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Abstract

:

Abiotic elicitation, a well-known strategy in mushroom biotechnology, promotes increased accumulation of secondary metabolites in mycelial cultures. The study aimed the effects of methyl jasmonate (MeJA) on the production of triterpenes in submerged cultures of Ganoderma applanatum. Further, the study evaluated the cytotoxic activity of the extract corresponding to the optimal elicitation variant in selected human cancer cell lines as well as the selectivity against normal cells. MeJA was added on days 1, 4, 6, and 8 in the 10-day growth cycle at concentrations of 10, 50, 100, 150, and 200 µM MeJA. The HPLC-DAD was used to analyze the triterpenes. The cytotoxic activity was tested using the MTTFc assay in grouped panels of skin, prostate, and gastrointestinal cancer cells. The results of the quantitative analyses confirmed the stimulating effect of MeJA on the production of ganoderic acid A and ganoderic acid C. The greatest increase in total triterpenes was found on day 6 of the culture cycle compared to the control group—with the concentration of MeJA—150 µM. Compared to the control samples, mycelial culture extract after the most productive elicitation variant showed significant cytotoxic activity against prostate cancer cells and moderate effects on melanoma cells. Ganoderma applanatum mycelial cultures can be proposed as a model to study the dynamics of the accumulation of compounds with therapeutic values through abiotic elicitation.
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1. Introduction


Evidence from traditional far-Eastern medicine and modern scientific research confirms the potential value of mushrooms as pharmaceutical raw materials [1]. Ganoderma applanatum (Pers.) Pat. (Ganodermataceae, Basidiomycota), is a parasitic and saprotrophic mushroom widely distributed in the northern hemisphere. The fruiting bodies often develop on living trunks and branches and on the dead wood of deciduous trees, such as Acer sp., Fraxinus sp., Fagus sp., Tilia sp., Populus sp., Salix sp., and Quercus sp. They cause severe white rot in the wood [2]. There has been extensive research conducted on the chemical composition of the Ganoderma applanatum fruiting bodies, which revealed the presence of diverse groups of chemical compounds. These compounds include polysaccharides, sterols, proteins, and fatty acids [3,4,5]. Additionally, tannins, saponins, phenolic compounds, and flavonoids have also been identified [6,7,8]. Over 380 terpenoids (ganoderic/lucidenic acids, meroterpenoids) were isolated from the fruiting bodies [9]. Studies conducted on the biological activity of the extracts and individual compounds isolated from the fruiting bodies of Ganoderma applanatum have confirmed their beneficial properties for therapeutic applications. The biological activities of fruiting bodies include antitumor [10], anti-inflammatory, immunomodulating [11], antioxidant, antibacterial [12,13], hepatoprotective [14], hypoglycemic [15], and antifibrotic effects [16]. Numerous studies conducted on fruiting bodies, including their lanostane derivatives, confirm the significant cytotoxic potential of compounds that have a terpenoid structure. Several reports indicate that these compounds inhibited cell proliferation, angiogenesis, invasion, and metastasis, and induced cell cycle arrest and apoptosis in carcinoma cell lines and animal models [17].



Biotechnological processes play an important role in improving the production of these compounds since the isolation of triterpenes from fruiting bodies is an expensive process [18]. In the broad field of biotechnology, the study of higher fungi biotechnology is currently growing rapidly. The overriding task of the research is to make the best possible use of the biochemical potential of the fungi. Conducting mycelial cultures under laboratory conditions, regardless of climatic conditions, helps in obtaining valuable research material [19]. Further, this method can be used to stimulate the production of valuable secondary metabolites through the influence of various factors during the culture cycle. The mycelial cultures can be treated with elicitors, which can result in the production of secondary metabolites. Elicitation is one of the most promising methods used in plant and fungal biotechnology, which induces stress, thereby increasing their productivity [20]. Elicitation is the manipulation of metabolic and biochemical pathways. In plant and fungal physiology, “stress” is defined as biotic or abiotic factors that have the potential to modify the growth, reproduction, and function of an organism [21]. Abiotic elicitors can include physical factors (such as ultraviolet radiation, temperature, and mechanical damage) and chemicals (such as salicylic acid (SA), jasmonic acid (JA), and methyl jasmonate (MeJA)). The knowledge of the precise mechanism of elicitors’ actions is still limited. The induction of secondary metabolism pathways is considered to increase the ability of an organism to survive in a stressful environment. Elicitors can affect the stimulation of genes associated with the reactions of synthesis, and the accumulation of secondary metabolites [22].



Therefore, the aim of this work is to demonstrate the feasibility of enhancing triterpene production in submerged cultures of Ganoderma applanatum by adding MeJA as an exogenous elicitor. The effects of MeJA on the production of ganoderic acids A and ganoderic acids C were comparatively evaluated. Further, the study evaluated the cytotoxic activity of the extract corresponding to the optimal elicitation variant in selected human cancer cell lines as well as the selectivity against normal cells. Cytotoxic potential in human cell lines was assessed, with the cells grouped in three panels, representing the skin (melanoma HTB140 and A375, normal skin keratinocytes HaCaT), prostate (cancer DU145 and PC3, normal human prostate epithelial PNT2), and gastrointestinal tract (colon cancer Caco-2 and HT29, liver HepG2). Additionally, the interaction of the cells with the reference chemotherapeutic agent, doxorubicin, was assessed.




2. Results and Discussion


The research involved the study of the mycelial culture of Ganoderma applanatum. The experimental cultures were maintained as submerged cultivation. These experiments may provide an alternative source of obtaining medical compounds that are therapeutically valuable [9]. The relatively rapid multiplication of mycelium, compared to the growth of fruiting bodies in nature, is an advantage of following this method. The method can further be used to influence the regulation of mycelial metabolism through the addition of growth promoters, metabolic precursors, or elicitors, which increased the efficiency of the synthesis of bioactive compounds. In this study, MeJA, an abiotic elicitor, was added to the mycelial cultures of Ganoderma applanatum, at different concentrations and on selected days of the culture growth cycle. MeJA concentrations in the study were chosen based on data on the impact of the increase in MeJA level compounds in other mycelial cultures of wood decay of mushrooms.



2.1. Effect of Elicitor Addition on Biomass Growth


The study evaluated the effect of the elicitation on biomass growth and appearance. Throughout the experiment, homogeneous mycelium, free of contamination, was obtained in each culture series. There were also no infections with bacterial or other fungal strains due to regular monitoring by microscopic observations. The result of the analysis proved that the use of MeJA as an elicitor did not inhibit the growth of mycelium biomass (Figure 1).



The biomass increase was assessed by measuring the weight of biomass from each elicitation variant. The biomass was harvested after a 10-day growth cycle, drained from the medium, frozen, and lyophilized. A comparison of biomass increment values of control and experimental cultures after elicitation is shown in Figure 2.



The elicitor addition often caused a decrease in in vitro culture biomass growth while the production of secondary metabolites increased. Such a fact is well known in plant biotechnology studies and has been described before, e.g., MeJA elicitation in Fagonia indica adventitious root cultures [23]. In mycelial cultures, the regularity was observed in which the addition of elicitor does not inhibit the growth of mycelium [24].




2.2. Effect of Elicitor Addition on Triterpene Content in Mycelial Cultures


Chemical analyses using the HPLC-DAD method confirmed that the addition of the elicitor, MeJA, increased triterpene accumulation in the mycelial cultures of Ganoderma applanatum. The addition of MeJA on day 6 of the growth cycle caused the highest increase in triterpene accumulation in the experimental cultures. There was also a significant increase in the content of compounds with the addition of elicitor on day 8 of the culture cycle. The concentration of MeJA added can be a reason for this increase. The addition of MeJA at a concentration of 150 µM on day 6 of the culture cycle resulted in the highest triterpene content, which was a 7.5-fold increase compared to the control sample. On day 8 after MeJA elicitation at a concentration of 150 µM, an increase in total compound content was also observed and was 4.0-fold higher compared to the control sample. It was observed that lower concentrations of MeJA (0–10 µM) did not increase the accumulation of triterpenes in in vitro cultures. The amounts of ganoderic acids A and C in extracts of Ganoderma applanatum mycelial cultures after elicitation with methyl jasmonate are shown in Table 1.



The study attempted to increase the accumulation of secondary metabolites with the addition of the elicitor (MeJA), among others, in the mycelial cultures of Inonotus obliqus. There was a significant increase in the accumulation of lanostane-type triterpenes when MeJA was used as an elicitor at concentrations of 10–150 µM. The most significant result was a 68.5% increase in accumulation compared to the control sample, using MeJA at a concentration of 50 µM on day 6 of culture [24]. Another study was conducted on the MeJA elicitation of mycelial cultures of Inonotus baumii. In this study, the most effective increase in triterpene production was obtained at a MeJA concentration of 150 µM, compared to the control sample. At higher MeJA concentrations (200 and 250 µM), there was an increasingly lower content of triterpene compounds [25]. Additionally, there was an effective elicitation with MeJA in Ganoderma lucidum. The content of ganoderic acid was studied before and after the MeJA application. In this study, the optimal concentration of MeJA was 50 µM, where there was a 28.6% increase in the triterpene content compared to the control sample [26].



The studied relationship can be due to the phases of the growth cycle of the mycelial culture. The addition of an elicitor during the logarithmic phase of mycelium growth can result in the optimal effect of the elicitation process. The concentration of the added elicitor is significant: a higher concentration of the elicitor results in a stronger cellular response, which consequently leads to an increased accumulation of secondary metabolites [20]. However, an excessive concentration of the elicitor can have the opposite effect, leading to the activation of defense mechanisms. Consequently, this leads to a decrease in the amount of the accumulated secondary metabolites [22].



In the present study, the identification of the metabolites was performed by HPLC-DAD analysis. The peaks of ganoderic acids A and C were identified by comparing the UV spectra and retention times of the standard compounds. Qualitative analyses were supplemented using the standard internal method. The chemical compounds were quantified against their standards using the calibration curve method.



There are only limited data on the identification of individual compounds from Ganoderma applanatum fruit bodies. The first triterpenes isolated from the genus Ganoderma were ganoderic acids A and B from Ganoderma lucidum; this isolation was made in 1982 by T. Kubota [27].



In turn, the identity of ganoderic acid A and C in Ganoderma applanatum was confirmed in 2010 by selective liquid chromatography with tandem mass spectrometry (LC–MS/MS). Mass spectrometry detection was achieved with a triple quadrupole mass spectrometer equipped with an atmospheric pressure chemical ionization interface (APCI) operating in negative and positive ionization modes by switching the polarity once during the run. Due to this method, for the first time, the level of ganoderic acids was accurately determined in the fruiting bodies of Ganoderma applanatum [28].



The triterpenes present in the studied extracts, which belong to the lanostane type, have multidirectional biological activity along with therapeutic effects [29,30]. In in vitro studies, the activity of ganoderic acid A (Figure 3), among others, was demonstrated along with its antioxidant and anti-inflammatory properties [31]. Additionally, several studies have confirmed the cytotoxic activity in cancer cells—breast cancer, osteosarcoma, or liver cancer [29]. Further studies on the activity of ganoderic acid A can provide multiple opportunities for new applications of this molecule, such as in the treatment of obesity and insulin resistance. The inhibition of the SREBP (Sterol Regulatory Element-Binding Proteins) pathway—a pathway for the biosynthesis of cholesterol, fatty acids, and triglycerides—results in this activity. This compound may prove to be an important structure during the development of drugs to prevent obesity and build insulin resistance [32]. Ganoderic acid C (Figure 3), another compound determined in the research, also has numerous healing properties, such as antitumor, antihistamine, antiaging, and cytotoxic effects. Ganoderic acid C exhibits high inhibitory activity against rat lens aldose reductase (RLAR) with an IC50 value of 3.8 µM [33,34].




2.3. Validation


The validation parameters presented in Table 2 indicate that the developed method has a satisfactory sensitivity; the limit of detection (LOD) for ganoderic acid A was 0.047 mg/mL, and for ganoderic acid C was 0.068 mg/mL. The limit of quantification (LOQ) was 0.143 and 0.205 mg/mL, respectively. The recovery of the proposed method ranged from 98.57 to 101.19% and demonstrated an adequate accuracy of the method. The analysis of the values of coefficients of variation obtained for the quantitative analyses ranged from 0.15 to 1.44%, indicating suitable precision of the used method. The linearity for the determined substances was maintained in the concentration range of 0.125–1.000 mg/mL.




2.4. Cytotoxicity


The chemical analysis results led to the selection of the most productive elicitor testing strategy. The study selected the variable with MeJA added at a concentration of 150 µM on the 6th day of the culture cycle. The extract was compared with the control sample and ganoderic acid A, a reference substance. The selected extracts were screened for cytotoxicity against cancer cells, which were grouped into specially designed panels, i.e., skin, prostate, and gastrointestinal. This in vitro screening model included cancer cells from different malignancies and the corresponding normal cells. This experiment verified the cytotoxic potential of the tested compounds as well as their selectivity. The drug doxorubicin was used as a reference in the study.



The examined extracts and ganoderic acid A revealed varied cytotoxic activity in the tested cancer cell lines. The predominance of E1 (control extract) over E2 (extract obtained after elicitation (variant corresponding to the highest concentration of triterpenes)) was observed within the prostate and skin panel, while E2 extract was more potent to colon cancer cells. In some cases, the activity of the extracts was high (IC50 < 20 µg/mL), which was especially observed for E2 extract to Caco2 cells, and E1 extract to DU145 and A375 cells (Table 3).



In general, the extracts were more active in cancer cells characterized by lower malignancies, namely DU145, A375, and Caco2, when compared to the appropriate cancer cells of the same origin but more metastatic (PC3, HTB140, HT29). However, it should be underlined that highly metastatic prostate cancer PC3 cells were affected more strongly by both examined extracts than by doxorubicin, used as a reference cytostatic. Interestingly, ganoderic acid was much less potent to the examined cancer cells, in comparison to the extracts, except for HT29 cells (Figure 4). As far as the toxicity of the tested extracts and ganoderic acid to normal cells used in the study is concerned, they were characterized by high selectivity to prostate PNT2 and liver HepG2 cells. Skin keratinocytes, HaCaT, were moderately affected by E1 extract and ganoderic acid A, but not E2 extract (Figure 4).



Triterpenes are responsible for the cytotoxic activity of the extracts obtained from the fruiting bodies of the genus Ganoderma. This activity was determined for lucidadiol, 15α, 26-dihydroxy-5α-lanosta-7,9,24(E)-trien-3-one, and ganoderiol F, and so on. These compounds showed a strong cytotoxic potential against HeLa cells from human cervical cancer, with IC50 values of 1, 5, and 8 µM/L, respectively [35].



Other studies have confirmed that triterpene ganoderic acid S inhibits the cell cycle at the S1 phase of HeLa cells, while ganoderic acid Mf inhibits the G1 phase of the HeLa cervical cell line [36]. Further, it has been confirmed that ganoderic acid T can be a natural apoptosis inducer for highly metastatic lung tumors and can also be used to treat other tumor cell lines [37]. The study also attempted to elucidate the mechanism of the induced apoptosis in SGC-7901 cell lines against the Ganoderma applanatum extract. The main components determined from this extract were ganoderic acid A and ganoderic acid A [38]. Cytotoxicity against a human colon cancer cell line (Caco-2) was evaluated for the 80% methanol extract, which showed an IC50 value of 160 ± 4.08 μg/mL [17].



Several studies conducted in 2022 examined the cytotoxic activity of various species of fungi of the genus Ganoderma, including Ganoderma applanatum.



Among other things, the cytotoxic effects of extracts obtained from mycelial cultures of six Ganoderma species were tested against 16F10 mouse melanoma cells. Ganoderma carnosum extract was confirmed to have the highest activity of 43.29% at 0.15 mg/mL [39].



In the same year, a new triterpene was isolated from the ethanolic extract of the fruiting bodies of Ganoderma lucidum. This compound exerted moderate antitumor effects (IC50 values of 15.38 ± 0.34 and 18.61 ± 0.55 μM against A549 and HepG2, respectively) compared to cisplatin [40]. In addition, both new and previously known compounds with nor-triterpenoid structures were isolated from the fruiting bodies of Ganoderma lucidum. The cytotoxic effects of these compounds against LOVO, MCF-7, and RAW264.7 cells were evaluated. Moderate cytotoxicity of the compounds on the mentioned cell lines was demonstrated [41]. The Ganoderma australe species also proved to be a rich source of lostane-type triterpenoids: ganodaustralic acids A–G. For ganodaustralic acid G, weak cytotoxicity was demonstrated against SGC-7901 cells [42].



Valuable results were provided by the study of the anticancer potential of Ganoderma lucidum against prostate cancer cells (PC-3) by altering the JAK-1/STAT-3 signaling pathway. The findings demonstrate that Ganoderma lucidum is convincing for cytotoxicity, ROS accretion, and stimulation of apoptosis in PC-3 cells. Additionally, signal transducer and activating transcription (STAT-3) is a successive oncogenic transcriptional factor that regularizes multiplication and apoptosis in cells. The deletion of STAT-3 transcription was considered an original approach to hinder prostate cell growth [43].



This study extended the existing data on the cytotoxic potential of Ganoderma applantum. Additionally, it also provided results on the mycelial cultures of this species for the first time.





3. Materials and Methods


3.1. Experimental Mycelial Cultures


The initial cultures were established and maintained as reported previously [44]. This study involved the cultivation of mycelium in 300-mililitter Erlenmeyer flasks containing 100 mL of medium. The study used a medium according to Oddoux [45], the composition of which was modified during the many years of research carried out at the Department of Pharmaceutical Botany of the Jagiellonian University Medical College. Modification of the medium composition involved differences in the concentrations of the added macro- and micronutrients. The inoculum used in the study consisted of 20 mL of biomass derived from liquid cultures. Cultures were grown on a rotary shaker (Altel, Kraków, Poland) at 140 rpm. at a temperature of 22 ± 2 °C. All experimental variants included three series of cultures. The voucher specimens of the fruiting bodies and mycelial cultures were deposited in the Department of Pharmaceutical Botany of the Jagiellonian University Medical College.




3.2. Elicitation Procedure


The MeJA ethanolic solution was added to the liquid cultures on different days of the growth of the culture. MeJA solutions with the following concentrations were prepared for this purpose in volumetric flasks: 0 (addition of an ethanol solution without MeJA), 2, 5, 10, 50, 100, 150, and 200 µM. A control sample was also examined, to which neither MeJA nor ethanol was added. Each culture was run for 10 days, and MeJA was added on days 1, 2, 4, 6, and 8 of culture growth at a rate of 0.4 mL/flask. After 10 days of culture growth, the resulting biomass was harvested, filtrated from the medium, rinsed with redistilled water, frozen, and lyophilized (freeze dryer, Labconco Corporation, Kansas City, MO, USA). The MeJA solution was sterilized prior to the addition of culture by filtering through a sterile filter (Millipore Milles-Gs 0.22 µm).




3.3. Extraction and HPLC Analysis of Triterpenes


Mushroom material harvested from the tested mycelial cultures was frozen and lyophilized (freeze dryer, Labconco Corporation, Kansas City, MO, USA).



The dry biomass was pulverized. Samples (1 g) were extracted using 6 mL of isopropanol (STANLAB, Lublin, Poland) under sonication for 20 min (POLSONIC 2, Warsaw, Poland). Then, the samples were centrifuged (7 min, 2000× g; MPW-223E centrifuge; MPW, Warsaw, Poland). The isopropanol supernatants were dried and dissolved in 1 mL of methanol, and then filtered using a 0.22-mictometer Millipore filter (0.22 μm syringe filters; Millex®GP; Merck Millipore, Burlington, MA, USA). The samples were analyzed using the HPLC system (Merck-Hitachi, Merck KGaA, Darmstadt, Germany) at λ = 206 nm [46]. A reverse-phase Purospher RP-18e analytical column (4 × 250 nm, 5 mL; Merck) was used with nonlinear gradient elution (90:10, 0 min; 97:3, 10 min) with acetonitrile:water (v/v) used as mobile phase at a flow rate of 1.0 mL/min. The injection loop was 20 µL, and the temperature of the column was 30 °C. The peaks were identified by comparing UV spectra and retention times of the standard compounds. The qualitative analyses were supplemented using the standard internal method. The chemical compounds were quantified against their standards with the calibration curve method. Chemical standards were purchased from Sigma–Aldrich (Darmstadt, Germany) and MCE–MedChemExpress LLC (New York City, United States). Solvents for the HPLC analysis were purchased from Merck (Darmstadt, Germany).




3.4. Validation


Validation of the HPLC-DAD method was performed by determining accuracy, precision, linearity, and LOD and LOQ (European Medicines Agency 2005). Accuracy was determined based on sample analysis of known concentrations and a comparison of the results obtained by a validated method with true values, followed by the calculation of the recovery percentage. Determinations were performed at three concentrations—80, 100, and 120%, and three repetitions were carried out for each level. The precision of the method was determined at three levels of substance concentrations in reference solutions—50, 100, and 150%, and three repetitions were carried out for each level. Linearity was determined by comparing the relationship between the peak area and concentration of tested substances (mg/mL). Two series of assays were made for ganoderic acid A, and ganoderic acid C in the following concentration range from 0.125 to 1.000 mg/mL. LOD and LOQ were determined from the linearity in the concentration range from 0.125 to 1.000 mg/mL for all the tested substances using the following formulas: LOD = 3.3 × Sy/a and LOQ = 10 × Sy/a, where Sy is the estimation error and a is the slope.




3.5. Cell Viability Assay


The experiment was conducted on several human cell lines, grouped in three panels, representing skin (melanoma HTB140 and A375, normal skin keratinocytes HaCaT), prostate (cancer DU145 and PC3, normal human prostate epithelial PNT2), and gastrointestinal tract (colon cancer Caco-2 and HT29, liver HepG2). The cells were grown at 37 °C in a 5% CO2 atmosphere, with relative humidity, using culture medium DMEM/F12 (PNT2, HT29, HepG2), DMEM low glucose (DU145), DMEM high glucose (A375, HTB 140, HaCaT), MEM with NEAA (Caco-2), supplemented with 10% fetal bovine serum, and antibiotics. The cells were seeded onto 24-well plates (1.5 × 104 cells/well) for 24 h before the experiment. Then, the culture medium was replaced with the same medium containing different concentrations of the tested substances from 5 to 100 µg/mL for 24 h. The LDH release was measured using the assay kit provided by Clontech, as described previously [47,48]. The supernatant from each well was transferred to a new 24-well plate briefly after the incubation with tested substances, and a proper quantity of a reagent mixture was added. After 30 min, the absorbance was measured at λ = 490 nm (the reference wavelength λ = 600 nm) using the Biotek Synergy microplate reader. Each experiment was performed in triplicate. Doxorubicin was used as a reference drug. The cytotoxicity of the samples was measured as follows: % cytotoxicity = [(Asample − Aspont): (Amax − Aspont)] × 100.




3.6. Statistical Analysis


Statistica v.13 was used to perform the statistical analysis (Statsoft, Tulsa, OK, USA). The obtained results were analyzed using one-way analysis of variance, followed by a post hoc Tukey’s test. All the experiments were carried out in triplicate, and the data were reported as the mean ± standard deviation. Furthermore, the differences between the groups were considered statistically significant when the p-values were 0.05 or less.





4. Conclusions


The present study proved for the first time the effect of methyl jasmonate elicitation of Ganoderma applanatum mycelial cultures on the production of ganoderic acid A and ganoderic acid C. The experiments showed there were differences in the accumulation of the analyzed compounds and the stimulating effects of elicitation on their production. There was no adverse effect on the biomass growth due to the applied elicitation treatments. Furthermore, the study also documented the cytotoxic effect of biomass extract obtained after the elicitation process in selected human cancer cell lines as well as the selectivity against normal cells.



Thus, Ganoderma applanatum mycelial cultures can be proposed as a model to study the dynamics of the accumulation of compounds with therapeutic values through abiotic elicitation.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/plants12020294/s1, Table S1: Statistical differences for cytotoxic activity of Ganoderma applanatum extracts and ganoderic acid A; (5–100 µg/mL) to prostate cell line panel—DU145, PC3, PNT2; Table S2: Statistical differences for cytotoxic activity of Ganoderma applanatum extracts and ganoderic acid A; (5–100 µg/mL) to skin cell line panel—A375, HTB140, HaCaT; Table S3: Statistical differences for cytotoxic activity of Ganoderma applanatum extracts and ganoderic acid A; (5–100 µg/mL) to gastrointestinal tract cell lines panel–Caco-2, HT29, HepG2.





Author Contributions


Conceptualization, K.S.-Z. and A.G.; methodology, K.S.-Z., A.G. and A.S.; validation, K.S.-Z., A.A. and P.P.; formal analysis, K.S.-Z., P.P., A.G. and A.A.; investigation, K.S.-Z., A.G. and A.S.; resources, K.S.-Z.; writing—original draft preparation, K.S.-Z. and A.G.; writing—review and editing, K.S.-Z., A.G., A.S., K.K. and B.M.; visualization, K.S.-Z.; contributed in writing and formatting the final version, K.S.-Z. and A.G.; critical revision of the manuscript, B.M., I.P. and K.K.; supervision, K.S.-Z., I.P. and B.M.; project administration, K.S.-Z.; funding acquisition, K.S.-Z. All authors have read and agreed to the published version of the manuscript.




Funding


The research was realized as a part of the research project supported by the Polish Ministry of Science and Higher Education (Grants PL: N42/DBS/000271). The research was performed using the equipment co-financed by the qLIFE Priority Research Area under the Strategic Program Excellence Initiative at the Jagiellonian University.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Samples of the compounds are available from the authors.




References


	



Sullivan, R.; Smith, J.E.; Rowan, N.J. Medicinal mushrooms and cancer therapy: Translating a traditional practice into Western medicine. Perspect. Biol. Med. 2006, 49, 159–170. [Google Scholar] [CrossRef] [PubMed]

	



Wojewoda, W. Checklist of Polish Larger Basidiomycetes; W. Szafer Institute of Botany, Polish Academy of Sciences: Kraków, Poland, 2003; ISBN 8389648091. [Google Scholar]

	



Paterson, R.; Russell, M. Ganoderma—A therapeutic fungal biofactory. Phytochemistry 2006, 67, 1985–2001. [Google Scholar] [CrossRef] [PubMed]

	



Mizuno, T. The extraction and development of antitumor-active polysaccharides from medicinal mushrooms in Japan (Review). Int. J. Med. Mushrooms 1999, 1, 9–29. [Google Scholar] [CrossRef]

	



Osińska-Jaroszuk, M.; Jaszek, M.; Mizerska-Dudka, M.; Błachowicz, A.; Rejczak, T.P.; Janusz, G.; Wydrych, J.; Polak, J.; Jarosz-Wilkołazka, A.; Kandefer-Szerszeń, M. Exopolysaccharide from Ganoderma applanatum as a promising bioactive compound with cytostatic and antibacterial properties. Biomed. Res. Int. 2014, 2014, 743812. [Google Scholar] [CrossRef]

	



Heleno, S.A.; Martins, A.; Queiroz, M.R.P.; Ferreira, I.C.F. Bioactivity of phenolic acids: Metabolites versus parent compounds: A review. Food Chem. 2014, 173, 501–513. [Google Scholar] [CrossRef]

	



Kim, M.Y.; Seguin, P.; Ahn, J.K.; Kim, J.J.; Chun, S.C.; Kim, E.H.; Seo, S.H.; Kang, E.Y.; Kim, S.L.; Chung, I.M. Phenolic compound concentration and antioxidant activities of edible and medicinal mushrooms from Korea. J. Agric. Food Chem. 2008, 56, 7265–7270. [Google Scholar] [CrossRef]

	



Manasseh, A.T.; Godwin, J.T.A.; Emanghe, E.U.; Borisde, O.O. Phytochemical properties of Ganoderma applanatum as potential agents in the application of nanotechnology in modern day medical practice. Asian Pac. J. Trop. Biomed. 2012, 2, S580–S583. [Google Scholar] [CrossRef]

	



Baby, S.; Johnson, A.J.; Govindan, B. Secondary metabolites from Ganoderma. Phytochemistry 2015, 114, 66–101. [Google Scholar] [CrossRef]

	



Zhang, W.; Xiaoyan, Z. Review on anti-tumor effect of triterpene acid compounds. J. Cancer Res. Ther. 2014, 10, 14–19. [Google Scholar]

	



Lull, C.; Wichers, H.J. Antiinflammatory and immunomodulating properties of fungal metabolites. Mediat. Inflamm. 2005, 2, 63–80. [Google Scholar] [CrossRef]

	



Acharya, K.; Yonzone, P.; Rai, M.R.A. Antioxidant and nitric oxide synthase activation properties of Ganoderma applanatum. Indian J. Exp. Biol. 2005, 43, 926–929. [Google Scholar]

	



Karaman, M.; Jovin, E.; Malbaša, R.; Matavuly, M.; Popović, M. Medicinal and edible lignicolous fungi as natural sources of antioxidative and antibacterial agents. Phytother. Res. 2010, 24, 1473–1481. [Google Scholar] [CrossRef] [PubMed]

	



Ma, J.Q.; Liu, C.M.; Qin, Z.H.; Jiang, J.H.; Sun, Y.Z. Ganoderma applanatum terpenes protect mouse liver against benzo(α)pyren-induced oxidative stress and inflammation. Environ. Toxicol. Pharmacol. 2011, 31, 460–468. [Google Scholar] [CrossRef] [PubMed]

	



Yang, B.K.; Jung, Y.S.; Song, C.H. Hypoglycemic effects of Ganoderma applanatum and Collybia confluens exo-polymers in streptozotocin-induced diabetic rats. Phytother. Res. 2007, 21, 1066–1069. [Google Scholar] [CrossRef] [PubMed]

	



Luo, Q.; Di, L.; Dai, W.F.; Lu, Q.; Yan, Y.M.; Yang, Z.L.; Li, R.T.; Cheng, Y.X. Applanatumin A, a new dimeric meroterpenoid from Ganoderma applanatum that displays potent antifibrotic activity. Org. Lett. 2015, 17, 1110–1113. [Google Scholar] [CrossRef]

	



Elkhateeb, W.A.; Zaghlol, G.M.; El-Garawani, I.M.; Ahmed, E.F.; Rateb, M.E.; Moneim, A.E.A. Ganoderma applanatum secondary metabolites induced apoptosis through different pathways: In vivo and in vitro anticancer studies. Biomed. Pharmacother. 2018, 101, 264–277. [Google Scholar] [CrossRef]

	



Xu, J.W.; Zhao, W.; Zhong, J.J. Biotechnological production and application of ganoderic acids. Appl. Microbiol. Biotechnol. 2010, 87, 457–466. [Google Scholar] [CrossRef] [PubMed]

	



Turło, J. The biotechnology of higher fungi—Current state and perspectives. Acta Univ. Lodz. Folia Biol. Oecol. 2014, 10, 49–65. [Google Scholar] [CrossRef]

	



Brakhage, A.A. Regulation of fungal secondary metabolism. Nat. Rev. Microbiol. 2013, 11, 21–32. [Google Scholar] [CrossRef]

	



Fox, E.M.; Howlett, B.J. Secondary metabolism: Regulation and role in fungal biology. Curr. Opin. Microbiol. 2008, 11, 481–487. [Google Scholar] [CrossRef]

	



Brakhage, A.A.; Schroeckh, V. Fungal secondary metabolites—Strategies to activate silent gene clusters. Fungal Genet. Biol. 2011, 48, 15–22. [Google Scholar] [CrossRef] [PubMed]

	



Khan, T.; Abbasi, B.H.; Khan, M.A.; Azeem, M. Production of biomass and useful compounds through elicitation in adventitious root cultures of Fagonia indica. Ind. Crops Prod. 2017, 108, 451–457. [Google Scholar] [CrossRef]

	



Xu, X.; Zhang, X.; Chen, C. Stimulated production of triterpenoids of Inonotus obliquus using methyl jasmonate and fatty acids. Ind. Crops Prod. 2016, 85, 49–57. [Google Scholar] [CrossRef]

	



Sun, T.; Zou, L.; Zhang, L.; Zhang, J.; Wang, X. Methyl jasmonate induces triterpenoid biosynthesis in Inonotus baumii. Biotechnol. Biotechnol. Equip. 2017, 31, 312–317. [Google Scholar] [CrossRef]

	



Ren, A.; Qin, L.; Shi, L.; Dong, X.; Mu, D.S.; Li, Y.X.; Zhao, M.W. Methyl jasmonate induces ganoderic acid biosynthesis in the basidiomycetous fungus Ganoderma lucidum. Bioresour. Technol. 2010, 101, 6785–6790. [Google Scholar] [CrossRef]

	



Kubota, T.; Asaka, Y.; Miura, I.; Mori, H. Structures of ganoderic acid A and B, two new lanostane type bitter triterpenes from Ganoderma lucidum. Helv. Chim. Acta 1982, 65, 611–619. [Google Scholar] [CrossRef]

	



Liu, Y.; Liu, Y.; Qiu, F.; Di, X. Sensitive and selective liquid chromatography-tandem mass spectrometry method for the determination of five ganoderic acids in Ganoderma lucidum and its related species. J. Pharm. Biomed. Anal. 2011, 54, 717–721. [Google Scholar] [CrossRef]

	



Ríos, J.L.; Andújar, I.; Recio, M.C.; Giner, R.M. Lanostanoids from fungi: A group of potential anticancer compounds. J. Nat. Prod. 2012, 75, 2016–2044. [Google Scholar] [CrossRef]

	



Schmidt-Dannert, C. Biosynthesis of terpenoid natural products in fungi. Adv. Biochem. Eng. Biotechnol. 2010, 123, 127–141. [Google Scholar]

	



Ko, H.H.; Hung, C.F.; Wang, J.P.; Lin, C.N. Antiinflammatory triterpenoids and steroids from Ganoderma lucidum and G. tsugae. Phytochemistry 2008, 69, 234–239. [Google Scholar] [CrossRef]

	



Zhu, J.; Jin, J.; Ding, J.; Li, S.; Cen, P.; Wang, K.; Wang, H.; Xia, J. Ganoderic acid A improves high fat diet-induced obesity, lipid accumulation, and insulin sensitivity through regulating SREBP pathway. Chem. Biol. Interact. 2018, 290, 77–87. [Google Scholar] [CrossRef] [PubMed]

	



Guo, X.Y.; Liu, D.; Ye, M.; Han, J.; Deng, S.; Ma, X.C.; Zhao, Y.; Zhang, B.; Shen, X.; Che, Q.M. Structural characterization of minor metabolites and pharmacokinetics of ganoderic acid C2 in rat plasma by HPLC coupled with electrospray ionization tandem mass spectrometry. J. Pharm. Biomed. Anal. 2013, 75, 64–73. [Google Scholar] [CrossRef]

	



Fatmawati, S.; Shimizu, K.; Kondo, R. Inhibition of aldose reductase in vitro by constituents of Ganoderma lucidum. Planta Med. 2010, 76, 1691–1693. [Google Scholar] [CrossRef]

	



Cheng, C.R.; Yue, Q.X.; Wu, Z.Y.; Song, X.Y.; Tao, S.J.; Wu, X.H.; Xu, P.P.; Liu, X.; Guan, S.H.; Guo, D.A. Cytotoxic triterpenoids from Ganoderma lucidum. Phytochemistry 2010, 71, 579–1585. [Google Scholar] [CrossRef]

	



Liu, R.M.; Li, Y.B.; Zhong, J.J. Cytotoxic and pro-apoptotic effects of novel ganoderic acid derivatives on human cervical cancer cells in vitro. Eur. J. Pharmacol. 2012, 681, 23–33. [Google Scholar] [CrossRef] [PubMed]

	



Tang, W.; Liu, J.W.; Zhao, W.M.; Wei, D.Z.; Zhong, J.J. Ganoderic acid T from Ganoderma lucidum mycelia induces mitochondria mediated apoptosis in lung cancer cells. Life Sci. 2006, 80, 205–211. [Google Scholar] [CrossRef]

	



Ma, J.; Liu, C.; Chen, Y.; Jiang, J.; Qin, Z. Cellular and molecular mechanisms of the Ganoderma applanatum extracts induces apoptosis on SGC-7901 gastric cancer cells. Cell Biochem. Funct. 2011, 29, 175–182. [Google Scholar] [CrossRef]

	



Sułkowska-Ziaja, K.; Zengin, G.; Gunia-Krzyżak, A.; Popiół, J.; Szewczyk, A.; Jaszek, M.; Rogalski, J.; Muszyńska, B. Bioactivity and mycochemical profile of extracts from mycelial cultures of Ganoderma spp. Molecules 2022, 27, 275. [Google Scholar] [CrossRef]

	



Cao, L.; Jin, H.; Liang, Q.; Yang, H.; Li, S.; Liu, Z.; Yuan, Z. A new anti-tumor cytotoxic triterpene from Ganoderma lucidum. Nat. Prod. Res. 2022, 36, 4125–4131. [Google Scholar] [CrossRef]

	



Li, D.; Leng, Y.; Liao, Z.; Hu, J.; Sun, Y.; Deng, S.; Wang, C.; Tian, X.; Zhou, J.; Wang, R. Nor-triterpenoids from the fruiting bodies of Ganoderma lucidum and their inhibitory activity against FAAH. Nat. Prod. Res, 2022; 1–7, ahead of print. [Google Scholar] [CrossRef] [PubMed]

	



Guo, J.C.; Yang, L.; Ma, Q.Y.; Ge, Y.Z.; Kong, F.D.; Zhou, L.M.; Zhang, F.; Xie, Q.Y.; Yu, Z.F.; Dai, H.F.; et al. Triterpenoids and meroterpenoids with α-glucosidase inhibitory activities from the fruiting bodies of Ganoderma australe. Bioorg. Chem. 2021, 117, 105448. [Google Scholar] [CrossRef]

	



Wang, X.; Wang, B.; Zhou, L.; Wang, X.; Veeraraghavan, V.P.; Mohan, S.K.; Xin, F. Ganoderma lucidum put forth anti-tumor activity against PC-3 prostate cancer cells via inhibition of Jak-1/STAT-3 activity. Saudi J. Biol. Sci. 2020, 27, 2632–2637. [Google Scholar] [CrossRef] [PubMed]

	



Sułkowska-Ziaja, K.; Grabowska, K.; Apola, A.; Kryczyk-Poprawa, A.; Muszyńska, B. Mycelial culture extracts of selected wood-decay mushrooms as a source of skin-protecting factors. Biotechnol. Lett. 2021, 43, 1051–1061. [Google Scholar] [CrossRef] [PubMed]

	



Oddoux, L. Recherches sur les Myceliums Secondaires des Homobasidie’s en Culture; Morphologie, Cytologie, Exigences Alimentaires; Patissier: Lyon, France, 1957. [Google Scholar]

	



Bai, Y.H.; Feng, Y.Q.; Mao, D.B.; Xu, C.P. Optimization for betulin production from mycelial culture of Inonotus obliquus by orthogonal design and evaluation of its antioxidant activity. J. Taiwan Inst. Chem. Eng. 2012, 43, 663–669. [Google Scholar] [CrossRef]

	



Wróbel-Biedrawa, D.; Grabowska, K.; Galanty, A.; Sobolewska, D.; Żmudzki, P.; Podolak, I. Anti-melanoma potential of two benzoquinone homologues embelin and rapanone—A comparative in vitro study. Toxicol. In Vitro 2020, 65, 104826. [Google Scholar] [CrossRef] [PubMed]

	



Paśko, P.; Galanty, A.; Zagrodzki, P.; Ku, Y.G.; Luksirikul, P.; Weisz, M.; Gorinstein, S. Bioactivity and cytotoxicity of different species of pitaya fruits—A comparative study with advanced chemometric analysis. Food Biosci. 2021, 40, 100888. [Google Scholar] [CrossRef]








[image: Plants 12 00294 g001 550] 





Figure 1. Examples of the morphological appearance of Ganodema applanatum control (a), and experimental mycelial cultures after 10 days of elicitation. Used concentrations of elicitors: (b) 10 µM; (c) 50 μM; (d) 100 μM; (e) 150 μM; (f) 200 μM. 






Figure 1. Examples of the morphological appearance of Ganodema applanatum control (a), and experimental mycelial cultures after 10 days of elicitation. Used concentrations of elicitors: (b) 10 µM; (c) 50 μM; (d) 100 μM; (e) 150 μM; (f) 200 μM.



[image: Plants 12 00294 g001]







[image: Plants 12 00294 g002 550] 





Figure 2. Comparison of biomass increment values of control and experimental cultures of Ganoderma applanatum after elicitation. 
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Figure 3. Chemical structure of ganoderic acid A (a) and ganoderic acid C (b). 
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Figure 4. The effect of Ganoderma applanatum extracts on viability of prostate cell line panel—DU145, PC3, and PNT2; skin cell line panel—A375, HTB140, HaCaT, and gastrointestinal tract cell lines panel—Caco-2, HT29, HepG2. Cells were treated with E1—control or extract; E2– extract obtained after elicitation (variant corresponding to the highest concentration of triterpenes) and standard substances: ganoderic acid A (n = 3). Values are presented as the mean ± SD (standard deviation). Significant differences are shown in Tables S1–S3 (Supplementary Materials). 
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Table 1. Amounts of ganoderic acids A and C (mg/g DW ± SD) in extracts from Ganoderma applanatum mycelial cultures after elicitation with methyl jasmonate.
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Day of Elicitor Addition in

Cycle Growth of Mycelial Cultures

	
Elicitor Concentration

MeJa

	
Ganoderic Acid A

	
Ganoderic Acid C






	
1

	
control

	
1.32 ± 0.03 ab

	
0.44 ± 0.001 abce




	
blind trial

	
1.31 ± 0.02 ab

	
0.44 ± 0.001 abe




	
2 µM

	
1.31 ± 0.12 ab

	
0.55 ± 0.18 abce




	
5 µM

	
1.57 ± 0.12 ab

	
0.55 ± 0.02 abcde




	
10 µM

	
1.38 ± 0.02 abc

	
0.57 ± 0.08 abcde




	
50 μM

	
1.30 ± 0.07 abc

	
0.45 ± 0.03 abcd




	
100 μM

	
1.45 ± 0.07 abc

	
0.28 ± 0.01 abcd




	
150 μM

	
1.45 ± 0.08 bc

	
0.37 ± 0.01 bcd




	
200 μM

	
1.47 ± 0.07 abc

	
0.18 ± 0.001 abcde




	
2

	
control

	
1.37 ± 0.14 abce

	
0.33 ± 0.001 abce




	
blind trial

	
1.48 ± 0.01 abe

	
0.40 ± 0.002 abe




	
2 µM

	
1.21 ± 0.11 abce

	
0.38 ± 0.01 abcde




	
5 µM

	
1.16 ± 0.01 abcde

	
0.45 ± 0.01 abcde




	
10 µM

	
1.23 ± 0.04 abcde

	
0.57 ± 0.01 abcde




	
50 μM

	
1.26 ± 0.01 abcde

	
0.88 ± 0.02 abcde




	
100 μM

	
1.09 ± 0.60 bcd

	
0.52 ± 0.01 abcd




	
150 μM

	
1.32 ± 0.01 abcde

	
0.72 ± 0.01 bcd




	
200 μM

	
1.56 ± 0.01 abe

	
0.84 ± 0.02 abcde




	
4

	
control

	
1.34 ± 0.18 abd

	
0.42 ± 0.01 abce




	
blind trial

	
1.61 ± 0.01 abd

	
0.54 ± 0.01 abe




	
2 μM

	
1.66 ± 0.02 abd

	
0.57 ± 0.01 abcde




	
5 μM

	
1.34 ± 0.02 abcd

	
0.51 ± 0.02 abcde




	
10 µM

	
1.14 ± 0.01 abcd

	
0.61 ± 0.04 abcde




	
50 μM

	
1.38 ± 0.13 abcd

	
0.61 ± 0.02 abcde




	
100 μM

	
1.45 ± 0.18 abcd

	
0.63 ± 0.01 abcd




	
150 μM

	
1.51 ± 0.13 bc

	
0.48 ± 0.01 bcd




	
200 μM

	
1.54 ± 0.05 abcd

	
0.63 ± 0.03 abcde




	
6

	
control

	
1.32 ± 0.01 a

	
0.32 ± 0.001 a




	
blind trial

	
1.50 ± 0.12 a

	
0.82 ± 0.04 a




	
2 µM

	
1.65 ± 0.08 a

	
1.83 ± 6.85 a




	
5 µM

	
1.99 ± 0.17 a

	
1.93 ± 0.10 a




	
10 µM

	
2.56 ± 0.12 a

	
2.24 ± 0.05 a




	
50 μM

	
3.61 ± 1.64 a

	
3.04 ± 0.00 a




	
100 μM

	
5.24 ± 0.43 a

	
4.36 ± 0.06 a




	
150 μM

	
5.86 ± 0.40 a

	
6.47 ± 1.10 a




	
200 μM

	
3.85 ± 0.06 a

	
2.41 ± 0.13 a




	
8

	
control

	
1.46 ± 0.03 a

	
0.30 ± 0.001 abc




	
blind trial

	
1.55 ± 0.30 a

	
1.68 ± 0.16 ac




	
2 µM

	
1.86 ± 0.08 a

	
1.80 ± 0.23 abc




	
5 µM

	
2.25 ± 0.06 a

	
1.87 ± 0.02 abc




	
10 µM

	
2.19 ± 0.03 a

	
1.99 ± 0.31 abc




	
50 μM

	
3.10 ± 0.34 a

	
3.53 ± 0.15 abc




	
100 μM

	
3.04 ± 0.45 a

	
3.05 ± 0.04 abc




	
150 μM

	
3.75 ± 0.24 a

	
3.47 ± 0.05 ac




	
200 μM

	
3.9 ± 0.22 a

	
2.67 ± 0.62 abc








The letters next to values represent Tukey’s HSD post-hoc results (p < 0.05 vs. control, n = 3).
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Table 2. Validation of the developed methods with statistical evaluation for HPLC method.
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	Validation Parameters
	Ganoderic Acid A
	Ganoderic Acid C





	tR [min]
	13.4
	20.4



	LOD [mg/mL]
	0.047

Sy = 271,983.2056

a = 1901 × 104
	0.068

Sy = 209,786.49963

a = 1021 × 104



	LOQ [mg/mL]
	0.143
	0.205



	Recovery 80%

[%]
	x = 100.57

Sx = 0.652

RSD = 0.65%
	x = 99.15

Sx = 0.547

RSD = 0.55%



	Recovery 100%

[%]
	x = 99.17

Sx = 0.610

RSD = 0.62%
	x = 101.06

Sx = 0.656

RSD = 0.65%



	Recovery 120%

[%]
	x = 101.02

Sx = 0.317

RSD = 0.31%
	x = 99.18

Sx = 0.458

RSD = 0.46%



	Precision 50%

c [mg/mL]
	x = 0.2588

Sx = 0.005227

RSD = 2.02%
	x = 0.2499

Sx = 0.000858

RSD = 0.34%



	Precision 100%

c [mg/mL]
	x = 0.5111

Sx = 0.001981

RSD = 0.39%
	x = 0.5091

Sx = 0.001717

RSD = 0.34%



	Precision 150%

c [mg/mL]
	x = 0.7508

Sx = 0.001823

RSD = 0.24%
	x = 0.7502

Sx = 0.001152

RSD = 0.15%



	Linearity
	P = 1901 × 104 × c + 5507 × 102

r = 0.99907
	P = 1021 × 104 × c − 303 × 103

r = 0.99808







tR—retention time, x—mean value, Sx—standard deviation, RSD—relative standard deviation, c—concentration [mg/mL], Sy—standard error of the estimate, the slope of regression line.
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Table 3. The effect of extracts and ganoderic acid A acid on the viability of the selected cell lines expressed as IC50 (the concentrations that induced a 50% decrease in cell viability after 24 h of treatment).






Table 3. The effect of extracts and ganoderic acid A acid on the viability of the selected cell lines expressed as IC50 (the concentrations that induced a 50% decrease in cell viability after 24 h of treatment).





	

	
IC50 [μg/mL]

	

	




	
Skin cell line panel




	
A375

	
HTB140

	
HaCaT




	
E1

	
16.6

	
nd

	
45.9




	
E2

	
49.6

	
nd

	
nd




	
Ganoderic acid A

	
87.1

	
nd

	
50.7




	
Doxorubicin

	
0.59

	
5.71

	
4.68




	

	
Prostate cell line panel




	

	
DU145

	
PC3

	
PNT2




	
E1

	
12.7

	
38.4

	
nd




	
E2

	
25.4

	
46.8

	
nd




	
Ganoderic acid A

	
79.3

	
nd

	
nd




	
Doxorubicin

	
3.18

	
>50

	
1.38




	

	
Gastrointestinal tract cell lines panel




	

	
Caco-2

	
HT29

	
HepG2




	
E1

	
25.2

	
nd

	
nd




	
E2

	
9.93

	
59.8

	
nd




	
Ganoderic acid A

	
63.4

	
42.9

	
nd




	
Doxorubicin

	
3.44

	
1.53

	
nd








E1—control extract; E2—extract obtained after elicitation (variant corresponding to the highest concentration of triterpenes), nd—not detected.
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