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Abstract
Background Sperm capacitation is a prerequisite for natural or in vitro fertilization. After capacitation, sperm become 
hyperactivated and undergo an acrosome reaction, which helps them penetrate the oocyte. Cordycepin, a bioactive 
compound first isolated from Cordyceps militaris, is an adenosine analog with numerous physiological activities. 
However, its effects on sperm capacitation remain unclear. This study aims to elucidate the effects and mechanisms of 
cordycepin on human sperm capacitation.

Methods During in vitro capacitation culture, healthy human sperm were treated with cordycepin (20, 100, 500 
µM). Sperm motility and hyperactivation were detected using a computer-assisted sperm analyzer. Sperm acrosome 
reaction was measured using fluorescein isothiocyanate-conjugated Pisum sativum agglutinin. Sperm protein kinase 
A (PKA) activity was analyzed using an ELISA kit. The levels of sperm protein tyrosine phosphorylation were detected 
by western blotting. Sperm DNA damage was detected by a sperm chromatin dispersion assay. Reactive oxygen 
species (ROS) were measured using the fluorescence probe 2′,7′-dichlorodihydrofluorescein diacetate. The expression 
and localization of adenosine receptors were analyzed by western blotting and immunofluorescence. The specific 
inhibitors of adenosine receptors were used to confirm their effects on cordycepin-induced sperm capacitation. 
Finally, molecular docking was performed to analyze the interaction between cordycepin and adenosine receptors.

Results Cordycepin improved hyperactivated sperm motility, acrosome reaction, PKA activity, and protein tyrosine 
phosphorylation during capacitation while having no obvious effects on sperm ROS or DNA damage. Four adenosine 
receptor subtypes were expressed in human sperm, but their localizations differed. Inhibition of adenosine receptors 
significantly decreased cordycepin-induced sperm hyperactivation and the acrosome reaction. Molecular docking 
showed that cordycepin can bind to the four subtypes of adenosine receptors.

Conclusion Cordycepin may promote human sperm capacitation through adenosine receptor-mediated signaling 
pathways. These findings may be useful for assisted reproductive technology and animal breeding.
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Background
Sperm capacitation is a prerequisite for natural fertil-
ization. Human sperm are not capable of fertilization 
immediately after ejaculation. They must first reside in 
the female reproductive tract where they undergo physi-
ological and biochemical changes for fertilization, which 
is known as sperm capacitation [1]. When using assisted 
reproductive technologies, such as in vitro fertiliza-
tion (IVF), sperm also need to complete capacitation in 
the culture medium, which mimics the constituents of 
human tubal fluid (HTF). During capacitation, sperm 
cholesterol efflux is accompanied by changes in mem-
brane permeability and increases in intracellular Ca2+ 
and HCO3

− ion concentrations. Ca2+ and HCO3
− acti-

vate soluble adenylyl cyclase and subsequently open the 
downstream cyclic adenosine monophosphate (cAMP)/
protein kinase A (PKA) signaling pathways. PKA acti-
vates other tyrosine kinases and indirectly increases tyro-
sine phosphorylation of sperm proteins, which is crucial 
for sperm capacitation [2]. Subsequently, capacitated 
sperm become hyperactivated and an acrosome reaction 
(AR) occurs. AR is an acrosome exocytosis mechanism 
that promotes the ability of sperm to hydrolyze the zona 
pellucida and complete sperm-oocyte fusion [3]. Hyper-
activation is a sperm motility pattern characterized by 
increased curvilinear motion that helps sperm penetrate 
the zona pellucida and cumulus cells surrounding the 
oocyte [4]. Therefore, enhancing sperm capacitation may 
improve fertilization and fertility. However, the mecha-
nisms during sperm capacitation are still elusive.

Adenosine receptors (AdoRs) play important roles in 
sperm capacitation. The AdoRs contain four subtypes: 
A1, A2a, A2b, and A3. They all belong to the G protein-
coupled receptor (GPCR) family [5]. Among them, A2a 
and A2b AdoRs are coupled to Gs, increase cAMP lev-
els, and are considered stimulatory. In contrast, A1 and 
A3 AdoRs couple to Gi/G0, decrease cAMP levels and 
are considered inhibitory [6]. It has been reported that 
A1 AdoR was localized in the acrosome and equatorial 
region of the sperm head, and midpiece of sperm tail [7]. 
A1 AdoR-knockout mice are subfertile, and their sperm 
capacitation is disrupted [8]. A1 AdoR inhibition also 
decreases HCO3

− and cAMP-mediated AR [9], whereas 
A1 AdoR agonists promote capacitation [10]. Recently, 
Chen et al. also found that A2a AdoR was expressed in 
human sperm. Its antagonist decreased sperm motility, 
intracellular Ca2+ concentration, and penetration abil-
ity [11]. Adenosine and its analogs can stimulate sperm 
motility, capacitation, and fertilization through the A2 
AdoR [6]. Therefore, we are curious about the effects of 
adenosine analogs on sperm capacitation.

Cordyceps militaris is a fungal parasite similar to 
Cordyceps sinensis. They belong to the same fungal 
order and are used as folk tonics in traditional Chinese 

medicine [12]. They are also believed to improve sexual 
functions. Cordycepin (3′-deoxyadenosine) was first iso-
lated from Cordyceps militaris in the 1950s [13]. It is an 
adenosine analog that lacks a hydroxyl group at the 3′ site 
of the ribose moiety [14]. Cordycepin and adenosine can 
sometimes be indistinguishable by some proteins in the 
body. Therefore, cordycepin may have special functions, 
such as interacting with AdoRs or polyadenylates and 
affecting downstream signaling pathways [15, 16]. Huang 
et al. reported that cordycepin improves cognitive func-
tion through the A2a AdoR in a mouse model of Parkin-
son’s disease [15]. Leu et al. also found that cordycepin 
activates steroidogenesis in Leydig cells via AdoRs [17]. 
Cordycepin also has numerous physiological and phar-
macological properties, including antitumor, antiviral, 
anti-inflammatory, antioxidant, and antimicrobial effects 
[18]. Cordycepin can also play an essential role in male 
reproduction. For example, it increases steroidogenesis 
in mouse Leydig cells [19], ameliorates testicular func-
tion [20], and improves sperm motility [21] and quality 
[22]. However, the role and mechanism of cordycepin in 
human sperm capacitation remain unknown. The struc-
ture of cordycepin is similar to that of adenosine; there-
fore, we hypothesize that cordycepin regulates human 
sperm capacitation through AdoRs.

In this study, we explored the effects of cordycepin 
on human sperm capacitation. The results showed that 
cordycepin significantly increased sperm AR and hyper-
activated motility during capacitation. However, cordyce-
pin had no significant effects on reactive oxygen species 
(ROS) and DNA damage in human sperm. Cordycepin 
also tended to increase PKA activity and protein tyrosine 
phosphorylation, indicating a potential connection to 
the cAMP/PKA signaling pathway. We also explored the 
expression and localization of all AdoRs in human sperm. 
Specific inhibitors were used to distinguish between the 
types of AdoRs involved in cordycepin-stimulated capac-
itation. Molecular docking predicted that cordycepin 
could bind to four AdoR subtypes. These results suggest 
that cordycepin promotes human sperm capacitation 
through AdoRs. These findings may be useful for IVF and 
animal breeding in the future.

Methods
Reagents
The 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-
DA) and cordycepin were obtained from Solarbio Life 
Sciences (Beijing, China). Propidium iodide (PI), fluo-
rescein isothiocyanate-conjugated Pisum sativum agglu-
tinin (FITC-PSA), and HTF medium were bought from 
Sigma-Aldrich (St. Louis, MO, USA). SDS lysis buffer, 
the bicinchoninic acid (BCA) kit, and Fluo-3 AM were 
obtained from the Beyotime Institute of Biotechnology 
(Shanghai, China). The enhanced chemiluminescence 
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(ECL) kit and prestained protein marker were bought 
from Thermo Fisher Scientific (Waltham, MA, USA). 
The protease and phosphatase inhibitor cocktails were 
provided by Roche (Mannheim, Germany). The PKA 
activity assay kit, antibodies to A2a AdoR (ab3461), 
A2b AdoR (ab229671), A3 AdoR (ab197350), and phos-
photyrosine (ab179530), as well as the Alexa Fluor 
488-conjugated goat anti-rabbit (ab150077), Alexa Fluor 
555-conjugated goat anti-mouse (ab150118), horseradish 
peroxidase (HRP)-conjugated goat anti-rabbit (ab6721), 
and HRP-conjugated goat anti-mouse (ab6789) second-
ary antibodies were obtained from Abcam (Cambridge, 
UK). The anti-glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) antibody (BK7021) was purchased from 
Baoke Biotechnology (Hangzhou, China). The anti-A1 
AdoR antibody (sc-66193) was provided by Santa Cruz 
Biotechnology (Dallas, TX, USA). A sperm chromatin 
dispersion (SCD) kit was provided by BRED Life Science 
Technology (Shenzhen, China). The inhibitors to the A1 
(DPCPX; HY-100937), A2b (MRS1754; HY-14121), and 
A3 (MRS1191; HY-124543) AdoRs were purchased from 
MedChemExpress (Shanghai, China). The A2a AdoR 
inhibitor (DMPX; S37466) was purchased from Yuanye 
Biotechnology (Shanghai, China).

Sperm capacitation culture
The study was performed in accordance with the Dec-
laration of Helsinki and approved by the Medical Ethics 
Committee of Hangzhou Medical College (LL2022-16). 
We recruited 20 male semen donors (aged 20–38) who 
had passed physical examinations to exclude disease of 
the reproductive system or other serious conditions [23, 
24]. All participants provided written informed con-
sent. Their semen parameters are shown in Table S1. All 
donors met the criteria of the World Health Organization 
laboratory manual, with sperm survival rate ≥ 58%, sperm 
motility ≥ 40%, sperm concentration ≥ 15 × 106 sperm/
mL, and normal sperm morphology ≥ 4%. After absti-
nence for 3–7 d, fresh samples from at least three donors 
were randomly obtained for each experiment. The semen 
samples were collected and liquefied in a 5% CO2 incu-
bator at 37℃ for 30 min. Then, the samples were mixed. 
Dead spermatozoa and cell debris were removed by 40% 
and 80% discontinuous Percoll gradient centrifugation. 
The sperm precipitate was washed with phosphate-buff-
ered saline, and then some sperm samples were collected 
as the control group at 0  h. Subsequently, the residual 
samples were adjusted to 20 × 106 sperm cells/mL using 
HTF and were divided into different groups: cordycepin 
(20, 100, and 500 µM), vehicle control (dimethyl sulfox-
ide [DMSO] 0.1% v/v), A1 AdoR inhibitor (DPCPX 0.001, 
0.01, and 0.1 µM), A2a AdoR inhibitor (DMPX 0.001, 
0.01, and 0.1 µM), A2b AdoR inhibitor (MRS1754 0.001, 
0.01, and 0.1 µM), A3 AdoR inhibitor (MRS1191 0.001, 

0.01, and 0.1 µM), and PKA inhibitor (H-89 50 µM). 
Finally, samples were cultured in a 5% CO2 incubator at 
37℃ for 3 h.

Acrosome reaction evaluation
As only capacitated sperm can undergo AR, the sperm 
AR ratio was evaluated using FITC-PSA staining. Before 
capacitation culture, spontaneous AR was analyzed to 
serve as a control. After incubation with cordycepin for 
3  h, the AR of the other groups was induced with pro-
gesterone (15 µM) for 15  min. Additionally, we tested 
whether cordycepin could directly induce the AR. After 
a 3-hour capacitation incubation (without cordycepin), 
sperm AR was induced using DMSO (vehicle control), 
different concentrations of cordycepin, progesterone, or a 
combination of cordycepin and progesterone for 15 min, 
respectively. Next, PI (0.03 µM) was used to stain dead 
sperm cells. After washing, sperm were fixed with 95% 
ethanol and then smeared on slides. Subsequently, sperm 
were stained using FITC-PSA (25 mg/L) at 4℃ overnight. 
After washing, the slides were observed by fluorescence 
microscopy. For each group, at least 600 sperm cells were 
counted. AR sperm showed only weak fluorescence in the 
equatorial zone or almost no fluorescence at the sperm 
head. The acrosome integrity (AI) sperm did not undergo 
AR, and bright fluorescence was observed at the sperm 
head. Bright red fluorescence can be observed at the head 
of dead sperm. The AR ratio and nonviable cell percent-
age (NVC%) were calculated.

Sperm motility parameters evaluation
Capacitated sperm exhibit hyperactivated motility; there-
fore, a computer-assisted sperm analyzer (CASA) was 
used to evaluate sperm motility parameters, including 
progressive motility, sperm motility, amplitude of lateral 
head displacement (ALH), beat-cross frequency (BCF), 
straight-line velocity (VSL), average path velocity (VAP), 
curvilinear velocity (VCL), straightness (STR, VSL/VAP 
× 100), linearity (LIN, VSL/VCL × 100), and hyperac-
tivated sperm. Hyperactivated sperm have the follow-
ing characteristics: VCL ≥ 150  μm/s, LIN ≤ 50%, and 
ALH ≥ 7.0 μm [25].

PKA activity assessment
Human sperm PKA activity was detected using a PKA 
activity ELISA kit. Sperm were lysed using NP40 lysis 
buffer according to the manufacturer’s instructions. 
Next, the lysate protein concentration was analyzed using 
a BCA kit. The sperm lysate was then added to a micro-
plate coated with PKA-specific substrates. The PKA in 
sperm lysate can phosphorylate the substrates. Next, a 
specific primary antibody was added to detect phosphor-
ylated substrates. HRP-conjugated secondary antibodies 
were used to interact with the primary antibodies. The 
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color reaction was performed using 3,3′,5,5′-tetramethyl-
benzidine (TMB). A microplate reader was used to mea-
sure the color intensity.

Western blotting
Protein tyrosine phosphorylation levels and adenosine 
receptor expression were detected by western blotting. 
After capacitation, sperm samples were collected and 
ultrasonically lysed in SDS lysis buffer supplemented 
with phosphatase and protease inhibitor cocktails. Pro-
tein concentrations were detected using a BCA kit. Sub-
sequently, 10% SDS-PAGE was used to separate different 
group proteins. Proteins were then transferred to poly-
vinylidene fluoride (PVDF) membranes. After blocking 
with 3% bovine serum albumin (BSA) for 1 h, the mem-
branes were then incubated with antibodies to phospho-
tyrosine, A1 AdoR, A2a AdoR, A2b AdoR, or A3 AdoR 
at 4℃ overnight. After washing with tris-buffered saline, 
HRP-conjugated secondary antibody was used to incu-
bate the membranes for 2 h at 25℃. An ECL kit was used 
for the color reaction. The membranes were observed 
using a gel imaging system. Thereafter, antibodies were 
removed. The membranes were blocked using BSA again, 
and incubated with an antibody to GAPDH. The gray 
intensity was analyzed using ImageJ software.

Sperm chromatin dispersion assay
Sperm DNA fragmentation was analyzed using an SCD 
assay kit according to the manufacturer’s instructions. 
After mixing with fused agar, the sperm samples were 
pipetted onto a slide and covered. The samples were 
solidified at 4℃. After removing the coverslips, the slides 
were immersed in solution A (acidic solution) and solu-
tion B for 7 min and 25 min, respectively. After dehydrat-
ing in an ethanol series (70-90-100%) and air drying, the 
sperm samples were stained using Wright’s dye solution. 
At least 500 sperm cells from each group were observed 
under a microscope. Sperm with halo widths greater than 
the diameter of the core were considered to show DNA 
integrity (DI), whereas others were regarded as having 
DNA fragmentation (DF).

ROS level detection
Sperm ROS levels were detected using the fluorescent 
probe DCFH-DA. First, sperm were labeled using 10 µM 
DCFH-DA for 30  min in the dark. After washing, the 
free DCFH-DA was removed. Sperm were then added 
to a 96-well plate (106 cells/mL). The fluorescence sig-
nals were recorded using a microplate reader at 488 nm. 
Initial recordings were acquired before the addition of 
DMSO or different concentrations of cordycepin. Data 
were recorded every 3 min for 30 min. After capacitation 
for 3 h, data were acquired again. The initial values were 
normalized.

Indirect immunofluorescence assay
Sperm samples before or after capacitation for 3 h were 
fixed in 4% paraformaldehyde for 1 h. Subsequently, they 
were smeared on slides and air-dried. After permeabiliz-
ing with 0.1% Triton X-100, sperm samples were blocked 
using 10% goat serum. Thereafter, sperm were incu-
bated with antibodies to the A1, A2a, A2b, or A3 AdoRs 
overnight at 4 ℃. Negative control samples were incu-
bated with normal mouse or rabbit IgG. After washing 
to remove uncombined primary antibodies, Alexa Fluor 
488-conjugated anti-rabbit secondary antibody or Alexa 
Fluor 555-conjugated anti-mouse secondary antibody 
was incubated for 1  h at 25℃. The nuclei were stained 
with 4′,6-diamidino-2-phenylindole (DAPI). Finally, the 
sperm were observed using fluorescence microscopy.

Molecular docking
A1, A2a, and A2b AdoRs protein structure files (PDB ID: 
5N2S, 5NLX, and 8HDO, respectively) were obtained 
from the PDB database. The A3 AdoR protein structure 
file (AF-P0DMS8-F1) was downloaded from UniProt. 
As there is no published crystal structure for A3 AdoR, 
the structure was predicted using AlphaFold. All protein 
structures were preprocessed using PyMol to remove 
water, ligands, and other proteins. The SDF file of the 
cordycepin 3D structure was obtained from the Pub-
Chem database and converted to mol2 using Open Babel. 
Molecular docking of the cordycepin and AdoRs was per-
formed using AutoDock 4. The protein-ligand conforma-
tion with the lowest binding energy was obtained. PyMol 
was used to visualize the final images.

Statistical analysis
Statistical analyses were carried out using the Social Sci-
ence Statistics Software Package (SPSS). Statistical sig-
nificances among groups were analyzed using one-way 
analysis of variance (ANOVA). Dunnett’s T3 test was 
used if the homogeneity test for variance was P < 0.05; 
otherwise, the least significant difference test was used. 
Data were presented as mean ± standard deviation (SD). 
Statistical significance was set at P < 0.05.

Results
Cordycepin promotes the human sperm acrosome reaction
The effects of cordycepin on human sperm AR were 
examined using FITC-PSA staining [26]. Sperm with the 
AI pattern showed uniform and bright green fluores-
cence in the head region, as FITC-PSA can specifically 
combine with glycoproteins in the acrosome area. After 
AR, the glycoprotein was lost through exocytosis. Thus, 
sperm with the AR pattern had almost no fluorescence in 
the head region or only some fluorescence in the equa-
torial region. As shown in Fig. 1A and B, the spontane-
ous AR ratio at 0 h was low, approximately 16.48 ± 3.95%. 
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After capacitation for 3  h, the AR ratios of the control 
group (without DMSO or cordycepin) and the vehicle 
control group (DMSO) were approximately 29.68 ± 3.62% 
and 34.36 ± 9.00%, respectively, with no significant dif-
ferences between them. Since cordycepin was dissolved 
in DMSO, the vehicle control group was used for com-
parison with the cordycepin-treated groups. The vehi-
cle control group (DMSO) showed a higher AR ratio 
than spontaneous AR (P = 0.000). High concentrations 

of cordycepin significantly promoted AR compared to 
the vehicle control group. When sperm were incubated 
with 100 or 500 µM cordycepin for 3  h, the AR ratio 
increased to 43.43 ± 11.85% (P = 0.046) and 50.97 ± 9.59% 
(P = 0.000), respectively. PI staining showed that cordyce-
pin had no significant effect on NVC% (Fig. 1B), suggest-
ing that the cordycepin concentration used in this study 
had no obvious effect on sperm viability. We also tested 
whether cordycepin can directly induce AR. The results 

Fig. 1 Cordycepin increased acrosome reaction and hyperactivation during human sperm capacitation. (A) Human sperm was stained using fluorescein 
isothiocyanate-conjugated Pisum sativum agglutinin (FITC-PSA). Sperm with uniform and bright green fluorescence in the head were considered to have 
acrosome integrity (AI). Sperm that only had weak fluorescence in the equatorial region, or even no fluorescence in the head were regarded as exhibit-
ing an acrosome reaction (AR). (B) The number of AR sperm divided by the total number of sperm was calculated to yield the AR ratio. Dead sperm were 
stained using propidium iodide (PI) to calculate nonviable cell percentage (NVC%). Data are presented as means ± standard deviation (SD; n = 3). *P < 0.05 
(compared with the dimethyl sulfoxide [DMSO] group). (C) The effects of different concentrations of cordycepin on sperm motility parameters. Data are 
presented as means ± SD (n = 5). *P < 0.05 (compared with the DMSO group)
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showed that cordycepin alone could not directly induce 
AR. However, when AR was induced with cordycepin 
and progesterone simultaneously, the AR ratio increased 
significantly (Figure S1), suggesting that cordycepin can 
promote human sperm capacitation and AR.

Cordycepin promotes hyperactivation of human sperm
After capacitation, the sperm became hyperactivated. 
Hyperactivated sperm exhibit higher curve rates and 
swing amplitudes, helping the sperm penetrate the 
oocyte. As shown in Fig. 1C and Table S2, after capaci-
tation, the hyperactivated sperm of the control group 
(without DMSO or cordycepin) and the vehicle con-
trol group (DMSO) were approximately 7.80 ± 3.19% 
and 7.40 ± 3.72% (P > 0.05), respectively. Compared 
to the vehicle control, 20, 100, and 500 µM cordyce-
pin increased hyperactivated sperm to 10.07 ± 2.96% 
(P = 0.020), 11.60 ± 2.29% (P = 0.006), and 12.87 ± 1.60% 
(P = 0.000), respectively, suggesting that cordycepin pro-
moted sperm capacitation. We also found that cordyce-
pin dose-dependently increased VAP, VCL, and ALH, but 
decreased LIN, which increased the swing amplitude of 
sperm and decreased linearity, consistent with the defini-
tion of hyperactivation.

Cordycepin increases PKA activity and protein tyrosine 
phosphorylation of human sperm
The cAMP/PKA signaling pathway was important in 
sperm capacitation [27]. Therefore, we explored whether 
cordycepin influenced PKA activity and downstream 
protein tyrosine phosphorylation levels. PKA activity 
was analyzed using an ELISA kit. We found that when 
the concentration of cordycepin increased, PKA activity 
showed a dose-dependent upward trend (Fig. 2A). Tyro-
sine phosphorylation in the sperm was then analyzed by 

western blotting. Generally, the total protein tyrosine 
phosphorylation level increased after sperm capacita-
tion, as shown by the western blotting results (Fig.  2B). 
Compared to the vehicle control, sperm treated with high 
concentrations of cordycepin during capacitation tended 
to have increased tyrosine-phosphorylated protein levels 
(Fig. 2B). In Fig. 2C, the ratio of tyrosine phosphorylation 
to the internal reference (GAPDH) was analyzed. Bands 
at 45, 65, 90, and 110 KDa revealed that cordycepin 
enhanced protein tyrosine phosphorylation compared 
to the vehicle control (Fig. 2C). The results suggest that 
cordycepin was involved in the PKA and protein tyrosine 
phosphorylation signaling pathway during human sperm 
capacitation.

Cordycepin has no effects on sperm DNA fragmentation
To explore whether cordycepin may damage sperm, an 
SCD test was used. After acid denaturation and nucleo-
protein removal, the undamaged sperm chromatin can 
diffuse and form a halo, which is considered to indicate 
DI. Sperm with DNA damage instead have very small 
halos and thus are labeled DF [28]. Microscopic results 
(Fig.  3A) and statistical graphs (Fig.  3B) showed that 
there were no significant differences between the control 
and the cordycepin-treated groups, suggesting that the 
concentrations of cordycepin used did not cause DNA 
damage to human sperm.

Cordycepin has no significant effects on sperm ROS levels
ROS is a double-edged sword for sperm capacitation. 
During capacitation, sperm ROS levels increase slightly 
and activate downstream tyrosine kinases. However, an 
excessive increase in ROS levels can cause DNA dam-
age and induce sperm apoptosis [29]. Therefore, DCFH-
DA was used to determine whether cordycepin affects 

Fig. 2 Cordycepin increased protein kinase A (PKA) activity and protein tyrosine phosphorylation during human sperm capacitation. (A) An ELISA-based 
PKA activity assay kit measured human sperm PKA activity after capacitation for 3 h. The optical density at 450 nm (OD450) was recorded. Data are present-
ed as means ± standard deviation (SD; n = 3). *P < 0.05 (compared with the dimethyl sulfoxide [DMSO] group). (B) Western blotting was used to measure 
the protein tyrosine phosphorylation of human sperm. (C) The ratio of protein tyrosine phosphorylation levels to that of GAPDH. Data are presented as 
means ± standard deviation (SD; n = 3). *P < 0.05 (compared with the DMSO group)
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sperm ROS levels during capacitation (Fig.  3C). The 
results showed that when capacitated for 30  min, the 
fluorescence intensity of the cordycepin groups tended to 
increase, revealing that ROS levels were slightly increased 
in human sperm. After capacitation for 3 h, high concen-
trations of cordycepin (100 and 500 µM) also tended to 
increase sperm ROS levels. However, there were no sig-
nificant differences between the cordycepin and control 
groups, suggesting that the cordycepin-induced increase 
in ROS may promote sperm capacitation without causing 
damage.

Expression and localization of adenosine receptors in 
human sperm
To explore the mechanisms of action of cordycepin in 
human sperm capacitation, the expression and local-
ization of four AdoR subtypes were examined. Western 

blotting showed that all four AdoR subtypes (A1, A2a, 
A2b, and A3) were expressed in human sperm (Fig. 4A). 
There were no significant differences in expression lev-
els after capacitation. High concentrations of cordyce-
pin had no obvious effect on their expression (Fig.  4B). 
The localization of the AdoRs was analyzed using indi-
rect immunofluorescence (Fig.  5). We found that A1 
AdoR was mainly localized in the tail middle piece and 
equatorial region of human sperm, with a small amount 
distributed in the principal piece of the tail. A2a AdoR 
staining revealed bright fluorescence in the tail region; 
however, almost no fluorescence was observed in the 
human sperm head. A2b AdoR was mainly localized in 
the sperm equatorial zone and had little activity in the 
tail middle piece. The A3 AdoR is mainly expressed in the 
whole tail and equatorial regions of human sperm. The 

Fig. 3 Cordycepin had no significant effects on sperm DNA fragmentation and ROS levels during sperm capacitation. (A) A sperm chromatin dispersion 
(SCD) assay kit was used to test sperm DNA fragmentation. Sperm with halo widths larger than the diameter of the core were considered to show DNA in-
tegrity (DI). Sperm with halo widths less or equal to the core was considered to show DNA fragmentation (DF). (B) The percentage of DNA fragmentation 
was calculated by dividing the number of DF sperm by the total number of sperm. Data are presented as means ± standard deviation (SD; n = 3). *P < 0.05 
(compared with the dimethyl sulfoxide [DMSO] group). (C) Sperm ROS levels were detected using the fluorescent probe 2′,7′-dichlorodihydrofluorescein 
diacetate (DCFH-DA). The first data were recorded before cordycepin was added and used for normalization. After adding cordycepin, the data were 
dynamically observed for 30 min at 3 min intervals during capacitating incubation. After capacitation for 3 h, the fluorescence signal was acquired once 
again. Data are presented as means ± standard deviation (SD; n = 3). *P < 0.05 (compared with the DMSO group)
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3 h capacitation culture had no significant effect on their 
localization and expression.

Adenosine receptor inhibitors decrease acrosome reaction 
and hyperactivation
To explore whether AdoRs mediate cordycepin-induced 
capacitation, sperm were treated with cordycepin and 
adenosine receptor inhibitors simultaneously, and sperm 
AR and hyperactivation were evaluated. As shown in 
Fig.  6A and B, spontaneous AR before capacitation and 
the AR ratio of the vehicle control after capacitation 
were about 16.48 ± 3.95% and 34.36 ± 9.00%, respec-
tively. Cordycepin (500 µM) increased the AR ratio to 
approximately 50.97 ± 9.59%, with significant differences 
observed between the vehicle control group and the 500 
µM cordycepin group. However, all the AdoR inhibitors 
decreased the AR ratio. When sperm were simultane-
ously treated with 500 µM cordycepin and 0.1 µM A1 
AdoR inhibitor DPCPX, the AR ratio decreased signifi-
cantly to about 33.45 ± 13.22% (P = 0.001, compared to 
the 500 µM cordycepin group), which was similar to the 
vehicle control. Compared with the 500 µM cordycepin 
group, all concentrations (0.001, 0.01, and 0.1 µM) of 
inhibitors to the A2a (DMPX), A2b (MRS1754), or A3 
(MRS1191) AdoRs decreased the AR ratio significantly. 
Figure  6C shows the hyperactivation results. Detailed 
sperm motility data are presented in Tables S3-S6. Cordy-
cepin greatly increased the number of hyperactivated 
sperm, whereas all four adenosine receptor inhibitors 

significantly decreased hyperactivation. The results sug-
gest that all AdoR subtypes are involved in cordycepin-
mediated capacitation. Since PKA may be involved in 
cordycepin-induced capacitation, sperm were treated 
simultaneously with the PKA inhibitor H-89 (50 µM) and 
cordycepin. The results showed that inhibition of PKA 
decreased the cordycepin-mediated increase in AR and 
hyperactivation (Fig. 6B and C, Table S7), suggesting that 
cordycepin promotes capacitation through the PKA sig-
naling pathway.

Cordycepin has docking binding activity with adenosine 
receptors
We hypothesized that cordycepin mimics adenosine, and 
promotes capacitation by binding to AdoRs. Therefore, 
molecular docking was used to predict whether cordy-
cepin can bind to the four AdoR subtypes. As shown in 
Fig. 7, cordycepin can form hydrogen bonds with amino 
acid residues of A1, A2a, A2b, and A3 AdoRs, and the 
binding energy was − 2.31, -2.25, -2.14, and − 1.58  kcal/
mol respectively. Docking energy less than − 1.2  kcal/
mol was considered the standard of significant binding 
capacity [30]. The results showed that cordycepin could 
effectively bind to all AdoR subtypes. We also found 
that cordycepin bound to all four AdoR subtypes on the 
extracellular side, suggesting that cordycepin may further 
activate downstream GPCR signaling pathways and ulti-
mately affect capacitation.

Fig. 4 Expression of four subtypes of adenosine receptors (AdoR) in human sperm. (A) Western blotting was used to detect the expression of four AdoR 
subtypes (A1, A2a, A2b, and A3) in human sperm. The expression before and after capacitation and cordycepin treatment were analyzed. (B) The ratio of 
adenosine receptor levels to GAPDH. Data are presented as means ± standard deviation (SD; n = 3). *P < 0.05 (compared with the DMSO group)
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Discussion
Cordyceps militaris is a nourishing food in traditional 
Chinese medicine. It belongs to the Clavicipitaceae fam-
ily and is considered beneficial to male reproduction 

[31]. Cordycepin is a bioactive compound isolated from 
Cordyceps militaris [14]. It has antitumor, antiviral, anti-
inflammatory, antioxidant, and antimicrobial effects [32–
34]. Cordycepin also plays a role in male reproduction 

Fig. 5 Localization of four adenosine receptor (AdoR) subtypes in human sperm. Indirect immunofluorescence was used to detect the localization of 
the four subtypes of AdoRs in human sperm. The localization before and after capacitation was analyzed. A1 (red). A2a, A2b, and A3 (green). Sperm nu-
clei were stained using 4′,6-diamidino-2-phenylindole (DAPI) (blue). Negative controls were incubated with normal mouse or rabbit IgG as the primary 
antibody. Fluorescence in the equatorial region and the middle piece of the tail are labeled by arrows. The figure is representative of three independent 
experiments
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by ameliorating testicular damage and improving sperm 
quality [19, 21, 35, 36]. However, its role and mechanism 
of action in human sperm capacitation remain unknown.

Sperm capacitation is a prerequisite for fertiliza-
tion. Capacitation begins when sperm enters the female 
reproductive tract, which causes physiological and bio-
chemical changes in human sperm [37]. First, sperm 
membrane cholesterol efflux increases sperm membrane 

permeability. Intracellular Ca2+ and HCO3
− concentra-

tions increase, and then activate soluble adenylyl cyclase 
and open the cAMP/PKA signaling pathway. PKA acti-
vates downstream tyrosine kinases [38]. Sperm then 
undergo AR and hyperactivation, thereby facilitating 
the final fertilization. Therefore, the classical cAMP/
PKA pathways are involved in sperm capacitation. Fur-
ther studies have shown that adenosine and its receptors 

Fig. 6 Adenosine receptor (AdoR) inhibitors decreased cordycepin-promoted acrosomal reaction (AR) and hyperactivation in human sperm. (A) Human 
sperm was stained using fluorescein isothiocyanate-conjugated Pisum sativum agglutinin (FITC-PSA), which can distinguish the AR and acrosome in-
tegrity (AI) easily. Sperm were treated with cordycepin and AdoR inhibitors separately or simultaneously. Inhibitors to the A1 (DPCPX), A2a (DMPX), 
A2b (MRS1754), and A3 (MRS1191) AdoRs were used. The PKA inhibitor H-89 was used as the positive control. (B) Statistical analysis of AR ratio. Data are 
presented as means ± standard deviation (SD; n = 3). *P < 0.05 (compared with 500 µM cordycepin group). (C) The effects of AdoR inhibitors on hyperac-
tivation. The PKA inhibitor H-89 was used as the positive control. Data are presented as means ± SD (n = 5). *P < 0.05 (compared with 500 µM cordycepin 
group)
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may also play a role in sperm capacitation [6, 7]. Adenos-
ine is found at high micromolar concentrations in the 
female reproductive tract, which is involved in sperm 
capacitation [6]. AdoRs all belong to the GPCR family, 
and adenosine can bind to their extracellular domains 
and activate downstream GPCR signaling pathways. 
Adenosine promotes capacitation in mouse sperm by 
interacting with these AdoRs [39]. Adenosine can also 
affect intracellular Ca2+, soluble adenylyl cyclase, cAMP 
levels, and PKA activity in sperm [40], suggesting that 
adenosine regulates sperm capacitation through the 
cAMP/PKA signaling pathway. Inhibition of A2a AdoR 
decreased Ca2+ levels, motility, and the penetration abil-
ity of human sperm [11]. Cordycepin, also known as 
3′-deoxyadenosine (Fig.  8B), has a similar structure to 
adenosine (Fig.  8A). Compared with adenosine, cordy-
cepin only lacks a hydroxyl group at the 3′ position. 
However, it remains unclear whether cordycepin affects 
sperm capacitation by mimicking adenosine and binding 
to adenosine receptors.

Here, we have demonstrated that cordycepin promotes 
human sperm capacitation. Our research showed that 
cordycepin increased the sperm AR ratio and hyper-
activation without increasing their ROS levels or DNA 
fragmentation, suggesting that cordycepin may help 
the process of sperm-oocyte fusion. We also found that 
cordycepin tended to increase PKA activity, and a high 
concentration of cordycepin significantly increased pro-
tein tyrosine phosphorylation, suggesting that cordycepin 

regulates sperm capacitation through the cAMP/PKA 
and downstream tyrosine kinase signaling pathways. We 
hypothesized that cordycepin binds to AdoRs and exerts 
its effects.

It has been reported that AdoRs are involved in sperm 
capacitation. Fenichel et al. found that A2 AdoR agonist 
5′-N-ethylcarboxamidoadenosine increased cAMP, mod-
ified protein tyrosine phosphorylation, and accelerated 
the capacitation of human sperm [41]. Human sperm 
A1 AdoR is localized to the acrosome region, equatorial 
segment, and middle piece [7]. A1 AdoR agonists also 
stimulate human sperm capacitation [9]. However, it has 
remained unclear whether cordycepin binds to AdoRs 
to promote capacitation. Thus, we then examined the 
expression of all four AdoRs in human sperm and found 
that they all existed. Capacitation culture and cordycepin 
treatment did not alter their expression levels. The A1 
AdoR is mainly localized in the equatorial zone and mid-
dle piece regions, which is consistent with previous stud-
ies [7]. Recently, Chen et al. also found that A2a AdoR is 
localized mainly in the tail of human sperm, which is con-
sistent with our findings [11]. To the best of our knowl-
edge, this is the first study to investigate the localization 
of A2b and A3 AdoRs in human sperm. When sperm 
were co-treated with cordycepin and an AdoR inhibitor, 
cordycepin-induced increases in AR and hyperactiva-
tion were significantly inhibited. These results revealed 
that A1, A2a, A2b, and A3 AdoRs are all involved in the 
promotion of human sperm capacitation by cordycepin. 

Fig. 7 Docking results of cordycepin with adenosine receptors. (A) Molecular docking of cordycepin with A1 AdoR (PDB ID: 5N2S). (B) Molecular docking 
of cordycepin with A2a AdoR (PDB ID: 5NLX). (C) Molecular docking of cordycepin with A2b AdoR (PDB ID: 8HDO). (D) Molecular docking of cordycepin 
with A3 AdoR (AF-P0DMS8-F1). The amino acid residues interacting with cordycepin and the hydrogen bonds are shown
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Cordycepin can reportedly improve testicular function 
through AdoRs [17]; however, this is the first study to 
show that cordycepin promotes human sperm capacita-
tion through AdoRs.

All AdoRs are GPCR family proteins that contain seven 
transmembrane helixes. Molecular docking showed 
that cordycepin could interact with the four AdoR sub-
types on the extracellular side (Fig.  7), which may fur-
ther open downstream signaling pathways through the G 
protein. Based on their effects on cAMP, A1, A2a, A2b, 
and A3 AdoRs can be divided into two groups: First are 
the A2a and A2b AdoRs, which couple with stimula-
tory Gs and activate the cAMP/PKA signaling pathway 
[42]. When cordycepin binds to the A2a or A2b AdoRs, 
it may increase downstream cAMP levels, enhance PKA 
activity, and improve human sperm capacitation. Sec-
ond are the A1 and A3 AdoRs. In contrast to A2a and 
A2b AdoRs, these couple with inhibitory Gi, decreasing 
cAMP levels and inhibiting PKA activity [5, 43]. When 
cordycepin binds to the A1 or A3 AdoRs, it appears to 
inhibit the cAMP/PKA pathways and sperm capacitation. 
However, our experiments showed that inhibiting A1 
and A3 AdoRs decreased cordycepin-mediated capaci-
tation. In other words, the binding of cordycepin to A1 

or A3 AdoR promotes human sperm capacitation. These 
may be explained that besides Gi, A1 AdoR and A3 AdoR 
are also bound to other G proteins, such as Gq and Gα 
[42]. Subsequently, they activate phospholipase C (PLC) 
and convert phosphatidylinositol diphosphate (PIP2) into 
diacylglycerol (DAG) and inositol triphosphate (IP3). IP3 
then increases intracellular Ca2+ concentration, which 
can activate the classical cAMP/PKA signaling pathway 
and promote sperm capacitation. DAG and Ca2+ activate 
downstream protein kinase C (PKC) [5, 10]. Fujinoki et al. 
found that PKC inhibitors significantly suppressed hyper-
activation, suggesting that PKC also promotes sperm 
capacitation [44]. Previously, we also found that PKC can 
regulate the phosphorylation of Hsp90 and affect tyrosine 
kinases, which are essential for sperm capacitation [45]. 
Therefore, our study suggested that cordycepin binds to 
the four AdoR subtypes and ultimately promotes sperm 
capacitation (Fig.  8C). Further research is warranted to 
elucidate how cordycepin influences the signaling path-
ways downstream of the adenosine receptor and their G 
proteins during capacitation.

Nowadays, the infertility ratio is increasing globally. 
In China, about 15% of childbearing-age couples suffer 
from infertility [46]. About 50% of these are caused by 

Fig. 8 Schematic representation of the mechanisms of cordycepin regulating human sperm capacitation. (A) Chemical structure of adenosine. (B) 
Chemical structure of cordycepin. (C) Four subtypes of adenosine receptors (AdoRs) are expressed in human sperm. Cordycepin can bind to AdoRs and 
open downstream G protein-coupled receptor (GPCR) signaling pathways. A2a and A2b AdoRs couple with stimulatory Gs and activate the cyclic ad-
enosine monophosphate/protein kinase A (cAMP/PKA) signaling pathway. A1 and A3 AdoRs coupled with inhibitory Gi, decreasing the level of cAMP and 
inhibiting PKA activity. A1 or A3 AdoRs also bind to Gq and Gα and activate the protein kinase C (PKC) signaling pathways. Finally, PKA and PKC indirectly 
cause sperm protein tyrosine phosphorylation and promote human sperm capacitation
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male factors. In clinical practice, assisted reproductive 
technologies are sometimes used to treat patients with 
oligoasthenozoospermia and teratozoospermia. Dur-
ing IVF treatment, sperm also need to be capacitated in 
the culture medium before they can fertilize an oocyte. 
Our study found that cordycepin may aid the process of 
capacitation, which could help improve IVF success rates. 
Furthermore, these findings may also be helpful in the 
field of animal breeding. Therefore, the safety of cordyce-
pin must be considered. However, studies on cordycepin 
toxicity in sperm are rare. A systematic review indicated 
that cordycepin had IC50 values ranging from 15 µM 
to 2 mM for various cell lines with incubation times of 
24–48 h [34]. In our study, human sperm treated with up 
to 500 µM cordycepin for 3 h showed no significant dif-
ferences in ROS levels, DNA fragmentation, and NVC% 
compared to the vehicle control. The results suggest 
that cordycepin may be beneficial in assisted reproduc-
tion in vitro. However, there are limitations in this study, 
including the sample size of sperm donors and the func-
tional variability of sperm from different individuals. 
Furthermore, the elimination half-life of adenosine and 
cordycepin in humans or animals is relatively short [47]. 
Therefore, the effects and mechanisms of oral cordycepin 
on male reproduction require further investigation.

Conclusions
In summary, this study showed that cordycepin promotes 
human sperm AR and hyperactivation during capacita-
tion, potentially aiding in final fertilization. Mechanisti-
cally, we found that cordycepin may bind to the A1, A2a, 
A2b, and A3 AdoRs, activating downstream signaling 
pathways and promoting human sperm capacitation. 
Collectively, these results suggest that cordycepin could 
be a candidate for enhancing fertilization in assisted 
reproduction and animal breeding.
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