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The entomopathogenic fungus Ophiocordyceps sinensis, formerly known as Cordyceps sinensis, has long been
used as a traditional Chinese medicine for the treatment of many illnesses. In recent years its usage has increased
dramatically because of the improvement of people’s living standard and the emphasis on health. Such demands
have resulted in over-harvesting of this fungus in the wild. Fortunately, scientists have demonstrated that artifi-
cially cultured and fermented mycelial products of O. sinensis have similar pharmacological activities to wild O.
sinensis. The availability of laboratory cultures will likely to further expand its usage for the treatment of various
illnesses. In this review, we summarize recent results on the pharmacological activities of the components of O.
sinensis and their putative mechanisms of actions. Copyright © 2016 John Wiley & Sons, Ltd.
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INTRODUCTION

The ascomycete Ophiocordyceps sinensis (Berk.) Sung,
Sung, Hywel-Jones & Spatafora (Sung et al., 2007),
formerly known as Cordyceps sinensis (Berk.) Sacc., is
a entomopathogenic fungus that parasitizes larvae of
moths and produces a fruiting body valued as a herbal
remedy (Chen et al., 2010a; He et al., 2013; Meng et al.,
2014; Wang et al., 2011; Wu et al., 2014). O. sinensis is
widely distributed on Tibetan Plateau and its surround-
ing regions (Liang et al., 2008; Quan et al., 2014; Zhang
et al., 2009). In China, it is commonly called ‘Dong
Chong Xia Cao’ (means ‘winter worm summer grass’)
and has been used as a medication in China for over
300years (Wang, 1694). Nowadays, this fungus is widely
used in Traditional Chinese Medicine for the treatment
of inflammation, cancer, chronic kidney disease (CKD),
weakness after sickness, sexual dysfunction, etc. (Chang
et al., 2015; Chen et al., 2010a; He et al., 2013; Meng
et al., 2014; Wang et al., 2011; Wu et al., 2014).

O. sinensis has been officially classified as an endan-
gered species in 2012 by the Convention on Interna-
tional Trade in Endangered Species (CITES)
Management Authority of China because of limited
wild population and over-harvesting (CITES Manage-
ment Authority of China, 2012). A recent report
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(Shrestha et al., 2014) indicated that the per-capita
harvest of O. sinensis has declined over the last 4 years
because of the increasing number of harvesters and the
decline in the stock. Fortunately, thanks to the biotech-
nology progress in recent years, artificially cultured
and fermented mycelial products of O. sinensis have
shown to have similar pharmacological activities to wild
O. sinensis although the type and quantity of bioactive
compounds synthesized by wild O. sinensis may differ
from those by the cultured mycelium (Singh et al.,
2014; Wang et al., 2015a; Zhou et al., 2014). These
findings will not only reduce the pressure on natural
resources of the species but also will increase the usage
of this fungus in health treatment.

The pharmacological activities of O. sinensis have
been noticed at least three hundred years ago in China
(Nie et al., 2013) and have now attracted extensive at-
tention in many parts of the world. However, robust sci-
entific evidences on its health effects are still lacking and
its functional mechanisms are still poorly understood.
Nevertheless, great progress has been achieved in re-
cent years on the study of pharmacological activities
and mechanisms of action of O. sinensis (Chang et al.,
2015; Chen et al., 2010a; He et al., 2013; Meng et al.,
2014; Wang et al., 2011; Wu et al., 2014). Indeed, several
recent reviews have been published on the biology, bio-
active and pharmacological properties of O. sinensis
(e.g. Liu et al., 2015; Nakamura et al., 2015; Shashidhar
et al., 2015; Shashidhar et al., 2013; Zhou et al., 2014;
Zhou et al., 2009). However, its functional mechanisms
have been neglected to some extent. In this review, we
summarize and discuss recent findings on functional ac-
tivities and mechanisms in O. sinensis (summarized in
Table 1 and reviewed in detail in the following).
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Table 1. Functional activities and mechanisms of Ophiocordyceps sinensis

Functional activities

Key functional mechanisms

Immunomodulating

Antiinflammation

Antioxidant

Inhibit apoptosis

Induce apoptosis

Antitumor

Cardiovascular
protection

Kidney protection

Reproduction
protection

Prevention of
osteoporosis

Improve ovalbumin-specific IgG, IgG1 and IgG2b levels (Wu et al., 2006).Promote proliferation and phagocytosis of
macrophages, and stimulate macrophages to release IL-IB, TNF-a and INF-y (Hu et a/., 2016) and the reactive free
radical NO and multiple chemokines and cytokines (Wu et al., 2014), by stimulating the IkB—NF-kB pathway (He et al.,
2013).Activate myeloid dendritic cells by via a Toll-like receptor 9-dependent pathway (Xiao et a/., 2010) and induce
differentiation of macrophages into dendritic-like cells and promoted phenotypic and functional maturation of dendritic
cells in mouse (Meng et al., 2014).Induce the cell proliferation of T-lymphocytes and the secretion of IL-2, IL-6 and IL-
8 by these cells (Sheng et al., 2011).

Reduce the production of NO, IL-12, TNF-a and pro-inflammatory cytokines (Liu et a/., 2011).Block nuclear NF-kB
through decreasing extracellular signal-regulated kinase 1/2 signaling pathway (Chiou and Lin, 2012).

Attenuate the changes of glutathione peroxidase and superoxide dismutase activities in cells (Li et a/., 2003).Promote
the activities of glutathione peroxidase, catalase and superoxide dismutase but reduce the levels of lactate
dehydrogenase and malondialdehyde (Shen et a/., 2011).Upregulation of the activity of copper-zinc-containing
superoxide dismutase 1 and catalase and inhibition of lipofuscin accumulation (Zou et al., 2015).

Decrease reactive oxygen species production and regulating apoptotic signaling (Liu et a/., 201 3).Inhibit apoptosis by
down-regulating apoptotic genes, such as Fas, Fas ligand and TNF-a (Shahed et a/., 2001).

Inhibit the tyrosine phosphorylation of Bcl-2 and Bcl-xL oncoproteins (Yang et a/., 2003).Induce apoptosis through
caspase/MAPK pathways (Chen et al., 2014b).By increasing p53 phosphorylation and expression followed by the
downstream cleavage of caspase-7 and poly(ADP-ribose) polymerase (Chen et al., 2014b).

By immunomodulating (Meng et al., 2014), antioxidating (Lee et al., 2015) and inducing tumor cell apoptosis (Chen
et al., 2014b).Stimulate phagocytic activity of macrophages and induce these cells to produce TNF-q, IL-2, IL-6 and
other cytokines (Song et al., 2013).By promoting of dendritic cells’ maturation and activation through the inhibition of
STAT3 phosphorylation (Song et al., 2011).Regulation of signal pathway, such as inhibition of the MAPK signaling
pathway that play important roles in the invasion and migration of cancer cells, activation of the PKC signaling
pathways that has a direct antitumor effect (Pao et a/., 2012).By stimulating of adenosine A3 receptor, followed by
the Wnt signaling pathway, including GSK-3b activation and cyclin D1 suppression (Nakamura et al., 2015).Through
inhibiting platelet aggregation induced by cancer cells and suppressing the invasiveness of cancer cells via inhibiting
the activity of MMP-2 and MMP-9, and accelerating the secretion of TIMP-1 and TIMP-2 from cancer cells (Nakamura
et al., 2015).Inhibit the secretion of migration and invasion related factors by cancer cells, such as MMP-2, MMP-9
and uPA (Jiang and Sliva, 2010).

Prevent cholesterol deposition by inhibition of LDL oxidation mediated by free radicals (Yamaguchi et a/., 2000).
Prohibit the activity of cholesterol esterase (Kim, 2010) and thus prohibit absorption of dietary cholesterol esters and
lead to prevention of atherosclerosis (Jeon et al., 2000).Cleave the Aa chain of fibrinogen and the a-chain of fibrin to
prevent the thrombosis (Li et a/., 2007).Inhibit human platelet activation by initially activate adenylate cyclase/cyclic
AMP and, subsequently, inhibit intracellular signals (such as MAPKs), ultimately inhibiting platelet activation (Lu et al.,
2014) to prevent the thrombosis.Antihypertension by stimulating the secretion of vasodilator NO, decreasing the level
of endothelin-1, epinephrine, noradrenaline and angiotensin Il, inhibiting the increase of TGF-f1 and lowering the level
of inflammatory mediator of C-reactive protein (Xiang et al., 2016).Therapeutic activity on ischemic stroke through
the inhibiting damage induced by oxygen and glucose deprivation (Zou et al., 2016).

Inhibition of the pro-fibrotic cytokine TGF-f1/Smad signal pathway dependent epithelial to mesenchymal
transdifferentiation and attenuate renal fibrosis (Yao et a/., 2014).Inhibition of the proliferation of glomerular
mesangial cell (Zhao-Long et a/., 2000) through the PDGF/ERK and TGF-B1/Smad pathways (Wang et al., 2014).
Inhibiting PDGF homodimer BB induced inflammation and ROS production (Wang et al., 2015b).

Stimulate leydig cells and granulosa-lutein cells to produce sex steroids (Chen et al., 2005; Huang et al., 2004b).
Increased E, production (Huang et al., 2004a). E, is the most important granulosa-derived hormone affecting the
properties of oocytes.Activate both PKA and PKC signal transduction pathways to stimulate, StAR protein, to cell
steroidogenesis (Chen et a/., 2005).Stimulate intracellular PLC/PKC and MAPK signal transduction pathways (Pao
et al., 2012) and associate with Ars to activate cAMP-PKA-StAR pathway (Leu et al., 2011) to induce
steroidogenesis.

Modulate ovarian steroidogenesis (Chen et al., 2005) to prevent bone loss and osteoporosis caused by estrogen
deficiency (Qi et al., 2011).By decrease serum alkaline phosphatase activity, TRAP activity, CTX level and IFN-y level
(Zhang et al., 2014a).

TAXONOMY, BIOLOGY, DISTRIBUTION AND
ARTIFICIAL CULTURES OF O. SINENSIS

and sinensis means from China. Cordyceps Fr. was his-
torically classified in the family Clavicipitaceae and has
been recognized as the most diverse genus in the family

because of the great number of species (more than 400)

The O. sinensis was first named scientifically as Sphaeria
sinensis in 1843 by Miles Berkeley and was then trans-
ferred to the genus Cordyceps by Pier Andrea Saccardo
in 1878. The name Cordyceps is from the two Latin
words ‘cord’ (means club) and ‘ceps’ (means head),
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(Stensrud et al., 2005) and host range (ten orders of
arthropods) (Kobayasi, 1982). Based on molecular
phylogenetic techniques, Sung et al. (2007) emended
the classification of the family Cordycipitaceae and the
family Clavicipitaceae. Consequently, the original
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megagenus Cordyceps was separated into four genera,
Ophiocordyceps, Cordyceps, Elaphocordyceps and
Metacordyceps. A new family Ophiocordycipitaceae also
was proposed based on Ophiocordyceps Petch. The C.
sinensis was transferred to the genus Ophiocordyceps,
hence renamed as O. sinensis.

Ophiocordyceps are insect parasitizing fungi with a
broad host range but most species are restricted to sin-
gle or a set of closely related host species (reviewed in
Yue et al., 2013). The O. sinensis parasitizes larvae of
moths from the order Lepidoptera, particularly
Hepialus/ Thitarodes (Wang and Yao, 2011). The infec-
tion process has been studied in a limited number of
species, but is generally thought to be similar across all
known taxa (Clarkson and Charnley, 1996). An infec-
tion initiates with a spore or spores adhering to the exo-
skeleton of the host and then an infection peg develops
and penetrates through the exoskeleton via mechanical
pressure and the production of lipases and proteases.
After invading, the fungus ramifies throughout the cat-
erpillar and eventually converted it into a sclerotium to
withstand the winter, which is called as ‘winter worm’.
In the next spring or summer, a sexual sporulating struc-
ture (a perithecial stroma) of the fungus grows from the
larval head and grows upward to emerge from the soil,
appearing as a herb, which is thus called as ‘summer
grass’ (Xing and Guo, 2008).

O. sinensis is distributed mainly in the Tibetan Pla-
teau and its surrounding regions, including Tibet,
Gansu, Qinghai, Sichuan and Yunnan provinces in
China and in certain areas of the southern flank of the
Himalayas, in the countries of Bhutan, India and Nepal.
Its habitat is very restricted, usually found in the soil of a
prairie at an altitude from 3500 to 5000 m with 3000 m as
the lowest altitude for the distribution (Quan et al.,
2014). A substantial intraspecific genetic diversity has
been observed in O. sinensis, which may be because of
the diversity of terrains and climates on the Tibetan Pla-
teau and the broad insect host range (more than 50 spe-
cies in the family Hepialidae) (Quan et al., 2014; Zhang
et al., 2009). The genetic divergence of O. sinensis was
significantly greater in southern isolates than that of
northern isolates (Zhang et al., 2009). However, in the
four tested host insects, quite lower genetic diversity
were found in comparison with that of O. sinensis popu-
lations (Quan et al., 2014). In a recent study by Zhang
et al. (2014b), both significant congruence and signifi-
cant incongruences were found on phylogenies between
O. sinensis and its host insects, suggesting that the occur-
rence of cospeciation events, and the host shifts were
also prevalent. These findings provide valuable informa-
tion to protect and sustainable use of O. sinensis and as
well as its host insects.

O. sinensis has a sexual stage (teleomorph) and an
asexual stage (anamorph). Because of overharvest and
limited yield, the market price of natural O. sinensis
(teleomorph) has increased by up to 2300% over the
last 10 years, which is more expensive than gold. Com-
mercially attempts to develop an efficient technology
for cultivation of fruiting bodies have yet to succeed.
Anamorphic mycelia produced by fermentations thus
was widely used as the alternative of natural O. sinensis.
Industrial cultured mycelial products of O. sinensis have
shown to have similar pharmacological activities to wild
O. sinensis although the type and quantity of bioactive
compounds synthesized by wild O. sinensis may differ

Copyright © 2016 John Wiley & Sons, Ltd.

from those by the cultured mycelium (Singh et al.,
2014; Wang et al., 2015a; Zhou et al., 2014). For exam-
ple, the levels of polysaccharide, adenine and adenosine
in cultured sample amounted to 10.43%, 0.50 mg/g and
2.61 mg/g, respectively, considerably higher than the
natural ones (8.90%, 0.11 mg/g and 0.96mg/g) (Wang
et al., 2015a). On the contrary, the content of mannitol
in natural samples was significantly higher, ranging from
9.85% to 11.51%, while in the cultured sample the value
was less than half.

BIOACTIVE COMPOUNDS OF O. SINENSIS

Scientists have extracted and purified a variety of bioac-
tive compounds from O. sinensis, such as cordycepin,
cordycepic acid, polysaccharides, ergosterol, nucleo-
sides and other compounds. Many studies have shown
that these compounds have obvious pharmacological
property either in single or mixed conditions. A recent
study by Wang et al. (2015a) has demonstrated that the
artificially cultured O. sinensis produced higher levels
of polysaccharide, adenine and adenosine than those
of the natural ones. In addition, their study also showed
that water extracts of cultured sample had a stronger
antioxidant capacity.

Cordycepin and cordycepic acid

Cordycepin, which formula is 3’-deoxyadenosine, was
first extracted from Cordyceps militaris in 1951 and from
O. sinensis in 1996. In O. sinensis, the content of
cordycepin in the fermented mycelia is 40.8 mg/g (Wang
et al.,2005), which is higher than that in the fruiting bod-
ies (<5.4mg/g) (Hsu et al., 2002). Cordycepin has been
reported to have numerous biological activities and
been used to alleviate a large variety of ailments, such
as the inhibition of inflammation (Kim et al., 2006), cell
proliferation (Nakamura et al., 2006) and platelet
activation (Chang et al., 2015). Wong et al. (2010) have
suggested that many of the reported biological effects
of cordycepin are likely to be because of its effects on
mammalian target of rapamycin (mTOR) and the
AMP-activated kinase (AMPK) signaling.

Cordycepic acid is an isomer of quinic acid, which was
first isolated from O. sinensis in 1957 (Chatterjee et al.,
1957) and was identified as d-mannitol soon after
(Sprecher and Sprinson, 1963). Mannitol is a major
bio-product of plants, particularly in edible fungus,
lichens and carrot. In O. sinensis, the content of
cordycepic acid is 7-29%, differing in the various
growing stages (Jiang, 1987); the cordycepic acid
content in the mycelia is higher than in fruiting bodies
(Xu, 1997). Cordycepic acid has been shown as one of
the main active medicinal compounds, and it is now
used in injections as raw material and as a supplement
in other medicines.

Polysaccharides

Polysaccharides are a class of structurally diverse mac-
romolecules with demonstrable bioactivities such as
anti-tumor, antioxidation and immunological properties.

Phytother. Res. (2016)
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Polysaccharides are multi-branched galactomannan,
which have a multi-branched structure and multifarious
linkages between adjacent monosaccharides to form
small rings and helical structures. Polysaccharides usu-
ally are colorless and odorless and have good solubility
and stability in water. The structures of the polysaccha-
rides from natural O. sinensis were first studied by Miya-
zaki et al. (1977). Since then, much of scientific
investigation in China and Japan has been performed
to discover possible functional polysaccharides.

Polysaccharides are well known also in all other fungi
because they are mainly the components of normal fun-
gal cell membrane and cell wall. The most common class
of immunomodulating and antitumor polysaccharides
from medicinal fungi is comprised by the glucans with
various glycosidic linkages, such as f-(1—3)-,
B-(1—6)-, 0-(1—3)- and a-(1 —4)-glucans (Borchers
et al., 1999; Vannucci et al., 2013).

Polysaccharides usually can found in the fruiting bod-
ies, the fermented mycelia and the fermentation cultures
and broth, with a concentration of 3-8% in O. sinensis
(Li et al., 2002).

More and more studies have demonstrated that poly-
saccharides from O. sinensis have multiple bioactivities,
such as immunomodulating, antioxidant, inhibit and
induce apoptosis, antitumor and cardiovascular protec-
tion. Therefore, further studies upon the isolation and
purifying of polysaccharides and the functional
processes and mechanisms of polysaccharides will lead
to greater findings and the usage of O. sinensis.

Other bioactive compounds

Besides the above-mentioned key bioactive compounds,
many other bioactive components have been extracted
from O. sinensis, including nucleotides, ergosterol, fatty
acids, crude protein, amino acids and metal elements,
and they manifest a wide range of pharmacological
functions.

Nucleotides, including adenosine, uridine and
guanosine, are effective components in O. sinensis (Xiao
et al., 2010).

Ergosterol is a sterol unique to fungi and is an impor-
tant precursor of vitamin D2, which has great medicinal
value. Ergosterol is present in two forms, as free
ergosterol or esterified ergosterol, which have different
physiological functions (Yuan et al., 2007).

Fatty acids can be classified as saturated or unsatu-
rated fatty acids. The unsaturated fatty acid content
reached 57.84% in O. sinensis, including C16:1, C17:1,
C18:1 and C18:2, while the saturated fatty acid content
was 42.16%, including C14, C15, C16, C17, C18, C20
and C22 (Zhou et al., 2009). Unsaturated fatty acid is
an effective physiologically active component, which
has the unique function of decreasing blood lipids and
protecting against cardiovascular disease.

Crude protein was composed of 18 amino acids,
including aspartic acid, threonine, serine, glutamate,
proline, glycine, valine, methionine, isoleucine, leucine,
tyrosine, phenylalanine, lysine, histidine, cystine, cyste-
ine and tryptophan, with the content of crude protein
in the range of 29.1-33% (Hsu et al., 2002).

Amino acids are mostly reported as 20-25% after
hydrolysis, the lowest being 5.53%, the highest being
39.22%. The highest contents are glutamate, arginine

Copyright © 2016 John Wiley & Sons, Ltd.

and aspartic acid, and the major pharmacological
components are arginine, glutamate, tryptophan and
tyrosine (Ji and Yi, 1999).

Metal elements, such as Zn, Mg, Mn and so on, are of
great significance to the development and maintenance
of function of the gonads (Zhu and Wang, 1993).

FUNCTIONAL ACTIVITIES AND MECHANISMS
OF O. SINENSIS

Thus far, more than 300 species of Ophiocordyceps have
been found. In addition to O. sinensis, some other ento-
mopathogenic fungus, such as C. militaris, Cordyceps
pruinosa and Elaphocordyceps ophioglossoides, also
have been shown to possess pharmacological property.
However, the research into pharmacological properties
of Ophiocordyceps have mainly focused on O. sinensis
because of its obvious medical activity and the huge
market demand particularly in China, Tibet, Nepal and
Himalayan region.

Immunomodulating

O. sinensis and its extracts and isolated components
have long been used in preventing and treating many
age related diseases. However, the mechanisms of its
action are still poorly understood. The most possible
answer for this is that there are immunomodulators in
O. sinensis, which may treat or prevent diseases and
illnesses caused by certain immunodeficiencies and
other age or illness related decline of immunity (Koh
et al., 2002).

Quite a number of studies, mostly in the past five
years, have tested the possibility and mechanism of O.
sinensis on immunomodulating using various models
(Table 1). The components that may function as immu-
nomodulators from O. sinensis are mostly found as poly-
saccharides (Chen et al., 2010a; Cheung et al., 2009; He
et al., 2013; Meng et al., 2014; Wang et al., 2011; Wu
et al., 2014), and sometimes deoxynucleic acids (He
et al., 2014; Xiao et al., 2010) and other unknown bioac-
tive compounds (Shashidhar et al., 2013).

Wu et al. (2006) investigated the pharmacological po-
tentials of polysaccharides from the mycelia of O.
sinensis on the humoral and cellular immune responses
of ICR mice against ovalbumin and found ovalbumin-
specific IgG, IgG1 and IgG2b levels in serum were sig-
nificantly improved by polysaccharide treatment. Later
studies generally found that polysaccharides from the
mycelia of O. sinensis can promote proliferation and
phagocytosis of macrophages, and stimulate macro-
phages to release the reactive free radical nitric oxide
(NO) and multiple chemokines and cytokines (Chen
et al., 2010a; He et al., 2013; Hu et al., 2016; Meng
et al., 2014; Wang et al., 2011; Wu et al., 2014). Further
cytokine assays of interleukin (IL)-1b, tumor necrosis
factor (TNF)-a, nuclear factor (NF)-kB and NO sug-
gested that polysaccharides probably stimulated macro-
phage activities by stimulating the IkB-NF-kB pathway
(Chen et al., 2010a; He et al., 2013). NF-kB is a protein
complex that controls the transcription of DNA and
plays a key role in regulating the immune response to
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infection (Gilmore, 2006). IkB is a cytoplasmic retention
protein. Activation of NF-kB involves its dissociation
from IkB, allowing free NF-kB to be transported into
the nucleus where it can regulate genes involved primar-
ily in immune and inflammation responses (Beg and
Baldwin, 1993).

A recent study also found that polysaccharides in-
duced differentiation of macrophages into dendritic-like
cells and promoted phenotypic and functional matura-
tion of dendritic cells (DCs) in mouse (Meng ef al.,
2014). DCs are the professional antigen-presenting cells,
which encounter the invading pathogens at the earlier
stage of the infection process and then trigger the im-
mune response (Wu and Liu, 2007). Some other studies
also found that application of polysaccharides induced
the cell proliferation of T-lymphocytes and the secretion
of IL-2, IL-6 and IL-8 by these cells (Sheng ez al., 2011).
Further information on immunomodulating properties
and action mechanisms of fungal polysaccharides can
be found in other detailed reviews on this field
(Borchers et al., 1999; Vannucci et al., 2013).

Nucleotides (including adenosine, uridine and guano-
sine) in O. sinensis also may function as immunomodu-
lators. Yu et al. (2007) demonstrated that adenosine
and guanosine decreased NO but increased IL-If re-
lease of macrophage, and guanosine augmented TNF-a
release of macrophage. Xiao et al. (2010) found that
deoxynucleic acids from O. sinensis activated mouse
bone marrow-derived DCs via a Toll-like receptor 9-
dependent pathway. The Toll-like receptors (TLRs) play
a key role in the innate immune system in vertebrate,
which function in recognizing pathogen-associated mo-
lecular patterns (PAMPs), such as unmethylated CpG
DNA (Krieg et al, 1995), and then activates
antipathogen responses characterized by T helper cell
type 1 (Thl) or Th2 cytokines (Qi et al., 2003).

Antiinflammation

Inflammation is part of the nonspecific immune re-
sponse of tissues to harmful stimuli, such as injury, path-
ogens and irritants (Ferrero-Miliani et al., 2007).
Inflammation often manifests as pain, swelling, vasodi-
latation and release of soluble mediators, such as NO,
IL-12, TNF-a and pro-inflammatory cytokines (Linton
and Fazio, 2003). These mediators are important for
the organism to remove the injurious stimuli and to
initiate the healing process but overproduction of these
inflammatory mediators in some disorders may result
in inflammatory diseases (Clancy et al., 1998).

Several studies have shown that O. sinensis extracts
have significant antiinflammation activities by reducing
the production of NO, IL-12, TNF-a, and pro-
inflammatory cytokines (Liu et al., 2011). Yang et al.
(2011) analyzed 50 compounds from the mycelia O.
sinensis and found one compound, 1-(5-Hydroxy-
methyl-2-furyl)-p-carboline, displayed the most signifi-
cant antiinflammatory activity. A recent study (Wang
et al., 2012b) indicated that the cordymin (a peptide pu-
rified from the medicinal mushroom O. sinensis) may
also have antiinflammatory and antioxidants activities.

However, the possible mechanisms by which the com-
pounds from the O. sinensis suppress the expression of
inflammatory mediators are still poorly understood.
Chiou and Lin (2012) found that O. sinensis extracts

Copyright © 2016 John Wiley & Sons, Ltd.

reduced airway inflammation in ovalbumin-induced
allergic mice, probably by blocking NF-kB through
decreasing extracellular signal-regulated kinase 1/2
signaling pathway. As mentioned above, NF-kB is one
of the most ubiquitous transcription factors and regu-
lates the expression of genes involved in inflammatory
responses (Lawrence and Fong, 2010). Further studies
may lead to new findings on the antiinflammation
mechanisms of O. sinensis.

Antioxidant

Ogxidative stress is imposed by the reactive oxygen spe-
cies (ROS), including H,O,, hydroxyl radical and super-
oxide radical, which can attack lipid membranes,
proteins and nucleic acids, resulting in cell injury and ap-
optosis (Simon et al., 2000). This stress has been gener-
ally recognized as the direct or indirect cause of tissue
damage and aging and many human illnesses, such as
atherosclerosis, cancer, inflammation and neurodegen-
erative diseases (Victor et al., 2009).

Studies to date have shown that the chemical compo-
nents from O. sinensis with antioxidant activities mostly
are polysaccharides (Deng et al., 2015; Shen et al., 2011;
Yan et al., 2009; Zheng et al., 2014). Two studies also
showed that certain peptides (Wang et al., 2012b) and
adenosine (Yan et al., 2013) also have such effects.

In an early study, Li et al. (2001) showed that the anti-
oxidant activity was increased 10-30-folds in the partially
purified polysaccharide fractions compared to water ex-
tracts of O. sinensis using an assay of superoxide anion,
indicating the importance of polysaccharides on antioxi-
dant property. A later study further found that the hy-
drolysed polysaccharide fractions (hydrolysed in dilute
sulphuric acid solution at pH1 and 90°C) had much
higher (30-80%) antioxidant and radical-scavenging
activities than that of non-hydrolysed polysaccharide
fractions (Yan et al., 2009). Polysaccharides pretreated
rat pheochromocytoma cells revealed strong protective
effect against H,O,-induced insult and significantly
increased the survival of cells, probably by attenuating
the changes of glutathione peroxidase and superoxide
dismutase activities in cells (Li ef al., 2003) or promoting
the activities of glutathione peroxidase, catalase and
superoxide dismutase but reducing the levels of lactate
dehydrogenase and malondialdehyde (Zheng et al., 2014).

Some other studies also suggested that one peptide
(Wang et al., 2012b) and adenosine (Yan et al., 2013)
from O. sinensis mycelia possess cardiovascular- and
neuro-protective effects, possibly because of the increase
of antioxidant activities and inhibition of inflammation.

Zou et al. (2015) recently showed that oral adminis-
tration of O. sinensis significantly prolonged the lifespan
of fruit flies through an anti-oxidative stress pathway
from upregulation of the activity of copper-zinc-
containing superoxide dismutase 1 and catalase and in-
hibition of lipofuscin accumulation. O. sinensis provides
novel means for slowing aging process in human.

Effect on apoptosis of cells

Apoptosis, or programmed cell death, is essential for or-
ganisms’ development and homeostasis (Vaux and
Korsmeyer, 1999). Many studies have suggested that O.
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sinensis can be used to inhibit apoptosis as an important
potential therapy for some diseases (Cheng et al., 2014)
but induce apoptosis to treat cancer (Chen et al., 2014b).

Although the evidence is still scarce, two possible
mechanisms have been suggested for the inhibition of
apoptosis by O. sinensis (Fig. 1). Studies in liver diseases
have suggested that heightened production of ROS may
cause hepatocyte apoptosis, which plays a central role in
liver fibrosis (Koek et al., 2011). Liu et al. (2013) found
that polysaccharides from C. militaris markedly
inhibited H,O,-induced hepatocyte apoptosis, probably
by decreasing ROS production and regulating apoptotic
signaling. Therefore, antioxidant compounds from O.
sinensis, including polysaccharides (Shen et al., 2011;
Zheng et al., 2014), peptide (Wang et al., 2012b) and
adenosine (Yan et al., 2013) may also function in
inhibiting H,O;-induced apoptosis. Alternatively, O.
sinensis may inhibit apoptosis by down-regulating apo-
ptotic genes, such as Fas, Fas ligand and TNF-a (Shahed
et al., 2001).

While there is robust evidence for the inhibition of
apoptosis by O. sinensis, a greater number of studies
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Figure 1. Scheme showing the mechanisms of the effect of
Ophiocordyceps sinensis on cell apoptosis. A2AR: adenosine 2A
receptor; Bcl-2: B-cell ymphoma-2; Bcl-xL: B-cell ymphoma-extra
large; caspase: cysteine aspartic-specific protease; FasL: a tumor
necrosis factor; Fas: the receptor of FasL; MAPK: mitogen-acti-
vated protein kinases; p53: tumor protein p53; PARP: poly (ADP-ri-
bose) polymerase; ROS: reactive oxygen species; TNF-a: tumor
necrosis factor a.
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also identified evidence that O. sinensis can induce apo-
ptosis (Fig. 1). Yang et al. (2003) found that a 410-kDa
polysaccharide from O. sinensis induced apoptosis, pos-
sibly by inhibiting the tyrosine phosphorylation of Bcl-2
and Bcl-xL oncoproteins. Bcl-2 and Bel-XL have been
identified as transcripts that function in blocking apo-
ptosis and mediating transforming activity (Fernandez-
Sarabia and Bischoff, 1993). A later study by Lee et al.
(2006) showed that C. militaris water extract inhibited
cancer cell proliferation by inducing cell apoptosis
through the activation of caspase-3 in the cytosol. Recent
studies found cordycepin from O. sinensis also induced
apoptosis in mouse and human cells, likely through the
caspase/MAPK pathways (Chen et al., 2013; Chen et al.,
2014b). Because the chemical structure of cordycepin is
similar to adenosine, the apoptotic effect of cordycepin
may be mediated by adenosine receptors (ARs). There
are four types of ARs, all of which are G protein-coupled
receptors, including A1R, A2AR, A2BR and A3R
(Englert et al., 2002). Chen et al. (2010b, 2014b) found
that cordycepin-induced apoptosis in rat glioma cells is
initiated by increased p53 phosphorylation and expres-
sion followed by the downstream caspase-7 activation
and poly(ADP-ribose) polymerase (PARP) cleavage,
which was A2AR dependent. PARP also is one of the on-
cogenic anti-apoptotic proteins (Strosznajder et al., 2005).
P53 is considered a master regulator of apoptosis in re-
sponse to various stimuli (Haupt et al., 2003). It triggers
expression of the Bcl-2 family proteins Bax and p53-
upregulated modulator of apoptosis (PUMA), targeting
mitochondria to induce cytochrome c release and subse-
quent activation of key regulators of apoptosis, including
caspase-3, -6, -7 and -9, and then to activate the intrinsic
apoptotic pathway (Mrass et al., 2004).

Antitumor

Cancer, after cardiovascular diseases, is the second most
predominant cause of death in the modern world. Can-
cer treatments, including surgical operation, radiother-
apy and chemotherapy, usually cause serious damage
and suffering to patients. Many studies have demon-
strated that O. sinensis, its extracts and isolated com-
pounds have obvious antitumor activities in inhibiting
proliferation of tumor cells (Lee et al., 2015) and in
preventing the invasion and migration of cancer cells
(Pao et al., 2012). A number of recent studies (Ko
et al, 2013) also showed that combinations of
cordycepin with other treatments can have synergistic
effects and may be used as a novel strategy to eradicate
leukemia via the elimination of leukemia stem cells.
These findings provide a very promising start for new
approaches to treat cancer.

As mentioned above, immunomodulation (He et al.,
2013; Meng et al., 2014; Wang et al., 2011), antioxidant
activity (Ji et al., 2014; Lee et al., 2015) and induction
of tumor cell apoptosis (Chen et al., 2013; Chen et al.,
2014b) should be the main channels by which O. sinensis
inhibits the grows of cancer cells.

Immunotherapy has been recognized as an alterna-
tive treatment and is now gaining more attention than
ever. Jordan et al. (2010) found that oral O. sinensis re-
duced the occurrence of lung metastases associated with
breast cancer, other previous immunotherapies have not
shown to be effective against this cancer. Macrophages
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play an important role in immune-surveillance against
malignant cells and pathogens (Gordon, 2007).
Yamaguchi et al. (1990) showed that administration of
O. sinensis extract significantly enhanced phagocytic ac-
tivity of macrophages and the survival time of tumor-
bearing mice. Polysaccharides in O. sinensis mycelia
were found to be the main immune stimulating com-
pounds (He et al., 2013; Meng et al., 2014; Wang et al.,
2011; Wu et al., 2014). These polysaccharides not only
stimulate the phagocytic activity of macrophages but
also induce these cells to produce TNF-o, IL-2, IL-6
and other cytokines that have antitumor activities
(Sheng et al., 2011; Song et al., 2013; Yan et al., 2011).

Tumor progression usually induces maturation defects
in DCs, from which tumor-bearing hosts exhibit immu-
nosuppression and tumor escape (Idoyaga et al., 2007).
Zhang et al. (2005) found that exopolysaccharides from
O. sinensis may inhibit tumor growth by modulating the
hosts’ immunity. Their later study (Song et al., 2011) fur-
ther demonstrated that exopolysaccharides promoted
the expressions of cytokines (IL-12p40 and TNF-a) and
inducible NO synthase but decreased the expression
level of phosphorylated signal transducers and activators
of transcription 3 (p-STAT3) of DCs. These results sug-
gest that exopolysaccharides may inhibit tumor growth
by promoting DC maturation and activation through
the inhibition of STAT3 phosphorylation.

Cordycepin from O. sinensis has been shown possess
an anticancer action, probably through the stimulation
of adenosine A3 receptor, followed by the Wnt signaling
pathway, including glycogen synthase kinase (GSK)-3b
activation and cyclin D1 suppression (Nakamura et al.,
2015). Cordycepin also has an antimetastatic effect
through inhibiting platelet aggregation induced by can-
cer cells and suppressing the invasiveness of cancer cells
via inhibiting the activity of matrix metalloproteinase
(MMP)-2 and MMP-9, and accelerating the secretion
of tissue inhibitor of metalloproteinase (TIMP)-1 and
TIMP-2 from cancer cells (Nakamura et al., 2015).

Although sufficient evidence is still to come, some
other possible mechanisms also have been hypothesized
on how O. sinensis inhibits the grows of cancer cells: (i)
regulation of signal pathway, such as inhibition of the
mitogen-activated protein kinase (MAPKs) signaling
pathway that play important roles in the invasion and mi-
gration of cancer cells, activation of the protein kinase C
(PKC) signaling pathways that has a direct antitumor ef-
fect (Pao et al., 2012); (ii) inhibition of the migration and
invasion related factors by cancer cells, such as MMP-2,
MMP-9 and urokinase plasminogen activator (uPA)
(Chia et al., 2010; Jiang and Sliva, 2010; Nakamura et al.,
2015); and (iii) inhibition of angiogenesis (Chia et al.,
2010). Angiogenesis plays a prominent role in tumor
growth and metastasis inhibition of angiogenesis is
considered to be an important strategy for cancer therapy.

These studies have demonstrated that O. sinensis can
inhibit both the growth and migration of various cancer
cells, which may be related to the complicated proces-
sions and mechanisms that worth further investigations.

Cardiovascular protection

Cardiovascular diseases represent the major burden of
morbidity and mortality and are rapidly becoming the
major health issue in the modern world. A worldwide
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estimation of 17 million deaths because of cardiovascu-
lar diseases in 2008 showed that the majority deaths
were because of atherosclerotic cardiovascular disease
(Ginsberg, 2013).

Orally administered water extracts of the fruiting
bodies of O. sinensis have shown to prevent cholesterol
deposition in the aorta of mice. The effect was likely
achieved by inhibition of low-density lipoprotein
(LDL) oxidation mediated by free radicals rather than
by reduction in serum lipid level (Yamaguchi et al.,
2000). A heteropolysaccharide, namely PS-A, was iso-
lated from water extracts of O. sinensis and has shown
to possess strong inhibitory activity against cholesterol
esterase (Kim, 2010). Inhibition of cholesterol esterase
enzyme activities could prohibit the absorption of die-
tary cholesterol esters and lead to prevention of athero-
sclerosis (Jeon et al., 2000). Similarly, O. sinensis extracts
attenuated aortic transplant arteriosclerosis in rats
(Zhang et al., 2012b).

Platelets play a complex role in hemostasis and
thrombosis. Initiation of an intraluminal thrombosis is
believed to involve platelet adherence, aggregation
and activation, and therefore antiplatelet drugs are ben-
eficial in controlling cardiovascular diseases (e.g. myo-
cardial infarction, ischemic stroke and vascular death)
(von Hundelshausen and Weber, 2007). Ex vivo and
in vivo studies have demonstrated that polysaccharides
from O. sinensis may inhibit human platelet activation
by initially inhibiting the PLCgamma2-PKC-p47 cas-
cade, and subsequently preventing PI3-kinase/Akt and
MAPK phosphorylation through activating adenylate
cyclase/cyclic AMP, then inhibiting intracellular Ca®*
mobilization and, ultimately, inhibit platelet activation
(Chang et al., 2015).

A novel serine protease with fibrinolytic activity
named CSP was purified from the culture supernatant
of O. sinensis (Li et al., 2007). CSP was found to be a
plasmin-like protease, but not a plasminogen activator,
and it preferentially cleaved the Aa chain of fibrinogen
and the a-chain of fibrin. Therefore, the extracellular
protein CSP may represent a potential new therapeutic
agent for the treatment of thrombosis.

O. sinensis also is a potential therapeutic agent for hy-
pertension (Xiang et al., 2016), occlusion-induced focal
cerebral ischemia of the middle cerebral artery (Zou
et al., 2016) and other cardiovascular diseases (Yan
et al., 2013). Xiang et al. (2016) found that O. sinensis
had antihypertensive effect by stimulating the secretion
of vasodilator NO, decreasing the level of endothelin-
1, epinephrine, noradrenaline and angiotensin II,
inhibiting the increase of transforming growth factor
B1 (TGF-p1) and lowering the level of inflammatory me-
diator of C-reactive protein. Zou et al. (2016) demon-
strated that the therapeutic activity of O. sinensis on
ischemic stroke is likely through the inhibiting damage
induced by oxygen and glucose deprivation.

Kidney protection

It has been suggested that the Traditional Chinese
herbal preparation O. sinensis may have a beneficial ef-
fect in patients with renal diseases (Wang, 1694). CKD is
a global public health problem with a high mortality. Re-
nal fibrosis is the final pathological manifestation of
CKD, characterized by tubulointerstitial fibrosis and
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glomerulosclerosis, and it leads to the deterioration and
eventual loss of renal function, independent of the pri-
mary cause (Liu, 2006). Some studies have demon-
strated that O. sinensis have the ability to suppress the
epithelial to mesenchymal trans-differentiation by regu-
lating the pro-fibrotic cytokine TGF-f1/Smad signal
pathway and eventually attenuates renal fibrosis (Pan
et al., 2013; Yao et al., 2014; Zhang et al., 2012a).

O. sinensis inhibited, to a certain degree, the prolifer-
ation of cultured human glomerular mesangial cells
induced by LDLs (Zhao-Long et al., 2000). Recent stud-
ies indicated that O. sinensis polysaccharide may protect
human mesangial cells from reducing platelet-derived
growth factor (PDGF)-induced cell proliferation
through the PDGF/ERK and TGF-B1/Smad pathways
(Wang et al., 2014) and inhibiting PDGF homodimer
BB induced inflammation and ROS production (Wang
et al., 2015b).

The changes in blood urea nitrogen and serum creat-
inine revealed that a water-soluble polysaccharide
(named CPS-2) significantly relieved renal failure
caused by fulgerizing kidney (Wang et al., 2010).

Reproduction protection

O. sinensis has also been used as a tonic supplement for
sexual dysfunction (Zhu et al., 1998). Studies have illus-
trated that O. sinensis can stimulate leydig cells and

PLC/PKC
MAPK
pathways

GL cells

granulosa-lutein cells (GLCs) to produce sex steroids
(Chen et al., 2005; Hsu et al., 2003; Huang et al., 2004b)
and several possible mechanisms have been suggested
for this effect (Fig. 2).

A few studies have shown that O. sinensis activates
both PKA and PKC signal transduction pathways to
stimulate the production of steroidogenic acute regula-
tory (StAR) protein (Chen et al., 2005; Hsu et al., 2003;
Huang et al., 2001).

In a study to test whether and how O. sinensis en-
hanced female reproduction, treatment of human GLCs
with O. sinensis resulted in increased 17b-estradiol (E;)
production (Huang et al., 2004a). E, is the most impor-
tant granulosa-derived hormone affecting the properties
of oocytes and there is increasing evidence that it di-
rectly influences the quality of maturing oocytes. These
data may help in the development of treatment regi-
mens to improve the success rate of in vitro fertilization.

Recent studies showed cordycepins from O. sinensis in-
duced steroidogenesis throungh stimulating intracellular
PLC/PKC and MAPK signal transduction pathways
(Pao et al.,2012) and associating with adenosine receptors
to activate cAMP-PKA-StAR pathway (Leu et al., 2011).

Prevention of osteoporosis

According to ancient records, O. sinensis also was used
in the modulation of cytoskeleton restructuring and
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Figure 2. Scheme showing the mechanisms of the effect of Cordycepin on reproduction. Ars: adenosine receptors; E,: 17b-estradiol; GL
cells: granulosa-lutein cells; MAPK: mitogen-activated protein kinases; PKA: protein kinase A; PKC: protein kinase C; PLC: phospholipase
C; StAR: steroidogenic acute regulatory; 1: indicates the synthesis of these substances is improved.
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prevention of osteoporosis (reviewed in Qi et al., 2012).
Osteoporosis is characterized by a reduction in bone
mass and micro-architectural deterioration of bone
tissue, which increases dramatically with aging and
may result in skeletal fragility and fractures (Garber
et al., 2000).

It was reported that strontium administration at low
dose increases bone formation and bone mass in normal
animals (Reginster et al., 2005). There is experimental
evidence that estrogen deficiency leads to excessive
bone loss and eventually osteoporosis (Canalis, 2010)
and O. sinensis modulated ovarian steroidogenesis
(Chen et al., 2005; Hsu et al., 2003). Qi et al. (2011) thus
tested the effect of O. sinensis and strontium on the pre-
vention of osteoporosis in ovariectomized (OVX) rats
and found O. sinensis plus strontium did prevent bone
loss and osteoporosis caused by estrogen deficiency.
Their further studies (Zhang et al., 2014a) also found
that the beneficial effects of O. sinensis on improvement
of osteoporosis in rats were attributable mainly to de-
crease the serum alkaline phosphatase (ALP) and
tartarate-resistant acid phosphatase (TRAP) activities
as well as the C-terminal crosslinked telopeptides of col-
lagen type I (CTX) and interferon-gamma (IFN-y)
levels. Further studies based on these results should lead
to valuable findings.

Other therapeutic and health care potentialities

O. sinensis also has obvious therapeutic and health
care effects on other organ systems and diseases, such
as antimicrobial activities (Mamta et al., 2015), pro-
tection of lung (Chen et al., 2012) and liver (Wang
et al., 2012a) functions, therapeutic effects on diabe-
tes (El Ashry et al., 2012; Liu et al., 2016) and asthma
(Kuo et al., 2001). Studies also found that O. sinensis
can increase hypoxia tolerance (Singh et al., 2013)
and ATP levels on muscle strength, power output
and endurance (Chen et al., 2014a; Kumar et al.,
2011). Recent studies also demonstrated fascinating
potentialities of O. sinensis on the improved of

memory and learning abilities (Dong et al., 2014)
and lifespan (Zou et al., 2015).

CONCLUSIONS AND PERSPECTIVES

O. sinensis has long been used as a medication in China
for the treatment of many illnesses and in the recent
years its usage has increased dramatically because of
the improvement of people’s living standard and the
emphasis on health. Such huge requirement has resulted
in the overharvest of this fungus in the wild. Accord-
ingly, O. sinensis has now attracted scientists’ extensive
attention, worldwide. Recent studies have demonstrated
that artificially cultured and fermented mycelial prod-
ucts of O. sinensis have similar pharmacologically activ-
ities to wild ones, which will likely reduce the price of
this medication and further expand its usage for the
treatment of various illnesses. As reviewed above, great
progress has been achieved in recent years on the phar-
macological properties and the functional mechanisms
of action of O. sinensis. Further studies will not only
provide deep insights into functional activities and
mechanisms of O. sinensis but also will facilitate the
development of better or novel means for disease
therapy and health regulation using this fungus.

Acknowledgements

We are very grateful to Dr. Jian-Ping Xu from McMaster University
for his kind help in writing assistant and good advice to improve our
manuscript. This work was funded jointly by projects from the Na-
tional Basic Research Program of China (2013CB127506), NSFC
(31560606, 31460028, 31260020), Department of Science and Technol-
ogy of Yunnan Province (2012BA015), CNTC (110201201009 BR-03)
and Yunnan of CNTC (HYHH2012HXO06).

Conflict of Interest

The authors have declared that there is no conflict of interest.

REFERENCES

Beg AA, Baldwin AS. 1993. The IkB proteins: multifunctional reg-
ulators of Rel/NF-kB transcription factors. Genes Dev 7:
2064-2070.

Berkeley MJ. 1843. On some entomogenous Sphaeriae. Lond J
Bot 2: 205-211.

Borchers AT, Stern JS, Hackman RM, Keen CL, Gershwin ME.
1999. Mushrooms, tumors, and immunity. P Soc Exp Biol
Med 221: 281-2983.

Canalis E. 2010. New treatment modalities in osteoporosis. Endocr
Pract 16: 855-863.

Chang Y, Hsu W-H, Lu W-J, et al. 2015. Inhibitory mechanisms of
CME-1, a novel polysaccharide from the mycelia of Cordyceps
sinensis. Curr Pharm Biotechno 16: 451-461.

Chatterjee R, Srinivasan KS, Maiti PC. 1957. Cordyceps sinensis
(Berkeley) saccardo: structure of cordycepic acid. J Am Pharm
Assoc 46: 114-118.

Chen C-Y, Hou C-W, Bernard JR, et al. 2014a. Rhodiola crenulata-
and Cordyceps sinensis-based supplement boosts aerobic
exercise performance after short-term high altitude training.
High Alt Med Biol 15: 371-379.

Chen ML, Cheung FWK, Chan MH, et al. 2012. Protective roles of
Cordyceps on lung fibrosis in cellular and rat models. J
Ethnopharmacol 143: 448-454.

Copyright © 2016 John Wiley & Sons, Ltd.

Chen WX, Zhang WY, Shen WB, Wang KC. 2010a. Effects of the
acid polysaccharide fraction isolated from a cultivated
Cordyceps sinensis on macrophages in vitro. Cell Immunol
262: 69-74.

Chen Y-H, Wang J-Y, Pan B-S, et al. 2013. Cordycepin enhances cis-
platin apoptotic effect through caspase/MAPK pathways in hu-
man head and neck tumor cells. Oncotargets Ther 6: 983-998.

Chen Y, Chen Y-C, Lin Y-T, Huang S-H, Wang S-M. 2010b.
Cordycepin induces apoptosis of CGTH W-2 thyroid carci-
noma cells through the calcium—calpain—caspase 7-PARP
pathway. J Agr Food Chem 58: 11645-11652.

Chen Y, Yang SH, Hueng DY, Syu JP, Liao CC, Wu YC. 2014b.
Cordycepin induces apoptosis of C6 glioma cells through the
adenosine 2A receptor—-p53—-caspase—7-PARP pathway.
Chem-biol Interact 216: 17-25.

Chen YC, Huang YL, Huang BM. 2005. Cordyceps sinensis myce-
lium activates PKA and PKC signal pathways to stimulate
steroidogenesis in MA-10 mouse Leydig tumor cells. /Int J
Biochem Cell B 37: 214-223.

Cheng Y-J, Cheng S-M, Teng Y-H, Shyu W-C, Chen H-L, Lee S-D.
2014. Cordyceps sinensis prevents apoptosis in mouse liver
with D-galactosamine/lipopolysaccharide-induced fulminant
hepatic failure. Am J Chin Med 42: 427-441.

Phytother. Res. (2016)



J.XUETAL.

Cheung JKH, Li J, Cheung AWH, et al. 2009. Cordysinocan, a
polysaccharide isolated from cultured Cordyceps, activates
immune responses in cultured T-lymphocytes and macro-
phages: signaling cascade and induction of cytokines. J
Ethnopharmacol 124: 61-68.

Chia JS, Du JL, Hsu WB, Sun A, Chiang CP, Wang WB. 2010. Inhi-
bition of metastasis, angiogenesis, and tumor growth by
Chinese herbal cocktail Tien-Hsien Liquid. BMIC Cancer 10: 175.

Chiou Y-L, Lin C-Y. 2012. The extract of Cordyceps sinensis
inhibited airway inflammation by blocking NF-kappa B activity.
Inflammation 35: 985-993.

CITES Management Authority of China. 2012. Announcement of
adjustment for catalogue of exporting and importing wild
animals and plants (in Chinese). In Convention on International
Trade in Endangered Species (CITES) of China. Science Press:
Beijing.

Clancy RM, Amin AR, Abramson SB. 1998. The role of nitric oxide in
inflammation and immunity. Arthritis Rheum 41: 1141-1151.

Clarkson JM, Charnley AK. 1996. New insights into the mechanisms
of fungal pathogenesis in insects. Trends Microbiol 4: 197—-203.

Deng B, Wang ZP, Tao WJ, et al. 2015. Effects of polysaccharides
from mycelia of Cordyceps sinensis on growth performance,
immunity and antioxidant indicators of the white shrimp
Litopenaeus vannamei. Aquacult Nutr 21: 173-179.

Dong Y, Yang J, Zhang Y, et al. 2014. Cordyceps sinensis Cs-5 im-
proves memory and learning abilities in a dysmnesia model.
Faseb J 28684.681: .

El Ashry FEZ, Mahmoud MF, El Maraghy NN, Ahmed AF. 2012.
Effect of Cordyceps sinensis and taurine either alone or in
combination on streptozotocin induced diabetes. Food Chem
Toxicol 50: 1159-1165.

Englert M, Quitterer U, Klotz KN. 2002. Effector coupling of stably
transfected human A3 adenosine receptors in CHO cells.
Biochem Pharmacol 64: 61-65.

Fernandez-Sarabia MJ, Bischoff JR. 1993. Bcl-2 associates with
the ras-related protein R-ras p23. Nature 366: 274-275.
Ferrero-Miliani L, Nielsen OH, Andersen PS, Girardin SE. 2007.
Chronic inflammation: importance of NOD2 and NALP3 in
interleukin-1beta generation. Clin Exp Immunol 147: 227-235.

Garber MA, McDowell DL, Hutton WC. 2000. Bone loss during
simulated weightlessness: a biomechanical and mineralization
study in the rat model. Aviat Space Envir Md 71: 586-592.

Gilmore TD. 2006. Introduction to NF-kappaB: players, pathways,
perspectives. Oncogene 25: 6680-6684.

Ginsberg H. 2013. Statins in cardiometabolic disease: what makes
pitavastatin different? Cardiovasc Diabeto/ 12: 1-6.

Gordon S. 2007. The macrophage: past, present and future. Eur J
Immunol 37(Suppl 1): S9-17.

Haupt S, Berger M, Goldberg Z, Haupt Y. 2003. Apoptosis—the
p53 network. J Cell Sci 116: 4077-4085.

He L, Cheng JW, Wang YB, et al. 2014. Statistics-based optimiza-
tion of extracellular polysaccharide production from Hirsutella
sinensis using a fermentation process and in vitro immuno-
modulatory activity. Food Sci Biotechnol 23: 451-457.

He L, Ji PF, Cheng JW, et al. 2013. Structural characterization and
immunostimulatory activity of a novel protein-bound polysac-
charide produced by Hirsutella sinensis Liu, Guo, Yu & Zeng.
Food Chem 141: 946-953.

Hsu CC, Tsai SJ, Huang YL, Huang BM. 2003. Regulatory mecha-
nism of Cordyceps sinensis mycelium on mouse Leydig cell
steroidogenesis. Febs Lett 543: 140-143.

Hsu TH, Shiao LH, Hsieh CY, Chang DM. 2002. A comparison of
the chemical composition and bioactive ingredients of the Chi-
nese medicinal mushroom DongChongXiaCao, its counterfeit
and mimic, and fermented mycelium of Cordyceps sinensis.
Food Chem 78: 463—-469.

Hu T, Jiang CB, Huang QL, Sun FY. 2016. A comb-like branched
beta-D-glucan produced by a Cordyceps sinensis fungus and
its protective effect against cyclophosphamide-induced immu-
nosuppression in mice. Carbohyd Polym 142: 259-267.

Huang BM, Hsiao KY, Chuang PC, Wu MH, Pan HA, Tsai SJ.
2004a. Upregulation of steroidogenic enzymes and ovarian
17 beta-estradiol in human granulosa-lutein cells by
Cordyceps sinensis mycelium. Biol Reprod 70: 1358-1364.

Huang BM, Hsu CC, Tsai SJ, Sheu CC, Leu SF. 2001. Effects of
Cordyceps sinensis on testosterone production in normal
mouse Leydig cells. Life Sci 69: 2593-2602.

Huang YL, Leu SF, Liu BC, Sheu CC, Huang BM. 2004b. In vivo
stimulatory effect of Cordyceps sinensis mycelium and its

Copyright © 2016 John Wiley & Sons, Ltd.

fractions on reproductive functions in male mouse. Life Sci
75: 1051-1062.

Idoyaga J, Moreno J, Bonifaz L. 2007. Tumor cells prevent mouse
dendritic cell maturation induced by TLR ligands. Cancer
Immunol Immunother 56: 1237-1250.

Jeon SM, Kim HS, Lee TG, et al. 2000. Lower absorption of
cholesteryl oleate in rats supplemented with Areca catechu
L. extract. Ann Nutr Metab 44: 170-176.

JiJ, Liu J, LiuHJ, Wang YL. 2014. Effects of fermented mushroom
of Cordyceps sinensis, rich in Selenium, on uterine cervix can-
cer. Evid Based Complement Alternat Med 2014: 173180.

Ji S, YiJ. 1999. A studies on chemical constituents of Cordyceps.
J Fujian Univ Trad Chin Med 2: 46—47(in Chinese).

Jiang JH, Sliva D. 2010. Novel medicinal mushroom blend sup-
presses growth and invasiveness of human breast cancer
cells. Int J Oncol 37: 1529-1536.

Jiang P. 1987. Pharmacology constituent and function of
Cordyceps sinensis. J Westnorthern Med 2: 43-44.

Jordan JL, Nowak A, Lee TDG. 2010. Activation of innate immu-
nity to reduce lung metastases in breast cancer. Cancer
Immunol Immun 59: 789-797.

Kim HG, Shrestha B, Lim SY, et al. 2006. Cordycepin inhibits
lipopolysaccharide-induced inflammation by the suppression
of NF-kappaB through Akt and p38 inhibition in RAW 264.7
macrophage cells. Eur J Pharmacol 545: 192—199.

Kim SD. 2010. Isolation, structure and cholesterol esterase inhibi-
tory activity of a polysaccharide, PS-A, from Cordyceps
sinensis. J Korean Soc Appl Biol Chem 53: 784—789.

Ko BS, Lu YJ, Yao WL, et al. 2013. Cordycepin regulates GSK-3
beta/beta-catenin signaling in human leukemia cells. Plos
One 8e76320: .

Kobayasi Y. 1982. Keys to the taxa of the genera Cordyceps and
Torrubiella. Trans Mycol Soc Japan 23: 329-364.

Koek GH, Liedorp PR, Bast A. 2011. The role of oxidative stress in
non-alcoholic steatohepatitis. Clin Chim Acta412: 1297-1305.

Koh JH, Yu KW, Suh HJ, Choi YM, Ahn TS. 2002. Activation of
macrophages and the intestinal immune system by an orally
administered decoction from cultured mycelia of Cordyceps
sinensis. Biosci Biotechnol Biochem 66: 407—-411.

Krieg AM, Yi AK, Matson S, et al. 1995. CpG motifs in bacterial
DNA trigger direct B-cell activation. Nature 374: 546-549.

Kumar R, Negi PS, Singh B, llavazhagan G, Bhargava K, Sethy NK.
2011. Cordyceps sinensis promotes exercise endurance ca-
pacity of rats by activating skeletal muscle metabolic regula-
tors. J Ethnopharmacol 136: 260-266.

Kuo YC, Tsai WJ, Wang JY, Chang SC, Lin CY, Shiao MS. 2001.
Regulation of bronchoalveolar lavage fluids cell function by
the immunomodulatory agents from Cordyceps sinensis. Life
Sci 68: 1067-1082.

Lawrence T, Fong C. 2010. The resolution of inflammation: anti-
inflammatory roles for NF-kappa B. /nt J Biochem Cell B 42:
519-5283.

Lee E-J, Jang K-H, Im S-Y, et al. 2015. Physico-chemical properties
and cytotoxic potential of Cordyceps sinensis metabolites.
Nat Prod Res 29: 455-459.

Lee H, Kim YJ, Kim HW, Lee DH, Sung MK, Park T. 2006. Induction
of apoptosis by Cordyceps militaris through activation of
caspase-3 in leukemia HL-60 cells. Biol Pharm Bull 29:
670-674.

Leu SF, Poon SL, Pao HY, Huang BM. 2011. The in vivo and in vitro
stimulatory effects of cordycepin on mouse Leydig cell ste-
roidogenesis. Biosci Biotech Bioch 75: 723-731.

Li HP, Hu Z, Yuan JL, et al. 2007. A novel extracellular protease
with fibrinolytic activity from the culture supernatant of
Cordyceps sinensis: purification and characterization.
Phytother Res 21: 1234-1241.

Li SP, Li P, Dong TT, Tsim KW. 2001. Anti-oxidation activity of dif-
ferent types of natural Cordyceps sinensis and cultured
Cordyceps mycelia. Phytomedicine 8: 207-212.

Li SP, Su ZR, Dong TT, Tsim KW. 2002. The fruiting body and its
caterpillar host of Cordyceps sinensis show close resemblance
in  main  constituents and anti-oxidation  activity.
Phytomedicine 9: 319-324.

Li SP, Zhao KJ, Ji ZN, et al. 2003. A polysaccharide isolated from
Cordyceps sinensis, a traditional Chinese medicine, protects
PC12 cells against hydrogen peroxide-induced injury. Life Sci
73: 2503-2513.

Liang HH, Cheng Z, Yang XL, et al. 2008. Genetic diversity and
structure of Cordyceps sinensis populations from extensive

Phytother. Res. (2016)



PHARMACOLOGICAL MECHANISMS OF O. SINENSIS

geographical regions in China as revealed by inter-simple
sequence repeat markers. J Microbiol 46: 549-556.

Linton MF, Fazio S. 2003. Macrophages, inflammation and athero-
sclerosis. Int J Obesity 27: 535-540.

Liu H, Cao D, Liu H, et al. 2016. The herbal medicine Cordyceps
sinensis protects pancreatic beta cells from streptozotocin-
induced endoplasmic reticulum stress. Can J Diabetes(online
first) . DOI:10.1016/j.jcjd.2016.1002.1001.

Liu Y. 2006. Renal fibrosis: new insights into the pathogenesis and
therapeutics. Kidney Int 69: 213-217.

Liu Y, EQ, Zu J, Tao Y, Liu W. 2013. Protective effect of
Cordyceps polysaccharide on hydrogen peroxide-induced mi-
tochondrial dysfunction in HL-7702 cells. Mol Med Rep 7:
747-754.

Liu Y, Wang J, Wang W, Zhang H, Zhang X, Han C. 2015. The
chemical constituents and pharmacological actions of
Cordyceps sinensis. Evid Based Complement Alternat Med
2015: 575063.

Liu ZQ, Li PT, Zhao D, Tang HL, Guo JY. 2011. Anti-inflammation
effects of Cordyceps sinensis mycelium in focal cerebral ische-
mic injury rats. Inflammation 34: 639-644.

Lu W-J, Chang N-C, Jayakumar T, et al. 2014. Ex vivo and in vivo
studies of CME-1, a novel polysaccharide purified from the
mycelia of Cordyceps sinensis that inhibits human platelet ac-
tivation by activating adenylate cyclase/cyclic AMP. Thromb
Res 134: 1301-1310.

Mamta MS, Amitabh KV, Vats P, et a/. 2015. Phytochemical and
antimicrobial activities of Himalayan Cordyceps sinensis
(Berk.) Sacc. Indian J Exp Biol 53: 36—43.

Meng LZ, Feng K, Wang LY, et al. 2014. Activation of mouse mac-
rophages and dendritic cells induced by polysaccharides from
a novel Cordyceps sinensis fungus UMO1. J Funct Foods 9:
242-253.

Miyazaki T, Oikawa N, Yamada H. 1977. Studies on fungal poly-
saccharides.20. Galactomannan of C. sinensis. Chem Pharm
Bull 25: 3324-3328.

Mrass P, Rendl M, Mildner M, et al. 2004. Retinoic acid increases
the expression of pb53 and proapoptotic caspases and
sensitizes keratinocytes to apoptosis: a possible explanation
for tumor preventive action of retinoids. Cancer Res 64:
6542-6548.

Nakamura K, Shinozuka K, Yoshikawa N. 2015. Anticancer and
antimetastatic effects of cordycepin, an active component of
Cordyceps sinensis. J Pharmacol Sci 127: 53-56.

Nakamura K, Yoshikawa N, Yamaguchi Y, Kagota S, Shinozuka K,
Kunitomo M. 2006. Antitumor effect of Cordycepin (3'-
deoxyadenosine) on mouse melanoma and lung carcinoma
cells involves adenosine A3 receptor stimulation. Anticancer
Res 26: 43-47.

Nie S, Cui SW, Xie M, Phillips AO, Phillips GO. 2013. Bioactive
polysaccharides from Cordyceps sinensis: isolation, structure
features and bioactivities. Bioact Carbohydr Diet Fib 1: 38-52.

Pan MM, Zhang MH, Ni HF, et al. 2013. Inhibition of TGF-beta
1/Smad signal pathway is involved in the effect of Cordyceps
sinensis against renal fibrosis in 5/6 nephrectomy rats. Food
Chem Toxicol 58: 487-494.

Pao HY, Pan BS, Leu SF, Huang BM. 2012. Cordycepin stimulated
steroidogenesis in MA-10 mouse leydig tumor cells through
the protein kinase C pathway. J Agr Food Chem 60:
4905-4913.

Qi H, Denning TL, Soong L. 2003. Differential induction of
interleukin-10 and interleukin-12 in dendritic cells by microbial
Toll-like receptor activators and skewing of T-cell cytokine pro-
files. Infect Immun 71: 3337-3342.

Qi W, Y-b Y, Wang P-j, Lei W. 2011. The co-effect of Cordyceps
sinensis and strontium on osteoporosis in ovariectomized
osteopenic rats. Biol Trace Elem Res 141: 216-223.

Qi W, Yan YB, Lei W, et al. 2012. Prevention of disuse osteoporo-
sis in rats by Cordyceps sinensis extract. Osteoporosis Int 23:
2347-2357.

Quan QM, Chen LL, Wang X, et al. 2014. Genetic diversity and
distribution patterns of host insects of caterpillar fungus
Ophiocordyceps sinensis in the Qinghai—Tibet Plateau. Plos
One 9: €92293.

Reginster JY, Seeman E, De Vernejoul MC, et al. 2005. Strontium
ranelate reduces the risk of nonvertebral fractures in postmen-
opausal women with osteoporosis: treatment of Peripheral
Osteoporosis (TROPOS) study. J Clin Endocr Metab 90:
2816-2822.

Copyright © 2016 John Wiley & Sons, Ltd.

Saccardo PA. 1878. Enumeratio Pyrenomycetum Hypocreaceorum
hucusque cognitorum systemate carpologico dispositorum.
Michelia (in Latin) 1: 277-325.

Shahed AR, Kim SI, Shoskes DA. 2001. Down-regulation of apo-
ptotic and inflammatory genes by cordyceps sinensis extract
in rat kidney following ischemia/reperfusion. Transplant P 33:
2986-2987.

Shashidhar GM, Giridhar P, Manohar B. 2015. Functional polysac-
charides from medicinal mushroom Cordyceps sinensis as a
potent food supplement: extraction, characterization and ther-
apeutic potentials—a systematic review. Rsc Advances 5:
16050-16066.

Shashidhar MG, Giridhar P, Sankar KU, Manohar B. 2013. Bioac-
tive principles from Cordyceps sinensis: a potent food supple-
ment—a review. J Funct Foods 5: 1013-1030.

Shen WB, Song D, Wu JY, Zhang WY. 2011. Protective effect of a
polysaccharide isolated from a cultivated Cordyceps mycelia
on hydrogen peroxide-induced oxidative damage in PC12
cells. Phytother Res 25: 675-680.

Sheng L, Chen JP, Li J, Zhang WY. 2011. An exopolysaccharide
from cultivated Cordyceps sinensis and its effects on cytokine
expressions of immunocytes. App/ Biochem Biotech 163:
669—-678.

Shrestha UB, Shrestha S, Ghimire S, Nepali K, Shrestha BB. 2014.
Chasing Chinese caterpillar fungus (Ophiocordyceps sinensis)
harvesters in the himalayas: harvesting practice and its con-
servation implications in western Nepal. Soc Nat Res 27:
1242-1256.

Simon HU, Haj-Yehia A, Levi-Schaffer F. 2000. Role of reactive ox-
ygen species (ROS) in apoptosis induction. Apoptosis 5:
415-418.

Singh KP, Meena HS, Negi PS. 2014. Enhancement of neuromus-
cular activity by natural specimens and cultured mycelia of
Cordyceps sinensis in mice. Indian J Pharm Sci 76: 458-461.

Singh M, Tulsawani R, Koganti P, Chauhan A, Manickam M, Misra
K. 2013. Cordyceps sinensis increases hypoxia tolerance by
inducing heme oxygenase-1 and metallothionein via Nrf2 acti-
vation in human lung epithelial cells. Biomed Res Int 2013:
569206.

Song D, He ZY, Wang CH, Yuan FJ, Dong P, Zhang WY. 2013.
Regulation of the exopolysaccharide from an anamorph of
Cordyceps sinensis on dendritic cell sarcoma (DCS) cell line.
Eur J Nutr 52: 687-694.

Song D, Lin J, Yuan F, Zhang W. 2011. Ex vivo stimulation of murine
dendritic cells by an exopolysaccharide from one of the anamorph
of Cordyceps sinensis. Cell Biochem Funct 29: 555-561.

Sprecher M, Sprinson DB. 1963. A reinvestigation of the structure
of “Cordycepic Acid”. J Organ Chem 28: 2490-2491.

Stensrud O, Hywel-Jones NL, Schumacher T. 2005. Towards a
phylogenetic classification of Cordyceps: ITS nrDNA se-
quence data confirm divergent lineages and paraphyly. Myco/
Res 109: 41-56.

Strosznajder RP, Jesko H, Zambrzycka A. 2005. Poly(ADP-ribose)
polymerase—the nuclear target in signal transduction and its
role in brain ischemia—reperfusion injury. Mol Neurobiol 31:
149-167.

Sung GH, Hywel-Jones NL, Sung JM, Luangsa-Ard JJ, Shrestha B,
Spatafora JW. 2007. Phylogenetic classification of Cordyceps
and the clavicipitaceous fungi. Stud Mycol 57: 5-59.

Vannucci L, Krizan J, Sima P, et al. 2013. Immunostimulatory prop-
erties and antitumor activities of glucans (Review). /Int J Oncol
43: 357-364.

Vaux DL, Korsmeyer SJ. 1999. Cell death in development. Ce// 96:
245-254.,

Victor VM, Apostolova N, Herance R, Hernandez-Mijares A, Rocha
M. 2009. Oxidative stress and mitochondrial dysfunction in
atherosclerosis: mitochondria-targeted antioxidants as poten-
tial therapy. Curr Med Chem 16: 4654—-4667.

von Hundelshausen P, Weber C. 2007. Platelets as immune cells—
bridging inflammation and cardiovascular disease. Circ Res
100: 27-40.

Wang A. 1694. Ben Cao Bei Yao. Chemical Industry Publishing
House: Shanghai.

Wang BS, Lee CP, Chen ZT, Yu HM, Duh PD. 2012a. Comparison
of the hepatoprotective activity between cultured Cordyceps
militaris and natural Cordyceps sinensis. J Funct Foods 4:
489-495.

Wang J, Kan'L, Nie S, et al. 2015a. A comparison of chemical com-
position, bioactive components and antioxidant activity of

Phytother. Res. (2016)


http://dx.doi.org/10.1016/j.jcjd.2016.1002.1001

J.XUETAL.

natural and cultured Cordyceps sinensis. Lwt-Food Sci
Technol 63: 2-7.

Wang J, Liu YM, Cao W, Yao KW, Liu ZQ, Guo JY. 2012b. Anti-in-
flammation and antioxidant effect of Cordymin, a peptide puri-
fied from the medicinal mushroom Cordyceps sinensis, in
middle cerebral artery occlusion-induced focal cerebral ische-
mia in rats. Metab Brain Dis 27: 159-165.

Wang XL, Yao YJ. 2011. Host insect species of Ophiocordyceps
sinensis: a review. Zookeys 127: 43-59.

Wang Y, Liu D, Zhao H, et al. 2014. Cordyceps sinensis polysac-
charide CPS-2 protects human mesangial cells from PDGF-
BB-induced proliferation through the PDGF/ERK and TGF-
beta 1/Smad pathways. Mol Cell Endocrinol 382: 979-988.

Wang Y, Wang Y, Liu D, et al. 2015b. Cordyceps sinensis polysaccha-
ride inhibits PDGF-BB-induced inflammation and ROS production
in human mesangial cells. Carbohyd Polym 125: 135-145.

Wang Y, Yin HP, Lv XB, Wang YF, Gao HY, Wang M. 2010. Protec-
tion of chronic renal failure by a polysaccharide from
Cordyceps sinensis. Fitoterapia 81: 397-402.

Wang ZM, Peng XA, Lee KLD, Tang JCO, Cheung PCK, Wu JY. 2011.
Structural characterisation and immunomodulatory property of
an acidic polysaccharide from mycelial culture of Cordyceps
sinensis fungus Cs-HK1. Food Chem 125: 637—643.

Wang ZS, Gu YX, Zhou L, Yuan QS, Yu YX. 2005. Chemical com-
ponents of Cordyceps sinensis mycelial fermentation prepara-
tions in solid media. Nat Prod Res Dev 17: 331-336.

Wong YY, Moon A, Duffin R, et al. 2010. Cordycepin inhibits pro-
tein synthesis and cell adhesion through effects on signal
transduction. J Bioll Chem 285: 2610-2621.

Wu DT, Meng LZ, Wang LY, et al. 2014. Chain conformation and im-
munomodulatory activity of a hyperbranched polysaccharide
from Cordyceps sinensis. Carbohyd Polym 110: 405-414.

Wu L, Liu YJ. 2007. Development of dendritic-cell lineages. Immu-
nity 26: 741-750.

Wu YL, Sun HX, Qin F, Pan YJ, Sun CR. 2006. Effect of various ex-
tracts and a polysaccharide from the edible mycelia of
Cordyceps sinensis on cellular and humoral immune response
against ovalbumin in mice. Phytother Res 20: 646—652.

Xiang F, Lin L, Hu M, Qi X. 2016. Therapeutic efficacy of a poly-
saccharide isolated from Cordyceps sinensis on hypertensive
rats. Int J Biol Macromol 82: 308-314.

Xiao G, Miyazato A, Abe Y, et al. 2010. Activation of myeloid dendritic
cells by deoxynucleic acids from Cordyceps sinensis via a Toll-like
receptor 9-dependent pathway. Cell Immunol 263: 241-250.

Xing XK, Guo SX. 2008. The structure and histochemistry of scle-
rotia of Ophiocordyceps sinensis. Mycologia 100: 616—-625.

Xu JT. 1997. China Medicinal and Edible Fungi. Beijing Medical
University and China Xiehe Medical University Press: Beijing.

Yamaguchi N, Yoshida J, Ren LJ, et al. 1990. Augmentation of var-
ious immune reactivities of tumor-bearing hosts with an ex-
tract of Cordyceps sinensis. Biotherapy 2: 199-205.

Yamaguchi Y, Kagota S, Nakamura K, Shinozuka K, Kunitomo M.
2000. Inhibitory effects of water extracts from fruiting bodies
of cultured Cordyceps sinensis on raised serum lipid peroxide
levels and aortic cholesterol deposition in atherosclerotic
mice. Phytother Res 14: 650-652.

Yan JK, Li L, Wang ZM, Leung PH, Wang WQ, Wu JY. 2009. Acidic
degradation and enhanced antioxidant activities of
exopolysaccharides from Cordyceps sinensis mycelial culture.
Food Chem 117: 641-646.

Yan JK, Wang WQ, Li L, Wu JY. 2011. Physiochemical properties
and antitumor activities of two alpha-glucans isolated from
hot water and alkaline extracts of Cordyceps (Cs-HK1) fungal
mycelia. Carbohyd Polym 85: 753-758.

Yan XF, Zhang ZM, Yao HY, et al. 2013. Cardiovascular protection
and antioxidant activity of the extracts from the mycelia of
Cordyceps sinensis act partially via adenosine receptors.
Phytother Res 27: 1597-1604.

Copyright © 2016 John Wiley & Sons, Ltd.

Yang LY, Huang WJ, Hsieh HG, Lin CY. 2003. H1-A extracted from
Cordyceps sinensis suppresses the proliferation of human
mesangial cells and promotes apoptosis, probably by inhibiting
the tyrosine phosphorylation of Bcl-2 and Bcl-XL. J Lab Clin
Med 141: 74-80.

Yang ML, Kuo PC, Hwang TL, Wu TS. 2011. Anti-inflammatory prin-
ciples from Cordyceps sinensis. J Nat Prod 74: 1996—-2000.

Yao XL, Meran S, Fang YP, et al. 2014. Cordyceps sinensis: in vitro
anti-fibrotic bioactivity of natural and cultured preparations.
Food Hydrocolloid 35: 444452,

Yu L, Zhao J, Zhu Q, Li SP. 2007. Macrophage biospecific extrac-
tion and high performance liquid chromatography for hypothe-
sis of immunological active components in Cordyceps
sinensis. J Pharmaceut Biomed 44: 439—-443.

Yuan JP, Wang JH, Liu X, Kuang HC, Zhao SY. 2007. Simulta-
neous determination of free ergosterol and ergosteryl esters
in Cordyceps sinensis by HPLC. Food Chem 105: 1755-1759.

Yue K, Ye M, Zhou ZJ, Sun W, Lin X. 2013. The genus Cordyceps:
a chemical and pharmacological review. J Pharm Pharmacol
65: 474-493.

Zhang D-W, Wang Z-I, Qi W, G-y Z. 2014a. The effects of
Cordyceps sinensis phytoestrogen on estrogen deficiency-
induced osteoporosis in Ovariectomized rats. BMC Comple-
ment Altern Med 14: 484.

Zhang W, Yang J, Chen J, Hou Y, Han X. 2005. Immunomodu-
latory and antitumour effects of an exopolysaccharide frac-
tion from cultivated Cordyceps sinensis (Chinese caterpillar
fungus) on tumour-bearing mice. Biotechnol Appl! Biochem
42: 9-15.

Zhang XL, Bi-Cheng L, Al-Assaf S, Phillips GO, Phillips AO. 2012a.
Cordyceps sinensis decreases TGF-beta 1 dependent epithelial
to mesenchymal transdifferentiation and attenuates renal fi-
brosis. Food Hydrocolloid 28: 200-212.

Zhang Y, Yang M, Gong S, et al. 2012b. Cordyceps sinensis ex-
tracts attenuate aortic transplant arteriosclerosis in rats. J
Surg Res 175: 123-130.

Zhang Y, Zhang S, Li Y, et al. 2014b. Phylogeography and evolu-
tion of a fungal-insect association on the Tibetan Plateau.
Mol Ecol 23: 5337-5355.

Zhang YJ, Xu LL, Zhang S, et al. 2009. Genetic diversity of
Ophiocordyceps sinensis, a medicinal fungus endemic to the
Tibetan Plateau: implications for its evolution and conserva-
tion. BMC Evol Biol 9: 290.

Zhao-Long W, Xiao-Xia W, Wei-Ying C. 2000. Inhibitory effect of
Cordyceps sinensis and Cordyceps militaris on human glomer-
ular mesangial cell proliferation induced by native LDL. Cel/
Biochem Funct 18: 93-97.

Zheng L, Hao L, Ma H, et al. 2014. Production and in vivo antioxi-
dant activity of Zn, Ge, Se-enriched mycelia by Cordyceps
sinensis SU-01. Curr Microbiol 69: 270-276.

Zhou X-W, Li L-J, Tian E-W. 2014. Advances in research of the ar-
tificial cultivation of Ophiocordyceps sinensis in China. Crit
Rev Biotechnol 34: 233-243.

Zhou XW, Gong ZH, Su Y, Lin J, Tang KX. 2009. Cordyceps fungi:
natural products, pharmacological functions and developmen-
tal products. J Pharm Pharmacol 61: 279-291.

Zhu J, Wang ZG. 1993. Several metal tests in Cordyceps sinesis
and its mycelium. J Jinning Med Coll 12: 52-54.

Zhu JS, Halpern GM, Jones K. 1998. The scientific rediscovery of
a precious ancient Chinese herbal regimen: Cordyceps
sinensis: part Il. J Altern Complem Med 4: 429-457.

Zou Y, Liu Y, Ruan M, et al. 2015. Cordyceps sinensis oral liquid
prolongs the lifespan of the fruit fly, Drosophila melanogaster,
by inhibiting oxidative stress. /nt J Mol Med 36: 939-946.

Zou YX, Liu YX, Ruan MH, Zhou Y, Wang JC, Chu ZY. 2016.
Cordyceps sinensis oral liquid inhibits damage induced by oxy-
gen and glucose deprivation in SH-SY5Y cells. Altern Ther
Health Med 22: 37-42.

Phytother. Res. (2016)



