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Glioblastoma is the most devastating primary brain tumor. Current treatment is palliative, making necessary the development of new therapeutic strategies to offer alternatives to patients. Therefore, endophytes represent an interesting source of natural metabolites with anticancer potential. These microorganisms reside in tissues of living plants and act to improve their growth. Evidence revealed that several medicinal plants are colonized by endophytic fungi producer of antitumor metabolites. Achyrocline satureioides is a Brazilian medicinal plant characterized by its properties against gastrointestinal disturbances, anticancer and antioxidant effects. However, there are no reports describing the endophytic composition of A. satureioides. The present study proposes the isolation of endophytic fungus from A. satureioides, extract preparation, phytochemical characterization and evaluation of its antiglioma potential. Our data showed that crude extracts of endophyte decreased glioma viability with IC50 values of 1.60–1.63 μg/mL to eDCM (dichloromethane extract) and 37.30–55.12 μg/mL to eEtAc (ethyl acetate extract), respectively. Crude extracts induced cell death by apoptosis with modulation of redox status. In order to bioprospect anticancer metabolites, endophytic fungus extracts were subjected to guided fractionation and purification yielded five fractions of each extract. Six of ten fractions showed selective antiproliferative activity against glioma cells, with IC50 values ranged from 0.95 to 131.3 μg/mL. F3DCM (from eDCM) and F3EtAc (from eEtAc) fractions promoted C6 glioma toxicity with IC50 of 1.0 and 27.05 μg/mL, respectively. F3EtAc fraction induced late apoptosis and arrest in G2/M stage, while F3DCM promoted apoptosis with arrest in Sub-G1 phase. Moreover, F3DCM increased antioxidant defense and decreased ROS production. Additionally, F3DCM showed no cytotoxic activity against astrocytes, revealing selective effect. Based on promising potential of F3DCM, we identified the production of Sch-642305, a lactone, which showed antiproliferative properties with IC50 values of 1.1 and 7.6 μg/mL to C6 and U138MG gliomas, respectively. Sch-642305 promoted arrest on cell cycle in G2/M inducing apoptosis. Furthermore, this lactone decreased glioma cell migration and modulated redox status, increasing superoxide dismutase and catalase activities and enhancing sulfhydryl content, consequently suppressing reactive species of oxygen generation. Taken together, these results indicate that metabolites produced by endophytic fungus isolated from A. satureioides have therapeutic potential as antiglioma agent.
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INTRODUCTION

Glioblastoma, a grade IV glioma, is the most malignant type of brain cancer characterized by high cell heterogeneity, diffuse brain infiltration, necrosis, high rate of cell proliferation, and resistance to current treatments (1, 2). Despite aggressive, multimodal therapy consisting of surgery, radiation, and chemotherapy, the outcome of patients with glioblastoma remains poor (3) with median overall survival time of ~15–17 months (4). The maintenance of redox homeostasis is crucial for normal cell physiology and reactive oxygen species (ROS) are known to regulate cellular events, including cell growth, differentiation, apoptosis, metabolism and others (5). Several hallmarks of cancer associated with neoplastic growth promote increased ROS levels inducing elevated oxidative stress (6). This cellular redox imbalance has been found in glioblastoma. High quantities of ROS into the cells can react with macromolecules, including chromosomal and mitochondrial DNA, leading to damage and malfunction of DNA repair enzymes (7). Therefore, new treatments able to modulate this redox status may be a feasible therapeutic approach against glioblastoma.

Natural products have been exploited extensively to new pharmaceuticals development to treat several diseases. A. satureioides Lam. (DC) (Asteraceae) popularly known as “marcela” have received particular attention for their pharmacological activities (8). This plant is native medicinal herb in South America, used in Brazilian folk medicine as an analgesic, sedative, anti-inflammatory and mainly to treat gastrointestinal disorders (9, 10). Plants are continuously involved in crosstalk with endophytic microorganisms leading to the selection of specific functional traits (11). Indeed, endophytic fungi produce a variety of bioactive metabolites that may directly or indirectly be used as therapeutic agents (12–14). These microorganisms have also been found to produce the same important natural products synthesized by the host plant, such as alkaloids, phenols, coumarins, steroids, terpenoids, peptides and others with anticancer properties (15). Although the chemical constituents and the biological properties of genus Achyrocline have been extensively studied (16–18), there are no evidence about the endophytic fungi associated with this genus and the possible therapeutic activities of these microorganisms. Additionally, considering the role of redox status in glioblastoma aggressiveness and how this imbalance contribute to gliomagenesis (7), it becomes important the investigation of new therapeutic agents that modulate redox status. Therefore, in present study we evaluated the selective antiglioma activity of crude organic and fractionated extracts of endophytic fungus from A. satureioides and their effects in the modulation of redox environment on glioblastoma through evaluation of oxidative stress biomarkers. Additionally, phytochemical characterization was performed and the macrolide (macrocyclic lactone) Sch-642305 was identified as one of the bioactive molecules with promising antiglioma activity produced by endophytic fungus from A. satureioides.

MATERIALS AND METHODS

Chemicals

Dulbecco's modified Eagle's medium (DMEM); fungizone; penicillin/streptomycin; 0.5%trypsin/EDTA solution and fetal bovine serum (FBS) were obtained from Gibco (Gibco BRL, Carlsbad, CA, United States). 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES); sodium bicarbonate (NaHCO3), Dimethylsulphoxide (DMSO); 3(4, 5-dimethyl)-2,5diphenyl tetrazolium bromide (MTT) were purchased from Sigma Chemical Co. (St. Louis, MO, United States). Trichloroacetic acid and hydrogen peroxide were purchased from Synth® (Brazil). All other chemicals and solvents used were of analytical grade. Agar and dextrose was provided by Dinâmica (Dinâmica Química Ltda, Diadema, SP, BR).

Collection of Plant Tissue and Isolation of Endophytic Fungi

Stems of A. satureioides (Lam.) D.C. were collected at Transbrasiliana Highway (Rio Grande do Sul, Brazil; geographic coordinates: 31°44′34.7″S and 54°09′19.2″W) and it was identified by Dra. Raquel Ludke from the Botany Department (Biology Institute, UFPel), and a voucher specimen was deposited under the code PEL N° 21079. Surface sterilization of healthy stems was performed according Bertozzo and Machado (19), with some modifications. Briefly, tissue material was thoroughly washed using distilled water, sterilized with 70% ethanol for 30 s and 2% sodium hypochlorite for 30 min, then rinsed with sterile distilled water for three times to accomplish surface sterilization. Next, samples were cut into 6–8 pieces (6–10 mm in size), placed on water-agar medium and incubated at 25 ± 2°C under controlled light conditions (Thelga; Dom Bosco, MG, BR). Following 7 days of culture, hyphal tips of fungi that emerged was periodically picked on petri plates containing 1.7% PDA (potato-dextrose-agar) medium for purification and maintained at same conditions described above. Stock cultures were stored at 25 ± 2°C and maintained in the culture collection of NeuroCan Laboratory (UFPel).

Morphological Identification of Endophytic Fungus

Isolated fungi were observed and identified at the genus level by culture and microscopic characters of asexual/sexual spores, according Rocha et al. (20) with modifications. Briefly, endophytic fungus was seeded in 500 μL of PDA medium distributed on a slide held inside petri dish containing a filter paper soaked in sterile distilled water to maintain the moisture of the system for 20 days at 25°C. After that, the endophytic fungus was stained with cotton blue to identify its morphology under light microscopy. The identification was based on published descriptions.

Preparation of Crude Extracts

The endophytic strain was cultivated on 1.7% PDA medium at 25 ± 2°C under controlled light conditions. Then plugs of mycelium (about 8 mm diameter) from the edges of 7-day-old cultures were cut and inoculated aseptically into a 250 mL Erlenmeyer flask containing 100 mL of 1.7% potato-dextrose-broth (PDB) medium (1 plug per 100 mL of medium), and incubated at 25°C for 25 days. Therefore, the mycelium was separated from the liquid culture medium by filtration and the secondary metabolism compounds released into the liquid culture medium by the endophytic fungus were extracted by using organic solvents dichloromethane (DCM) and ethyl acetate (EtAc) at 1:2 ratio. After that, all extracts were evaporated in a rotary evaporator under reduced pressure (Rota-evaporador MA120-Marconi) (21).

Fractionation of Crude Extracts

Solid phase extraction (SPE) was performed according to Aguiar-Galvão et al. (22), using a Supelclean (C18, 500 mg) reverse phase cartridges. Briefly, 20 mg of sample were dissolved in 200 μL of methanol (MeOH). Cartridge use was preceded by activation of the adsorbent with 5 mL of MeOH, followed by conditioning with 5 mL of milli-Q water. Afterwards, the sample was applied to the cartridge and eluted sequentially with 5 mL of the following eluents: H2O (F1); H2O/MeOH 25% (F2), H2O/MeOH 50% (F3), H2O/MeOH 75% (F4), and finally MeOH (F5).This procedure was repeated twice for each sample. Collected fractions were dried in a SpeedVac (Thermo-Fisher) vacuum centrifuge at 40°C for 24 h. Fractions obtained from DCM extract (eDCM) were named as F1DCM, F2DCM, F3 DCM, F4DCM, and F5DCM, while fractions from EtAc extract (eEtAc) were named as F1EtAc, F2EtAc, F3EtAc, F4EtAc, and F5EtAc.

Ultra-Performance Liquid Chromatography-Mass Spectrometry (UPLC-MS)

UPLC-MS analysis were performed on a chromatograph coupled to mass spectrometers (UPLC-QTOF Waters Acquity/Xevo) and equipped with an electrospray ionization interface (ESI) and a Waters Acquity BEH C18 column (150 × 2.1 mm, 1.7 μm). Mobile phase was composed by H2O (A) and acetonitrile (B), both containing formic acid (0.1% v/v). Elution gradient ranged from 2 to 95%, at a flow rate of 500 μL/min. Samples were pre-filtered on 0.22 μm PTFE syringe filters (Simplepure, United States). The fractions were analyzed in the positive (PI) and negative (NI) ionization modes in a range of 100-1,200 Da. ESI conditions were defined as follows: capillary voltage 2800 V, cone voltage 40 V, source temperature 120°C, dissolution temperature 330°C, cone gas flow of 20 L/h, gas desolvation flow 600 L/h, and MCP (microchannel plate voltage)-detector at 1,900 V. The compound identification was based on the molecular formula deduced from the exact mass (4 decimal places), considering a mass error lower than 5 parts per million (ppm), the isotopic ion pattern (i-fit) and the ion fragmentation pattern compared to literature data (22).

Nuclear Magnetic Resonance Spectrometry (NMR)

Hydrogen and Carbon NMR (1H and 13C), one- and two-dimensional, were accomplished in an DD2Agilent spectrometer (14.1 T), equipped with a 5 mm reverse detection probe, operating at the frequencies of 1H and 13C at 599.56 and 150.77 MHz, respectively. Samples were dissolved in 0.6 mL of deuterated methanol (MeOD, Cambridge Isotope Laboratories) and analyzed in 5 mm glass tubes. The chemical shifts (δ) were expressed in ppm and referenced by the hydrogen signal of the non-deuterated residual molecules from the deuterated solvent (δH 3.31) and the central carbon peak of the deuterated solvent (δC 49.15). NMR analyses were recorded at 26°C employing basic pulse sequences. For one-dimensional 1H and 13C experiments the following values were established for the acquisition parameters, respectively: spectral widths of 16 and 252 ppm, acquisition times of 1.7 and 0.865 s, pulse widths of 45° of 4.15 and 3.20 μs (58 dB), number of transients of 16 and 32 K, and relaxation time of 1 s.The one-dimensional experiments were acquired with 32,768 points and processed with 65,356 points. The two-dimensional homonuclear (COSY) and heteronuclear correlation spectra were acquired by pulsed gradient field, employing a number of transients of 16 and 32, respectively. In the COSY, 897 × 128 points were used for the acquisition data matrix and 4,096 × 4,096 points for the processing, while for the HSQC (Heteronuclear Single Quantum Coherence) and HMBC (Heteronuclear Multiple Bond Correlation) experiments 1,142 × 256 points on acquisition and 4,096 × 2,048 points in processing.

General Cell Culture Procedures

Rat C6, human U87MG and U138MG glioblastoma cell lines were obtained from American Type Cell Collection (Rockville, Maryland, USA). Cells were grown in culture flasks and maintained in Dulbecco's Modified Eagle's Medium (DMEM) (pH 7.4) containing 1% DMEM (Gibco BRL), 8.4 mM HEPES, 23.8 mM NaHCO3, 0.1% fungizone, 0.5 U/mL penicillin/streptomycin and supplemented with 10% (v/v) FBS. Cells were kept at 37°C in a humidified atmosphere with 5% CO2. Astrocyte cultures were prepared as previously described by Da Frota et al. (23). Briefly, cortex of newborn Wistar rats (1–3 days old) were removed and dissociated mechanically in Ca+2 and Mg+2-free balanced salt solution (CMF) (pH 7.4) containing 137 mM NaCl, 5.36 mM KCl, 0.27 mM Na2HPO4, 1.1 mM KH2PO4, and 6.1 mM glucose. Dissociated tissue was subjected to centrifugation at 1,000 g for 5 min. Thereafter, the pellet was suspended in DMEM (pH 7.6) supplemented with 10% FBS. Then, cells (5 × 104) were seeded in poly-L-lysine-coated 96-well plates. Cultures were allowed to grow to confluence by 20–25 days and the medium was replaced every 4 days. All procedures used in the present study followed the “Principles of Laboratory Animal Care” of the National Institutes of Health and were approved by the Ethical Committee of UFPel (CEEA 4755).

Cell Culture Treatment

Dried crude organic, fractionated extracts or Sch-642305 were dissolved in DMSO at stock concentration of 10 mg/mL and further diluted in DMEM/10% FBS to obtain a concentration range from 0.625 to 200 μg/mL. Glioblatoma cell lines C6, U87MG and U138MG were seeded at 5 × 103 cells (96-well plates) for cytotoxicity experiments and allowed to grown for 24 h. Astrocyte cultures were prepared as described above. Cell cultures were treated for 24, 48, or 72 h. In order to analyze clonogenic potential of C6 glioma following treatment, cells were seeded in 6-well plates (3 × 102 cells) and treated with crude extracts and fractions at concentrations close to inhibitory concentration 50% (IC50) following 48 h of exposure. To perform cell cycle and apoptosis/necrosis analysis, C6 glioma cells were seeded in 6-well plates (1 × 105 cells/well) and treated with eDCM and eEtAc crude extracts and F3EtAc fraction at concentrations close to IC50, while compound 1(Sch-642305) was evaluated at 1 μg/mL after 48 h of exposure. In addition, oxidative stress biomarkers were determined in C6 glioma cells seeded in 6-well plates (3 × 105 cells) exposed to eDCM and eEtAc crude extracts, F3DCM, F3EtAc and Sch-642305 following 48 h of treatment. Cells exposed to DMSO (0.05% final concentration) were considered control.

Cytotoxicity Study

Cell Viability Assay

Cell viability was evaluated by determination of the soluble 3-(4.5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium bromide (MTT) reduction by cell dehydrogenases (24). This method is based on the ability of viable cells to reduce MTT and form a blue formazan product. MTT solution (sterile stock solution of 5 mg/mL) was added to the incubation medium in the wells at a final concentration of 0.5 mg/mL. Glioma cells and astrocytes were left for 90 min at 37°C in a humidified 5% CO2 atmosphere. The medium was then removed and precipitate was eluted with DMSO. The optical density of each well was measured at 492 nm in a microplate reader (SpectraMAX 190). Results were expressed as percentage of control.

Cell Proliferation Assay

Sulforhodamine B (SRB) colorimetric assay was used for cell density and cytotoxicity determination, based on staining of total cell protein content with SRB dye (25). Briefly, cultures were washed and fixed with 50% trichloroacetic acid (w/v) for 30 min (4°C); cells were washed 5 times with dH2O, stained with 0.4% SRB (w/v) for 45 min (RT) and washed 5 times with 1% acetic acid (v/v). Finally, SRB complexes were eluded in 10 mM Tris buffer following by 15 min shaking. Absorbance was measured at 540 nm in a microplate reader (SpectraMAX 190). Results were expressed as percentage of control.

Cell Migration Assay

In order to investigate changes in cell migration, the wound healing assay was carried out as described in a previous report (26). Briefly, a pipette-200 tip was used to create a lesion in the cell monolayer to generate the “wound.” C6 and U138MG cell cultures were washed with PBS to remove debris and cells were treated with Sch-642305 (0.5 μg/mL). Closure of the wound was monitored in an inverted microscope (40x) at time intervals of 0, 18, 24, and 48 h after scratching the monolayer. Quantitative analysis of the cell-free slit was measured by software ImageJ 1.51j8 (National Institutes of Health, USA) and the inhibition of cells migration was expressed in percentage.

Clonogenic Assay

Clonogenic assay is an in vitro cell survival method based on the capability of a single cell to grow into a colony, which can be used to determine the effectiveness of cytotoxic agents (27). Following 48 h treatment, C6 cells (3 × 102 cell/well) were seeded in 6-well plates and cultured for additional 10 days in absence of treatment. Then, cells were fixed with ice-cold methanol (100%) and stained with crystal violet 1% (w/v) to visualize colonies. Colonies were counted using microscope (40x) and length of colonies were determined using software ImageJ 1.51j8 (National Institutes of Health, USA).

Cell Cycle Analyses

Following 48 h of treatment, cell cycle analyses was performed as described by Viau et al. (28). The medium and the cells were harvested and centrifuged (10 min; 1,000 g). Supernatant was removed and cell pellet was washed once with PBS and fixed with 70% EtOH. After 2 h, cells were washed and incubated with staining solution (1% Triton X-100, 2 mg/mL RNase, 2 mg/mL propidium iodide (PI) in PBS). After 30 min, data were collected using FACS Calibur Flow Cytometer (BD Bioscience, Mountain View, CA, United States). Results were expressed as percentage of control.

Cell Death Analyses

Apoptotic or necrotic cells were quantified using annexinV-FITC-PI double staining as described by Viau et al. (28). Following 48 h of treatment, the medium and the cells were harvested and centrifuged (10 min at 2,000 g). Cell pellet was washed twice with PBS and it was incubated (5 min, RT) with a biding buffer containing FITC-conjugated annexin V and PI, following manufacture instructions. Apoptotic and/or necrotic cells were quantified using FACS Calibur Flow Cytometer (BD Bioscience, Mountain View, CA, USA). Cells were classified as follows: viable cells (Annexin−/PI−), early apoptotic (Annexin+/PI−), late apoptotic (Annexin+/PI+) or necrotic cells (Annexin−/PI+). Results were expressed as percentage of control.

Oxidative Stress Parameters

Determination of Reactive Oxygen Species (ROS)

Intracellular generation of ROS was determined by DCFH assay as described by Dos Santos et al. (29). This method is based on the oxidation of 2′-7′- dichlorodihydrofluorescein diacetate (DCFH-DA) to dichlorofluorescin (DCFH) by intracellular esterases, which is trapped within the cell. Thereby, DCF-DA reacts with ROS emitting fluorescence. In brief, following 48 h of treatment, cultures were incubated with 1 μM DCFH-DA for 30 min and fluorescence was measured at 488/525 nm in a microplate reader (SpectraMax M3). ROS production was reported as percentage of control.

Superoxide Dismutase (SOD) Activity

SOD activity was assayed as described by Misra and Fridovich (30). This assay is based on the inhibition of superoxide-dependent adrenaline auto-oxidation to adenochrome. This reaction is intermediate by superoxide, which is scavenged by SOD. The absorbance was measured at 480 nm in a microplate reader (SpectraMax M3) and the results were expressed as percentage of control.

Catalase (CAT) Activity

CAT activity was measured as described by Aebi (31). This assay is based on the decomposition of 30 mM hydrogen peroxide (H2O2) in 50 mM potassium phosphate buffer (pH 7.0) continuously monitored at 240 nm for 180 s at 37°C. CAT activity was reported as percentage of control.

Glutathione Peroxidase (GPx) Activity

GPx activity was measured using a commercial kit (RANSEL®; Randox Lab, Antrim, United Kingdom). This assay is based on oxidation of GPx catalyses glutathiose (GSH) by cumene hydroperoxide. In presence of glutathione reductase (GR) and NADPH, the oxidized glutathione (GSSG) is immediately converted to the reduced form with concomitant oxidation of NADPH to NADP+. NADPH disappearance was measured at 340 nm and GPx activity was reported as percentage of control.

Total Sulfhydryl Content Quantification

Total sulfhydryl content was determined according to Aksenov and Markesbery (32). This process is based on the reduction of 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB) by thiols, whose reaction form an oxidized disulfide generating a yellow derivative (TNB). The reaction was started by the addition of 5,5′-dithio-bis(2-nitrobenzoic acid) (DTNB).The absorbance was measured at 412 nm in a microplate reader (SpectraMax M3) and the results were expressed as percentage of control.

Statistical Analysis

Statistical analysis was carried using GraphPad Prism 5 software. Data were expressed as mean ± standard error (SEM) and were subjected to analysis of variance (ANOVA) followed by Tukey post-hoc test for multiple comparisons. Differences between mean values were considered significant when P < 0.05.

RESULTS

Isolation and Identification of Endophytic Fungus

Here, endophytic fungus was isolated from stems of A. satureioides and named as MF31b11. Endophyte exhibited filamentous colonies with cottony aspect and regular edge, which color ranges from white to brown. Upon microculture analysis, septate conidiophores and cylindrical phialides were observed at microscope. However, structural characterization of the conidia and phialides difficulties did not allow morphological identification of the endophyte.

Endophytic Fungus Extracts Selectively Decrease Glioma Cell Proliferation and Viability

In order to evaluate whether MF31b11 exhibits antitumor activity, in the first set of experiments the liquid culture of isolated fungus was submitted to extraction with DCM and EtAc, which were chosen to isolate molecules with differential chemical properties. The resultant crude extracts (eDCM and eEtAc) were used to determine the citotoxicity of secondary metabolites produced by MF31b11. Rat C6 and human U87MG glioma cell lines were exposed to increasing concentrations of crude extracts for 24, 48, or 72 h. Extract concentrations applied were determined in previous experiments (data not shown) and ranged from 0.625–10 μg/mL to 12.5–200 μg/mL for eDCM and eEtAc, respectively. As shown in Figure 1, eDCM and eEtAc inhibited ~90% C6 (Figures 1A,C) and U87MG (Figures 1B,D) glioma cell proliferation following 72 h of treatment and the effect was time and concentration-dependent, as determined by SRB assay. Additionally, eDCM exhibited stronger antitumor activity when compared to eEtAc in both glioma cell lines as indicated by IC50 values, which ranged from 0.45–6.22 μg/mL to 33.59–129.2 μg/mL for eDCM and eEtAc, respectively (Figure 1). The effect of crude extracts on glioblastoma cell viability was also evaluated by MTT assay (Figure 2). Results show that both extracts decreased glioma viability in a time-dependent manner and eDCM was more cytotoxic than eEtAc (Figures 2A–D), confirming the previous data (Figure 1). Notably, eDCM and eEtAc did not alter normal astrocyte cell culture viability (Figures 2E,F), indicating selective effect against tumor cells.
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FIGURE 1. Comparative effect of eDCM and eEtAc on glioma cell proliferation. C6 (left panel) and U87MG (right panel) glioma cell lines were exposed to increasing concentrations of eDCM (A,B) and eEtAc (C,D). Cell proliferation was determined by SRB assay following 24, 48, or 72 h of treatment, as indicated. Values represent the mean ± SEM from at least three independent experiments performed in triplicate. Data were analyzed by ANOVA followed by post-hoc comparisons (Tukey test). *, **, *** Significantly different from control cells (P < 0.05, P < 0.01, and P < 0.001, respectively).
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FIGURE 2. Comparative effect of eDCM and eEtAc on glioma cell viability. C6 (left panel) and U87MG (right panel) glioma cell lines were exposed to increasing concentrations of eDCM (A,B) and eEtAc (C,D) for 24, 48, or 72 h of treatment, as indicated. In addition, primary astrocyte cultures were exposed to higher concentrations of crude extracts for 48 h (E) and 72 h (F). Cell viability was determined by MTT assay. The values represent the mean ± SEM from at least three independent experiments performed in triplicate. Data were analyzed by ANOVA followed by post-hoc comparisons (Tukey test). *, *** Significantly different from control cells (P < 0.05 and P < 0.001, respectively).



Fractionated Extracts Exhibit Selective Antiglioma Effect

To better investigate which molecule(s) were involved in eDCM and eEtAc antiglioma activity, crude extracts were fractioned as described in material and methods and its citotoxicity was determined in C6, U87MG, and U138MG glioma cells by SRB and MTT assays as above. From 10 obtained fractions, 6 identified as F1DCM, F2DCM, F3DCM, F4DCM, F3EtAc, and F4EtAc showed significant cytotoxic activity against glioma cell lines (Figure 3). The variability of antitumor effect could be observed by IC50 values, which ranged from 0.95 to 131.3 μg/mL and may be related to differential chemical properties exhibited by these fractions, as well as the cell line tested, as expected. Citotoxicity analyses were also performed using MTT assay at the same experimental conditions (Figure 4). In a general way, cell viability results and IC50 values obtained were according to antitumor potential exhibited by these fractions. Interestingly, although the antiglioma effect exerted by fractions, no alteration was observed in primary astrocyte cell viability after 48 h of exposure (Figure 4G), reinforcing selective antiglioma activity.
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FIGURE 3. Comparative effect of fractionated extracts from eDCM and eEtAc on glioma cell proliferation. Glioma cell lines were exposed to increasing concentrations of F1DCM, F2DCM, F3DCM, F4DCM, F3EtAc, and F4EtAc fractions (A–F, respectively). Cell proliferation was determined by SRB assay following 48 h of treatment. The values represent the mean ± SEM from at least three independent experiments performed in triplicate. Data were analyzed by ANOVA followed by post-hoc comparisons (Tukey test). a, b, c Significantly different from C6, U87MG, and U138MG control cells, respectively (P < 0.001).
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FIGURE 4. Comparative effect of fractionated extracts from eDCM and eEtAc on glioma and astrocyte cell viability. Glioma cell lines were exposed to increasing concentrations of F1DCM, F2DCM, F3DCM, F4DCM, F3EtAcand F4EtAc fractions (A–F, respectively). In addition, primary astrocyte cultures (G) were exposed to the higher concentration of F1DCM (10 μg/mL), F2DCM (75 μg/mL), F3DCM (10 μg/mL), F4DCM (10 μg/mL), F3EtAc (100 μg/mL) and F4EtAc (100 μg/mL) fractions. Cell viability was determined by MTT test after 48 h of treatment. The values represent the mean ± SEM from at least three independent experiments performed in triplicate. Data were analyzed by ANOVA followed by post-hoc comparisons (Tukey test). a, b, c Significantly different from C6, U87MG, and U138MG control cells, respectively (P < 0.001).



Extracts and Fractions of Endophytic Fungus Decrease Glioma Cell Colony Formation

Clonogenic assay was employed to determine the reproductive cell death and effectiveness of cytotoxic agents (27). C6 cells were treated with crude extract or fractions at concentration corresponding to IC50 and colony length and formation was determined as described in material and methods. eDCM and eEtAc crude extracts, F2DCM, F3DCM, and F3EtAc fractions decreased in 83, 76, 88, 99, and 58%, respectively, C6 glioma colony formation when compared to control (Figures 5A–K). Colony length was also decreased by 59, 46, 37, 59, 52, 49, and 33% following exposure to eDCM, eEtAc, F1DCM, F3DCM, F4DCM, F3EtAc, and F4EtAc, respectively (Figures 5L,M). Taken together, data obtained from clonogenic, proliferation and cell viability analyses point F3DCM as the most effective antiglioma fraction when compared to the others. Therefore, further experiments of phytochemical analysis of this fraction were performed.
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FIGURE 5. Analysis of crude organic and fractionated extracts effect on C6 glioma colony formation. Glioma cells were exposed to eDCM (2.5 μg/mL), eEtAc (50 μg/mL) crude extracts and F1DCM (7.5 μg/mL), F2DCM (25 μg/mL), F3DCM (1 μg/mL), F4DCM (10 μg/mL), F3EtAc (25 μg/mL), and F4EtAc (100 μg/mL) fractions at concentrations close to IC50 value (A–I). Colony number (J,K) and colony length (L,M) were determined by clonogenic assay following 48 h of treatment. Values represent the mean ± SEM from at least three independent experiments performed in triplicate. Data were analyzed by ANOVA followed by post-hoc comparisons (Tukey test). *, **, *** Significant different from control cells (P < 0.01 and P < 0.001 respectively).



Structural Elucidation of Compound 1

1H-NMR spectrum (MeOD) of the metabolite isolated from F3DCM (Table 1) exhibited signals at δ 7.93 (1H, d, H-3) and 5.96 (1H, dd, J = 10 Hz, H-2), which were characteristics of oleofinic hydrogens. Signals at δ 5.05 (1H, m, H-11) and 4.22 (1H, t, J = Hz, H-4) were related to hydrogens of oxygenated carbon. Moreover, eight signals in the region of δ 2.83 −1.28 were attributed to alkyl hydrogens. The 13C NMR spectrum (Table 1) showed fourteen resonances, of which one was consistent with ketone carbonyl (δ 202.5, C-1) and one with ester carbonyl (δ 173.8, C-12). Resonances at δ 149.5 (C-12) and δ 130.7 (C-2) were associated to olefinic carbons, while signals at δ 74.8 (C-11) and δ 67.2 (C-4) were attributed to oxygenated sp3 carbons. The eight remaining signals were associated to alkyl carbons (Table 1).


Table 1. 1H and 13C NMR data (one and two dimensional) of Sch-642305 (MeOD).
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The edited 1H-13C HSQC-NMR of compound 1 revealed the correlations of the hydrogenated carbons and allowed differentiating the CH and CH3 signals from CH2. Thus, 6 methylene carbons, 5 methylene carbons, 1 methyl carbon and 2 non-hydrogenated carbons (carbonyls) were identified. The couplings observed in the COSY spectrum (Table 1) confirmed the vicinal and geminal hydrogens of the alicyclic carbon chain.

The high resolution mass spectrum (Figure 6) exhibited precursor ions [M+H]+ at m/z 251.1885 and [M-H]−atm/z 253.1435 consistent with the molecular formula C14H20O14, suggesting a bicyclic hydroquinone lactone.


[image: image]

FIGURE 6. High-resolution mass spectrum of compound 1, obtained in negative (A) and positive (B) ionization modes. (C) Structure of characterized molecule Sch-642305.



1H-13C HMBC-NMR spectrum (Table 1) allowed the characterization of the hydroquinone ring through the following correlations to two and three bonds: olefinic hydrogens at δH 7.03 and 5.96 (H-3 and 2) with the carbonyl at δC 200.3 (C-1) and the carbinolic carbon at δC 67.2 (C-4). Lactone was characterized by the coupling of aliphatic hydrogen at δH 2.68 (H-11) and hydrogen bonded to oxygenated carbon at δH 5.05 (H-11) with the carbonylat δC 173.8 (C-12). The hydroquinone and lactone ring junctions were confirmed by the coupling of the methinic hydrogens at δH 2.83 (H-5) and 2.66 (H-6) with the methilene carbons at δC 39.9 (C-13) and 24.3 (C-7), respectively, besides the ketone carbonyl at δC 200.3 (C-1). Finally, comparison of 1H and 13C NMR data with those in the literature confirmed the chemical structure of compound 1 (Figure 6C) (33), which was characterized as (4S,8aR,12S,12aR)-12-hydroxy-4-methyl-4,5,6,7,8,8a,12,12a-octahydro-1H-3-benzoxecine-2,9-dione (IUPAC name), a 10-membered macrolide (macrocyclic lactone) known as Sch-642305.

Sch-642305 Promoted Antiproliferative Effect, Decreased Glioma Cell Colony Formation and Migration

Sch-642305 induced antiproliferative activity against C6 and U138MG glioma cells, exhibiting a concentration-dependent profile for both cell lines evaluated following 48 h of treatment. The IC50 values obtained for C6 cells was 1.1 and 3.4 μg/mL (4.36 and 13.5 μM) and for U138MG was 7.6 and 15.20 μg/mL(30.1 and 60.24 μM) for SRB and MTT assays, respectively, as indicated in (Figures 7A,B,D,E). Interestingly, Sch-642305 did not alter primary astrocyte cell viability (Figure 7C), suggesting a selective effect against glioma cells. The cytotoxic activity of F3DCM fraction without the presence of lactone, named as “supernatant F3DCM” (SN F3DCM) was also investigated. SN F3DCM exhibited antiproliferative effect against C6 and U138MG glioma cells. The IC50 values obtained for C6 cells was 2.0 and 5.6 μg/mL and for U138MG was 11.3 and 15.97 μg/mL for SRB and MTT assays, respectively (Figures 7A,B,D,E). The exposure of C6 or U138MG glioma cells to Sch-642305 and SN F3DCM in association induced cytotoxicity with values of IC50 1.6/13.09 and 3.5/15.43 μg/mL as determined by SRB and MTT assays, respectively (Figures 7A,B,D,E).


[image: image]

FIGURE 7. Analysis of Sch-642305, SN F3DCM and association SN F3DCM+Sch-642305 effect cytotoxicity (C6, U138MG and astrocytes) and colony formation (C6 glioma). Cytotoxic activity on C6 and U138MG glioma cells was determined by SRB (A,D) and MTT assays (B,E). Cell viability of primary astrocyte culture was measured by MTT (C). Colony number and colony length were determined in C6 cells by clonogenic assay following 48 h of treatment (F–J). Values represent the mean ± SEM from at least three independent experiments performed in triplicate. Data were analyzed by ANOVA followed by post-hoc comparisons (Tukey test). *, **, ***Significantly different from control cells (P < 0.05, P < 0.01 and P < 0.001, respectively). a, b, c, d Significantly different from F3DCM, Sch-642305, SN F3DCM and SN F3DCM+Sch-642305 control cells, respectively (P < 0.001).



The potential of Sch-642305 and SN F3DCM to modulate glioma clonogenic activity was determined in C6 cells. Sch-642305 (1.1 μg/mL or 4.36 μM) or SN F3DCM (1 μg/mL) decreased C6 glioma colony formation by 70 and 45%, respectively, and reduced the colony length by 58 and 37%, respectively, when compared to control (Figures 7F–J). Finally, Sch-642305 (0.5 μg/mL or 1.98 μM) inhibited 20 and 36% C6 and U138MG cell migration, respectively, when compared to control cells, following 48 h of exposure (Figures 8A–D). These results indicate that Sch-642305 contributed significantly to antitumor activity exhibited by F3DCM fraction. Therefore, it becomes interesting to elucidate the mechanisms involved in this effect.
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FIGURE 8. Analysis of Sch-642305 effect on C6 and U138MG glioma cell migration. C6 (A,B) and U138MG (C,D) glioma cells exposed to Sch-642305 (0.05 μg/mL). Cells were treated for 48 h and subsequently analyzed by capturing images in an inverted microscope (40x) at time intervals of 0, 18, 24, and 48 h after scratching the monolayer. The percentage of cell migration was determined by software ImageJ and GraphPad Prism. Data were analyzed by ANOVA followed by post-hoc comparisons (Tukey test). ***Significant different from control cells (P < 0.001).



The Effect of Extracts and Fractions of Endophytic Fungus on Cell Cycle Distribution and Cell Death

To better understand the antiproliferative effect mediated by crude extracts as well as the most effective fraction of eEtAc (F3EtAc) and Sch-642305 compound from F3DCM, cell cycle and cell death analyses were performed in C6 glioma following 48 h of treatment. Analysis of cell cycle distribution evidenced that eDCM (2.5 μg/mL), eEtAc (50 μg/mL) and F3EtAc (25 μg/mL) lead G2/M phase arrest of the cell cycle (11.34, 0.65, and 14.88%, respectively) and the formation of sub-G1 apoptotic cells (18.33, 34.08, and 10.61%, respectively; Figure 9),which are in accordance to apoptosis and late apoptosis rates observed in these cells by annexin V-PI staining (33/17%; 32/18%; 17/30%, respectively; Figures 10A–E: dot-plot data; panel F: quantification of annexin-V and/or PI cell staining). The isolated molecule, Sch-642305 (1 μg/mL) induced a cell blockage in G2/M phase (7%; Figure 9) and ~10% of apoptosis/late apoptosis in C6 cells (Figures 10E,F). These results suggest that the induction of C6 cell cycle blockage and apoptosis by extracts, fractions and Sch-642305 account at least in part for its antiglioma activity.
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FIGURE 9. Analysis of crude extracts, fractions and Sch-642305 effect on C6 glioma cell cycle. C6 glioma cells exposed to eDCM (1 μg/mL), eEtAc (50 μg/mL), F3EtAc (25 μg/mL) and Sch-642305 (1 μg/mL). Cells were treated for 48 h and subsequently analyzed by flow cytometry using PI staining to determine the distribution of cells on cell cycle. The percentage of cells on sub-G1, G1, S, and G2/M phases were shown in the graph.a, b, c, d Significantly different from Sub-G1, G1, S, and G2/M phases of control cells, respectively (P < 0.001).




[image: image]

FIGURE 10. Analysis of crude extracts, fractions and Sch-642305 effect on C6 glioma cell death. C6 glioma was exposed to eDCM (1 μg/mL), eEtAc (50 μg/mL), F3EtAc (25 μg/mL) and Sch-642305 (1 μg/mL). Cells were treated for 48 h and subsequently analyzed by flow cytometry using annexin V/PI double staining to determine cell death by apoptosis, late apoptosis or necrosis. (A–E). The percentage of viable cells is represented by the lower left quadrant; the percentage of apoptosis is represented by the lower right, the percentage of late apoptosis is represented by the upper right and the percentage of necrosis is represented by the upper left; (F) representative graph of cell death analysis. a, b, dSignificantly different from viable, apoptotic, and late apoptotic of control cells, respectively (P < 0.001).



Extracts and Fractions of Endophytic Fungus Alters Oxidative Stress Parameters in Glioma Cells

Alterations in ROS parameters are related to cancer progression (6). Indeed, C6 glioma cells exhibit increased ROS levels (5.7 fold; 752.56 vs. 191.95 nmol DCF/mg of protein) and SOD activity (1.98 fold; 479.41 vs. 338.45 U/mg of protein), while CAT activity was decreased (3.4 fold; 5.05 vs. 16.61 U/mg of protein) when compared to primary astrocyte cultures. Therefore, hydrogen peroxide accumulation due to increased SOD and reduced CAT activities may contribute to tumor cell proliferation. In line with this, redox potential of eDCM and eEtAc crude extracts and its respective more effective fractions was further evaluated in glioma cells. Notably, crude extracts increased in a concentration-dependent fashion antioxidant enzyme activities, namely SOD, CAT and GPx by 155, 200, and 55%, respectively, after treatment with eDCM (10 μg/mL; Figure 11A) and by 485, 270, and 255%, respectively, following treatment with eEtAc (200 μg/mL) when compared to control (Figure 11D). Additionally, eDCM and eEtAc induced an increase in total sulfhydryl (SH) content by 160% (10 μg/mL) and 80% (200 μg/mL), respectively (Figures 11A,D). In accordance to antioxidant activity of both extracts, ROS content was also decreased in a concentration-dependent manner when compared to control (Figures 11A,D). F3DCM fraction accounts for significant antioxidant activity exhibited by eDCM crude extract. As shown in (Figure 11B), F3DCM increased by 300, 500, 240 and 300% SOD, CAT, Gpx activities and SH content, respectively, when compared to control. In parallel, ROS content was decreased in a concentration-dependent manner. Data also revealed a promising redox potential of Sch-642305, which was isolated from F3DCM and accounts for ~30, 50, and 90% of SOD, CAT and ROS scavenger activities, respectively, exhibited by such fraction (Figure 11C). However, no statistical difference was observed on GPx activity. By other hand, F3EtAc promoted a modest effect on redox parameters when compared to eEtAc, increasing in 60, 270, and 86% SOD and CAT activities and SH content, respectively, when compared to control (Figure 11E). Finally, a comparative analysis of redox activity of eDCM/F3DCM/Sch-642305 (10 μg/mL) and eEtAc/F3EtAc (100 μg/mL) was performed (Figures 12A,B). In a general way, F3DCM fraction exhibited higher redox activity when compared to crude extract or to isolated lactone, which could be a result of synergic effect of different molecules enriched in this fraction (Figure 12A). Regarding extracts obtained using EtAc as solvent, eEtAc exhibited higher antioxidant activity when compared to F3EtAc, except for CAT activity (Figure 12B). Nonetheless, all treatments decreased in a similar manner ROS levels in glioma cells.
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FIGURE 11. Analysis of oxidative stress parameters in C6 glioma cells exposed to extracts and Sch-642305 macrolide of endophytic fungi from A. satureioides for 48 h. (A) eDCM extract; (B) F3DCM extract; (C) Sch-642305; (D) eEtAc extract and (E) F3EtAc extract. Values represent mean ± SEM of at least three independent experiments. Data were analyzed by ANOVA followed by post-hoc comparisons (Tukey test). a, b, c, d, eSignificantly different from control cells of ROS, SOD, CAT, GPx, and SH oxidative parameters, respectively.
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FIGURE 12. Comparative analysis of oxidative stress parameters in C6 glioma cells exposed to (A) eDCM, F3DCM, or Sch-642305 (10 μM); (B) eEtAc or F3EtAc (100 μM). Analyses were performed after 48 h of treatment. Values represent mean ± SEM of at least three independent experiments. Data were analyzed by ANOVA followed by post-hoc comparisons (Tukey test). a, b, cSignificantly different from control cells, crude extract (eDCM or eEtAc) and Sch-642305, respectively (P < 0.05).



Although already described limitations of DCFH-DA assay applied in the current study (34), this analysis associated to evaluation of the antioxidant non-enzymatic and enzymatic activities could be of some use in providing an indication of a change in the redox state of a cell (35). Therefore, taken together, these data suggest that bioactive metabolites produced by endophytic fungus modulate redox status of glioma cells which in turn, may affect cell cycle and death pathways, resulting in inhibition of glioma progression.

DISCUSSION

Natural products have played an important role in the development of therapeutic agents. Recent scientific reports have revealed hundreds of secondary metabolites produced from symbiotic microorganisms, especially endophytic fungi, which stand out their pharmacologic properties, especially antitumor activity (36–38). These microorganisms have been recognized as promising source of bioactive compounds that may act to inhibit or regulate the proliferation and cell cycle, being valuable in anticancer drugs discovery (36, 39, 40). Although several medicinal plant species are recognize to harbor many endophytic fungi, there are no reports describing the endophytic composition of A. satureioides.

In the present study, we described the isolation of endophytic fungus from A. satureioides and explored the cytotoxic activity against glioma cell lines. Endophyte isolated was named as MF31b11. Since an endophyte can produce a complex mixture of compounds, it becomes interesting to extract bioactive compounds using organic solvents in increasing order of polarity (21, 41). Overall, microbial metabolites released into the liquid culture medium by the endophytic fungus are often extracted with DCM and EtAc (21, 42, 43). In this study, DCM and EtAc were employed as solvents of lower and higher polarity, respectively, to obtain the secondary metabolite compounds produced by MF31b11.

Initially, we report antiglioma activity of DCM and EtAc crude extracts of endophyte isolated. The eDCM showed very promising antitumor activity with lowest IC50 of 4.0 μg/mL against rat C6 and human U87MG glioblastoma cell lines. This effect suggests that metabolites with antiglioma properties, produced by the endophytic fungus isolated, present low polarity. In contrast, both extracts did not promote cytotoxicity to primary astrocyte cultures. Recently, endophytic fungi have been shown to produce a plethora of new compounds (44, 45). These bioactive metabolites are interesting to development of new medicines. Therefore, to understand the selective antiglioma effect of both crude extracts, we performed a fractionation. F3EtAc and F3DCM fractions showed interesting cytotoxic effects with lower IC50 values 2 and 71 μg/mL, respectively. In addition, fractions induced significant inhibition of cell growth by clonogenic test, such as crude extracts. Clonogenic cell survival assay determines cytostatic effects of a cytotoxic agent, by measuring the proliferative ability of a single cell to form a clone and produce a viable colony (27, 46). Therefore, the size and the number of colonies represent indicators of the cell reproductive death (47).

Cell division, differentiation and death are controlled by several mechanisms ensuring tissue homeostasis (48, 49). Cell cycle involves regulation of DNA structure checkpoints, which arrest the cell cycle at the different phases in response to DNA damage or incomplete replication (50). Thus, deregulation of the cell cycle induces aberrant cell proliferation characteristic of cancer and loss of cell cycle checkpoint control promotes genetic instability (51). In this context, the cell cycle machinery represents an alternative target for diagnostic and therapeutic interventions (51). In present study, the cell cycle analysis of cells treated with eDCM (IC50 2.5 μg/mL) and eEtAc (IC50 50 μg/mL) crude extracts exhibited significant increase of apoptotic cell population on sub-G1 phase and decrease of cells on G1 stage. Apoptosis is characterized by several morphological changes, which include cell shrinkage, chromatin condensation, and nuclear fragmentation (52). Moreover, this process of programmed cell death has been recognized as one of the major causes that mediate inhibition of cell proliferation and may be therapeutically exploited for cancer treatment (38, 53). Several studies have been reported that accumulation of cells in sub-G1 phase indicates cell death by apoptosis characterized by DNA fragmentation (54–56). By other hand, F3EtAc fraction induced late apoptosis on glioma cells with increase of cells on G2/M phase and a corresponding decrease of cells in G1 stage. The G2/M checkpoint is a known target for cell cycle inhibition (57). Evidences suggest that numerous anticancer metabolites from endophytic fungi induce apoptotic death and cell cycle arrest at the G2/M phase (38, 58, 59).

Based on promising activity of F3DCM fraction the molecule identified by LC-MS analysis as Sch-642305, a 10-membered macrolide which showed anti-proliferative properties against C6 and U138MG glioma cells, with lower IC50 of 1.1 and 7.6 μg/mL, respectively (5 and 30.1 μM). Malignant gliomas are characterized by the diffuse invasion of distant brain tissue due to its migratory capacity, thus compounds with anti-migratory potential becoming interesting (60, 61). In this study, the Sch-642305 significantly decreased the migration of glioma cells. In addition, this molecule induced cell death mainly by apoptosis, accumulation of cells on G2/M stage, promoting alterations on a reproductive ability cells by inhibiting colony formation. Sch-642305 was first isolated from Penicillium verrucosum as a bacterial DNA primase inhibitor (62). Moreover, this lactone is described as the major compound produced by the endophytic fungus Phomopsis sp. with interesting cytotoxic activity against human colorectal carcinoma (HCT-116), human breast adenocarcinoma (MDA-MB-231) and human myelogenous leukemia (K562) (33, 63). However, there are no reports about the elucidation of its antiglioma activity and its antiproliferative mechanisms.

Several hallmarks of cancer, such as genomic instability, resistance to apoptosis, uncontrolled proliferation and angiogenesis are promoted by the increased ROS levels commonly found in tumor cells (6, 64). Glioblastoma is characterized by high quantities of ROS into the cells, as superoxide anion ([image: image]) and hydrogen peroxide (H2O2), favoring oxidative environment, cell damage and invasiveness of glioma cells (7, 65). We found that Sch-642305 inhibited oxidative stress, evidenced by increased SOD and CAT enzymes activity and suppression of ROS production. High levels of antioxidant enzymes are required to remove high levels of free radicals to protect against damage to brain tissues (66). SOD is the first line of enzymatic antioxidant defense which metabolizes [image: image] to H2O2 and water (67, 68). However, H2O2 when accumulated into the cells and tissue is highly toxic. In order to prevent this phenomenon, CAT acts in the detoxification of H2O2 and consequently reducing the damage induced by free radicals (69). In addition, Sch-642305 promoted increase of sulfhydryl content on glioma cells. This group of thiols consist an important non-enzymatic defense system playing a critical role in oxidative stress, apoptosis, detoxification and cellular signal transmission, and in enzymatic activities (70, 71). These results suggest that antiglioma effect of lactone isolated is due to reduction of ROS levels while increasing antioxidant defense.

Furthermore, eDCM and eEtAc also reduce oxidative damages against glioma cells due to increase of SOD, CAT and GPx antioxidant enzymes consequently, decrease of ROS production. GPx is an important intracellular enzyme that breakdown H2O2 to water, playing a crucial role of inhibiting lipid peroxidation process, thereby protecting cells from oxidative stress (69). Thus, these enzymes work in conjunction and therefore could be useful to determine the antioxidant status of several compounds (72, 73). Similarly, F3DCM and F3EtAc fractions also showed antioxidant activity against glioma cells. Our study also reveals that the synergism between Sch-642305 and others compounds present in F3DCM fraction induces changes in oxidative parameters like increases enzymatic and non-enzymatic antioxidant defense as well as suppress ROS generation. However, it is important to highlight that the Sch-642305 played an important role to antiproliferative activity and modulation of redox status against glioma cells exhibited by F3DCM fraction.

CONCLUSION

The current study is the first reporting about isolation of endophytic fungus from A. satureioides. Crude extracts showed cytotoxic activity against glioma cells by inducing apoptosis. Furthermore, F3DCM and F3EtAc fractions exhibited significant selective antiglioma activity and modulated cell redox status. In addition, our data describe structural identification and cytotoxicity of Sch-642305 from F3DCM fraction, which showed promising chemotherapeutic potential. Sch-642305 promoted cell death by apoptosis, decreased glioma cell migration, enhanced antioxidant defense system and suppressed ROS production. These data were summarized in the Supplementary Figure 1. Hence, our study highlights the role of Sch-642305 as a possible therapy for gliomas as well as the importance of endophyte in novel anti-cancer drug discovery, encouraging research in this field.
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Supplementary Figure 1. Metabolites produced by the endophytic fungus isolated from Achyrocline satureioides inhibit cell proliferation by inducing changes in the cell cycle, apoptosis and by reducing oxidative stress.
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