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Abstract

:

Featured Application


In this study two extraction methods for Ganoderma lucidum spores were evaluated for the potential use of extracted compounds in cancer treatments. Our findings showed that the innovative Rapid Solid Liquid Dynamic Extraction (RSLDE) permits the successful extraction of compounds with antiproliferative activity against human cell lines




Abstract


Background: The genus Ganoderma includes about 80 species of mushrooms. Ganoderma lucidum is the best-known fungal species in mycotherapy and likely has the highest number of studies. Numerous bioactive compounds seem to be responsible for its beneficial effects; in particular, triterpenes, peptidoglycans and polysaccharides are the main physiologically active constituents. The aim of the present work is to identify the main bioactive components in aqueous extracts of G. lucidum spores obtained by two different extraction processes. Methods: The spores were at first extracted by a Soxhlet apparatus with n-hexane and the aqueous solutions were submitted to two different procedures: hot water extraction (HWE) and rapid solid-liquid dynamic extraction (RSLDE) using the Naviglio extractor. The extracts were then dialyzed to separate the compounds with higher molecular weight from polar compounds with lower molecular weight. The aqueous extracts and dialyzed fractions were tested on two human cell lines: human colonic epithelial cells (Caco-2) and human colorectal carcinoma cells (HTC-116). Results: GC-MS and NMR data revealed the presence of a mixture of glucose and mannitol in ratio 3.7:1 in the most active fraction. Conclusions: The outside dialysis phase of RSLDE extract seems to be particularly cytotoxic for HTC-116 and, interestingly, solutions with different concentrations of pure mannitol showed cytotoxic activity against this cell line too, although to a lesser extent.
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1. Introduction


Since the seventeenth century, the growing interest in mushrooms and their use for medicinal purposes has led to the birth of a new science, mycotherapy. Recent research has highlighted the potential activity of mushrooms for the treatment of various human diseases due to their valuable proprieties, such as antioxidant, antimicrobial, anti-inflammatory and immunomodulatory activities [1,2]. In particular, the data from recent in vitro and in vivo studies demonstrate promising anti-cancer effects on many forms of cancer, both in supportive therapies, to reduce side effects, and directly involved as curative agents [3,4].



Ganoderma lucidum is a saprophytic mushroom, belonging to the phylum of the basidiomycetes, which grows on oak and chestnut trees. It has been used since ancient times in traditional Chinese medicine and it is currently increasingly known in the West for its beneficial effects on health [5]. G. lucidum, like all basidiomycetes, consists of three main components: spores, mycelium and fruiting body. Numerous studies have shown that G. lucidum contains various pharmacologically active substances, such as proteins, polysaccharides, triterpenes, nucleosides, triglycerides and mineral salts, which regulate numerous physiological functions and contrast diseases such as hypertension, thrombosis, allergies, as well as liver and cardiovascular problems [6,7,8,9]. Currently, most therapeutic formulations mainly involve the use of the G. lucidum fruiting body and mycelium. Emphasis on G. lucidum spores became more pronounced when findings showed that they may be the best source of bioactive compounds [10,11,12]. In this respect, in recent years the scientific community has focused on the improvement of strategies to extract and identify compounds from spores.



The spores of G. lucidum, unlike the cells in the other parts of the fungus, are protected by a double wall of chitin, which prevents correct digestion by the human being and correct absorption of the macro and the micronutrients present in the spores. For this reason, it is necessary to break the capsule before marketing and using spores for the extraction of bioactive metabolites [13]. In particular, the present work focuses on the development of a strategy to obtain extracts with antiproliferative activity against human cancer cells and on the study of the main hydrophilic bioactive components of G. lucidum spores. To achieve these goals, two different extraction procedures, based on hot water extraction (HWE) and rapid solid-liquid dynamic extraction (RSLDE) at room temperature, were compared. The aqueous extracts and dialyzed fractions were tested on two human cell lines: human colonic epithelial cells (Caco-2) and human colorectal carcinoma cells (HTC-116). The main components of the most active fraction were identified by GC-MS and chemical and spectroscopic techniques. Further investigations showed that the extract is more active on cancer cells than the pure main component within the extract, identified as mannitol, at the same concentration.




2. Materials and Methods


2.1. General Experimental Procedures


NMR spectra were recorded at 600 MHz in D2O at 298 K on a Bruker AVANCE 600 MHz spectrometer (Milan, Italy), by using external acetone (δH 2.225 ppm) as references. All reagents and solvents were analytical grade and purchased from Carlo Erba (Milan, Italy), Sigma-Aldrich (Saint Louis, MO, USA), and Fluka (Buchs, Switzerland).



The phenol assay, used for the qualitative analysis of the presence of sugars in the aqueous phase extracts, was carried out based on the method of Dubois et al. [14].




2.2. Fungal Material


The spores of G. lucidum were supplied by the Italian Way (San Bernardino Verbano, Italy) and cultivated using the traditional method within the Da Xing An Ling natural park region, in China. The manufacturing company guaranteed 95% spore opening.




2.3. Extraction of the Hydrophilic Component


2.3.1. Defatting of Ganoderma lucidum Spores


Spores of G. lucidum were defatted by n-hexane in a Soxhlet apparatus. In particular, 100 g of spores were placed in a thimble of filter paper and extracted with 450 mL of n-hexane for 18 h for a total of 720 cycles. At the end, the organic phase was filtered and evaporated under reduced pressure. The experiment was carried out in duplicate. The extract weight thus obtained was 32.650 ± 0.236 g with a yield of 32.65%.




2.3.2. Hot Water Extraction (HWE)


First, 20 g of the defatted spores (Section 2.3.1) were subjected to extraction in 100 mL of demineralized H2O at 90 °C for 2 h under magnetic stirring. Subsequently the mixture was cooled, centrifuged at 6000 rpm for 20 min at room temperature to the separate powders and, finally the water phase lyophilized. The experiment was carried out in duplicate. The extract weight thus obtained was 0.6293 ± 0.0365 g with a yield of 3.15%.




2.3.3. Rapid Solid-Liquid Dynamic Extraction (RSLDE) by Naviglio Extractor


Then, 40 g of the defatted spores (Section 2.3.1) were submitted to rapid solid-liquid dynamic extraction (RSLDE) with demineralized H2O for 2 h. The extraction was carried out using a Naviglio extractor series LAB mod. 500 (Atlas Filtri Engineering s.r.l, Padova, Italy), with a static phase of 2 min and a dynamic phase of 2 min (20 s cycle−1), pressure 8 bar, at room temperature. To overcome problems caused by compacting samples, Pyrex® solid glass beads (Sigma-Aldrich, Saint Louis, MO, USA) were employed during the RSLDE. The extract was centrifuged at 6000 rpm for 20 min at room temperature and finally lyophilized. The experiment was carried out in duplicate. The extract weight thus obtained was 0.7466 ± 0.0598 g with a yield of 1.87%.




2.3.4. Dialysis of Aqueous Extracts


Aqueous extracts (10 mL) obtained by HWE and via RSLDE were dialyzed. For dialysis, tubes with a cut-off of 3500 Da were used (Spectra/Por Dialysis Membrane, Spectrum Laboratories, Rancho Dominguez, CA, USA) against deionized water, performing 5 changes of 100 mL each. The outside aqueous phases (OUT) of dialysis were collected and lyophilized, as well as the internal phase (IN) of the dialysis tube for both HWE and RSLDE extracts. The weights of samples from dialysis OUT (HWEOUT and RSLDEOUT) and IN (HWEIN and RSLDEIN) were HWEOUT = 0.049 g ± 0.012 g (yield = 0.049%), HWEIN = 0.208 g ± 0.035 g (yield = 0.208%), RSLDEOUT = 0.350 g ± 0.047 g (yield = 0.350%), and RSLDEIN = 0.080 g ± 0.016 g (yield = 0.080%).




2.3.5. Sugar Analysis


The glycosyl analysis was performed as already reported [15]. Briefly, sample (0.5 mg) was mixed with 1 mL of 2M HCl/CH3OH, subjected to methanolysis for 16 h at 80 °C, and then acetylated. The obtained acetylated methyl glycosides were analyzed by GC-MS using an Agilent Technologies gas chromatograph 7820A equipped with a mass selective detector 5977 and a HP-5ms capillary column (Agilent, Italy 30 m × 0.25 mm i.d., flow rate 1 mL min−1, He as carrier gas). The acetylated methyl glycosides were analyzed using the following temperature program: 140 °C for 3 min, and 140 °C → 240 °C at 3 °C min−1.





2.4. Assays of Anticancer Activity


Human colonic epithelial cell line (Caco-2, non-invasive phenotype) was obtained from American Type Cell Culture (ATCC, Manassas, VA, USA) and grown in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, Dublin, Ireland) with the addition of 10% fetal bovine serum (FBS, Sigma Aldrich), 100 μg mL−1 of L-glutamine (Gibco), and 100 IU mL−1 of streptomycin/penicillin (Gibco) at 37 °C with 5% CO2. Human colorectal carcinoma cell lines (HTC-116, invasive phenotype) were grown in Roswell Park Memorial Institute (RPMI) 1640 Medium (ATCC, USA) and supplemented with FBS (Sigma Aldrich), 100 μg mL−1 of L-glutamine (Gibco), and 100 IU mL−1 of streptomycin/penicillin (Gibco) at 37 °C with 5% CO2. To assess cell viability, the cells were seeded in 96-well micro-plates, starved in 2% FBS-media, briefly rinsed and the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) test was performed according to the manufacturer’s instructions (Dojindo Molecular Technologies Inc., Rockville, MD, USA). The optical density of the samples in each well was measured by reading at 570 nm with a microplate spectrophotometer (Perkin Elmer 2300 Enspireplate reader, Waltham, MA, USA). Tests were performed at a concentration of 1.0 mg mL−1, 2.5 mg mL−1, and 5.0 mg mL−1 and with exposure for 24 and 48 h. For a subset of experiments, both Caco-2 and HCT116 were loaded with RSLDEOUT or RSLDEIN and HWEOUT and HWEIN at a concentration of 5 mg mL−1 or with mannitol solution (Sigma-Aldrich) at different concentrations (0, 0.6, 1, 1.2, 2.43, 4.5, 9.0 mg mL−1) with exposure for 24 and 48 h, and the cell viability was assayed. All the analyses were carried out in triplicate.




2.5. Statistical Analysis


The results of the viability assay were expressed as the mean ± standard deviation (SD) from three independent experiments (n = 3). All results were then statistically analyzed by the Student’s t-test. The differences between two or more groups were evaluated using one-way analysis of variance (ANOVA) followed by Tukey’s post-test. Statistical significance was set at a value of p < 0.05.





3. Results


The spores of Ganoderma lucidum were at first defatted in a Soxhlet apparatus with n-hexane. The overall strategy employed in this work has been schematically reported in Figure 1.



The lipophilic fraction was analyzed via NMR and GC-MS, and the results of an accurate identification and quantification of the lipid content were previously reported [16]. Defatted spores were split into two fractions: one fraction was subjected to extraction with hot water (HWE), and the other fraction was extracted by rapid solid-liquid dynamic extraction (RSLDE). The phenol test was carried out on each of these extracts to qualitatively highlight the presence of sugars, obtaining a positive response in both cases.



Since G. lucidum preparations have been used in the treatment of diverse human diseases [17], showing beneficial influences on cancer patients [18], the effect of the extracts on cell viability was evaluated on two different human cell lines. In detail, the HWE and RSLDE extracts (Figure 2) did not evidence the ability to interfere with Caco-2 cells (non-invasive) viability at different concentrations and at two different time points tested. On the other hand, a strong reduction in cell viability was reported for HTC-116 (invasive), indicating the aptitude, for both HWE and RSLDE extracts, to affect the cancer cell viability with more pronounced activity using 5.0 mg mL−1 of lyophilized extract at 48 h of incubation time (Figure 2B,D). Furthermore, viability assays also revealed that the extracts from RSLDE strongly reduced the cell viability of HCT-116 cells in a dose- and time-dependent manner (Figure 2C,D). At last, by comparing the treatment of HWE and RSLDE methods on HCT-116 cells, the best results were highlighted after extract treatment from RSLDE, with a reduction of 59% in cell viability at 5 mg mL−1 after 48 h exposure (Figure 2D).



The extracts obtained from HWE and RSLDE were then dialyzed in order to separate the compounds with higher molecular weight, such as the polysaccharides, from compounds with lower molecular weight, as described in Section 2 (called “HWEN, HWEOUT, RSLDEIN and RSLDEOUT” from this point forward). The samples were freeze-dried and tested to determine the carbohydrates content. All the extracts resulted to contain sugars. According to the positive phenol assay response, the 1H NMR spectra revealed in all the samples the presence of signals attributable to carbohydrates. However, the sharpness of signals in the HWEIN and RSLDEIN were attributable to free monosaccharides (Figure 3B,D), whereas the broadening of both anomeric and carbinolic signals in the HWEIN and RSLDEIN suggested the presence of polysaccharides (Figure 3A,C).



Cytotoxicity tests of RSLDEIN and RSLDEOUT showed no inhibitory or proliferative activity for non-invasive cell lines (Caco-2) and slight inhibition of cell viability especially for the RSLDEOUT after 48 h. The results of the MTT test for the RSLDEOUT after 48 h showed a significant reduction in cell viability (78%) for invasive cell line (HTC-116). HCT-116 displayed a reduction in cell viability of 66% when treated for 48 h with RSLDEIN+OUT which is a combination of the RSLDEOUT and RSLDEIN, as reported in Figure S1. For HWEOUT a strong reduction in Caco-2 cell viability after 48 h was found, indicating that the fractions analyzed induce the epithelial cell injury. Comparing RSLDE and HWE dialyzed samples the best results on HCT-116 viability inhibition are shown on RSLDEOUT (Figure 4).



RSLDEOUT was identified via GC-MS as a mixture of glucose and mannitol (ratio 3.7:1), from the typical electron ionization (EI) patterns and from the retention times of authentic standards (Figure 5).



The 1H NMR confirmed the occurrence of only one free reducing monosaccharide together with an alditol sugar, since only two anomeric signals at δ 5.10 ppm (α-glucose) and at δ 4.65 ppm (β-glucose) were found (Figure 3D).



Based on the concept that glucose per se does not significantly interfere with cell viability, except for concentrations beyond 20 mg mL−1 [19], and considering the ratio between glucose and mannitol in RSLDEOUT (ratio 3.7: 1), additional MTT tests on both cell lines treated with different concentrations (0, 0.6, 1.0, 1.2, 2.43, 4.5, 9.0 mg mL−1) of commercially available mannitol were performed at 24 and 48 h. The cell viability assays had the same trend on both cell samples after 24 and 48 h exposure. In fact, significant cytotoxic activity was observed on Caco-2 cells up to 1.2 mg mL−1 of mannitol whereas, between 1.0 and 1.2 mg mL−1 of mannitol, there was a significant reduction in HCT-116 cell viability (around 40%) after 48 h exposure compared to the viability of Caco-2 treated with the same concentration of mannitol (Figure 6). This range 1.0–1.2 mg mL−1 is of interest since it corresponds to the amount of mannitol contained (1.1 mg mL−1) in the RSLDEOUT.



From Figure 7 it can be seen that RSLDEOUT is more effective on cancer cells than pure mannitol at the same concentration.




4. Discussion


Ganoderma lucidum spores are a rich source of bioactive compounds which are known to help in improving human health [20,21]. In the last decades, their possible implication for cancer prevention and treatment has stimulated a huge research activity concerning the exploitation of this part of G. lucidum for medical purposes [11,22,23,24]. For this reason, many extraction techniques were employed to obtain the maximum yield of bioactive compounds from G. lucidum [25].



In the present study, two strategies were compared to determine the best way to obtain an extract with antiproliferative activity against human cancer cells from G. lucidum spores (Figure 1). Hence, the sporoderm-broken spores of G. lucidum were extracted with a Soxhlet apparatus in n-hexane. The lipophilic fraction was analyzed via NMR and GC-MS [16], while the exhausted material was further processed. In particular, it was split into two fractions, one of which was extracted by hot water extraction (HWE) and the other fraction by rapid solid-liquid dynamic extraction (RSLDE) in order to compare a common with an innovative extraction technique. As it is known, this latter method exploits an extraction principle that allows the optimization of diffusion and osmosis phenomena, increasing the yield and reducing the extraction times compared to the classic extraction phenomena [26]. Using this principle, RSLDE allows to extract at room temperature without the diffusion effect due to temperature [27]. Furthermore, in this study RSLDE was optimized to extract the spores of G. lucidum adding Pyrex® solid glass beads in order to avoid the excessive sample compaction during the extraction. Cytotoxicity tests on HWE and RSLDE extracts were performed on two human cancer cell lines: Caco-2 cells show poor tumorigenic or non-tumorigenic features with a non-invasive phenotype [28] and HCT-116 cells display a high invasive ability in vitro [29]. The Caco-2 cells viability was not significantly affected by the exposure of the HWE and RSLDE extracts, but a strong dose- and time-dependent reduction in cell viability was observed for HTC-116. These interesting results triggered us to study the composition of the extracts.



The extracts were dialyzed to separate compounds with higher molecular weight from hydrophilic compounds with lower molecular weight. The outside aqueous phases (OUT) of dialysis, as well as the internal phases (IN) of the dialysis tube for both HWE and RSLDE extracts were analyzed via NMR and also evaluated for toxicity on Caco-2 and HTC-116. In particular, among the fractions analyzed, a high reduction in cell viability for Caco-2 cells was shown by the exposure of HWEOUT, probably due to the presence of some low molecular weight products that were extracted from thermal degradation. On the other hand, the most active fraction on HTC-116 is the outside dialysis phase of RSLDE extract which was found to be a mixture of glucose and mannitol in ratio 3.7:1. Mannitol is responsible of several functions in many organisms, such as protection from osmotic, saline, and oxidative stress [30]. In fact, a few in vivo studies have investigated the effects of mannitol as a free radical scavenger [31].



Considering that glucose is not a cytotoxic compound [19], some solutions of different concentrations of commercially available mannitol were tested on both cell lines. In addition, HTC-116 cells seem to be more sensitive than Caco-2 and, interestingly, the outside dialysis phase of RSLDE extract was more active on cancer cells than pure mannitol at the same concentration. In fact, this fraction might also contain a series of minor compounds which in very little amount are important in providing a cumulative or synergistic effect which determine the inhibition of HCT-116 cells.



Our findings show that hydrophilic compounds with low molecular weight play a crucial role in the bioactivity of G. lucidum. The strategy employed for the extraction of G. lucidum is a decisive factor to obtain a mixture of not altered bioactive components and, not surprisingly, the best extraction conditions were provided by RSLDE. In fact, the application of this technique permits the extraction without using high temperature and it has already been successfully applied in food, cosmetic, and resource recovery fields [32,33,34,35].




5. Conclusions


This work allowed to highlight the selective antiproliferative activity on the HCT-116 cell line of the most polar component with low molecular weight present in the spores of G. lucidum and obtained by RSLDE. In particular, this extract resulted essentially in a mixture of glucose:mannitol (3.7:1). Therefore, the results obtained confirm that G. lucidum extracts have beneficial effects against various pathologies, including cancer. However, most of the known data on the benefits of G. lucidum are based on laboratory and preclinical studies, while few clinical studies have been conducted. Consequently, further studies are needed to evaluate the real potential of this fungus and its components and to allow their use to be addressed as potential chemopreventive and/or therapeutic agents.
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Figure 1. Schematic representation of the analysis performed on the defatted spores of G. lucidum. 
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Figure 2. Cell viability assay on Caco-2 (non-invasive) blue line and HCT-116 (invasive) green line after treatment with aqueous extracts obtained by hot water extraction (HWE; A,B) and rapid solid-liquid dynamic extraction (RSLDE; C,D) at different concentrations. The response was observed after (A,C) 24 and (B,D) 48 h exposure. 
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Figure 3. 1H NMR spectra of dialyzed extracts from hot water extraction (HWE) and rapid solid-liquid dynamic extraction (RSLDE): HWEIN (A), HWEOUT (B), RSLDEIN (C), and RSLDEOUT (D). 
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Figure 4. Comparison of proliferative activities on Caco-2 (non-invasive) and HCT-116 (invasive) cell lines of the dialyzed extracts from hot water extraction (HWEIN and HWEOUT) and rapid solid-liquid dynamic extraction (RSLDEIN and RSLDEOUT) after 24 (A) and 48 h(B) exposure (* p < 0.05). 
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Figure 5. GC-MS chromatograms of acetylated methyl glycosides from RSLDEOUT (A); acetylated mannitol (B); acetylated methyl glycoside of glucose (C). 
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Figure 6. Caco-2 and HCT-116 cytotoxicity under different mannitol concentrations (0, 1.0, 1.2, 2.43, 4.5, 9.0 mg mL−1). MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium) cell viability after 24 (A) and 48 h (B) exposure. 
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Figure 7. Comparison of proliferative activities on Caco-2 (non-proliferative) and HCT-116 (proliferative) cell lines of RSLDEOUT (containing 1.1 mg mL−1 of mannitol) and the mannitol concentrations at 1 and 1.2 mg mL−1 after 24 (A) and 48 h (B) exposure (* p < 0.05, ** p < 0.01). 
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