021).
4.1 Mechanisms of action and cellular pathways
1-DNJ induced a significant reduction in the production of superoxide anions, suggesting its potential role in modulating oxidative stress, a key factor in cancer progression. The differential production of reactive oxygen species (ROS) in cancer cells is often linked to mitochondrial dysfunction (Zhang et al., 2022), contributing to genomic reprogramming and cancer initiation (Holley et al., 2013; Bronsart et al., 2016; Liberti and Locasale, 2016; Yang et al., 2016). The redox imbalance in tumor cells indicate that manipulating reactive nitrogen and oxygen species as an efficient strategy in cancer therapies (Moloney and Cotter, 2018; Park, 2018). Our results suggest that 1-DNJ may exhibit antioxidant effects, similar to those observed in Morus sp and Broussonetia sp species (Eruygur and Dural, 2019; Cao et al., 2020). These results align with previous data showing the antioxidant capacity of 1-DNJ in inhibiting DPPH• and ABTS•+ radicals through electron transfer and reducing the oxidative potential of these radicals (Rojas-Ocampo et al., 2021). Furthermore, 1-DNJ induced cell cycle arrest in the G2/M phase in glioblastoma cells, a critical phase for DNA replication and mitotic spindle formation. This arrest can lead to DNA damage and activation of cell death pathways, as observed in prostate cancer cells treated with Flavokawain A (Wang et al., 2020). Interestingly, 1-DNJ activated different cell death pathways in the studied cancer cell lines, inducing necrosis in gastric adenocarcinoma cells and apoptosis in glioblastoma cells. This differential response might be linked to the distinct expression of genes associated with tumor aggressiveness and metastatic potential, such as Myc family genes (Barbosa-Jobim et al., 2020; Leal et al., 2009; Valero et al., 2014; Porfírio-Dias et al., 2020).
1-DNJ’s influence on cellular pathways extends to its role as an inhibitor of α-glucosidase, a cell surface protein involved in glucose metabolism and insulin signaling (Hatano et al., 2019; Hedrington and Davis, 2019). This inhibition could disrupt cellular signaling pathways, particularly those involved in cancer progression and metastasis, highlighting the potential of 1-DNJ in targeting metabolic pathways in cancer cells (see Figure 9).
[image: Figure 9]FIGURE 9 | Representative Scheme of the Effects of 1-DNJ on A172 and ACP02. (1) 1-DNJ exhibits effects on both gastric adenocarcinoma (Adeno) and glioblastoma multiforme (GBM). (2) 1-DNJ may prevent cancer progression and initiation by reducing superoxide anion and consequently inducing a cell cycle arrest (3) at the G2/M phase in GBM and reducing the number of cells in G0/G1 in Adeno, leading to a decrease in cell viability (4). 1-DNJ also induces cell death in cell lines, such as necrosis in gastric adenocarcinoma and apoptosis in glioblastoma multiforme (5), further contributing to reduced viability (6). Additionally, 1-DNJ alters the cellular migration pattern (7), inhibiting cell motility and the activation of potential pathways that may favor metastatic processes.
4.2 Clinical application and comparison with existing literature**
The selective cytotoxicity and multifaceted mechanisms of action of 1-DNJ position it as a promising candidate for cancer treatment. Its ability to modulate oxidative stress, induce cell cycle arrest, and influence cellular pathways related to glucose metabolism and insulin signaling underscores its potential as a targeted therapy. However, it is crucial to compare these findings with existing literature to understand how they align with or differ from previous research. For instance, the selective cytotoxicity of 1-DNJ in glioblastoma cells compared to gastric adenocarcinoma cells warrants further investigation to elucidate the underlying molecular mechanisms and to explore its potential in treating other cancer types.
4.3 Limitations and future directions**
While our study provides valuable insights into the anticancer potential of 1-DNJ, it is important to acknowledge the limitations of in vitro studies. The complex tumor microenvironment and the interactions between cancer cells and their surroundings cannot be fully replicated in vitro. Therefore, in vivo validation is essential to confirm the efficacy and safety of 1-DNJ in cancer treatment. Further research should also focus on elucidating the molecular mechanisms underlying the differential responses of cancer cells to 1-DNJ treatment and exploring its potential in combination therapies.
In conclusion, 1-DNJ emerges as a promising candidate for cancer therapy, with potential clinical applications in the treatment of gastric adenocarcinoma and glioblastoma. Its selective cytotoxicity, coupled with its ability to modulate cellular pathways involved in cancer progression, warrants further investigation to fully understand its therapeutic potential and to translate these findings into clinical practice.
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