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ABSTRACT 

 Fungi including mushrooms have been proved to be an important biosource of 

numerous metabolites having a huge variety of chemical structures and diverse 

bioactivities. Metabolites of mushrooms are of remarkable importance as new lead 

compounds for medicine and agrochemicals. This review presents some of our studies 

on biologically functional molecules purified from mushroom-forming fungi; 1) 

endoplasmic reticulum stress suppressor, 2) osteoclast-forming suppressing compounds, 

3) plant growth regulators. 
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At present, estimates of the total number of fungal species on earth are about 1.5 million 

species, whereas the number of fungi described worldwide is just about 7% of the 

number.1, 2) There is a well-known axiom that “plants act as producers, animals as 

consumers, and fungi as restorers and decomposers”. In other words, the plants create 

organic compounds by means of photosynthesis and animals consume such plants. Then 

fungi, including mushrooms, play an important role in restoring the plants and animals 

back to the land. Fungi can be found in almost all types of habitats. To survive, fungi 

have developed a number of strategies for protection and communication using different 

types of secondary metabolites. There are some differences in the structures of 

metabolic products by mushroom-forming fungi compared to those by plants and 

animals. These differences sometimes indicate biological activities indigenous to 

mushroom-forming fungi. Fungi including mushrooms have been proved to be an 

important biosource of numerous metabolites having a huge variety of chemical 

structures and diverse bioactivities.3, 4) 

 Our group have been studying various bioactive compounds produced by some 

mushrooms. Bioactivity-guided fractionation of the extract of mushroom resulted in the 

isolation of active compounds and structure determination. This review presents some 

of our studies on biologically functional molecules isolated from mushroom-forming 

fungi. 

 

Endoplasmic reticulum (ER) stress suppressors 

Endoplasmic reticulum (ER) is an extensive membranous network that provides a 

unique environment for the synthesis, folding, and modification of secretory and cell 

surface proteins.5) Certain pathological stress conditions can disrupt homeostasis in the 

ER, causing loss of the ER intraluminal oxidative environment and depletion of 

intracellular calcium stores, and lead to accumulation of misfolded proteins in the ER.5) 

ER stress-dependent neurons death via amyloid-beta (A) peptides has been reported to 

cause diseases, such as Alzheimer, Parkinson, and Huntington diseases.6-9) ER stress has 



 

been reported to cause not only neurodegenerative diseases but also some other 

diseases, such as diabetes, atherosclerosis, heart and liver disease.10) Therefore, the 

protective activity against ER stress is an important target for the cure or prevention of 

these diseases and the demand for new protective substances prompted us to screen the 

protective activity of the extracts from edible mushrooms. The extracts of mushrooms 

were subjected to the protective activity assay against ER stress-dependent cell death 

caused by tunicamycin (TM) or thapsigargin (TG). ER stress was induced by the 

addition of TM or TG into the culture medium of Neuro2a cells in the presence or 

absence of samples. TM is an inhibitor of N-linked glycosylation and the formation of 

N-glycosidic protein-carbohydrate linkages.11) It specifically inhibits dolichol 

pyrophosphate-mediated glycosylation of asparaginyl residues of glycoproteins and 

induces the ER stress.12) TG, an inhibitor of the sarcoplasmic/ER Ca2+-ATPase, also 

induces ER stress by disrupting the homeostatic balance of the Ca2+ concentration in the 

ER.13)  

 Hericium erinaceus is a well-known edible and medicinal mushroom in Japan as 

known Yamabushitake, and in Europe and the United States as Lion’s Mane. It showed 

some important bioactivities in the reduction of ER stress induced by 

amyloidpeptide14-16) and anti-dementia such as the promotion of nerve growth factor 

(NGF) synthesis17-24). NGF, belongs to a family of neurotrophins that induce survival 

and proliferation of neurons, plays an important role in the repair, regeneration, and 

protection of neurons. A finding reported a woman with Alzheimer’s dementia 

improved her symptoms, such as enhancing mental ability, after the administration of 

NGF directly into her brain using catheter.23) It has been suggested by scientists that 

NGF may be used to treat Alzheimer’s disease.25) However, there is a high risk in such 

treatment since NGF is a protein which cannot pass through the blood-brain barrier and 

it needs to be injected directly into the brain to be effective. If a compound can be taken 

by oral administration that can pass through the barrier and stimulates the NGF 

synthesis inside the brain, it may be applied saferly. Based on the above concept, 



 

Kawagishi et al. searched for natural stimulators of NGF synthesis and found 

hericenones C to H (1−6) from the fruiting bodies of H. ericaceus in 1991.17, 18) These 

compounds were the first NGF stimulators isolated. Later, erinacines A to I (7−15) from 

the mycelia of the fungus were obtained (Figure 1a).19-22, 24) Recently, the 

neuroprotective activity of erinacine A of the Hericium erinaceus mycelium in vitro and 

in vivo has been reported,26) which thus may be promising candidates for the treatment 

of neurodegenerative diseases such as Parkinson’s disease. 

  3-Hydroxyhericenone F (16) was isolated as an ER stress suppressor 

from the fruiting bodies of H. erinaceus.16) Ueda et al. also found active compounds 

(17−20) in an extract from the scrap cultivation bed of the mushroom (Figure 1b).15) 

The cultivation bed is usually discarded by the mushroom growers after harvesting the 

fruiting bodies. The scrap cultivation of the mushroom can be a useful resource of 

biological active compounds. 

 Leccinum extremiorientale, having a red brown areolate cap, belongs to the higher 

fungus of the genus Leccinum in the family Boletaceae and grows worldwide, especially 

in the northern temperate zone. L. extremiorientale is a very tasty mushroom. We 

succeeded in the isolation and structural determination of the active compound, 

leccinine A (21), and structure activity relationship by comparing the activity of 21 with 

those of its seven synthesized analogues (21a −g) (Figure 2a).27) These results indicated 

that the formamide group in 21 is indispensable for the protective activity.  

 The edible mushroom Mycoleptodonoides aitchisonii belongs to the 

Climacodontaceae family, is mainly found in the Kashmir region of India and in East 

Asia. This mushroom is popular in Korea (called “Champanul”) and in Japan (called 

“Bunaharitake”). We found the protective activity in the extract of the mushroom M. 

aitchisonii, whose enhancing effect on the synthesis of NGF and catecholamine 

metabolites in the rat brain had been reported.28, 29) The structures of 22−37 were 

determined by the interpretation of spectroscopic data including NMR and X-ray 

analysis (Figure 2b).30-32) Many -lactones and phenylpentanols were possessed of the 



 

protective activity against TM- or TG-toxicity. This mushroom has potential utility in 

preventing of ER stress. 

 Termitomyces titanicus with a cap diameter of up to 1 m is the largest edible 

mushroom in the world according to Guinness Book of Records. The genus 

Termitomyces live in an obligate mutualistic symbiosis with termites of the subfamily 

Macrotermitinae.33-35) Termites cultivate the mycelia in their nest and fruiting bodies 

can be seen rising on or near the mounds.36) We reported the isolation of ER stress 

protective compounds, termitomycamides A to E (38−42), from the fruiting bodies of T. 

titanicus (Figure 3).37, 38) To investigate further the structure-activity relationship, their 

analogues (39a−c and 42a−c) that have different fatty acid parts (stearyl, oleyl and 

arachidonyl) were synthesized (Figure 3).38) The linoleyl moiety in 39 and 42 was 

indispensable for the activity of the substances. 

 

Osteoclast-formation suppressors 

Osteoporosis is a serious health problem that predominantly affects postmenopausal 

women and aged people, and leads to a high risk of fracture. Bone homeostasis during 

remodeling is maintained by osteoclastic bone resorption and osteoblastic bone 

formation.39) Exceeding calcium resorption in the bone gradually decreases 

bone mineral density. For this reason, osteoclast, the cell responsible for calcium 

resorption, is the major medicinal target to treat osteoporosis. Therefore, substances 

which can suppress the formation of osteoclasts are candidates for drugs or functional 

foods to prevent osteoporosis. The assay is based on the principle that osteoclast-like 

multinucleated cells can be formed in vitro from co-cultures of mouse bone marrow 

cells and osteoblastic cells by treatment with osteotropic factors, 1,25-

dihydroxyvitamin D3 and prostaglandin E2.40) By adding suppressive agents, the 

formation of osteoclast is inhibited during the differentiation. During our screening for 

the osteoclast-formation suppressive effects of extracts of mushrooms, Choi et al. found 



 

very strong activity in the extract of verious mushrooms Agrocybe chaxingu, Grifola 

gargal, and Leccinum extremiorientale. 

 Agrocybe chaxingu is an edible fungus belonging to the family Strophariaceae, 

grows in dry and died boles of broadleaf, such as grease tea plant and poplar, and exists 

only in mountainous areas in South China. By using the assay, Choi et al. found three 

known compounds (43− 45) and five new compounds named as chaxines A (46) to E 

(50) from this mushroom (Figure 4a) as biological active ingredients. The compounds 

suppressed the formation of osteoclast without cytotoxicity.41-44) In addition, chaxins 

A−C (46−48) as possible lead compounds, have been synthesized.43, 45) 

 Grifola gargal is an edible mushroom with a characteristic almond flavor, collected 

and eaten by native people of southern Argentina and Chile. The species has only been 

occured from the Nothofagus-dominated forests of the area. Nutraceutical properties 

and pharmacological potential of the mushroom have been studied; aqueous extracts of 

the mushroom showed the anti-oxidant and anti-inflammatory effects and the methanol 

extracts displayed a free radical scavenging activity.46) Wu and Choi et al. have reported 

the isolation of novel osteoclast-forming suppressing compounds, gargalols A to C 

(51−53) together with some known steroids (54−57) and sphingosine (58) from the 

mushroom (Figure 4b).47, 48) 

 Choi et al. also isolated two osteoclast-forming suppressing sterols from the 

mushroom L. extremiorientale.49) Ergosterol peroxide and cerevisterol exsist 

widespread in many mushrooms,27, 50-52) and exhibited no activity. However, slight (or 

deep) modification of common substances like 43−57 could give the active principles. 

In general, mushrooms contain various kinds of steroids at higher concentrations. Edible 

mushrooms are suitable for the sources of the suppressors, since they can be eaten daily 

without serious secondly effects. Therefore, mushrooms are suitable for daily intake, 

our group propose that the mushroom could be the promising functional food for 

postmenopausal women and aged people to improve and/or prevent osteoporosis.  

 



 

Plant growth regulators 

Microbes secrete diverse classes of molecules that directly or indirectly affect plant 

growth, development, productivity and overall health.53) Microbial secondary 

metabolites represent a kind of chemical communication between microbes and other 

microbes or nonmicrobial systems including higher plants, lower animals or mammalian 

(humans) systems, which reflects antagonistic, synergistic, regulatory or modulatory 

and any other biochemical or either biophysical interactions.54) Plants interact with 

fungal species in their natural growing environments. For example, it has been reported 

that strigolactones as a plant hormone induce hyphal branching in symbiotic arbuscular 

mycorrhizal fungi to roots of plants and promote plants growth by establishing 

mutualism with the fungi.55) In addition, gibberellins (GAs) are a large family of 

isoprenoid plant hormones, some of which are bioactive growth regulators, controlling 

seed germination, stem elongation, and flowering.56) The rice pathogen Gibberella 

fujikuroi is able to produce large amounts of GAs, especially the bioactive compounds 

gibberellic acid (GA3). The commercial source of the bioactive GAs, particularly GA3, 

is by fermentation of the fungus, G. fujikuroi, from which the GAs were originally 

discovered.57)  

Our group are interested in biological activity of components from mushroom 

towards plants and have reported isolation of some compounds that regulate lettuce 

growth.58-63) 

 The genus Armillaria (Honey Fungus in English, Naratake in Japenese), belonging 

to the family Physalacriaceae, is an edible mushroom throughout the world. This 

mushroom is delicious, and people also have utilized it for its medicinal properties. On 

the other hand, the genus has been known as a serious plant pathogen that causes root 

rot in various plant species, 64) and the phenomenon is called Armillaria root disease.65, 

66) Root rot is one of the most serious diseases of plants and occurs in many broadleaf 

trees including oak, fruit, and nut trees as well as several herbaceous plants.65-67) These 

facts indicate that Armillaria produces allelopathic substances. In addition, armillariols 

A−C (58−60) have been isolated from the culture broth of Armillaria sp. as plant 

growth regulators by our group68). The synthesis of (+)- and (−)-60 and their analogues 



 

using Suzuki−Miyaura cross-coupling and Sharpless asymmetric dihydroxylation on a 

gram-scale is described by Reddy et al69). In addition, two new compounds (61, 62) and 

seven known analogues (63−69) from the culture broth of same genus (Figure 5a). 

Compounds 63−69 were identified as 5’-O-methylmelledonal70), melleolide D71), 13-

hydroxydihydromelleolide72), melleolide73), armillarinin74), armillaridin75), and 

armillarikin76), respectively, which have been isolated from the mushroom genus 

Armillaria as antimicrobial compounds. The protoilludane skeleton itself is important 

for growth inhibitory activity against lettuce. The formyl group at C-1 and the absence 

of a hydroxy at C-13 in the molecule were important for the antifungal activities. 

 “Fairy rings” is a disease symptom in woodlands and grasslands; rapidly growing, 

lush green rings (or arcs bands) of grass and/or circles of mushrooms are observed, 

owing to the interaction between a fungus and a plant77, 78). It has been found that more 

than 60 of basidiomycete fungi produce fairy rings in grasslands79). Since the first 

scientific article about “fairy rings” in 1675 and subsequent studies reviewed in Nature 

in 188480), this phenomenon had been attributed to unknown “fairies” before our 

chemical disclosure77-81). Choi et al. found that 2-azahypoxanthine (AHX, 70) and 

imidazole-4-carboxamide (ICA, 71) are plant growth regulators produced by a fairy ring 

forming fungus, Lepista sordida (Figure 5b)82, 83). Furthermore, Choi et al. isolated a 

common metabolite of 70 in plants, 2-aza-8-oxohypoxanthine (AOH, 72)84) and futher 

metabolites (N-glucosides; 73−76) (Figure 5b)85). Kawagishi and Choi named the three 

compounds “fairy chemicals” (70−73; FCs) after the title of the article in Nature86).  

 FCs regulated the growth of all of the plants tested regardless of their species, and 

various examinations indicated that plants developed tolerance to various and 

continuous stress (low or high temperature, salt, or drought stress, etc.) from the 

environment by treatment with FCs, resulting in the growth promotion. Furthermore, 

FCs increased the yields of rice, wheat, and other varied crops in greenhouse and/or 

field experiments82-84, 86-88), suggesting that they might find practical application in 

agriculture. For practical use of 70−72, field experiments are necessary and large 



 

amounts of them are required for them. Compounds 70−72 are chemically synthesized 

readily89, 90). Choi et al. have also reported the endogenous presence of 70 and 72 in 

plants and the discovery of a new route in purine metabolic pathway in which 70 and 72 

are biosynthesized84, 91). Based on the above results, our group hypothesize that FCs 

(70−72) are a new family of hormones in plants.  

 

Conclusion 

Today fungi are one of the major parts of pharmaceutical industries, but still there is a 

need to continue to find new bioactive molecules from fungi. Fungi are easy to cultivate 

and scale up as compared to plant cells. There are more than 140,000 species of 

mushroom-forming fungi on the earth. However, only about 7% of the fungi have been 

given names. The nameless fungi also must be producing compounds with new 

functions and structures. Mushrooms are unexplored biological resources. Our group 

are presently trying to isolate the active compounds from various mushrooms.  

 

 

Acknowledgments 

I am very grateful to Professor Hirokazu Kawagishi (Shizuoka University) for his 

continuous support, invaluable discussion, his kind guidance and encouragement, and 

all my past and present co-workers and laboratory members for their help and 

discussion. I am grateful to the Japan Society for Bioscience, Biotechnology, and 

Agrochemistry for its presentation to me of the Award for the Encouragement of Young 

Scientists. 

 

Disclosure statement 

 No potential conflict of interest was reported by the author. 

 

Funding 



 

 This work was partially supported by Japan Society for the Promotion of Science 

(JSPS KAKENHI) (No. 16H06192) Grant-in-Aid for Young Scientists (A) to J.-H. C., 

supported by Science and Technology Research Promotion Program for Agriculture, 

Forestry, Fisheries, and Food Industry from MAFF, and by a grant-in-aid for scientific 

research on priority areas “Creation of Biologically Functional Molecules” (No. 

17035037) from the Ministry of Education, Culture, Sports, Science and Technology of 

Japan. 

  

References 

1) Hawksworth DL. Fungal diversity and its implications for genetic resource 

collections. Stud Mycol. 2004;50:9-18. 

2) Hawskworth D. The magnitude of fungal diversity: the 1.5 million species 

revisited. Mycol Res. 2001;105:1422-1432. 

3) König GM, Kehraus S, Seibert SF, et al. Natural products from marine 

organisms and their associated microbes. ChemBioChem. 2006;7:229-238. 

4) Strobel GA. Endophytes as sources of bioactive products. Microb Infect. 

2003;5:535-544. 

5) Kaufman RJ. Stress signaling from the lumen of the endoplasmic reticulum: 

coordination of gene transcriptional and translational controls. Genes Dev. 

1999;13:1211-1233. 

6) Imai Y, Soda M, and Takahashi R. Parkin suppresses unfolded protein stress-

induced cell death through its E3 ubiquitin-protein ligase activity. J Biol Chem. 

2000;275:35661-35664. 

7) Katayama T, Imaizumi K, Sato N, et al. Presenilin-1 mutations downregulate the 

signalling pathway of the unfolded-protein response. Nat Cell Biol. 1999;1:479-

485. 

8) Kouroku Y, Fujita E, Jimbo A, et al. Polyglutamine aggregates stimulate ER 

stress signals and caspase-12 activation. Hum Mol Genet. 2002;11:1505-1515. 



 

9) Nakagawa T, Zhu H, Morishima N, et al. Caspase-12 mediates endoplasmic-

reticulum-specific apoptosis and cytotoxicity by amyloid-β. Nature. 

2000;403:98-103. 

10) Yoshida H. ER stress and diseases. FEBS J. 2007;274:630-658. 

11) Mahoney W, and Duksin D. Biological activities of the two major components 

of tunicamycin. J Biol Chem. 1979;254:6572-6576. 

12) Olden K, Pratt RM, Jaworski C, et al. Evidence for role of glycoprotein 

carbohydrates in membrane transport: specific inhibition by tunicamycin. Proc 

Natl Acad Sci U S A. 1979;76:791-795. 

13) Hitomi J, Katayama T, Taniguchi M, et al. Apoptosis induced by endoplasmic 

reticulum stress depends on activation of caspase-3 via caspase-12. Neurosci 

Lett 2004;357:127-130. 

14) Nagai K, Chiba A, Nishino T, et al. Dilinoleoyl-phosphatidylethanolamine from 

Hericium erinaceum protects against ER stress-dependent Neuro2a cell death via 

protein kinase C pathway. J Nutr Biochem. 2006;17:525-530. 

15) Ueda K, Kodani S, Kubo M, et al. Endoplasmic reticulum (ER) stress-

suppressive compounds from scrap cultivation beds of the mushroom Hericium 

erinaceum. Biosci Biotechnol Biochem. 2009;73:1908-1910. 

16) Ueda K, Tsujimori M, Kodani S, et al. An endoplasmic reticulum (ER) stress-

suppressive compound and its analogues from the mushroom Hericium 

erinaceum. Bioorg Med Chem. 2008;16:9467-9470. 

17) Kawagishi H, Ando M, Sakamoto H, et al. Hericenones C, D and E, stimulators 

of nerve growth factor (NGF)-synthesis, from the mushroom Hericium 

erinaceum. Tetrahedron Lett. 1991;32:4561-4564. 

18) Kawagishi H, Ando M, Shinba K, et al. Chromans, hericenones F, G and H from 

the mushroom Hericium erinaceum. Phytochemistry. 1992;32:175-178. 

19) Kawagishi H, Shimada A, Hosokawa S, et al. Erinacines E, F, and G, 

stimulators of nerve growth factor (NGF)-synthesis, from the mycelia of 

Hericium erinaceum. Tetrahedron Lett. 1996;37:7399-7402. 

20) Kawagishi H, Shimada A, Shirai R, et al. Erinacines A, B and C, strong 

stimulators of nerve growth factor (NGF)-synthesis, from the mycelia of 

Hericium erinaceum. Tetrahedron Lett. 1994;35:1569-1572. 



 

21) Kawagishi H, Simada A, Shizuki K, et al. Erinacine D, a stimulator of NGF-

synthesis, from the mycelia of Hericium erinaceum. Heterocycl Commun. 

1996;2:51-54. 

22) Lee EW, Shizuki K, Hosokawa S, et al. Two novel diterpenoids, erinacines H 

and I from the mycelia of Hericium erinaceum. Biosci Biotechnol Biochem. 

2000;64:2402-2405. 

23) Seiger Å, Nordberg A, von Holst H, et al. Intracranial infusion of purified nerve 

growth factor to an Alzheimer patient: the first attempt of a possible future 

treatment strategy. Behav Brain Res. 1993;57:255-261. 

24) Shimbo M, Kawagishi H, and Yokogoshi H. Erinacine A increases 

catecholamine and nerve growth factor content in the central nervous system of 

rats. Nutr Res. 2005;25:617-623. 

25) Scott SA, Mufson EJ, Weingartner JA, et al. Nerve growth factor in Alzheimer's 

disease: increased levels throughout the brain coupled with declines in nucleus 

basalis. J Neurosci. 1995;15:6213-6221. 

26) Kuo H-C, Lu C-C, Shen C-H, et al. Hericium erinaceus mycelium and its 

isolated erinacine A protection from MPTP-induced neurotoxicity through the 

ER stress, triggering an apoptosis cascade. J Transl Med. 2016;14:78. 

27) Choi J-H, Ozawa N, Masuda K, et al. Suppressing the formation of osteoclasts 

using bioactive components of the edible mushroom Leccinum extremiorientale 

(L. Vass.) Singer (Agaricomycetideae). Int J Med Mushr. 2010;12:401-406. 

28) Okuyama S, Lam NV, Hatakeyama T, et al. Mycoleptodonoides aitchisonii 

affects brain nerve growth factor concentration in newborn rats. Nutr Neurosci. 

2004;7:341-349. 

29) Okuyama S, Sawasaki E, and Yokogoshi H. Conductor compounds of 

phenylpentane in Mycoleptodonoides aitchisonii mycelium enhance the release 

of dopamine from rat brain striatum slices. Nutr Neurosci. 2004;7:107-111. 

30) Choi J-H, Horikawa M, Okumura H, et al. Endoplasmic reticulum (ER) stress 

protecting compounds from the mushroom Mycoleptodonoides aitchisonii. 

Tetrahedron. 2009;65:221-224. 



 

31) Choi J-H, Suzuki T, Okumura H, et al. Thapsigargin-induced ER stress 

suppressive compounds from the mushroom Mycoleptodonoides aitchisonii. 

Tetrahedron Lett. 2015;56:5561-5563. 

32) Choi J-H, Suzuki T, Okumura H, et al. Endoplasmic reticulum stress suppressive 

compounds from the edible mushroom Mycoleptodonoides aitchisonii. J Nat 

Prod. 2014;77:1729-1733. 

33) Aanen DK, Eggleton P, Rouland-Lefevre C, et al. The evolution of fungus-

growing termites and their mutualistic fungal symbionts. Proc Natl Acad Sci U S 

A. 2002;99:14887-14892. 

34) Batra LR, and Batra WT, "Insect-Fungus Symbiosis: Mutualism and 

Commensalism," Allanheld, Osmun, Montclair pp. 117-163 (1979). 

35) Rouland-Lefèvre C, "Termites: evolution, sociality, symbioses, ecology." 

Springer, pp. 289-306 (2000). 

36) Piearce G. The genus Termitomyces in Zambia. Mycologist. 1987;1:111-116. 

37) Choi J-H, Maeda K, Hirai H, et al. Novel cerebroside, termitomycesphin I, from 

the mushroom, Termitomyces titanicus. Biosci Biotechnol Biochem. 

2012;76:1407-1409. 

38) Choi J-H, Maeda K, Nagai K, et al. Termitomycamides A to E, fatty acid amides 

isolated from the mushroom Termitomyces titanicus, suppress endoplasmic 

reticulum stress. Org Lett. 2010;12:5012-5015. 

39) Parfitt A. Bone remodeling and bone loss: understanding the pathophysiology of 

osteoporosis. Clin Obstet Gynaecol. 1987;30:789-811. 

40) Suda T, Takahashi N, Udagawa N, et al. Modulation of osteoclast differentiation 

and function by the new members of the tumor necrosis factor receptor and 

ligand families. Endocr Rev. 1999;20:345-357. 

41) Choi J-H, Abe N, Kodani S, et al. Osteoclast-forming suppressing compounds 

from the medicinal mushroom Agrocybe chaxingu Huang (Agaricomycetideae). 

Int J Med Mushr. 2010;12:151-155. 

42) Choi J-H, Ogawa A, Abe N, et al. Chaxines B, C, D, and E from the edible 

mushroom Agrocybe chaxingu. Tetrahedron. 2009;65:9850-9853. 

43) Hirata Y, Nakazaki A, Kawagishi H, et al. Biomimetic synthesis and structural 

revision of chaxine B and its analogues. Org Lett. 2017;19:560-563. 



 

44) Kawagishi H, Akachi T, Ogawa T, et al. Chaxine A, an osteoclast-forming 

suppressing substance, from the mushroom Agrocybe chaxingu. Heterocycles. 

2006;69:253-258. 

45) Yajima A, Kagohara Y, Shikai K, et al. Synthesis of two osteoclast-forming 

suppressors, demethylincisterol A3 and chaxine A. Tetrahedron. 2012;68:1729-

1735. 

46) Schmeda-Hirschmann G, Razmilic I, Gutierrez MI, et al. Proximate composition 

and biological activity of food plants gathered by Chilean Amerindians. Econ 

Bot. 1999;53:177-187. 

47) Choi J-H, Yoshida M, Suzuki T, et al. A novel sphingosine with osteoclast-

forming suppressing activity, from the edible mushroom Grifola gargal. 

Tetrahedron. 2013;69:8609-8611. 

48) Wu J, Choi J-H, Yoshida M, et al. Osteoclast-forming suppressing compounds, 

gargalols A, B, and C, from the edible mushroom Grifola gargal. Tetrahedron. 

2011;67:6576-6581. 

49) Zhang Y, Mills GL, and Nair MG. Cyclooxygenase inhibitory and antioxidant 

compounds from the mycelia of the edible mushroom Grifola frondosa. J Agric 

Food Chem. 2002;50:7581-7585. 

50) Gao H, Hong K, Zhang X, et al. New steryl esters of fatty acids from the 

mangrove fungus Aspergillus awamori. Helv Chim Acta. 2007;90:1165-1178. 

51) Kawagishi H, Katsumi R, Sazawa T, et al. Cytotoxic steroids from the 

mushroom Agaricus blazei. Phytochemistry. 1988;27:2777-2779. 

52) Takei T, Yoshida M, Ohnishi-Kameyama M, et al. Ergosterol peroxide, an 

apoptosis-inducing component isolated from Sarcodon aspratus (Berk.) S. Ito. 

Biosci Biotechnol Biochem. 2005;69:212-215. 

53) Bednarek P, Kwon C, and Schulze-Lefert P. Not a peripheral issue: secretion in 

plant–microbe interactions. Curr Opin Plant Biol. 2010;13:378-387. 

54) Berdy J. Bioactive microbial metabolites. J Antibiot. 2005;58:385-395. 

55) Akiyama K, Matsuzaki K, and Hayashi H. Plant sesquiterpenes induce hyphal 

branching in arbuscular mycorrhizal fungi. Nature. 2005;435:824-827. 

56) Graebe JE. Gibberellin biosynthesis and control. Annu Rev Plant Physiol. 

1987;38:419-465. 



 

57) Crozier A, "The biochemistry and physiology of gibberellins," Praeger 

Publishers (1983). 

58) Ito A, Wu J, Ozawa N, et al. Plant growth regulators from the edible mushroom 

Leccinum extremiorientale. Mycoscience. 2017;58:383-386. 

59) Qiu W, Kobori H, Wu J, et al. Plant growth regulators from the fruiting bodies 

of Tricholoma flavovirens. Biosci Biotechnol Biochem. 2017;81:441-444. 

60) Qiu WT, Kobori H, Suzuki T, et al. A new compound from the mushroom 

Tricholoma flavovirens. Biosci Biotechnol Biochem. 2014;78:755-757. 

61) Wu J, Kobori H, Kawaide M, et al. Isolation of bioactive steroids from the 

Stropharia rugosoannulata mushroom and absolute configuration of 

strophasterol B. Biosci Biotechnol Biochem. 2013;77:1779-1781. 

62) Wu J, Tokunaga T, Kondo M, et al. Erinaceolactones A to C, from the culture 

broth of Hericium erinaceus. J Nat Prod. 2015;78:155-158. 

63) Ridwan AY, Wu J, Choi J-H, et al. Bioactive compounds from the edible 

mushroom Cortinarius caperatus. Mycoscience. 2017. 

64) Roll‐Hansen F. The Armillaria species in Europe. Forest Pathol. 1985;15:22-

31. 

65) Thomidis T, and Exadaktylou E. Effectiveness of cyproconazole to control 

Armillaria root rot of apple, walnut and kiwifruit. Crop Prot. 2012;36:49-51. 

66) Cox K, and Scherm H. Interaction dynamics between saprobic lignicolous fungi 

and Armillaria in controlled environments: exploring the potential for 

competitive exclusion of Armillaria on peach. Biol Control. 2006;37:291-300. 

67) Robinson-Bax C, and Fox R. Root rots of herbaceous plants caused by 

Armillaria mellea. Mycologist. 2002;16:21-22. 

68) Kobori H, Sekiya A, Yasuda N, et al. Armillariols A to C from the culture broth 

of Armillaria sp. Tetrahedron Lett. 2013;54:5481-5483. 

69) Reddy MD, Kobori H, Mori T, et al. Gram-scale, stereoselective synthesis and 

biological evaluation of (+)-armillariol C. J Nat Prod. 2017;80:2561-2565. 

70) Donnelly DM, Quigley PF, Coveney DJ, et al. Two new sesquiterpene esters 

from Armillaria mellea. Phytochemistry. 1987;26:3075-3077. 



 

71) Arnone A, Cardillo R, and Nasini G. Structures of melleolides BD, three 

antibacterial sesquiterpenoids from Armillaria mellea. Phytochemistry. 

1986;25:471-474. 

72) Donnelly DM, Hutchinson RM, Coveney D, et al. Sesquiterpene aryl esters from 

Armillaria mellea. Phytochemistry. 1990;29:2569-2572. 

73) Midland SL, Izac RR, Wing RM, et al. Melleolide, a new antibiotic from 

Armillaria mellea. Tetrahedron Lett. 1982;23:2515-2518. 

74) Yang J, Su Y, Wang Y, et al. Studies on the chemical constituents of Armillaria 

mellea mycelium. V. Isolation and characterization of armillarilin and 

armillarinin. Yaoxue Xuebao. 1990;25:24-28. 

75) Yang J, Yuwu C, Xiaozhang F, et al. Chemical constituents of Armillaria mellea 

mycelium I. Isolation and characterization of armillarin and armillaridin. Planta 

Med. 1984;50:288-290. 

76) Yang J, Su Y, Wang Y, et al. Isolation and structures of two new 

sesquiterpenoid aromatic esters: armillarigin and armillarikin1. Planta Med. 

1989;55:479-481. 

77) Shantz HL, and Piemeisel R, "Fungus fairy rings in eastern Colorado and their 

effects on vegetation," US Government Printing Office (1917). 

78) Couch HB, "Diseases of turfgrasses," (1962). 

79) Smiley RW, Dernoeden PH, and Clarke BB, "Compendium of turfgrass 

diseases," American Phytopathological Society (2005). 

80) Evershed H. Fairy rings. Nature. 1884;29:384-385. 

81) Ramsbottom J. Rate of growth of fungus rings. Nature. 1926;117:158-159. 

82) Choi J-H, Abe N, Tanaka H, et al. Plant-growth regulator, imidazole-4-

carboxamide, produced by the fairy ring forming fungus Lepista sordida. J 

Agric Food Chem. 2010;58:9956-9959. 

83) Choi J-H, Fushimi K, Abe N, et al. Disclosure of the "fairy" of fairy-ring-

forming fungus Lepista sordida. ChemBioChem. 2010;11:1373-1377. 

84) Choi J-H, Ohnishi T, Yamakawa Y, et al. The source of "fairy rings": 2-

azahypoxanthine and its metabolite found in a novel purine metabolic pathway 

in plants. Angew Chem Int Ed. 2014;53:1552-1555. 



 

85) Choi J-H, Wu J, Sawada A, et al. N-Glucosides of fairy chemicals, 2-

azahypoxanthine and 2-aza-8-oxohypoxanthine, in rice. Org Lett. 2017. 

86) Mitchinson A. Plant science: fairy chemicals. Nature. 2014;505:298-298. 

87) Asai T, Choi J-H, Ikka T, et al. Effect of 2-azahypoxanthine (AHX) produced by 

the fairy-ring-forming fungus on the growth and the grain yield of rice. Jpn 

Agric Res Quart. 2015;49:45-49. 

88) Tobina H, Choi J-H, Asai T, et al. 2-Azahypoxanthine and imidazole-4-

carboxamide produced by the fairy-ring-forming fungus increase wheat yield. 

Field Crop Res. 2014;162:6-11. 

89) Choi J-H, Kikuchi A, Pumkaeo P, et al. Bioconversion of AHX to AOH by 

resting cells of Burkholderia contaminans CH-1. Biosci Biotechnol Biochem. 

2016;80:2045-2050. 

90) Ikeuchi K, Fujii R, Sugiyama S, et al. Practical synthesis of natural plant-growth 

regulator 2-azahypoxanthine, its derivatives, and biotin-labeled probes. Org 

Biomol Chem. 2014;12:3813-3815. 

91) Suzuki T, Yamamoto N, Choi J-H, et al. The biosynthetic pathway of 2-

azahypoxanthine in fairy-ring forming fungus. Sci Rep. 2016;6:39087. 

  



 

Figure legends 

 

Figure 1. Simulators of nerve growth factor-synthesis (a) and ER stress protecting 

compounds (b) from Hericium erinaceus. 

 

Figure 2. Bioactive compound isolated from the edible mushroom Leccinum 

extremiorientale and its synthetic analogues (a) and comounds from Mycoleptodonoides 

aitchisonii (b). 

 

Figure 3. Bioactive compounds isolated from the edible mushroom Termitomyces 

titanicus and their synthetic analogues. 

 

Figure 4. Bioactive compounds isolated from the edible mushrooms Agrocybe chaxingu 

(a) and Grifola gargal (b). 

 

Figure 5. Bioactive compounds isolated from the culture broth of Armillaria sp. (a), and 

fairy chemicals and their metabolites in rice (b). 

 












