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and leisurely devours its host. By early summer of the
following year, the fungal infestation has killed the caterpillar
and the fruiting body protrudes from its head. Because of its
particular life cycle, it is called the winter-worm, summer-plant
in Chinese [1-3]. CS has long been used as a herbal tonic in

1. Introduction

Cordyceps sinensis (CS) is a fungal parasite on the larvae of
Lepidoptera. In late autumn, the fungus attacks the caterpillar
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traditional Chinese medicine to treat many illnesses in the
oriental society. Nevertheless, the supply of CS is inadequate
for the demand because of its low yield in a high-altitude area
where it cannot be easily harvested. However, the mycelium
of the fungus has been cultured and the dried powder of the
mycelium is commercially available [1-3].

CS contains complex materials, including cordycepin
[4—6], modified nucleosides [7,8], polysaccharides [9,10], and
sterols [11,12]. Cordycepin, or 3'-deoxyadenosine, is a major
bioactive component found in CS. Due to the absence of ox-
ygen in the 3’ position of its ribose moiety and its similarity to
adenosine (Figure 1) [6], some enzymes cannot discriminate
between the two. Therefore, it can participate in certain
biochemical reactions. For example, cordycepin could incor-
porate into an RNA molecule causing the premature termi-
nation of its synthesis, and has a wide range of biological
effects in the regulation of inflammation and platelet aggre-
gation [6,13,14]. Studies have demonstrated that CS has
multiple pharmacological activities, including modulation of
immune responses [15,16], inhibition of tumor growth
[11,17,18], decrease of blood pressure [19,20], increase of he-
patic energy metabolism and blood flow [21], improvement of
bioenergy in liver [22], induction of cell apoptosis [23], and
secretion of adrenal hormones [24].

2. Steroidogenic pathway related to male
reproduction

In the male reproductive system, gonadotropin-releasing
hormone from hypothalamus stimulates anterior lobe of pi-
tuitary gland to release luteinizing hormone (LH) [25]. It is well
established that steroidogenesis in Leydig cells is regulated by
LH/chorionic gonadotropin (CG). LH binds to its receptors in
Leydig cells to activate G-proteins and, in turn, adenylate
cyclase (AC), which can increase intracellular cyclic adeno-
sine monophosphate (cAMP) formation [26]. The cAMP will
then stimulate protein kinase A (PKA), which will phosphor-
ylate some proteins and/or induce de novo synthesis of pro-
teins, such as steroidogenic acute regulatory (StAR) protein
[27]. StAR protein is considered as a rate-limiting step of
steroid biosynthesis since it can facilitate the transfer of free
cholesterol from cytoplasm into the inner membrane of
mitochondria, where cytochrome P450 side-chain cleavage
enzyme converts cholesterol to pregnenolone [28]. Pregnen-
olone will then be transported to the smooth endoplasmic
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Figure 1 — The difference in the chemical structures of
bioactive compounds, (A) cordycepin and (B) adenosine [6].

reticulum, where contains 3p-hydroxysteroid dehydrogenase
(HSD), 17a-hydroxylase, 20 a-hydroxylase, and 17p-HSD ste-
roidogenic enzymes, to be processed to become testosterone,
an essential steroid hormone for reproduction in men [25].

Although PKA-mediated protein phosphorylation is un-
doubtedly important in regulating steroid synthesis, other
signaling systems have also been implicated. It has been
shown that the activation of protein kinase C (PKC) signal
pathway can strongly modulate Leydig cell steroidogenesis
[29]. Likewise, evidence indicates that calcium is also involved
in steroidogenesis. It has been shown that the removal of
extracellular calcium, or the addition of calmodulin antago-
nist or calcium channel blocker blunts Leydig cell steroido-
genesis [30,31].

3. CS stimulates mouse Leydig cell
steroidogenesis
3.1. CS stimulates testosterone production in purified

mouse Leydig cells

It is important to determine whether CS can stimulate
testosterone production by mouse Leydig cells. Thus, the
mouse Leydig cells are purified through Percoll gradient with
purity reaching around 90%. These purified normal mouse
Leydig cells are then treated with CS at different dosages for
different time durations, and testosterone levels in media are
evaluated. The results demonstrate that testosterone pro-
duction is significantly elevated by the treatment of increasing
dosages of CS (0.1-10 mg/mL), and reaches a maximum
at 3 mg/mL CS in a 3-hour treatment as compared to
control [32].

3.2. CS fractions stimulate testosterone production in
purified mouse Leydig cells

In previous results, CS stimulated in vitro steroidogenesis in
purified normal mouse Leydig cells [32]. What remains
elusive, however, is which component of CS is responsible.
Thus, a search for the components in CS with in vitro stim-
ulatory effects on mouse Leydig cells is required. The purified
mouse Leydig cells are treated with CS and its water-
extracted fractions; F1 (water-soluble polysaccharide), F2
(water-soluble protein), and F3 (poorly water-soluble poly-
saccharide and protein); to determine the in vitro effects of CS
fractions on steroidogenesis. In preparation of CS fractions,
100 g crude CS was extracted with 800 mL distilled water and
shaken at 37°C for 72 hours. The solution was then centri-
fuged at 13,000x g at 4°C for 30 minutes to collect the pellet
(F3). The supernatant was applied into G150 gel filtration
column (3 cm x 100 cm) with 50mM acetonitrile buffer at pH
6.0. Two peaks were collected and the first peak was assigned
as F1 and the second peak was assigned F2. The yield per-
centages of F1, F2, and F3 were 1.69%, 13.46%, and 84.85%,
respectively. The results illustrate that F2 and F3 significantly
stimulate in vitro testosterone production in purified mouse
Leydig cells in dose- and time-dependent relationships with
maximal responses at 3 mg/mL for 3 hours [33].
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3.3. CS stimulates steroidogenesis in MA-10 mouse
Leydig tumor cells

In purified normal mouse Leydig cell studies, many mice
needed for sacrifice. Consequently, the MA-10 mouse Leydig
tumor cell line is exploited. This well-studied mouse Leydig
tumor cell line produces progesterone as the major steroid in
response to both trophic hormones (LH and human CG, hCG)
and cAMP analogues due to the low activity of 17a-hydroxy-
lase [34,35]. MA-10 cells are treated with different concentra-
tions of CS (2—10 mg/mL) for various time durations (6—24
hours), and progesterone productions are evaluated. Data
show that progesterone production significantly increases
with CS treatments in dose- and time-dependent relation-
ships [36,37]. These results in MA-10 mouse Leydig tumor cell
studies are consistent with the results in purified normal
mouse Leydig cell studies.

3.4. CS fractions stimulate steroidogenesis in MA-10
mouse Leydig tumor cells

The effects of CS and three water-extracted fractions of CS
(F1, F2, and F3) on progesterone production in MA-10 cells
have been further studied. CS, F1, F2, or F3 at different
dosages are added to cells for various durations. Data show
that progesterone productions significantly increase in dose-
and time-dependent relationships with the treatments of CS
and F3 compared with the control. There is no difference
in progesterone productions among control, F1 and F2
treatments in MA-10 cells [37]. These results in MA-10 cell
studies are somewhat different from the results in purified
normal mouse Leydig cell studies: F2 could stimulate ste-
roidogenesis in normal mouse Leydig cells, but not in MA-10
cells.

3.5. CS stimulates plasma testosterone level in mouse

In previous results, CS stimulates in vitro steroidogenesis in
normal mouse Leydig cells and in MA-10 mouse Leydig tumor
cells [32,33,36,37]. What remains elusive, however, is whether
CS has any in vivo effect on Leydig cell steroidogenesis. Thus,
an investigation for CS with in vivo stimulatory effects on
mouse Leydig cell steroidogenesis is essential, and CS has
been further used to feed the mice to determine the in vivo
effect on the levels of testosterone in plasma. Different dos-
ages of CS (0.02 mg/g body weight or 0.2 mg/g body weight) are
fed to immature (age, 5 weeks) or mature (age, 10 weeks)
C57BL/6 (B6) mice for 1 day, 3 days, or 7 days. The plasma
levels of testosterone are evaluated by radioimmunoassay.
Results illustrate that CS significantly induces plasma testos-
terone levels both in immature and mature mice in 3- and 7-
day treatments [33,38].

3.6. CS fractions stimulate plasma testosterone level in
mouse

In previous results, CS significantly induced plasma testos-
terone levels both in immature and mature mice in 3- and 7-
day treatments [33,38]. Which component of CS does the job
to have positive in vivo effect on Leydig cell steroidogenesis

remains unknown? Thus, an examination for the compo-
nents in CS with in vivo stimulatory effects is executed. In
normal mouse Leydig cell study treated by CS fractions, only
F2 and F3 could induce testosterone production. Thus, F2 and
F3 (0.02 mg/g body weight or 0.2 mg/g body weight) were fed
to immature (age, 5 weeks) or mature (age, 10 weeks) B6 mice
for 1 day, 3 days, or 7 days, respectively, and the changes of
testosterone levels in plasma are examined. Results show
that F2 and F3 at 0.02 mg/g body weight and/or 0.2 mg/g body
weight for 3 days and/or 7 days could also significantly
stimulate plasma testosterone levels both in immature and
mature mice [33,38].

4, Cordycepin stimulates mouse Leydig cell
steroidogenesis

CS fractions (F1, F2, and F3) have been used to examine
whether these fractions could stimulate steroidogenesis in
mouse Leydig cells, and the outcomes are that F2 and/or F3
could both induce steroidogenesis in vitro and in vivo [33,38].
Unfortunately, F2 and F3 still contain too many different
substances. Thus, cordycepin, the major component in CS, is
selected for further examination of the CS-stimulated effects
on mouse Leydig steroidogenesis.

4.1. Cordycepin induces testosterone production in
purified mouse Leydig cells

To verify if cordycepin directly stimulates testosterone pro-
duction, the purified normal mouse Leydig cells were treated
with various concentrations of cordycepin (10uM to 5mM) for 3
hours. Results show that testosterone production gradually
rises as the concentration of cordycepin increases, and there
is a significant three-fold increase under 1mM cordycepin
treatment. In the temporal study, cordycepin (ImM) maxi-
mally stimulates testosterone production at 3 hours’ treat-
ment. These results indicate that cordycepin stimulates
normal mouse Leydig cell steroidogenesis in concentration-
and time-dependent manners [39].

4.2. Cordycepin induces steroidogenesis in MA-10
mouse Leydig tumor cells

The well-studied MA-10 mouse Leydig tumor cell line pro-
duces progesterone as the major steroid in response to both
trophic hormones (LH and hCG) and cAMP analogues due to
the low activity of 17a-hydroxylase [34,35]. MA-10 cells are
incubated with different dosages of cordycepin (InM to
100pM) for different time durations (0 hours, 3 hours, 6
hours, 12 hours, and 24 hours). Results demonstrate that
MA-10 cell steroidogenesis is significantly induced by 100pM
cordycepin after 12- and 24-hour treatments. The proges-
terone production induced by 100uM cordycepin is 3-fold
higher compared to control. These results illustrate
that cordycepin stimulates MA-10 mouse Leydig tumor cell
steroidogenesis in a concentration- and time-dependent
manner [40,41].
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4.3. Cordycepin induces plasma testosterone level in
mouse

In previous results, cordycepin could stimulate in vitro ste-
roidogenesis in normal mouse Leydig cells and in MA-10
mouse Leydig tumor cells [39—-41]. Thus, cordycepin (20 mg/
kg body weight or 40 mg/kg body weight) was further used to
feed immature (age, 5 weeks) B6 mice for 7 days, and the
changes of testosterone levels in plasma were examined. Re-
sults show that intraperitoneal administration of cordycepin
(40 mg/kg) for 7 days significantly increases plasma testos-
terone concentration in mice, compared to the control

group [39].

5. Mechanisms

We have demonstrated that CS and cordycepin could stimu-
late steroidogenesis in normal mouse Leydig cells and MA-10
mouse Leydig tumor cells, respectively [32,33,36—41]. We also
found that CS and cordycepin could elevate plasma testos-
terone levels in B6 mice [33,38,39]. However, the mechanism
whereby CS and cordycepin stimulate steroidogenesis in
mouse Leydig cells remain elusive. Thus, the possible signal
transduction pathways activated by CS and cordycepin in
Leydig cells related to steroidogenesis have been investigated
and are herein described.

5.1. CS stimulates steroidogenesis through cAMP-PKA
pathway in normal mouse Leydig cells

CS could enhance steroidogenesis in purified normal mouse
Leydig cells [32,33]. Thus, how CS activated signal pathways
related to steroidogenesis in normal mouse Leydig cells is
investigated and illustrated. Results show that CS significantly
activates the PKA signal transduction pathway, but not the
PKC signal pathway, to stimulate testosterone production in
normal mouse Leydig cells [42].

5.2. CS stimulates steroidogenesis through PKA and PKC
pathways in MA-10 cells

MA-10 cells were also used to examine the possible signal
pathways activated by CS. Data demonstrated that CS
significantly activates both PKA and PKC signal transduction
pathways to stimulate MA-10 cell steroidogenesis [43].
Moreover, de novo protein synthesis is involved in CS stimu-
lating steroidogenesis in MA-10 cells. StAR protein, mito-
chondrial electrochemical gradient, and calcium signal
pathway also play important roles in this stimulation. How-
ever, P450 side-chain cleavage and 3B-HSD enzymes might
not contribute to the stimulatory effect of CS in MA-10 cell
steroidogenesis [44].

5.3. Cordycepin stimulates steroidogenesis through PKA
and PKC pathways in normal mouse Leydig cells

Cordycepin, an important component in CS, was used to
examine the possible mechanisms in mouse Leydig steroido-
genesis. Data showed that cordycepin could activate cAMP-

PKA signal transduction pathway to induce StAR protein
expression, and then to enhance testosterone production in
primary mouse Leydig cells. Additionally, cordycepin could
possibly exert its effect through the association with adeno-
sine receptor (AR) subtypes Al, A2a, and A3 [39].

5.4. Cordycepin stimulates steroidogenesis through PKA
and PKC pathways in MA-10 cells

Cordycepin could stimulate the expressions of adenosine
subtype receptors to induce MA-10 Leydig tumor cell ste-
roidogenesis through PKA, PKC/phospholipase C (PLC) and
mitogen-activated protein kinase (MAPK) signal pathways
without increasing StAR protein expression. Interestingly, the
stimulatory effect of PKA and PKC/PLC pathways and the
inhibitory effect of ERK1/2 pathway activated by cordycepin
might interact for the homeostasis status to stimulate ste-
roidogenesis in MA-10 cells [40,41].

6. Discussion

In this review article, the in vitro and in vivo effects of CS, CS
fractions, and cordycepin on steroidogenesis in mouse Leydig
cells are summarily illustrated, and hope to correlate with the
scientific evidence that CS and cordycepin do have the posi-
tive effects on Leydig cell steroidogenesis (Tables 1 and 2).

6.1. In vitro effects of CS, CS fractions and cordycepin on
mouse Leydig cells

In the in vitro study, the results of CS, F3, and cordycepin on
steroidogenesis between normal mouse Leydig cells and MA-
10 mouse Leydig tumor cells are consistent. F1 has no
effect on either cell types. However, F2 can stimulate ste-
roidogenesis in normal mouse Leydig cells, but not in MA-10
cells (Table 1). In the CS fraction preparations, CS is extrac-
ted by water, produces F1 (water soluble polysaccharide), F2
(water soluble protein), and F3 (poorly water soluble poly-
saccharide and protein). This preparation in F2 highly sug-
gests that there are many water-soluble proteins that could
associate with normal mouse Leydig cells to induce testos-
terone production. However, this F2 preparation may lack
some ingredient(s) for inducing steroidogenesis in MA-10
tumor cells. Which protein(s) and/or compound(s) in CS pro-
voking this different phenomenon between both cell types
still need more scientific works. It is certain that, cordycepin
does stimulate steroidogenesis both in normal mouse Leydig
cells and MA-10 mouse Leydig tumor cells (Table 1).

Table 1 — In vitro effect of Cordyceps sinensis (CS), CS

fractions and cordycepin on steroidogenesis in normal
mouse Leydig cells and MA-10 mouse Leydig tumor cells.

CS F1 F2 F3 Cordycepin

Normal Leydig cells — Testosterone + — + + +
MA-10 cells — Progesterone F o= = 4 AF

+ = stimulation; — = no effect.
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Table 2 — In vivo effect of Cordyceps sinensis (CS), CS
fractions, and cordycepin on steroidogenesis in mouse.

CS F2 F3 Cordycepin
Feeding days 3 7 3 7 3 7 3 7
Immature mouse + + + + + + = 4
Mature mouse #= 4 4 4 4 FF = =
+ = stimulation; — = no effect.

6.2. In vivo effects of CS, CS fractions and cordycepin on
mouse Leydig cells

Studies have demonstrated that Leydig cell function loss and
sperm production decreases are due to the decrease of
testosterone concentration in blood [45,46]. Thus, testos-
terone is indispensable to male reproduction. We have found
that oral administration of CS and its fractions, F2 and F3,
could increase plasma testosterone levels in both immature
and mature B6 mice (Table 2). We further showed that cor-
dycepin could stimulate immature B6 mouse plasma testos-
terone production accompanied by increasing testis weight,
supporting that cordycepin is the bioactive pure material of CS
regulating Leydig cell functions [39].

It is apparent that longer time application of cordycepin (7
days) is necessary in immature mouse for increasing plasma
testosterone level. However, 3 days feeding of CS and its
fractions (F2 and F3) is good enough to induce testosterone
level in immature mice. This phenomenon indicates that
there are some other factors in CS, F2, and F3 facilitating the
efficacy of cordycepin on in vivo steroidogenesis. It will need
more investigations to pinpoint what materials can facilitate
cordycepin to stimulate testosterone production. Studies have
shown that supplementation with Cordyceps mycelium im-
proves sperm quality and quantity in subfertile boars and rats
[47,48]. Another study also illustrates that long-term admin-
istration of cordycepin can counteract the decline of testicular
function in middle-aged rats [49]. These three studies do not
demonstrate whether Cordyceps and/or cordycepin could
directly regulate testosterone production. However, functions
of testosterone-dependent tissues and organs in the male
reproductive system are improved. In addition, one study
showed that supplementation of Cordyceps not only directly
enhances the levels of serum LH and testosterone but also
improves the sperm count and motility compared to the
bisphenol A-treated rats [50]. Moreover, two papers have re-
ported that CS contributes to help the penis trap blood for

erection [51,52]. All these in vivo studies support the roles of
Cordyceps and/or cordycepin in improving male sexual
function.

6.3. Mechanisms of CS and cordycepin stimulating
steroidogenesis on mouse Leydig cells

It is important to know the mechanisms by which CS and
cordycepin can induce Leydig cell steroidogenesis, and part
of the possible mechanisms is illustrated in Table 3. There
are variations of the mechanisms how steroidogenesis is
activated by CS and cordycepin between normal mouse
Leydig cells and MA-10 mouse Leydig tumor cells, respec-
tively. In normal mouse Leydig cells, both CS and cordycepin
can stimulate cAMP-PKA pathway. However, StAR protein is
activated by cordycepin, but not by CS. In addition, CS does
not induce the PKC pathway, and whether cordycepin can
activate the PKC pathway remains unknown. In MA-10 cells,
both CS and cordycepin can stimulate cAMP-PKA, PKC, and
PLC pathways. CS does stimulate StAR protein expression.
However, cordycepin cannot induce StAR protein expres-
sion. Besides, cordycepin can induce MAPK-Erk activity to
regulate cordycepin-induced steroidogenesis in MA-10 cells.
Based on these observations (Table 3), there is a basic stim-
ulation on PKA pathway by CS and cordycepin on both Leydig
cell types.

Several lines of evidence have illustrated that LH receptor
mediating effects on Leydig cell steroidogenesis are mostly
through the activation of the Gsa/AC/cAMP/PKA pathway [53].
PKA will then phosphorylate proteins and induce de novo
synthesis of proteins to facilitate steroidogenesis [27,54].
Thus, that CS and cordycepin regulate cAMP-PKA signal
transduction to induce steroidogenesis in mouse Leydig cells
in our studies is not extraordinary. However, beside the PKA
pathway, CS and cordycepin do activate a variety of pathways
(PKC, PLC, and MAPK pathways, etc.) in normal mouse Leydig
cells and MA-10 mouse Leydig tumor cells. Study has shown
that different receptors can activate more than one type of G
protein to induce different cellular functions [55]. Also,
different ligands on the same receptor could differentially
affect gene expression in cells with different reactions [56].
Thus, these dissimilar pathways activated by CS and cordy-
cepin between normal and tumor Leydig cells are conse-
quently expected. Certainly, more experiments will be needed
to investigate comprehensively how various signal pathways
are activated by CS and cordycepin on Leydig cell
steroidogenesis.

Table 3 — Pathways activated by Cordyceps sinensis (CS) and cordycepin in normal mouse Leydig cells and MA-10 cells.

Cells Drugs Pathways
PKA StAR PKC PLC ERK AR
Normal Leydig cells Cs 4 N/A - N/A N/A N/A
Cordycepin I I N/A N/A N/A 4
MA-10 cells CS AF + + + N/A N/A
Cordycepin + - + + + +

+ = stimulation; — = no effect; N/A = not examined yet.
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It has been found that adenosine analogs can stimulate
steroid production and adenylate cyclase activity in I-10
mouse Leydig tumor cells and rat adrenal cells [57,58]. How-
ever, the expression and characterization of ARs in Leydig
cells remains unknown. We have illustrated the expression of
four AR mRNAs (A1, A2a, A2b, and/or A3) in primary mouse
Leydig cells and MA-10 cells, which is the first time that this
has been demonstrated in reproductive tissue [39,40]. There
are reports of coexisting AR subtypes in different combina-
tions in a number of cells, such as Al and A2a in glomerular
and mesangial cells [59,60], and Al, A2a, and A2b [61] in
porcine coronary artery smooth muscle cells. Nevertheless,
mRNA expression of four AR subtypes in primary cultured rat
adrenal cell has also been illustrated [62]. Thus, the coex-
pression of three or four AR subtypes in mouse Leydig cells
with function-stimulating steroidogenesis in our study is not
unprecedented [39,40].

6.4. CS stimulates steroidogenesis in other steriodogenic
organs

In addition to the effect of CS on Leydig cell functions, the
influences of CS on other steroidogenic tissues have also been
investigated. Treatment of human granulosa—lutein cells
with CS results in the increase of E2 production due, at leastin
part, to increase StAR and aromatase expressions. These data
may help in the development of treatment regimens to
improve the success rate of in vitro fertilization [63]. Moreover,
plasma corticosterone levels can be significantly induced by
F2 at 0.02 mg/g body weight with 7 days feeding in immature
mice, and by CS at 0.02 mg/g body weight with 3 days feeding
and F3 at 0.02 mg/g body weight for 7 days feeding in mature
mice. Accordingly, CS and its fractions do stimulate mouse
in vivo corticosterone production from adrenal gland [64].
Thus, CS can stimulate steroidogenesis among different ste-
roidogenic organs (testis, ovary, and adrenal gland).

6.5. Different effects of CS on hCG-induced
steroidogenesis between normal and tumor Leydig cells

It is well established that steroidogenesis in Leydig cells is
regulated by LH/hCG. LH binds to its receptors in Leydig cells
to activate G-proteins and, in turn, AC, which increases
intracellular cAMP formation [26]. It should be noted that, in
our study, hCG-stimulated testosterone production is sup-
pressed by CS in a dose-dependent relationship in purified
normal mouse Leydig cells [32]. CS also reduces dibutyryl
cAMP-stimulated testosterone production, which indicates
that CS affects signal transduction pathway of steroidogen-
esis after the formation of cyclic AMP [32]. However, in MA-10
cells, CS can induce more steroid production in hCG-treated
MA-10 cells [37]. Therefore, the effects of CS plus hCG on
steroidogenesis between normal and tumor mouse Leydig
cells are totally opposite. It has been shown that one ligand
can bind to different receptor subtypes to activate different
cellular functions [65—67] between normal and tumor
cells [35,68]. It is possible that binding sites for CS on
normal and tumor mouse Leydig cells couple to different
receptors, which lead to a contrary effect on hCG-stimulated
steroid synthesis. These interesting phenomena should be

investigated thoroughly, which could be helpful to distin-
guish the differences in cellular and molecular mechanisms
between normal and tumor Leydig cells.

In the in vivo study, CS alone does induce testosterone
production in immature (age, 5 weeks) and mature (age, 10
weeks) mice. However, CS with hCG treatment reduces plasma
testosterone production in immature and mature mice (un-
published data), which is comparable to the in vitro results that
CS suppresses hCG-stimulated testosterone productions in
purified normal mouse Leydig cells [32]. In our study, the in vivo
treatment of hCG in mouse is to mimic the sexually repro-
ductive status, and CS feeding is to examine whether it will
enhance more reproductive performance. These observations
imply that CS might have unfavorable effect on reproductive
performance in fully sexual individuals. Although 10-week-old
mice in our study are considered as mature mice, those mice
are actually in the status of producing low testosterone. Thus,
these 5- and 10-week-old mice in our studies could be
considered as sexual and reproductive dysfunctional in-
dividuals, and CS and cordycepin could increase serum
testosterone production. Therefore, the application of CS and
cordycepin in clinical practice related to male reproduction
should be evaluated first upon the testosterone status among
individuals and/or patients.

6.6. Alternative substances regulating reproductive
functions

Physicians have treated men with insufficient testosterone
secretion by modern medicines and techniques for decades,
such as the injection of gonadotropin hormones and/or
testosterone to restore reproductive functions [69—71]. By
contrast, traditional healers have been using a wide variety of
complementary medicines to improve sexual performance and
fertility for millennia [72,73]. Alternative approaches, such as
the intake of plants, fungi, and insects, or their extracts, have
been practiced to enhance sexuality and ameliorate illness all
around the world with notable successes [72—75]. However, the
scientific evidence documenting the mechanisms and efficacy
of these alternative medicines upon reproductive functions is
both scarce and all too often unconvincing.

There are more than 400 different species of Cordyceps,
and CS has been recognized as the most famous tonic herb in
traditional Chinese medicine for centuries [6,76,77]. Most of
the studies of Cordyceps have focused on the antitumor ac-
tivity, immunomodulating effect, antioxidant activity, hy-
poglycemic activity, antifatigue activity, renal protection,
and hepatoprotection [6,52,77]. Very few studies have tried to
investigate the effect of CS on the reproductive system. Only
one book chapter briefly summarizes our study of the posi-
tive in vitro and in vivo effect of CS and cordycepin on ste-
roidogenesis [52]. In this review, the effects of CS and
cordycepin upon in vitro and in vivo steroidogenesis related to
male reproduction are first reported. Naturally, more in-
vestigations are needed to comprehend how CS and its
pure compounds positively affect male reproductive system
in cellular and molecular levels, which will enrich the
knowledge to accelerate the application of traditional Chi-
nese medicine in clinical practice, especially the CS and
cordycepin.
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7.

Conclusion

CS and cordycepin can significantly stimulate in vitro and
in vivo steroidogenesis in mouse Leydig cells through the
activation, at least, of PKA pathway, highly suggesting func-
tional enhancements in male reproduction.
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