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Gonoderma lucidum (G. lucidum) and Cordyceps militaris (C. militaris) are among the many mushrooms known for their long history of use in traditional medicine. Wildcrafted sources of mushrooms including G. lucidum and C. militaris can be limited from a scarcity and quality perspective, but solid fermentation processes in cultivation settings can provide an efficient way to deliver whole mushroom preparations of a consistent composition. Despite the historical use of these mushrooms, few published reports have explored their potential subchronic oral toxicity or genotoxicity, either from specific components or whole mushroom preparations. The purpose of this study was to assess the potential for acute toxicity, subchronic toxicity, and genotoxicity of powders produced from G. lucidum mycelial biomass and fruiting body (“Organic Reishi M2-102-02 powder”) cultured on oats, and C. militaris mycelial biomass, stroma, and fruiting body (“Organic Cordyceps M2-116-04 powder”) cultured on oats. Results of the testing demonstrate that both Organic Reishi M2-102-02 powder and Organic Cordyceps M2-116-04 powder were not acutely toxic, did not exhibit subchronic oral toxicity in rats at doses up to the highest dose tested of 2,000 mg/kg bw/day, and did not have genotoxic potential based on in vitro and in vivo genotoxicity assays.
Keywords: Reishi, Ganoderma lucidum, Cordyceps militaris, mushroom, mycelium, fruiting body, toxicity
1 INTRODUCTION
Mushrooms from the genus Ganoderma and Cordyceps are among the many mushrooms known for their long history of use in traditional medicines. Ganoderma lucidum (G. lucidum; commonly known as Reishi) is a wood decaying basidiomycete typically found on hardwood trees. G. lucidum has a sporocarp that is shelf-like and presents a stipe (Wachtel-Galor et al., 2011; Sułkowska-Ziaja et al., 2023; Kumari et al., 2024). Cordyceps militaris (C. militaris) is an ascomycete characterized by club-shaped orange or scarlet stromae and fruiting bodies and commonly grows on lepidopteran larvae and pupae (Jhou et al., 2018).
G. lucidum has been associated with antioxidant, antitumor, anti-inflammatory, anti-diabetic, hypolipidemic, and immunomodulatory effects (Sułkowska-Ziaja et al., 2023; Bishop et al., 2015; Lu et al., 2020). The principal components of G. lucidum include polysaccharides, glycoproteins, and triterpenoids including ganoderic acids (Ekiz et al., 2023; Lu et al., 2020). C. militaris has been associated with ergogenic, antitumor, antioxidant, and immunomodulatory effects (Jędrejko et al., 2021). The principal components of C. militaris also include various carotenoids, cordycepin, D-mannitol (cordycepic acid), γ-aminobutyric acid, N6-(2-hydroxyethyl)-adenosine, and various polysaccharides (Jędrejko et al., 2021; Wu et al., 2021).
G. lucidum is a woody mushroom and is considered inedible as a culinary mushroom whereas C. militaris is sometimes used in Asian cuisine. Preparations of these mushrooms are typically available for medicinal or functional purposes as dried and powdered preparations of fruiting bodies or mycelia, or extracts of all or some fungal parts. Wildcrafted sources of both G. lucidum and C. militaris, however, are limited, thus preparations from liquid fermentation or solid-state fermentation processes provide a means to highly efficient, consistent, year-round production and allow for better quality control of the final product (Wachtel-Galor et al., 2011; Jhou et al., 2018).
Although both G. lucidum and C. militaris have a long history of use as traditional medicines, rather limited information on their potential toxicity has been reported in the published literature (Ahmad et al., 2021; Jędrejko et al., 2021). Toxicity testing to support the safety of powders produced from G. lucidum mycelial biomass and fruiting body (“Organic Reishi M2-102-02 powder”) and C. militaris mycelial biomass, stroma, and fruiting body (“Organic Cordyceps M2-116-04 powder”) cultured on organic whole oats was conducted. The potential for acute toxicity, subchronic toxicity, and genotoxicity of Organic Reishi M2-102-02 powder and Organic Cordyceps M2-116-04 powder were evaluated.
2 MATERIALS AND METHODS
Organic Reishi M2-102-02 powder and Organic Cordyceps M2-116-04 powder were evaluated for the potential to cause acute toxicity, subchronic toxicity, and genotoxicity. The two materials were evaluated in separate toxicology studies conducted at the Meerut Institute of Engineering & Technology (MIET) following identical protocols. The conditions conform to MIET’s standard operating system that are based on the institute’s internal “Guide for the Care and Use of Experimental Animals.” All studies were reported to be conducted under Good Laboratory Practice (GLP).
2.1 Test material
M2 Ingredients Inc. provided the test materials, Organic Reishi M2-102-02 and Organic Cordyceps M2-116-04. Organic Reishi M2-102-02 powder consists of G. lucidum mycelial biomass and fruiting body cultured on whole certified organic oats (Avena sativa), dehydrated gently to break down the chitinous cell walls of the fungi and then milled into a powder. Organic Cordyceps M2-116-04 powder consists of C. militaris mycelial biomass, stroma, and fruiting body cultured on organic whole oats, dehydrated and milled into a powder. Identities were confirmed with species positive identification specifications using DNA sequencing of master tissue culture, taxonomic and visual monitoring of morphology, and growth metrics during the growing cycle. The concentration of beta-glucan in the Organic Reishi M2-102-02 powder and Organic Cordyceps M2-116-04 powder test materials was 29.1% w/w and 37.2% w/w, respectively. Organic Cordyceps M2-116-04 powder was also characterized by the presence of cordycepin (0.468 mg/g). Other characteristics of the test materials are summarized in Table 1.
TABLE 1 | Analytical characterization of Organic Reishi M2-102-02 powder and Organic Cordyceps M2-116-04 powder used in the toxicity studies.
[image: Table 1]2.2 Acute oral toxicity
The acute oral toxicity study designs were based on the Organisation for Economic Cooperation and Development (OECD) Guidelines for Testing of Chemicals, No. 425 (OECD, 2022). In each test, five female Wistar rats were administered Organic Reishi M2-102-02 powder or Organic Cordyceps M2-116-04 powder in purified water by single oral gavage dose at 2000 mg/kg bw and observed for up to 14 days. Additionally, groups of three female rats/dose were administered Organic Reishi M2-102-02 powder or Organic Cordyceps M2-116-04 powder in purified water by single oral gavage dose at 61, 195, or 625 mg/kg bw and observed up to 14 days. All animals acclimated to the laboratory for 5 days prior to dosing. General clinical observations for muscle activity (locomotion, muscle coordination, catatonia, tremor, and convulsion), reflex activity (visual place response, writhing response, tail pinch response, and piloerection), and secretory activity (lacrimation, salivation, sniffing, and defecation) were made, and respiratory and heart rates were examined. Evaluations of motor activity and grip strength were reported. Body weight was measured on Day 0 prior to administration of test material and on Days 1, 7, and 14. Food consumption per animal cage was reported daily. At the end of the observation period, the surviving animals were sacrificed using pentobarbital and were subjected to gross necropsy, including gross pathological evaluation.
2.3 90-Day oral toxicity
The 90-day oral toxicity studies were based on OECD Guidelines for Testing of Chemicals, No. 408 (OECD, 2018). In each study, Wistar rats (10/sex/group) were administered test material suspended in purified water by oral gavage at doses of 0, 500, 1,000, or 2000 mg/kg bw/day for 90 days. Animals were fasted overnight prior to administration and 2–4 h after administration. Water was provided ad libitum and feed was provided daily. All animals acclimated to the laboratory for 5 days prior to dosing. Environmental conditions included 10–15 air changes per hour, 22°C ± 3°C, relative humidity 40%–60% and illumination cycle set to 12 h artificial fluorescent light and 12 h dark. All animals were observed daily for morbidity, mortality, and general clinical observations (muscle activity including locomotion, muscle coordination, catatonia, tremor, and convulsive episode, reflex activity including visual place response, writhing response, tail pinch response, and piloerection, secretory activity including lacrimation, salivation, sniffing, and defecation, respiratory, and heart rate). Body weight was measured on Day 0 prior to test item administration and every 12th day thereafter.
Clinical pathology evaluations were performed on all animals at the end of the study, including evaluations of hematology (hemoglobin, red blood cell count, white blood cell count, platelet count, packed cell volume, mean corpuscular hemoglobin concentration (MCHC), mean corpuscular hemoglobin, mean corpuscular volume (MCV), differential leukocyte count including neutrophils, eosinophils, lymphocytes, and monocytes), clinical chemistry (total protein, total cholesterol, triglycerides, albumin, creatinine, alanine aminotransferase, aspartate aminotransferase (AST), alkaline phosphatase, blood urea nitrogen, bilirubin total and direct, glucose, uric acid, thyroid hormones), and coagulation (clotting time measurement). Urinalysis (color, clarity, pH, protein, glucose, bilirubin, and microscopic examination) was performed on all animals in the last week before termination (Day 90). Food and water were not provided to the animals during the urine and blood collection period.
Necropsy was performed on all animals and absolute weights of adrenals, brain, kidneys, lungs, heart, spleen, testes, uterus, and ovaries were recorded. Organ weights relative to body weights were calculated based on the absolute weight and the body weight of the animal. Histopathological evaluations were conducted on control and high dose group animals and included liver, kidneys, lungs, heart, brain, stomach, spleen, testes (including seminiferous tubules), uterus (including cervix), and ovaries. The lungs of animals in the low- and mid-dose groups were subject to histopathological examination for evidence of infection.
2.4 Bacterial reverse mutation assay
The bacterial reverse mutation assay study design was based on the OECD Guidelines for Testing of Chemicals, No. 471 (Organisation for Economic and Cooperative Development, 2002) using Salmonella typhimurium strains TA98, TA100, TA1535, and TA, and Escherichia coli strain WP2 uvrA in the presence and absence of exogenous metabolic activation system (S9 fraction liver extract). The strains were purchased from Environmental Bio-Detection Products Inc. (Mississauga Ontario, Canada). The metabolic activation system, Aroclor™ 1254-induced rat liver S9 (frozen dried), was purchased from Xenotech LLC (USA). The testing procedure consisted of a cytotoxicity test, a definitive assay, and a confirmatory repeat assay up to 5,000 µg/plate of each test substance. The metabolic activation system used in the assays was co-factor supplemented Arcolor™ 1254-induced rat liver S9 at 5% (definitive assay) and 10% (repeat assay) concentrations. Dimethyl sulfoxide was used as the vehicle for the test powders. Plates were prepared in triplicate and revertant colonies were counted using a digital colony counter. The mean and standard deviation were calculated for each set of triplicate plates.
2.5 In Vivo micronucleus test
2.6 Organic Reishi M2-102-02 powder and Organic Cordyceps M2-116-04 powder were tested in vivo for the potential to cause clastogenicity and/or aneugenicity. The test design was based on OECD 474 (OECD, 2014). The test items were prepared in purified water, phosphate buffered saline was used as vehicle control, and cyclophosphamide (50 mg/kg bw) was used as the positive control. The positive control material was supplied by Goel Scientific Pvt. Ltd. (manufactured by Sigma, USA), and the mice were provided by Lala Lajpat Rai University. In each study, Swiss albino mice (5/sex/group) were administered 0, 300, 1,000, 2000, or 2000 (satellite group) mg/kg bw of the Organic Reishi M2-102-02 powder or Organic Cordyceps M2-116-04 powder or positive control by oral gavage. Each test item was administered to each group in two doses at 14-h intervals. The positive control, negative control, and treatment groups were sacrificed after 24 h and the satellite group was sacrificed after 48 h. Bone marrow smears were collected, fixed, stained, and examined under light microscopy at ×100 magnification. The incidence of micronucleated cells per 2000 polychromatic erythrocytes (PCE)-blue stained immature cells per animal was scored. The number of normochromatic erythrocytes pink stained mature cells associated with 1,000 erythrocytes was counted and scored for incidence of micronuclei. The ratio of polychromatic to normochromatic erythrocytes was calculated together with appropriate group mean values and standard deviations.
2.6 Statistical analysis
Statistical analysis for the 90-day oral toxicity study was conducted using R and Excel. Means and standard deviations were calculated for males and females by dose group for each safety parameter evaluated (hematology, clinical chemistry, body weight, and organ weight). Two-way ANOVA was conducted to calculate statistical significance (p > 0.05) between groups by sex. Statistical analysis for the in vivo micronucleus test was conducted using one-way ANOVA.
3 RESULTS
3.1 Acute oral toxicity
In acute oral toxicity studies in rats, no mortality was observed up to 14 days after administration of up to 2000 mg/kg bw Organic Reishi M2-102-02 powder or 2000 mg/kg bw Organic Cordyceps M2-116-04 powder. No clinical signs, body weight changes, or macroscopic findings were observed. Based on the results of these studies, Organic Reishi M2-102-02 powder and Organic Cordyceps M2-116-04 powder were not lethal up to the limit dose of 2000 mg/kg bw, thus LD50 values were >2000 mg/kg bw for each test substance. The summary results from the acute oral toxicity studies with Organic Cordyceps M2-116-04 and Organic Resihi M2-102-02 powders are provided in (Supplementary Tables 1, 2).
3.2 90-Day oral toxicity
3.2.1 Organic Reishi M2-102-02 powder
No statistically significant or treatment related effects mortality, clinical signs, ophthalmic abnormalities, urinalysis finding, or macroscopic or microscopic findings were observed in male or female rats in any dose group administered Organic Reishi M2-102-02 powder in the 90-day oral toxicity study, and no statistically significant changes in body weight were observed (Figure 1). Absolute spleen weights of high dose females were significantly increased compared with controls (p < 0.05). Ovary weights (absolute and relative to body weight) of high dose females and testes weights (absolute and relative to body weight) of high dose males were significantly increased compared with controls (p < 0.05). No microscopic correlates were observed in histopathological evaluation of the spleen, testes, or ovaries of high dose rats. No statistically significant changes in hematological parameters were reported for male rats at any dose group when compared to control. Total white blood cell count was significantly decreased in females at all doses compared to controls (p < 0.05), while MCV and MCHC were significantly increased in mid and high dose group females compared to controls (p < 0.05). No statistically significant changes in clinical chemistry parameters were reported for female rats at any dose group when compared to control. AST was significantly increased in high dose males compared to controls (p < 0.05). All changes did not show a dose-response relationship or were within normal variability and were not considered adverse. Therefore, the no observed adverse effect level (NOAEL) for Organic Reishi M2-102-02 powder was 2000 mg/kg bw/day based on no adverse effects reported at the highest dose level tested. A summary of the results of the 90-day oral toxicity study with Organic Reishi M2-102-02 powder is shown in Table 2. The complete organ weight, hematological, and clinical chemistry parameters are provided in (Supplementary Tables 3–5).
[image: Figure 1]FIGURE 1 | Body weight in 90-day repeated dose toxicity study with Organic Reishi M2-102-02 powder.
TABLE 2 | Statistically significant parameters in the 90-day repeated dose study with Organic Reishi M2-102-02 powder.
[image: Table 2]3.2.2 Organic Cordyceps M2-116-04 powder
No statistically significant or treatment related effects on mortality, clinical signs, ophthalmic abnormalities, changes in hematology or clinical chemistry parameters, urinalysis findings, or macroscopic or microscopic findings were observed in male or female rats in any dose group in the 90-day study with Organic Cordyceps M2-116-04 powder. No statistically significant changes in body weight were observed (Figure 2). Ovary weights (absolute and relative to body weight) of all dosed females and testes weights (absolute and relative to body weight) of high dose males were significantly increased compared with controls (p < 0.05). Brain weight relative to body weight was significantly increased compared to controls in high dose females (p < 0.05), with no histopathological correlates. No microscopic correlates were observed in histopathological evaluation of the testes or ovaries of high dose rats. All changes did not show a dose-response relationship or were within normal variability and were not considered adverse. The NOAEL for Organic Cordyceps M2-116-04 powder was 2000 mg/kg bw/day based on no adverse effects reported at the highest dose level tested. A summary of the results of the 90-day oral toxicity study with Organic Cordyceps M2-116-04 powder is shown in Table 3. The complete organ weight, hematological, and clinical chemistry parameters are provided in (Supplementary Tables 6–8).
[image: Figure 2]FIGURE 2 | Body weight in 90-day repeated dose toxicity study with Organic Cordyceps M2-116-04 powder.
TABLE 3 | Statistically significant parameters in the 90-day repeated dose study with Organic Cordyceps M2-116-04 powder.
[image: Table 3]3.3 Bacterial reverse mutation assay
All phases of the tests were considered valid. Based on the results of the cytotoxicity tests, concentrations of Organic Reishi M2-102-02 powder or Organic Cordyceps M2-116-04 powder tested in the definitive and independent repeat assays were 50, 100, 500, 1,000, and 5,000 μg/plate, with and without S9. There were no concentration-related or statistically significant treatment-related increases in the number of revertant colonies observed with strains S. typhimurium TA1535, TA97a, TA98, and TA100, or E. coli WP2 uvrA in both the absence and presence of S9 using the plate incorporation method with either test substance (Table 4, 5, respectively; repeat assays for Organic Reishi M2-102-02 powder and Organic Cordyceps M2-116-04 powder shown in Supplementary Data Sheet S1). Based on the results of this study, Organic Reishi M2-102-02 powder and Organic Cordyceps M2-116-04 powder were negative for the potential to induce gene mutation bacteria with and without metabolic activation.
TABLE 4 | Results of the bacterial reverse mutation assay with Organic Reishi M2-102-02 powder.
[image: Table 4]TABLE 5 | Results of the bacterial reverse mutation assay with Organic Cordyceps M2-116-04 powder.
[image: Table 5]3.4 In Vivo mammalian cell micronucleus test
No premature deaths occurred in any male or female mice in any the dose groups administered Organic Reishi M2-102-02 powder or Organic Cordyceps M2-116-04 powder. No clinical signs were observed in the treated animals at any dose level up to 2000 mg/kg bw, including the satellite animals. Treatment with Organic Reishi M2-102-02 powder or Organic Cordyceps M2-116-04 powder did not result in any statistically significant changes in the frequency of micronuclei or micronucleated PCE up to the highest dose tested at 24 and 48 h after administration when compared to the study vehicle control group (Table 6, 7, respectively). The positive control group showed a statistically significant increase in the incidence of micronucleated PCE, confirming the sensitivity and validity of the studies to assess mutagenic activity. Based on the results of this study, Organic Reishi M2-102-02 powder and Organic Cordyceps M2-116-04 powder were negative with respect to the potential for clastogenicity and/or aneugenicity.
TABLE 6 | Result of the in vivo micronucleus test in mice with Organic Reishi M2-102-02 powder.
[image: Table 6]TABLE 7 | Result of the in vivo micronucleus test in mice with Organic Cordyceps M2-116-04 powder.
[image: Table 7]4 DISCUSSION
This series of studies was conducted to examine the potential acute toxicity, subchronic oral toxicity, and genotoxic potential of Organic Reishi M2-102-02 powder and Organic Cordyceps M2-116-04 powder. In separate studies of the mushroom powders, Organic Reishi M2-102-02 powder and Organic Cordyceps M2-116-04 powder were not acutely toxic, with no effect reported following a single oral dose of 2000 mg/kg bw of either powder. Additionally, Organic Reishi M2-102-02 powder and Organic Cordyceps M2-116-04 powder were not genotoxic in in vitro bacterial reverse mutation assays up to 5,000 µg/plate or in in vivo mouse micronucleus assays up to 2000 mg/kg bw. Results from the subchronic oral toxicity studies of the Organic Reishi M2-102-02 powder and Organic Cordyceps M2-116-04 powder showed some statistically significant findings; however, for both mushroom powder preparations all changes reported relative to the vehicle control group were attributed to normal and expected variability and were not associated with histopathological findings.
In the subchronic oral toxicity of Organic Reishi M2-102-02 powder, the statistically significant effects included an increase in the absolute spleen weight in female animals in the high dose group without corresponding effects in spleen weight relative to body weight, and thus considered non-adverse (Lewis et al., 2002). Both absolute ovary weights in the mid and high dose groups and ovary relative to body weight in the high dose group were statistically significantly increased relative to control; the increases were <10% different relative to control, thus the effects were determined to be non-treatment related and attributable to normal reproductive cycling resulting in inter-animal variation (Sellers et al., 2007). Testes absolute weight and weight relative to body weight in high dose males were also statistically significantly increased, <10% different than control; the effect was not considered adverse because the magnitude of the change was considered to be within the normal organ weight distribution (World Health Organization, 2015) and no histopathological findings were reported (World Health Organization, 2015; Palazzi et al., 2016; Pandiri et al., 2017). Changes reported in total white blood cell count at all doses compared to the controls, and MCV and MCHC (in the mid and high dose females compared to controls) were considered non-adverse as they were within 20% of control values (World Health Organization, 2015) and the change in AST in high dose males was non-adverse because it was within 50% of the control group value (World Health Organization, 2015).
In the subchronic oral toxicity of Organic Cordyceps M2-116-04 powder, statistically significant findings included changes in ovary and testes absolute weights and weight relative to body weight in female and male rats, respectively, and brain weight relative to body weight in female rats. The effects were <10% different than control thus not considered adverse because the magnitude of the changes were within the normal organ weight distribution (World Health Organization, 2015) and no histopathological findings were reported (World Health Organization, 2015; Palazzi et al., 2016; Pandiri et al., 2017). All other changes did not demonstrate a dose-response and were not considered treatment-related.
The materials that were the subject of testing in these studies were powder preparations of DNA-verified G. lucidum mycelial biomass and fruiting body cultured on oats and C. militaris mycelial biomass, stroma, and fruiting body cultured on oats produced by M2 Ingredients Inc. Limited information on the potential toxicity of G. lucidum and C. militaris preparations has been reported in the published literature (Ahmad et al., 2021; Jędrejko et al., 2021). The limited available literature represents various extracts or other preparations of select mushroom components with no standardized main constituents to allow for comparisons across test materials. Materials used in the production of Organic Reishi M2-102-02 powder and Organic Cordyceps M2-116-04 powder meet established product specifications and the fermentation is conducted in a controlled process, thus resulting in production of powders that consistently meet established parameters and reflect only the inherent variability typical of any natural product. However, these powders were developed through fermentation of DNA-verified fungi on organic oats, and thus likely differ in composition from various extracts of wildcraft mushroom and from fungi fermented on a different substrate. Specific cultures and fermentation processes are recognized to affect composition of fermentation preparations (Bidegain et al., 2019); consequently, extracts or powders from different parts of G. lucidum and C. militaris preparations may vary in toxicity, and data from the available literature may not accurately reflect the composition of the G. lucidum and C. militaris fermentation preparations on organic oats examined in the studies presented herein. The toxicity studies conducted on the Organic Reishi M2-102-02 and Organic Cordyceps M2-116-04 powders thus provide critical evidence to support the safety of these preparations.
5 CONCLUSION
Acute and repeated dose oral toxicity studies and in vitro and in vivo genotoxicity assays in rats were conducted to provide toxicological data to support a safety assessment for Organic Reishi M2-102-02 powder and Organic Cordyceps M2-116-04 powder. Organic Reishi M2-102-02 powder and Organic Cordyceps M2-116-04 powder were non-genotoxic and showed no adverse effects up to and including the highest concentration tested in acute and subchronic repeated dose toxicity studies by dietary administration. The 90-day oral toxicity studies support NOAELs for Organic Reishi M2-102-02 powder and Organic Cordyceps M2-116-04 powder of 2000 mg/kg bw/day, the highest dose tested, in male and female rats.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was approved by Meerut Institute of Technology. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
PC: Data curation, Formal Analysis, Visualization, Writing–original draft, Writing–review and editing. EF: Data curation, Formal Analysis, Methodology, Project administration, Validation, Visualization, Writing–original draft, Writing–review and editing. MM: Conceptualization, Data curation, Supervision, Visualization, Writing–review and editing. AC: Data curation, Methodology, Writing–review and editing. NS: Data curation, Methodology, Writing–review and editing. JD: Conceptualization, Funding acquisition, Methodology, Project administration, Resources, Supervision, Validation, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/ftox.2024.1469348/full#supplementary-material
REFERENCES
 Ahmad, R., Riaz, M., Khan, A., Aljamea, A., Algheryafi, M., Sewaket, D., et al. (2021). Ganoderma lucidum (Reishi) an edible mushroom; a comprehensive and critical review of its nutritional, cosmeceutical, mycochemical, pharmacological, clinical, and toxicological properties. Phytother. Res. 35, 6030–6062. doi:10.1002/ptr.7215
 Bidegain, M. A., Postemsky, P. D., Pieroni, O., and Cubitto, M. A. (2019). Analysis of the influence of substrate formulations on the bioactive chemical profile of lingzhi or Reishi medicinal mushroom, Ganoderma lucidum (agaricomycetes) by conventional and chemometrics methods. Int. J. Med. Mushrooms 21, 537–548. doi:10.1615/IntJMedMushrooms.2019030869
 Bishop, K. S., Kao, C. H., Xu, Y., Glucina, M. P., Paterson, R. R., and Ferguson, L. R. (2015). From 2000 years of Ganoderma lucidum to recent developments in nutraceuticals. Phytochemistry 114, 56–65. doi:10.1016/j.phytochem.2015.02.015
 Ekiz, E., Oz, E., Abd El-Aty, A. M., Proestos, C., Brennan, C., Zeng, M., et al. (2023). Exploring the potential medicinal benefits of Ganoderma lucidum: from metabolic disorders to coronavirus infections. Foods 12, 1512. doi:10.3390/foods12071512
 Jędrejko, K. J., Lazur, J., and Muszynska, B. (2021). Cordyceps militaris: an overview of its chemical constituents in relation to biological activity. Foods 10, 2634. doi:10.3390/foods10112634
 Jhou, B. Y., Fang, W. C., Chen, Y. L., and Chen, C. C. (2018). A 90-day subchronic toxicity study of submerged mycelial culture of Cordyceps militaris in rats. Toxicol. Res. (Camb) 7, 977–986. doi:10.1039/c8tx00075a
 Kumari, A., Tapwal, A., and Thakur, N. (2024). Ganoderma lucidum: insights on host range, diagnosis, and management strategies. J. Basic Microbiol. 64, e2300769. doi:10.1002/jobm.202300769
 Lewis, R. W., Billington, R., Debryune, E., Gamer, A., Lang, B., and Carpanini, F. (2002). Recognition of adverse and nonadverse effects in toxicity studies. Toxicol. Pathol. 30, 66–74. doi:10.1080/01926230252824725
 Lu, J., He, R., Sun, P., Zhang, F., Linhardt, R. J., and Zhang, A. (2020). Molecular mechanisms of bioactive polysaccharides from Ganoderma lucidum (Lingzhi), a review. Int. J. Biol. Macromol. 150, 765–774. doi:10.1016/j.ijbiomac.2020.02.035
 Organisation for Economic and Cooperative Development (OECD) (2002). Guidance notes for analysis and evalaution of repeat-dose toxicity studies. Paris: Environemtnal Directorate. doi:10.1787/9789264078482-en
 Organisation for Economic and Cooperative Development (OECD) (2014). Test No. 474: mammalian erythrocyte micronucleus test. Paris: OECD Publishing. doi:10.1787/9789264224292-en
 Organisation for Economic and Cooperative Development (OECD) (2018) .“Test No. 408: repeated dose 90-day oral toxicity study in rodents,” in OECD Guidelines for the testing of Chemicals, section 4 . Paris: OECD Publishing. doi:10.1787/9789264070707-en
 Organisation for Economic and Cooperative Development (OECD) (2022). “Test No. 425: acute oral toxicity: up-and-down procedure,” in OECD Guidelines for the testing of Chemicals, section 4 . Paris: OECD Publishing. doi:10.1787/9789264071049-en
 Palazzi, X., Burkhardt, J. E., Caplain, H., Dellarco, V., Fant, P., Foster, J. R., et al. (2016). Characterizing adversity of pathology findings in nonclinical toxicity studies: results from the 4th ESTP international expert workshop. Toxicol. Pathol. 44, 810–824. doi:10.1177/0192623316642527
 Pandiri, A. R., Kerlin, R. L., Mann, P. C., Everds, N. E., Sharma, A. K., Myers, L. P., et al. (2017). Is it adverse, nonadverse, adaptive, or artifact?Toxicol. Pathol. 45, 238–247. doi:10.1177/0192623316672352
 Sellers, R. S., Mortan, D., Michael, B., Roome, N., Johnson, J. K., Yano, B. L., et al. (2007). Society of toxicologic pathology position paper: organ weight recommendations for toxicology studies. Toxicol. Pathol. 35, 751–755. doi:10.1080/01926230701595300
 Sułkowska-Ziaja, K., Balik, M., Szczepkowski, A., Trepa, M., Zengin, G., Kała, K., et al. (2023). A review of chemical composition and bioactivity studies of the most promising species of Ganoderma spp. Diversity 15, 882. doi:10.3390/d15080882
 Wachtel-Galor, S., Yuen, J., Buswell, J. A., and Benzie, F. F. (2011). “Chapter 9: Ganoderma lucidum (lingshi or Reishi),” in Herbal medicine: biomolecular and clinical aspects . 2nd ed. Boca Raton (FL): CRC Press/Taylor & Francis. 
 World Health Organization (WHO) (2015). “Pesticide Residues in Food. Guidance document for WHO monographers and reviewers,” in WHO core assessment group on pesticide regulation . 
 Wu, X., Wu, T., Huang, A., Shen, Y., Zhang, X., Song, W., et al. (2021). New insights into the biosynthesis of typical bioactive components in the traditional Chinese medicinal fungus Cordyceps militaris. Front. Bioeng. Biotechnol. 9, 801721. doi:10.3389/fbioe.2021.801721
Conflict of interest: The authors declare that this study received funding from M2 Ingredients, Inc. The funder had the following involvement in the study: study design, decision to publish, and preparation of the manuscript.
PC, EF, and MM are employees of Exponent, Inc. JD is employed by M2 Ingredients, Inc., which sponsored the studies presented in this paper.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Chrysostomou, Freeman, Murphy, Chaudhary, Siddiqui and Daoust. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/ftox-06-1469348-t003.jpg
Males

Dose group (mg/kg bw/day) Control 500 1,000 200! Control

Absolute organ weight

Brain (g) 2101 21£01 | 21£00 | 22%01 2100 20£00 2100 24 £01%
Testes (g) 26500 | 25000 | 2301 | 2501 — — — -
Ovary (mg) [ - - = - 66.0 + 4.9 61.0 +3.0* 59.9 £0.0* 69.9 +0.0*
: Relative organ weight to body weight
Brain (%) 09 £00 08+00 | 0800 = 09%00 0900 0800 0900 10 £ 0.0°
Ovary (%) [ - [ = - - 003%000  003000° = 002%000* | 003000
Testes (%) 10 £00 10£00 | 10£00 | L1£00° - - - -
[ 7 Hematology 7
Total WBC count (x103/L) 81206 | 6908 | 7310 | 78%07 | 76207 7.0£07 7108 7.6 £08
Clinical chemistry
AST (IU/L) 660+88 | 655+83 66398 709%59  6LI+46 648638 640+62 | 648%19
ALT (IU/L) 21£57 | 24136 | 232£51 | 244%53 | 221%50 246+ 46 270£70 | 330%72
BUN (mg/dL) 206420 | 222+22 | 222#22 | 210434 | 215%21 20£15 29+16 | 209%27

Total WBC, Total white blood cell; Alanine aminotransferase - ALT; Aspartate aminotransferase - AST; Blood urea nitrogen - BUN.

Data shown as mean + SD.
“Statistica significance compared to control, p < 0.05.

N = 10 animals/sex/group.

Note: Some values appear to be zero (0.0 or 0.00) due to rounding,






OPS/images/ftox-06-1469348-t004.jpg
Revertant colonies per plate

Concentration Salmonella typhimurium Escherichia coli
(pg/plate)
TA98 TA100 TA1535 WP2 uvrA
-S9 +59 (5%) =) +59 (5%) =59 +59 (5%) = £59 +59 (5%)
50 | 23333 034 | Besdl | Isedl 128E32 | 00233 | 1721 | 186328 | 6322 | 6eltle
100 | ass | om0 138%22 129434 Wos2s | m0sss | mme2s ‘ 145533 I Gsraz | es1eds
500 P32 3B7£30 140£32 152435 140+24 136424 121222 ‘ 135435 \ 66930 | 681+35
swo | a2 | maien | e | desal wress | 00 | e | me2 | usn | mesn
Positive control [ 105 5195 172601990 | 282 10| 2451 ST 2161400 234530 | 1296+ 1M | 12761290 | 192 13 13598 135
Negative control ‘ 2031 | M1£32 134£180 | 165£160  108+26 151425 128 £ 202 ‘ 149 + 201 ‘ 730100 | 780415

Data shown as mean + SD.
*Statistical significance compared to control, p < 0.05.-89 positive controls for Strain 98: 2-nitrofluorene (2NF); Strains TA, 97a, TA, 100; TA, 1535: Sodium-azide (NaN3); Strain WP2: methyl-
methanesulfonate (MMS).

+59 (5%) positive controls for Strain 98: Benzo(a)pyrene(BP); Strains TA, 97a, TA, 100; TA, 1535, WP

-aminoanthracene (2AAn).





OPS/images/ftox-06-1469348-t001.jpg
Test material

Characteristic Organic Reishi M2-102-02 powder Organic Cordyceps M2-116-04 powder
Lot number 122080102A 122080804A
Appearance Brown powder Light brown powder
Beta glucan content (% w/w) 291 372
Cordycepin (mgfg) - 0.468
Particle size (through 60 mesh) 295% 295%
Moisture (% w/w) 39 35






OPS/images/ftox-06-1469348-t002.jpg
Males Females

Dose group (mg/kg bw/day) Control 1,000 2000 0 1,000 2000

Absolute organ weight

Spleen (g) 0800  08%00 0800 0800 0800 0800 08200 09 00°
Testes (g) 23£00 | 2500 24201 26+00 - - - -
Ovary (mg) - - - - 64711 | 65738 | 65048 | 740%29°

Relative organ weight to body weight (%)

Ovary - - - - 0.027 £0.000 | 0.028%0.000 00260000  0.029 %
0.000%
Testes 095+000  1.01£000° 096%000 | 104000 - - - | -
| Hematology

Total WBC count (x107/uL) 69£12 | 5012 6509 6807 9511 7412 78209 | 77£10°
PCV (%) 38208 | 433+ 11" | 394%38 | 35930  420%15 450+19 | 431%24 43438

Platelet count (lakh/cmm) 6706+ 637 | 7238399 | 8482+87.9% | 6907 +886 91531119 8152+ 672 8669 + 824 7615 +

1274
MCV (fL) | 41615 | SLet2er | 2411 | 5622220 | 480424 SISt 16 | €03+l | 97227
MCHC (g/dL) 28607 | 279%04 | 182%16° | 310%£10°  290%15 278405 | 335+26 | 32312
Lymphocytes (%) L Ga6s13 | @1e25 | eaArar | @8225 | 701229 | @85+23 | 704220 | 76222
Neutrophils (%) 25021 | 287%13° | 26630 | 26022  298%28 277+12 | 316£36 326+29

Clinical chemistry

AST (IU/L) 57670 | 65668 & 612%£26 | 697%16* = 674%85 | 650%10.1 577 +63 69.8 £ 10.1
ALT (IU/L) 227+53 | 269+45 | 258%138 | 332%75 229+69 269 + 45 285+59 302+ 46
BUN (mg/dL) 211428 | 223%33 | 26905 | 202%25 217 £21 240 % 11 282+ 18° 214 £20

MCH, Mean corpuscular hemoglobin; MCHC, Mean corpuscular hemoglobin concentration; MCV, Mean corpuscular volume; PCV, Packed cell volume; Total RBC, Total red blood cell; Total
WBC, Total white blood cell; Alanine Aminotransferase - ALT; Aspartate aminotransferase - AST; Blood urea nitrogen - BUN.

Data shown as mean + SD.

“Statistical significance compared to control, p < 0.05.

N = 10 animals/sex/group.

Nehic Sarne vl sopear 55 b o DUC 0N 62000 die o oanding:






OPS/images/ftox-06-1469348-t007.jpg
Treatment group Number of PCE with micronuclei per 2000 PCE  PCE/NCE ratio

Vehicle control 10 mL/kg bw, 24 h 08+ 06 065 % 0.13

Positive control 50 mg/kg bw, 24 h 517 % 180" 065 % 0.13

Organic Cordyceps M2-116-04 powder 300 mg/kg bw, 24 h | 08+ 08 | osssons
1000 mg/kg bw, 24 h 1409 049 % 031

2000 mg/kg bw, 24 h 15409 | ostzom

Organic Cordyceps M2-116-04 powder satellite | 2000 mg/kg bw, 48 h 19410 052+ 0.14

Data shown as mean + SD.

“*Statistical significance compared to vehicle control, p < 0.01.

PCE: polychromatic erythrocytes; NCE: normochromatic erythrocytes.

Viehice coniol-vhiosphite bafled saliiie: Peiitive Coutrl-crolouhomhamids:





OPS/images/ftox-06-1469348-t005.jpg
Revertant colonies per plate

Concentration Salmonella typhimurium Escherichia coli
(pg/plate)
TA98 TA100 TA1535 TA97a WP2 uvrA
=52 +59 (5%) =B +59 (5%) S0 +59 (5%) =55 +S9 (5%) ES9) +59 (5%)
50 ‘ 275%52 ‘ 323+85 138 + 428 164 + 7.0 127 £ 45 14348 118 £25 115+ 35 612+ 35 603 + 10.0
100 [ 334443 ‘ 365 +4.8 139 + 46 162 + 2.1 | 133 %35 156 + 4.3 122+ 41 123 +4.8 | 655 + 66 613 £ 85
500 ‘ 345435 ‘ 355+47 141 £45 | 158 7.5 142 35 164 + 49 I 122 £ 46 127 £ 4.8 | 674 £33 663 + 7.6
1,000 ‘ 367 £ 4.0 ‘ 378 £45 ‘ 145+ 46 163 + 125 149 +45 184 £ 58 124 £ 44 127 £ 44 683 £ 50 677+ 76
5,000 377.£55 ‘ 33255 146 £ 56 176 + 9.0 | 153 +49 182 +47 227 +42 120 £ 42 | 704 + 56 697 £ 57
Positive control 1706 + 201* | 1,363 + 201 | 2,887 +150* | 2,867 + 150* | 2,163 + 403* [ 2,363 £403* | 1,298 £135* | 1,398 + 135* | 1,325 £ 125" | 1,425 125*
Negative control ‘ 334134 ‘ 336 +34 134 £ 210 | 154 + 21.0 11425 155£25 129 £ 23.1 169 + 23.1 723 £ 145 777 £ 145

Data shown as mean + SD.

“Statistical significance compared to control, p < 0.05.
59 positive controls for Strain 98: 2-nitrofluorene (2NF); Strains TA, 97a, TA, 100; TA, 1535: Sodium-azide (NaN3); Strain WP2:
+89 (5%) positive controls for Strain 98: Benzo(a)pyrene(BP); Strains TA, 97a, TA, 100; TA, 1535, WP:

ethyl-methanesulfonate (MMS).
_aminoanthracene (2AAn).






OPS/images/ftox-06-1469348-t006.jpg
Treatment group Dose Number of PCE with micronuclei per 2000 PCE ~ PCE/NCE ratio

‘ Vehicle control 10 mL/kg bw, 24 h 08 +06 065 +0.13
‘ Positive control 50 mg/kg bw, 24 h [ 517 £ 180 [ 065 +0.13
» Organic Reishi M2-102-02 powder 300 mg/kg bw, 24 h | 0808 | 065 +0.13
1000 mg/kg bw, 24 h L1£10 049 + 031

2000 mg/kg bw, 24 h 12£09 051 +0.14

Organic Reishi M2-102-02 powder satellite | 2000 mg/kg bw, 48 h 17£11 | 052 +0.14

Data shown as mean  SD.
“*Statistical significance compared to vehicle control, p < 0.01.
PCE:

olychromatic erythrocytes NCE: normochromatic erythrocytes.
fe: Ssnmalshnanikans Ausiived adline: Bositive Comeeel coolnslicenianiie:






OPS/xhtml/nav.xhtml
Contents

		Cover

		A toxicological assessment of Ganoderma lucidum and Cordyceps militaris mushroom powders		1 Introduction

		2 Materials and methods		2.1 Test material

		2.2 Acute oral toxicity

		2.3 90-Day oral toxicity

		2.4 Bacterial reverse mutation assay

		2.5 In Vivo micronucleus test

		2.6 Statistical analysis





		3 Results		3.1 Acute oral toxicity

		3.2 90-Day oral toxicity

		3.3 Bacterial reverse mutation assay

		3.4 In Vivo mammalian cell micronucleus test





		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Toxicology

A toxicological assessment of
Ganoderma lucidum and

Cordyceps militaris mushroom
powders





OPS/images/ftox-06-1469348-g001.gif
i R OChy ot Gom Sy vy i Ormie Rewn =
o pmier

-

.
oo e e
i ==





OPS/images/ftox-06-1469348-g002.gif
Male body welght

Femal body wight









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Toxicology





