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SUMMARY 

 

Testicular germ cell tumors of adults and adolescents (TGCTs) are the 

most common tumor in male. TGCTs can be classified into two main 

histological subtypes, seminoma (SE) and nonseminoma (NS). Here the 

focus is on SE, by using the TCam-2 cell lines, containing typical 

features of human seminoma and originated from a primary testicular 

seminoma of a 35-year-old patient. Testicular cancer research continues 

to investigate and study therapies aimed to induce cell death in tumor 

cells. Estrogens (E2)  are regulators of testicular physiology and 

function. PTEN, a factor involved in the mechanisms that induce 

apoptosis, appears to be essential for the differentiation of testicular 

germ cell tumor. The aim of this study was to investigate a potential 

functional crosstalk between E2 and PTEN in human seminoma cells, to 

improve our understanding in the biology of testicular tumor and in the 

regulation of the PTEN gene. First, as the presence of the main mediators 

of E2 action, estrogen receptor ERα and ERβ, in our cell type was never 

reported, we evidenced that the TCAM2 cells express the ERβ and not 

the classical ERα. Upon increasing E2, by western blot and RT-PCR we 

observed an increase of PTEN both at protein and mRNA levels. 

To evidence if this effect occurs at genomic level, we used a series of 

constructs expressing either full length or different deleted regions of the 

PTEN promoter gene. Using these mutants, by in vitro trasfection assays, 

we  identified the sequences required for the modulation of PTEN gene 

by E2/ER. Besides, based on the informations concerning the structure 

of human PTEN promoter gene we functionally characterized the PTEN 

promoter gene region responsive to E2, evidencing that it contains many 

Sp1 transcription factor sites. 
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The second specific aim of this research was to study the molecular 

interactions among the transcription factors that are involved in PTEN 

gene transactivation by E2/ER. By EMSA assay and the ChIp assay we 

evidenced that the binding of E2/ER at the promoter gene region of 

PTEN identified occurs through Sp1. Furthermore, by ChIp assay we 

investigated the expression of RNA pol II, evidencing an increase in the 

E2-induced PTEN transcriptional activity. Besides, overexpressing the 

dominant negative of ERβ we confirmed that the regulation of PTEN by 

E2 occurs through the ERβ in human seminoma cells. 

PTEN is the main regulator of the PI3K/AKT pathway that regulates 

different cell activities including the cell survival. To test our hypothesis 

that the biological significance of the link among E2/ER/PTEN in our 

cells is an induction of the cell death, by trypan blue assay we revealed 

that this was the case, since TCAM2 cells treated with increasing E2 

showed a significantly reduction of cell viability. E2 10 nM in 

combination with ICI reverted the effect indicating the ERβ 

involvement as our cells do not express the classical ERα. It was also 

interesting to show that the effect is potentiated by using a specific 

agonist of ERβ, the diarylpropionitrile (DPN).  

To gain more insight in the biology of testicular tumors by western 

blotting, we first studied the effect of increasing E2 concentrations on 

the PI3K/AKT pathway to evaluate if the cell death occurs through the 

apoptosis. Our data evidenced that E2 was able to decrease AKT 

expression, concomitantly the FHKR and BAD increased suggesting an 

apoptotic role of the hormone through the ERβ. However, a faint 

increase of caspase-9 and PARP-1 cleavages was obtained and DNA 

fragmentation did not occur presenting instead a smear upon E2 10nM. 

These results led us to consider other types of cell death. 
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Since PI3K/AKT pathway is shared with the molecular mechanisms that 

regulate another type of cell death, ie, autophagy, we wanted to test the 

influence of E2 on different proteins that are mainly involved in the 

process of autophagy, such as PI3KIII, Beclin-1, AMBRA and UVRAG. 

Our results evidenced that E2 increased all these proteins and the effect 

was abolished by ICI addressing that E2/ER can induce autophagy in our 

cell type. 

The biological counterpart of the autophagy in our context was 

confirmed by the monodansylcadaverine (MDC) assay and the 

transmission electron microscopy (TEM).  

Our study suggesting a tumor suppressor role for the ERβ in human 

seminoma, indicates that the mechanisms through which E2 induces cell 

death in TCAM2 occur mainly through autophagy and not by apoptosis. 

Concluding, these data support estrogen-dependency of human testicular 

seminoma and candidate the ERβ-ligands for a therapeutic use in the 

treatment of this pathological condition. 
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INTRODUCTION 

 

The most abundant malignancies among male population between the ages 

of 17 and 45 years are germ cell tumors (GCTs) and its incidence has 

increased 3-4 fold in the last 50 years. They comprise a heterogeneous 

group of neoplasms in terms of their histology, marker expression, and age 

of manifestation. Testicular germ cell tumors of adolescents and adults 

(TGCTs) can be classified into seminomatous (SE) and nonseminomatous 

tumors (NSE). Within the testis, three types of GCTs can be diagnosed: 

type I (teratomas and yolk-sac tumors of neonates and infants); type II 

(seminomas and nonseminomas); type III (spermatocytic seminomas). 

Testicular cancer research continues to modify current therapies aimed to 

induce cancer cell death and one important cell survival signalling pathway 

is mediated by phosphoinositide 3-OH kinase (PI3K) and its downstream 

target AKT that is a serine/threonine protein kinase also known as PKB. A 

key negative regulator of PI3K/AKT pathway is the tumor suppressor gene 

phosphatase and tensin homolog deleted on chromosome ten (PTEN), 

(Downes  et al., 2007; Stiles et al., 2004), encoding a protein with 

phospholipid and protein phosphatase activity (Maehama et al., 2001; 

Simpson and Parsons  2001; Waite and Eng 2002). 

PTEN negatively regulates the PI3K (Leslie et al., 2002) through the 

dephosphorylation in position D3 of phosphatidylinositol 3,4,5-

triphosphate (PIP3) and then generating inactive PIP2. PIP3 regulates 

PDK1, a kinase that in turn phosphorylates and activates AKT (FIG. 1).  
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FIG.1: The PI3K/AKT/PTEN pathway 

 

Loss of PTEN function in embryonic stem cells and human cancer cell 

lines results therefore in PIP3 accumulation and the activation of its 

downstream signalling molecule, AKT/PKB. Subsequently, activation of 

the PI3K/AKT pathway by the loss of PTEN stimulates various biological 

functions, such as cell cycle progression, cell survival and cell migration 

The tumor suppressor gene PTEN, is frequently mutated in human cancers, 

including brain, breast, endometrial, prostate, and kidney tumors (Cantley 

and Neel  1999; Simpson and Parsons 2001) and it is abundantly expressed 

in germ cells whereas it was virtually absent from 56% of seminomas as 

well as from 86% of embryonal carcinomas, leading to an uncontrolled 

stimulation of growth and survival signals.  

PTEN appears to be essential for germ cell differentiation and an important 

factor in testicular germ cell tumor formation and primordial germ cells 

(PGCs), which are the embryonic precursors of gametes (Kimura et al., 
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2003). Increased mitotic levels, higher percentages of apoptotic cells, and 

teratoma formation were observed in vivo for PTEN mutant male gonads. 

Despite extensive characterization of PTEN mutations in human cancers 

and relatively good understanding of the molecular roles of PTEN in the 

control of cellular processes, little is known about the modes of PTEN gene 

regulation. Recently, scientists have paid more attention to the regulation of 

PTEN expression and it was reported that the transcription of PTEN could 

be regulated by p53 and Sp1 (Stambolic et al., 2001; Han et al., 2003). 

Salvesen et al., found that PTEN promoter methylation was relatively 

frequent in endometrial carcinoma (Salvesen et al, 2001). Till now, the 

regulation of PTEN expression is still unclear especially in testicular tumor 

cells.  

SE resembles primordial germ cells or early gonocytes, the cells from 

which all TGCTs are thought to be derived. The most widely accepted 

model of TGCTs development proposes an initial tumorigenic event in 

utero and the development of a precursor lesion known as intratubular germ 

cell neoplasia undifferentiated (ITGCNU), also known as carcinoma in situ 

(Skakkebaek, 1972). This is followed by a period of dormancy until after 

puberty when TGCTs emerge and this suggests that the TGCTs 

development is hormone dependant. 

In addition to the role of androgens, recent studies have demonstrated the 

importance of estrogen in influencing the male reproductive function (Hess 

et al., 1997, Sharpe, 1998). It is well-known capacity of the testis to convert 

androgens into estrogens by the enzyme P450 aromatase. The localization 

of this enzyme and the role of estrogen in the testis were the subject of 

considerable interest during the last decade (Carreau et al., 1998). The 

testicular expression of this enzyme has been demonstrated in several 

species both in somatic (Sertoli cells and Leydig cells) and in germ cells. It 

was shown that estrogens are able to stimulate proliferation of rat neonatal 
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gonocytes in vitro, to induce spermatogenesis in the hypogonadal mouse 

(Li et al., 1997, Ebling et al., 2000). Interestingly, 17ß-estradiol (E2) 

appears to be a potent germ cell survival factor in the human testis since is 

able to prevent apoptosis of human adult postmeiotic germ cells cultivated 

in preserved seminiferous tubules (low concentrations of 17ß-estradiol, 10-9 

and 10-10 mol/L, effectively inhibited male germ cell apoptosis). 

Conversely, it was shown that E2 is able to inhibit human embryonal 

carcinoma cell proliferation in vitro through an estrogen receptor (ER)β-

dependent mechanism suggesting that ERβ acts on germ cells as a tumor 

suppressor (Roger et al., 2005) according to the observations made in ERβ 

knockout mice by Delbes et al. on neonatal gonocytes (Delbes et al., 2004). 

In human testis, gonocytes (Gaskell et al., 2003) and most adult germ cells 

(Mäkinen et al., 2001) express mainly ERβ. However, the precise role of 

estrogens/ERs (Dupont et al., 2000) and the underlying mechanism(s) in 

the control and in the biology of testicular tumors remain to be determined. 

PI3K/AKT pathway is shared with the molecular mechanisms that regulate 

another type of cell death. Recent reports show that some previously 

known oncogenes and tumor suppressor genes impinge upon autophagic 

pathways in addition to their other well-known functions. Thus, some steps 

in the malignant transformation could result from the deregulation of these 

autophagy-related aspects in their mode of action. The PTEN tumor 

suppressor gene, class I PI 3-kinase and AKT oncogenes fall into this 

category. The tumor suppressor PTEN, has been recently shown to promote 

autophagy in HT-29 colon cancer cells (Arico et al., 2001), where PTEN 

activity blocked the AKT survival pathway and induced autophagy. This 

type of programmed cell death, the autophagy, is becoming an important 

area in cancer research. Autophagy is a physiologic process that is involved 

in degradation and in the turnover of cytoplasmic organelles. However, 
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progressive autophagy can be cytotoxic and it can substitute, under certain 

settings, the apoptosis in induction of cell death.  

The process of autophagy has been extensively reviewed elsewhere. 

Briefly, a double membrane vesicle forms in the cytosol that encapsulates 

whole organelles and bulk cytoplasm. This autophagosome then fuses with 

the lysosome where the contents are degraded and recycled (FIG. 2). 
  
 
 
 
 
 

 

 

 

 

 

 

 
FIG. 2: Schematic model of formation and maturation of autophagosome 
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FIG. 3: Schematic regulation of vesicle nucleation. 

 

Moreover, loss of autophagy is correlated with tumorigenesis and several 

inducers of autophagy are tumor-suppressor genes.  

Autophagy induction and autophagosome maturation are greatly altered in 

cancer tissue. The tumor microenvironment is commonly poor in nutrients 

and oxygen, favouring autophagy induction (Mathew et al., 2007). 

However, human cancers frequently display inactivating mutations in pro-

autophagy genes (e.g. PTEN, p53, TSC1, TSC2, Beclin 1, UVRAG, Bif-1) 

and the activation of anti-autophagy genes (e.g. PI3KCI, AKT, Ras, Bcl-2), 

suggesting that autophagy functions as an important barrier for cellular 

transformation (Kroemer and Jaattela 2005, Mathew et al., 2007, Gozuacik 

D and Kimchi A 2004) (FIG. 3 and 4). However, the relation of autophagy 

to cancer development is complex and multifaceted, depending on the 

genetic composition of the cell as well as on the extra-cellular stresses. 
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FIG 4: Autophagy signalling  
 

Many lines of evidence also describe a role for autophagy in antagonizing 

cell survival and promoting cell death, classified as autophagic, or type II, 

cell death. This discrepancy is partially resolved by the presumption that 

extensive activation of autophagy might lead to the disintegration of major 

cellular systems, such that ‘‘the point of no return’’ is crossed and recovery 

of the cell is unattainable. 

In this project we will focalize on SE, by using the TCam-2 cell lines, 

containing typical features of human seminoma (Eckert et al., 2008). As a 

functional crosstalk between the ER and PTEN was never reported in the 

literature, we will test increasing E2 concentrations to evaluate eventual 

effects on the PTEN expression as well as the biological significance of this 

potential link. Three different concentration of E2 will be tested as well as 

the combination of E2 with ICI 182,780 (ICI) to evaluate the more 

efficacious dose able to induce the eventual cell death and if the effect is 
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ER-mediated in human seminoma cell line. Diarylpropionitrile (DPN), 

specific agonist of ERβ, will be also used. 

Results of this study will begin to determine the regulatory mechanisms 

involved in the progression of the testicular tumors, expanding our existing 

knowledge concerning the mechanisms which govern estrogen action and 

the regulation of the PTEN gene.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

16 
 

MATERIALS AND METHODS 

 

Mizuno and coworkers reported isolation and characterization of a cell line 

named TCAM-2 (Mizuno et al., 1993). This cell line originated from a 

primary lesion of a left testicular seminoma (typical pure type seminoma) 

of  an 35 aged male patient and was generated initially by in vitro culture, 

and also propagated as xenografts in SCID mice. Using a multidisciplinary 

approach, it was concluded that TCAM-2 is representative for seminoma 

(de Jong J. et al., 2008).  

Cell cultures - Human TCAM-2 seminoma cell line (a gift from Dr. 

Leendert H. J. Looijenga Department of Pathology, Erasmus MC-

University Medical Center Rotterdam, Josephine Nefkens Institute, 

TCAM-2 cells were obtained from Sohei Kitazawa (Division of Molecular 

Pathology, Kobe University, Japan) were grown in RPMI plus 10% fetal 

bovine serum (FBS), 1% penicillin/streptomycin, 200 mM glutamine, at 37 

°C in a humidified cell culture incubator with 5% carbon dioxide. 

Chemicals - Estradiol (oestra-1,3,5,(10)-triene-3,17-diol) (E2), the Sp1 

specific inhibitor mithramycin A and all other chemicals were purchased 

from Sigma Chemical (Milan, Italy). Acrylamide bisacrylamide was from 

Labtek Eurobio (Milan, Italy). Eosin Y was from Farmitalia Carlo Erba. 

2,3-bis (4-hydroxyphenyl)-propionitrile - Diarylpropionitrile (DPN) and ICI 

182,780 (ICI) were purchased from Tocris chemical (Bristol, UK). 

Monoclonal mouse antibodies (Abs) to human ER  (F-10), to human 

Beclin1, to human AMBRA, to human UVRAG, to human PI3KCIII, to 

human RIP1, rabbit polyclonal Abs to human ER  (D-20), ER  (H-150), 

-actin (AC-15), AKT, FKHR, Poly ADP-ribose polymerase-1(PARP-1), 

normal mouse and rabbit IgG, peroxidase-coupled anti-rabbit and anti-

mouse IgG were from Santa Cruz Biotechnology (Heidelberg, Germany). 

Anti-caspase 9 Ab was from Cell Signaling (Milan, Italy).Salmon sperm 
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DNA/protein A agarose (UBI, DBA Srl, Milan - Italy) Fugene 6 reagent 

was from Roche Diagnostics (Mannheim, Germany). ECL system 

(Amersham Pharmacia, Buckinghamshire, UK). Total RNA Isolation 

System kit, enzymes, buffers, nucleotides, and 100-bp ladder used for RT-

PCR were purchased from Promega Corp. (Milan, Italy). TRIZOL reagent 

(Invitrogen) Bradford protein assay was performed using a kit from Bio-

Rad Laboratories, Inc. (Milan, Italy). E2 and ICI were dissolved in ethanol 

(0.02% final concentration) and used as solvent controls did not induce any 

positive result in all in vitro assays (data not shown).  

Plasmids - The firefly luciferase reporter plasmid containing the full-length 

of the PTEN promoter region [pGL3-2768 (-2 927/-160)] and the different 

deletion constructs of PTEN [pGL3-612 (-1 389/-778), pGL3-341 (-1 118/-

778), pGL3-139 (-916/-778)] were kind gifts from Prof. Xi-Liang Zha, 

(Shanghai Medical College, Fudan University, Shanghai). The ERβ 

antisense plasmid (AS/ERβ) contains, in reverse orientation, a 1170 bp 

fragment of the coding sequence of the human ERβ cloned in pIRESpuro2 

vector (Clontech). The wild type human ERα expression vector (HEGO) 

consists of the full-length ERα cDNA fused with the SV40 early promoter 

and expressed in the pSG5 vector (HeG0, Tora et al.1989). The Renilla 

reniformis luciferase expression vector used was pRL-Tk (Promega, USA). 

Immunoblotting – TCAM2 cells were grown in 10 cm dishes to 70-80 % 

confluence and exposed to treatments as indicated in 5% dextran coated 

charcoal (DCC). Cells were then harvested in cold phosphate-buffered 

saline (PBS) and resuspended in lysis buffer containing 20 mM HEPES pH 

8, 0.1mM EDTA, 5mM MgCl2, 0.5M NaCl, 20 % glycerol, 1 % NP-40, 

inhibitors (0.1mM Na3VO4, 1 % PMSF, 20 mg/ml aprotinin). Protein 

concentration was determined by Bio-Rad Protein Assay (Bio-Rad 

Laboratories, Hercules, CA USA). A 70µg portion of protein lysates was 

used for Western Blotting (WB), resolved on a 12 % SDS-polyacrylamide 
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gel, transferred to a nitrocellulose membrane and probed with the indicated 

Abs. As internal control, all membranes were subsequently stripped 

(glycine 0.2 M, pH 2.6 for 30 minutes at room temperature) of the first 

antibody and reprobed with anti-β-actin Ab. 

The antigen-antibody complex was detected by incubation of the 

membranes for 1 hour at room temperature with the appropriated secondary 

antibodies peroxidase-coupled and revealed using the enhanced 

chemiluminescence system. Blots were then exposed to film. The intensity 

of bands representing relevant proteins was measured by Scion Image laser 

densitometry scanning program. 

Reverse Transcription-Polymerase Chain Reaction (RT-PCR) assay  

 TCAM2 cells were grown in 10 cm dishes to 70-80 % confluence and 

exposed to treatments for 24 hours in 5% DCC. Total cellular RNA was 

extracted using TRIZOL reagent as suggested by the manufacturer. The 

purity and integrity were checked spectroscopically and by gel 

electrophoresis before carrying out the analytical procedures. The 

evaluation of gene expression was performed by RT-PCR method as 

previously described. For PTEN and the internal control gene 36B4, the 

primers were: 5'CCACCACAGCTAGAACTTATC  -3 ′   (PTEN forward) 

and 5'ATCTGCACGCTCTATACTGC3′ (PTEN reverse), 5’-CTC AAC 

ATC TCC CCC TTC TC-3’ (36B4 forward) and 5’-CAA ATC CCA TAT 

CCT CGT CC-3’ (36B4 reverse) to yield respectively products of 700 bp 

with 25 cycles and 408 bp with 12 cycles. The results obtained as optical 

density arbitrary  values were transformed to percentage of the control 

(percent control) taking the samples from untreated cells as 100 %. 

Transient transfection assay  

TCAM2 cells were transferred into 24-well plates with 500 µl of regular 

growth medium/well the day before transfection. The medium was replaced 

with 5% dextran coated charcoal (DCC) on the day of transfection, which 
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was performed using Fugene 6 reagent as recommended by the 

manufacturer with a mixture containing 0.5 µg of promoter-luciferase 

reporter plasmids. After 24 hours transfection, treatments were added in 

5% DCC as indicated and cells were incubated for further 24 hours. In a set 

of experimets a pre-treatment for 2 hours was performed in the presence of 

mithramycin and ICI. Empty vectors were used to ensure that DNA 

concentrations were constant in each transfection and pRL-Tk (25 ng/well) 

was used to normalize the transfection efficiency. Firefly and Renilla 

luciferase activities were measured using the Dual Luciferase Kit 

(Promega). The firefly luciferase values of each sample were normalized 

by Renilla luciferase activity and data were reported as Relative Light 

Units (RLU) values. All the luciferase assays were carried out at least in 

triplicate, and the experiments were repeated thrice.  

Chromatin immunoprecipitation (ChIP) and Re-ChIP assays  

 For ChIP assay, TCAM2 cells were grown in 10 cm dishes to 50-60 % 

confluence, shifted to 5% DCC for 24 hours and then treated with 10 nM 

E2 for 1 hour or pre-incubated with mithramycin for 1 hour where required. 

Thereafter, cells were washed twice with PBS and crosslinked with 1 % 

formaldehyde at 37 °C for 10 minutes. Next, cells were washed twice with 

PBS at 4 °C, collected and resuspended in 200 µl of lysis buffer (1% SDS, 

10 mM EDTA, 50 mM Tris-HCl pH 8.1) and left on ice for 10 minutes. 

Then, cells were sonicated four times for 10 seconds at 30 % of maximal 

power (Sonics, Vibra Cell 500 W) and collected by centrifugation at 4 °C 

for 10 minutes at 14,000 rpm. The supernatants were diluted in 1.3 ml of IP 

buffer (0.01 % SDS, 1.1 % Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-

HCl pH 8.1, 16.7 mM NaCl) followed by immunoclearing with 80 µl of 

sonicated salmon sperm DNA/protein  A agarose for 1 hour at 4 °C. The 

precleared chromatin was immunoprecipitated with anti-ER Ab and re-

immunoprecipitated with anti-RNA Pol II Ab (Santa Cruz Biotechnology). 
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At this point, 60 µl salmon sperm DNA/protein A agarose were added and 

precipitation was further continued for 2 hours at 4 °C. After pelleting, 

precipitates were washed sequentially for 5 minutes with the following 

buffers: Wash A (0.1 % SDS, 1 % Triton X-100, 2 mM EDTA, 20 mM 

Tris-HCl pH 8.1, 150 mM NaCl), Wash B (0.1 % SDS, 1 % Triton X-100, 

2 mM EDTA, 20 mM Tris-HCl pH 8.1, 500 mM NaCl), and Wash C (0.25 

M LiCl, 1 % NP-40, 1 % sodium deoxycholate, 1 mM EDTA, 10 mM Tris-

HCl pH 8.1), and then twice with TE buffer (10 mM Tris, 1 mM EDTA). 

The immunocomplexes were eluted with elution buffer (1 % SDS, 0.1 M 

NaHCO3). The eluates were reverse crosslinked by heating at 65 °C and 

digested with proteinase K (0.5 mg/ml) at 45 °C for 1 hour.  DNA was 

obtained by phenol/chloroform/isoamyl alcohol extraction. 2 µl of 10 

mg/ml yeast tRNA (Sigma) were added to each sample and DNA was 

precipitated with 70 % ethanol for 24 hours at –20 °C, and then washed 

with 95 % ethanol and resuspended in 20 µl of TE buffer. A 5 µl volume of 

each sample was used for PCR amplification with the following primers 

flanking a sequence of PTEN promoter: 5’- CAC GCT  CGG CTG AGA 

GCT TTC AT -3’ (forward) and 5’- CTT CCC CCA AAT CTG TGT CCT 

CA – 3’(reverse) corresponding to the -1398 to -1111 region (Gene Bank, 

accession number: AF067844). The PCR conditions were 45 seconds at 94 

°C, 40 seconds at 58 °C, and 90 seconds at 72 °C. The amplification 

products obtained in 30 cycles were analysed in a 2 % agarose gel and 

visualized by ethidium bromide staining. The negative control was 

provided by PCR amplification without DNA sample. Samples pretreated 

with mytramicin or trasfected with DN/ERb were also used as control.  

Electrophoretic Mobility Shift Assay (EMSA)   

TCAM2 cells plated into 10 cm dishes were grown to 70-80 % confluence 

shifted to SFM for 24 hours and then treated with increasing concentrations 

of E2 (1 nM, 10 nM,  and 100 nM) or with 100nM ICI or with 100nM ICI 



 

21 
 

combined with 10 nM E2, for 6 hours. Thereafter, cells were scraped into 

1.5 ml of cold PBS. Cells were pelleted for 10 seconds and resuspended in 

400 µl cold buffer A (10 mM HEPES-KOH pH 7.9 at 4 °C, 1.5mM MgCl2, 

10 mM KCl, 0.5 mM dithiothreitol, 0.2 mM PMSF, 1 mM leupeptin) by 

flicking the tube. The cells were allowed to swell on ice for 10 minutes and 

then vortexed for 10 seconds. Samples were centrifuged for 10 seconds and 

the supernatant fraction discarded. The pellet was resuspended in 50 µl of 

cold Buffer B (20 mM HEPES-KOH pH 7.9, 25 % glycerol, 1.5 mM 

MgCl2, 420 mM NaCl, 0.2 mM EDTA, 0.5 mM dithiothreitol, 0.2 mM 

PMSF, 1 mM leupeptin) and incubated in ice for 20 minutes for high-salt 

extraction. Cellular debris were removed by centrifugation for 2 minutes at 

4 °C and the supernatant fraction (containing DNA binding proteins) was 

stored at –70 °C. The probe was generated by annealing single stranded 

oligonucleotides and labeled with 32P-ATP (Amersham Pharmacia) and T4 

polynucleotide kinase (Promega) and then purified using Sephadex G50 

spin columns (Amersham Pharmacia). The DNA sequence, containing 

multiple Sp1sites, obtained from the native PTEN promoter gene used as 

probe or as cold competitor is the following: F 5’- GAG AGG TGG GGC 

GCT GCA AGG GAG CCG GA and R 5’-TCC GGC TCC CTT GCA 

GCG CCC CAC CTC TC. The protein binding reactions were carried out 

in 20 µl of buffer 20 mM Hepes pH 8, 1 mM EDTA, 50 mM KCl, 10 mM 

DTT, 10% glicerol, 1mg/ml BSA, 50 µg/ml poly dI/dC with 50,000 cpm of 

labeled probe, 5 µg of TCAM2 nuclear protein and 5 µg of poly (dI-dC). 

The mixtures were incubated at room temperature for 20 minutes in the 

presence or absence of unlabeled competitors oligonucleotides. For the 

experiments involving the anti-ERβ, anti-ERα and anti-Sp1 Abs (Santa 

Cruz Biotechnology), the reaction mixture was incubated with Ab at 4 °C 

for 30 minutes before addition of labeled probe. The entire reaction mixture 

was electrophoresed through a 6 % polyacrylamide gel in 0 .25 X Tris 
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borate-EDTA for 3 hours at 150 V. Gel was dried and subjected to 

autoradiography at –70 °C.  

Cell viability assay 

TCAM2 were seeded (100 000 cells/well) in a complete RPMI medium in 

six-well plates and become attached to the bottom of the well overnight. On 

the second day, the medium was changed and shifted for 24 h with 5% 

DCC. At the end of this time, the cells were treated with increasing 

concentrations of E2 (1 nM, 10 nM,  and 100 nM) or with 100 nM ICI or 

with 100 nM ICI combined with 10 nM E2, and incubated for 24 h in the 

incubator at 37 °C. At the end of this period the cells were  harvested by 

trypsinization  and counted in a hemocytometer using trypan blue exclusion 

assay (0.2% trypan blue). The results were expressed as percentage of the 

controls, determined by standardizing untreated cells to 100%. 

DNA Fragmentation assay 

DNA fragmentation was determined by gel electrophoresis. TCAM2  cells 

were grown in 10-cm dishes to 80% confluence and treated with with 

increasing concentrations of E2 (1 nM, 10 nM,  and 100 nM) or with 100 

nM ICI or  with 100 nM ICI combined with 10 nM E2. After 24 h cells 

were collected and washed with PBS and pelletted at 1800 rpm for 5 min. 

The samples were resuspended in 0.5 ml of extraction buffer (50 mM Tris-

HCl, pH 8; 10 mM EDTA, 0.5% SDS) for 20 min in rotation at 4 C. DNA 

was extracted with phenol-chloroform three times and once with 

chloroform. The aqueous phase was used to precipitate acids nucleic with 

0.1 vol or of 3 M sodium acetate and 2.5 volumes cold EtOH overnight at –

20 C. The DNA pellet was resuspended in 15 µl of H2O treated with RNAse 

A for 30 min at 37 C. The absorbance of the DNA solution at 260 and 280 

nm was determined by spectrophotometry. The extracted DNA (40 µg/lane) 
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was subjected to electrophoresis on 1.5% agarose gels. The gels were 

stained with ethidium bromide and then photographed.  

Monodansylcadaverine (MDC) Staining  

The MDC is an autofluorescence substance able to selectively mark the 

autophagosomes. A 10 mM stock solution of MDC was prepared in PBS. 

Following treatment with with increasing concentrations of E2 (1 nM, 10 

nM,  and 100 nM) or with 100nM ICI or with 100nM ICI combined with 

10 nM E2,   for 24 h, cells were stained with MDC at a final concentration 

of 10 µM for 10 min at 37 °C, and fixed using 3% paraformaldehyde 

solution in PBS for 30min. Cells were washed and then examined by 

fluorescence microscopy (Leica AF2006). 

Trasmission Electron Microscopy (TEM) 

The transmission electron microscopy (TEM) allows the study of 

ultrastructural details of a biological sample. For routine transmission 

electron microscopy, cells were fixed in 3% glutaraldehyde solution in 0.1 

M phosphate buffer (pH. 7.4) for 2 h at 4 °C. Then the samples were 

postfixed in osmium tetroxide (3%) for 2 h, dehydrated in graded acetone, 

and embedded in Araldite (Fluka, Buchs, Switzerland). Ultrathin sections 

were prepared using a diamond knife, collected on copper grids and 

contrasted using both lead citrate and uranyl acetate. The grids were 

examined in a “Zeiss EM 10” electron microscope. 
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STATISTICAL ANALYSIS 

 

The data obtained (six replicate experiments using duplicate 

determinations) are presented as the mean±SEM. The differences in mean 

values were calculated using ANOVA with Newman–Keuls post hoc test. 

Values of P<0.05 were taken to show a significant difference between 

means. 
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RESULTS 

 

ERs expression in human seminoma cells 

Although an extensive characterization of the TCam-2 cell line to prove 

that it is representative for human seminoma was performed, the presence 

of the ERs was never reported. As it concerns the classical ERα, the protein 

was not detectable in our cells compared with MCF-7, a human breast 

cancer cell line used as positive control, neither by using an anti-ERα Ab 

raised against the carboxy-terminal part of ERα (Fig. 5A), nor with an Ab 

recognizing the amino-terminal part of ERα Fig 5B. On the contrary, an 

intense band was detected by Western blotting at 60 kDa (Fig. 5C) 

corresponding to the molecular mass of the ERβ long form.  

 

 
 

FIG.5:Immunoblots of estrogen receptors (ERα, ERβ) from protein extracts of 
TCam2 

Western blot analysis of proteins showed expression of the estrogen receptors (ERs). 
Extracts of Tcam2 protein were subjected to electrophoresis on 12% SDS-
polyacrylamide gels, blotted onto nitrocellulose membranes and probed with mouse Ab 
to human ERα (A ), rabbit polyclonal Abs to human ERα (B) and ERβ (C). MCF-7 
extracts were used as controls. The number on the left corresponds to molecular masses 
(kilodaltons) of the marker proteins. The experiments were repeated at least six times, 
and the autoradiographs of the figure show the results of one representative experiment. 
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PTEN protein and mRNA increased in response to E2 

The precise role of estrogens/ERs and the underlying mechanism(s) in the 

control and in the biology of testicular tumors remain to be determined 

(Dupont et al. 2000). Despite a relatively good understanding of the 

molecular roles of PTEN in the control of cellular processes, little is known 

about modes of PTEN gene regulation. In order to evaluate a potential 

functional cross-talk between E2/ERs and PTEN we studied the effect of 

increasing concentrations of E2 on PTEN expression. Interestingly, E2 

upregulated the PTEN protein expression in a dose-dependent manner from 

1 nM to 10 nM, while 100 nM did not give significantly effects (Fig.6 A).  

Next, we investigated the mRNA expression of PTEN, and it was induced 

by E2 in a similar pattern as it was obtained for the protein (Fig. 6 B). ICI 

failed to cause an increase in PTEN protein and mRNA levels, suggesting a 

direct involvement of the ER in mediating this effect.  
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FIG. 6: E2 up-regulates PTEN protein and mRNA expression in TCAm2 cells.  

 (A) Immunoblots of PTEN from TCam2 cells treated for 24 h with vehicle (-), 
increasing E2 (1,10,100 nM) concentrations, 1µM ICI alone or in combination with 10 
nM E2. b-actin was used as loading control. The side panel shows the quantitative 
representation of data (mean ± S.E.M.) of three independent experiments including that 
of A. (B) Semiquantitative RT-PCR evaluation of PTEN mRNA expression. TCam2 
cells were treated as in A. 36B4 mRNA levels were determined as control. The side 
panel shows the quantitative representation of data (mean ± SEM) of six independent 
experiments including that of B after densitometry and correction for 36B4 expression. 
*P<0.05 E2-treated vs untreated cells; **P<0.01 E2-treated vs. untreated cells 
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E2 Transactivates the PTEN Promoter 

To investigate whether one of the mechanisms involved in the ER-

mediated increase of PTEN expression could be a direct modulation of the 

transcriptional activity of its promoter, transient trasfection assays were 

performed in TCAM2 cells. Luciferase reporter constructs containing a 

series of deletion mutants of the human PTEN promoter gene were used to 

more precisely define the effect of E2 on PTEN transcription. A construct 

contains the fragment of the 5’-flanking region from human PTEN gene, 

corresponding to the region spanning from bases -2927/-160 bp (pG13-

2768, full length). Further deletions of the 5’-flanking region and a deletion 

of the 5’-untranslated region from PTEN gene were present in the 

following constructs: -1389/-778 (pG13-612), -1118/-778 (pG13-341), -

916/-778 (pG3-139) (Fig. 7A).  

The results shown in Fig. 7B indicated that transcription from the construct 

pG13-2768 was detectable, particularly it was enhanced by 1 nM E2 while 

it decreased upon 10 nM and 100 nM E2. The plasmid pGL3-2768 (-2 

927/-160), which contained full-length promoter, appeared to have lower 

activity than that of pGL3-612 (-1 389/-778), suggesting the presence of 

potential negative regulatory regions located within the sequence spanning 

from -777/-160. In fact, by using the pG13-612 construct, the promoter 

activity increased upon E2 treatment in a dose-dependent manner, while 

this effect was abrogated by ICI, indicating that PTEN promoter activation 

by E2 requires the presence of a functional ER (Fig. 7B). E2 failed to 

enhance the transcriptional activity of the PTEN promoter when cells were 

transfected with pG13-341 and pG3-139 constructs, suggesting that the 

segment located between -1398 and –1118  relative to the translation 

initiation site is important for E2-responsiveness.  

By analyzing this DNA sequence to search potential binding sites for 

transcription factors nucleotide sequences, we observed that the 
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aforementiond region contains several DNA motifs known to bind the 

transcription factor Sp1.  Mithramycin is a drug able to bind to GC boxes 

and then to inhibit Sp1 binding selectively blocking mRNA synthesis from 

genes that contain functional 

recognition sites both in vitro and in vivo (Blume et al., 1991). As shown in 

Fig. 7C, in TCAM2 cells transfected with pG13-612 construct and treated 

with mithramycin, the PTEN transactivation upon 10 nM E2 was 

prevented. Altogether these data strongly suggest that Sp1 plays an 

important role in the transcriptional regulation of PTEN by E2/ER. 
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FIG. 7: E2 transactivates PTEN promoter gene in TCam2 cells. 
Schematic map of the PTEN promoter fragments used in this study. (B) TCam2 cells 
were treated for 24 h with vehicle (-), increasing E2concentrations, 1µM ICI alone or in 
combination with 10 nM E2. (C)TCam2 cells were treated for 24 h with vehicle (-), 10 
nM E2, 100 nM mithramycin (M) alone or in combination with 10 nM E2. The 
luciferase activities were normalized to the Renilla luciferase as internal transfection 
control and data were reported as RLU values. Columns are mean ± SEM of six 
independent experiments performed for six times. *P<0.05 E2-treated vs untreated cells, 
**P<0.01 E2-treated vs untreated cells. RLU, Relative Light Units. 



 

31 
 

Functional interaction of ERβ with PTEN by chromatin immuno-

precipitation (ChIP) assay 

The interaction of ERβ with the PTEN gene promoter was further 

investigated by ChIP assay. TCam2 chromatin was immunoprecipitated 

with the anti-ERβ Ab and then reprecipitated with the anti-RNA-Pol II or 

anti-Sp1 Abs. PCR was used to determine the recruitment of ERβ to the 

PTEN region containing the Sp1 sites. The results indicated that ERβ was 

weakly constitutively bound to the PTEN promoter in untreated cells and 

this recruitment was increased upon E2 treatment (Fig.8). In addition, by 

Re-ChIP assays an increased association of Sp1 was obtained. Particularly 

the augmented RNA-Pol II recruitment indicated that a positive regulation 

of PTEN transcriptional activity was induced by E2 (Fig.10). The physical 

interaction of ERβ and Sp1 proteins to our sequence was strengthened by 

the absence of amplification in samples trasfected with the DN/ERβ or 

treated with mytramicin (Fig.8). The negative control was performed by 

PCR amplification without DNA sample. 

 

 
 
FIG. 8: Functional interaction between ERβ and PTEN promoter.  
TCam2 cells were treated as indicated, then cross-linked with formaldehyde and lysed. 
The soluble chromatin was immunoprecipitated with the anti-ERβ Ab, (Re-ChIP with 
the anti-RNA Pol II and anti-Sp1 Abs). The PTEN promoter sequence containing Sp1 
was detected by PCR with specific primers, as described in Materials and Methods. To 
control input DNA, PTEN promoter was amplified from 30 µl of initial preparations of 
soluble chromatin (before immunoprecipitations). M: mithramycin. NEG is a negative 
control provided by PCR amplification without DNA sample.  
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ERβ interacts with PTEN promoter gene through Sp1 site in EMSA 

To gain further insight into the mechanism involved in the PTEN 

transactivation induced by E2, we performed EMSA using a synthetic 

oligodeoxyribonucleotide which contains the E2-responsive region of the 

PTEN promoter identified and containing the Sp1 binding motifs. We 

tested if E2-action on the above identified PTEN promoter region occurs 

through the interactions of ERβ and /or Sp1. 

In nuclear extracts from TCam2 cells we observed the formation of a 

specific complex (Fig 9, lane 1) which was increased upon 10 nM E2 

treatment (lane 3). The binding was abrogated by 100 fold molar excess of 

unlabelled probe (lane 2), demonstrating the specifity of the DNA-binding 

complex.  

To confirm that PTEN transcription induced by E2 in TCam2 cells is 

regulated by Sp1, nuclear extracts were incubated with mithramycin and in 

the reaction mixture strongly reduced the intensity of the bands (Fig. 9 lane 

4). The involvement of ERβ and Sp1 in the DNA-binding complexes was 

confirmed by using the specific anti-ERβ (lane 5) and anti-Sp1 Abs (lane 

6), since both induced supershift and immunodepletion of the bands. By 

using the anti-ERα Ab no difference with respect the non treated sample 

was observed (lane 7). The ERβ and the Sp1 synthesized in vitro (lanes 8 

and 9 respectively) demonstrated that the binding to our probe occurs 

through the Sp1. In control samples (IgG),normal mouse or rabbit IgG, 

respectively, was used instead of the primary Abs as control of Ab 

specificity. Lane 11 containing probe alone did not show any complex 
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FIG. 9: ERβ binds through the Sp1 within the PTEN promoter region in EMSA.  
Nuclear extracts from TCam2 cells (lane 1) were incubated with a labeled probe or not 
labeled used as cold competitor containing bases, obtained from the native PTEN 
promoter gene from: F 5’- GAG AGG TGG GGC GCT GCA AGG GAG CCG GA and 
R 5’-TCC GGC TCC CTT GCA GCG CCC CAC CTC TC and subjected to 
electrophoresis in a 6% polyacrylamide gel. In lane 3, nuclear extracts from PTEN were 
treated with 10 nM E2. Competition experiments were performed adding as competitor 
a 100-fold molar excess of unlabeled PTEN probe (lane 2) or 100 nM mithramycin 
(lane 4). Anti-ERβ and anti-Sp1 Abs were incubated with nuclear extracts from TCam2 
cells treated with 10 nM E2 (lanes 5 and 6, respectively). In lanes 8 and 9 the ERβ and 
the Sp1 synthesized in vitro respectively, were incubated with the probe alone. In 
control samples (IgG),normal mouse or rabbit IgG, respectively, was used instead of the 
primary Abs as control of Ab specificity. Lane 11 contains probe alone. 
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E2 induces cell death in TCAM2 cells 

PTEN negatively regulates cell growth and survival in different cell types. 

Therefore, we studied if the functional significance of the E2/ERβ/PTEN 

link may consist in the modulation of TCAM2 cell survival by trypan blue 

exclusion assay. Our cells exposed to increasing E2 exhibited a dose–

responsive decrease in cell viability after 24 hours. Lower E2 concentration 

did not induce significant changes, while 10 nM and 100 nM E2 produced 

a significant decrease (Fig. 10). Cells treated with increasing concentration 

of a specific ER agonist, DPN evidenced an earlier decrease of the cell 

viability from 1 nM DPN. 

 
FIG. 10: E2 induces cell death in TCAM2 cells and DPN potentiates the effect. 
The viability of TCam2 cells decreased significantly at 10 and 100 nM of  E2.  The 
effect results higher with increasing concentration of DPN. Treatment of cells with ICI 
alone or in combination with E2 as like as DN/ERβ trasfected cells and mytramicin in 
combination with E2 does not affect the cell viability. Columns are mean ± SEM of six 
independent experiments. *P<0.05 E2-treated vs untreated cells, **P=0.01 E2-treated vs 
untreated cells. ***P<0.01 E2-treated vs untreated cells. 
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ERβ is Required for E2-Mediated effects in TCAM2 cells 

The PTEN protein dephosphorylates position D3 of phosphatidylinositol 

3,4,5-triphosphate (PIP3) and generates inactive PIP2. PIP3 is a direct 

product of PI3K that regulates and activates AKT, and then PTEN is a key 

negative regulator of the AKT activity. Therefore, we first studied whether 

E2 stimulation of TCAM2 has some effect on AKT expression. 

As shown in Fig. 11 the AKT content diminished particularly at 10 nM E2, 

while the combination of ICI and E2 restored AKT levels, addressing an 

ER-mediated effect. In this manuscript we demonstrated that TCAM2 cells 

express ERβ and not the classical ERα, however to sustain that the E2 

action in this context is mediated by ERβ we transfected the cells with 

DN/ERβ and then treated for 24 hours as previously indicated. As expected 

in the absence of ERβ no difference in the AKT content was observed (Fig. 

11) among the different treatments. On the contrary, in the presence of 

ectopic classic ERα (cells trasfected with HEGO), a dose-dependent 

increase in the Akt content was obtained upon E2. 
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FIG. 11: E2 effects on AKT 

 Immunoblots of AKT from TCam2 cells treated for 24 h with vehicle (-), increasing E2 
(1,10,100 nM) concentrations, 1µM ICI alone or in combination with 10 nM E2. β-actin 
was used as loading control. AKT not revealed difference in TCam 2 cells transfected 
with DN/ERβ while results increased in cells transfected with pSG5-HEGO encoding 
ERα. The lower panel shows the quantitative representation of data (mean ± S.E.M.) of 
six independent experiments . Columns are mean ± SEM of six independent 
experiments. *P<0.05 E2-treated vs untreated cells, **P=0.01 E2-treated vs untreated 
cells. ***P<0.01 E2-treated vs untreated cells. 
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E2 effects on some markers related to the apoptosis. 

PTEN acts as a tumor suppressor by antagonizing PI3K, which activates the 

AKT that in turn activates proliferative and antiapoptotic signaling 

pathways. A number of downstream targets of AKT have been described, 

including the proapoptotic proteins BAD and FKHR. The amount of these 

two proteins increased upon E2 treatment and the effect was abrogated by 

ICI (Fig. 12A). These data may indicate that E2 induces apoptosis in 

TCAM2 cells, therefore we evaluated the effects of the steroid on different 

markers of the apoptosis such as caspase9, PARP1 and DNA 

fragmentation. During apoptosis, caspase-7 and caspase-3 cleave PARP1 

into two fragments: p85 and p24, inactivating the protein (Tewari et al., 

1995; Germain et al., 1999). PARP1 cleavage aims at preventing the 

activation of PARP1 by the ensuing DNA fragmentation and thereby 

preserving cellular energy for certain ATP sensitive steps of apoptosis.  

It appears from the panel A and B in the Fig. 12 C that faint cleavages 

occurred both for caspase9 and PARP1 upon E2 treatments. DNA 

degradation is considered a diagnostic hallmark of cells undergoing 

apoptosis. Unfortunately, no DNA fragmentation was obtained under E2 

treatment in TCam2 cells instead a DNA smear occurred. The smear was 

not observed when we treated the cells with ICI or mytramicin. 
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FIG. 12: E2 did not induces apoptosis in TCAM2 cells.  
TCam2 cells were treated for 24 h as indicated. Fkhr and BAD (A) protein expression 
(evaluated by WB) in TCam2 cells increased upon increasing concentration of E2. b-
actin was used as loading control. Caspase 9 and PARP 1 and their faint cleavage 
product are evidenced upon E2 (B).One of three similar experiments is presented. β-
actin was used as loading control on the same stripped blot. The side panels show the 
quantitative representation of data (mean ± SEM) of six independent experiments. 
Columns are mean ± SEM of six independent experiments (C) DNA laddering was 
performed in TCAM2 cells treated for 24h as indicated.. *P<0.05 E2-treated vs 
untreated cells, **P<0.01 E2-treated vs untreated cells.  
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However to investigate if the selective ligand of ER was able to enhance 
cell death in human seminoma cells, we used increasing DPN. In Fig. 13 it 
is possible to note that DPN potentiated the effect of E2 both on AKT and 
PTEN expression, this also occurs in the panel B with casapse 9 and 
PARP1. 
 
 

 
 
FIG. 13: DPN potentiates the effect of E2 in human seminoma cells 
By Western Blot on protein extracts from TCam2 cells as previously described and 
treated as indicated, selective ERβ agonist DPN potentiate the effect of E2 both on AKT 
and PTEN expression (A), this also occurs in the panel B with caspase9 and PARP1 (B). 
To verify equal loading, the membranes were stripped and probed with an antibody 
against β-actin. The side panels show the quantitative representation of data (mean ± 
SEM) of six independent experiments. Columns are mean ± SEM of six independent 
experiments. *P<0.05 E2-treated vs untreated cells, **P=0.01 E2-treated vs untreated 
cells. ***P<0.01 E2-treated vs untreated cells, 
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E2 induces autophagy in TCAM2 cells 

In order to define the type of cell death in our context and as the autophagy 

converge also at the PI3K/AKT signalling we examined if E2/ERβ induced 

autophagy in TCAM2 cells. First, we evaluated the occurrence of this other 

programmed cell death at molecular level, by analyzing important marker 

such as PI3KIII, Beclin1, UVRAG and AMBRA that have a prevalent role 

in the first phases of the autophagic process. TCAM 2 were treated for 24 

hs with increasing concentration of E2 (1, 10, 100 nM) and with 1 M ICI 

alone or in combination with 10nM E2. All the proteins involved in the 

autophagic pathway increase upon E2. As control we treated cells 

trasfected with DN/ERβ evidencing that the effect did not occur (Fig. 14). 
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FIG. 14: E2 induces some hallmarkers proteins of autophagy 

Western blot analysis of PI3KIII, Beclin1, UVRAG and AMBRA from TCam2 cells 
treated for 24 h with vehicle s (-), increasing E2 (1,10,100 nM) concentrations, 1µM ICI 
alone or in combination with 10 nM E2 and cells trasfected with DN/ERβ. b-actin was 
used as loading control. The lower panel shows the quantitative representation of data 
(mean ± SEM) of six independent experiments. Columns are mean ± SEM of six 
independent experiments. *P<0.05 E2-treated vs untreated cells, **P=0.01 E2-treated vs 
untreated cells. ***P<0.01 E2-treated vs untreated cells, 
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An increased effect by DPN with respect to E2 was also tested on 

authophagy (Fig. 15). 

 

 
 
FIG. 15: DPN potentiates the effect of E2 on autophagy in human seminoma cells 
By Western Blot on protein extracts from TCam2 cells as previously described and treated as indicated, 
selective ERβ agonist DPN potentiate the effect of E2. To verify equal loading, the membranes were 
stripped and probed with an antibody against β-actin. The side panels show the quantitative representation 
of data (mean ± SEM) of six independent experiments. Columns are mean ± SEM of six independent 
experiments. *P<0.05 E2-treated vs untreated cells, **P=0.01 E2-treated vs untreated cells. ***P<0.01 
E2-treated vs untreated cells, 
 
 

To confirm if autophagy occurred in TCam2 cells, we monitored 

autophagic vesicle formation using biochemical (MDC) and ultrastructural 

methods (TEM) (Klionsky et al. 2007). It has been reported that MDC is an 

autofluorescent compound and has been proposed as a tracer for autophagic 

vacuoles (Biederbick et al. 1995). When the cells were viewed under a 

fluorescence microscope, MDC-labeled autophagic vacuoles appeared as 

distinct dot like structures distributing in cytoplasm or in perinuclear. As 

such, we studied the incorporation of MDC in TCam2 cells using 

fluorescence microscopy. As shown in Fig.18, TCAM2 cells were treated 

for 24 hs, with 10 nM E2, 1M ICI alone or in combination with 10 nM 

E2, with the specific agonist for ERβ 10 nM DPN, 100 nM mytramicin 

alone or combined with 10 nM E2 or trasfected with DN/ERβ and then 

treated with 10 nM E2. The fluorescent density MDC-labeled particles of 
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TCam2 were higher in the cells treated with 10 nM E2 and with DPN, 

while fewer autophagic vacuoles were observed in cells treated with ICI 

alone or combined with E2, mytramicin and in that trasfected with 

DN/ERβ. 

By TEM, ultrastructural analysis revealed TCAM2 cells with all the 

organelles, plasmatic membrane and nucleus well preserved (Fig. 16, 

Control). Cell treated with 10 nM E2 showed the majority of the cells with 

autophagic bodies (lower panels, autophagy). 
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FIG. 16: Monodansylcadaverine-labeled vacuoles in TCAM2 cells.  

Autophagic vacuoles were labeled with 0.05 mmol/L monodansylcadaverine (MDC) in 
phosphate-buffered saline (PBS) at 37°C for 10 min. The fluorescent density and the 
MDC-labeled particles in TCam2 cells were higher upon E2 and DPN treatments than 
in control group. The number of MDC-labeled particles in TCam2 cells was lower in 
ICI or mytramicin alone or combined with E2 and in DN/ERb trasfected cells (× 400 
magnifications).  
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FIG. 16: E2 induces autophagy in TCAM2 cells 
Transmission electron microscopy observation (Magnification ×10,000) demonstrates  
autophagy  following E2 treatment. TCam2 cells were treated with E2 for 24h and then 
were processed for electron microscopy as described in Materials and Methods. 
Morphologic findings characteristic of each type of cell death are enlarged to highlight 
the findings. Lower panels: Autophagosomes (white arrowheads) and autolysosomes 
(black arrowheads) can be seen in autophagic cells present in E2-treated cells, compared 
with control.  
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DISCUSSION 

 
Most of the all tumors malignancies (60%) diagnosed in men between 17 

and 45 years of age are germ cell tumors (GCT). GCT arise from 

carcinoma in situ cells, which are thought to originate from a transformed 

fetal germ cell, the gonocyte. In last ten years the incidence of testicular 

GCT (TGCT) has increased annually by 3%–6% in the Caucasian 

population (Oosterhuis and Looijenga 2005). The half of the Type II 

TGCTs manifests as pure seminoma, that represents the most frequent 

subtypes of GCT together with embryonal carcinoma. Up to date, the 

nature of the molecular pathways involved in seminoma pathobiology 

remains elusive. Given the importance of both E2 and PTEN in the 

regulation of the testicular function, we investigated a potential functional 

cross talk between these two factors in human seminoma, by using the 

TCAM-2 cell line that contain typical features of seminoma. 

Although, a multidisciplinary approach was undertaken to characterize the 

TCAM-2 cells, the presence of the ERs was never reported. The analysis of 

Western blotting showed strong expression of the ERβ long isoform at 60 

kDa, whereas two different antibodies used in the evaluation of ERα did 

not show any signal at 67 kDa that is the molecular weight reported for the 

classical ERα, clearly expressed in the MCF7 breast cancer cells used as 

positive control. A recent study of the JKT-1 cells, embryonic carcinoma 

cells and testicular non-seminoma as further evidenced by the literature 

(Roger et al., 2005), shows the total absence of ERα. However, JKT-1, 

considered by the authors cells of seminoma, through characterization, 

appeared devoid of genes commonly found in seminoma and therefore do 

not constitute a suitable cellular model for studying the tumorogenesis in 

seminoma. Moreover, in human testis, gonocytes (fetal germ cells which 

differentiate into spermatogonia after birth) (Gaskell et al. 2003) and most 



 

47 
 

adult germ cells (Mäkinen et al. 2001) express mainly the ERβ. The 

presence of ERβ in TCAM2 suggests an estrogen-dependence (or 

sensitivity to estrogen) and testicular cancer supports a possible 

involvement of endogenous estrogens and / or environmental 

carcinogenesis in the testis. It has been reported that estrogen affects all cell 

types of the male genital tract and that may affect the molecular level the 

normal development of the testes. However, the molecular mechanisms 

through which they act have not been defined.  

PTEN, which is a lipid phosphatase, as well as being an important factor 

involved in the mechanisms that induce apoptosis, seems to be involved in 

the differentiation of testicular germ cell tumor. 

In order to evaluate a possible link between estrogen and PTEN, never 

reported in the literature, we tested the possible action of three different 

concentrations of estrogen on the expression of PTEN. Our results show 

that E2 is able to increase the expression of PTEN, both at protein and 

mRNA levels. This action appears to be mediated by estrogen receptor 

since the effect is reversible by ICI, specific antagonist of both ERs 

isoforms. Our data showed for the first time that E2 and its receptor are 

able to modulate the expression of PTEN, and this is likely to occur 

through a genomic action. To confirm this hypothesis we performed 

transient transfection experiments on TCAM2 cells using a series of 

constructs conjugated with luciferase containing the promoter of PTEN. 

The trasfections were performed with plasmid constructs containing 

progressively deleted regions in the 5'flanking region of the PTEN 

promoter to assess what the region is responsible for the modulator effects 

by E2. Interesting responsiveness to E2 depends on the plasmid construct 

used. Our results showed that luciferase activity increased with the 

construct PG13-2768 using 1 nM E2, and decreased with E2 10 nM and 

100 nM. The plasmid pGL3-2768 (-2927/-160), which contained the full-
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length promoter, seemed to have a lower activity than that obtained with 

the plasmid pGL3-612 (-1389/-778), suggesting the presence of potential 

negative regulatory regions within the sequence that goes from -777/-160. 

In fact, using the construct PG13-612, the promoter activity increased upon 

treatment with E2 in a dose-dependent, this effect was also abrogated by 

ICI, indicating that activation of PTEN promoter regulated by E2 requires 

the presence a functional ER. The E2 does not induce the transcriptional 

activity of the PTEN promoter in cells transfected with PG13-PG3 341-

139, thus suggesting that the segment is located between -1398 and -1118 

from the transcription start site is involved in the induction PTEN-mediated 

transcriptional activity from the ER. 

By analyzing the DNA sequence spanning from -1398 and -1118 we 

observed that it contained various DNA motifs known to bind the 

transcription factors Sp1. Several studies indicate that many mammalian 

gene types are controlled by Sp1, including genes for structural proteins, 

metabolic enzymes, cell cycle regulators, transcription factors, growth 

factors, surface receptors, and others (Black et al., 2003). Recently, it was 

suggest that Sp1 is a possible transcription factor that regulates the 

constitutive expression of PTEN (Han et al, 2003). These findings are in 

agreement with our results since in TCAM2 cells transfected with the 

construct PG13-612 and treated with mithramycin in combination with 10 

nm E2 the ER-mediated transactivation of PTEN promoter was abolished.  

Altogether, these data suggest that the E2 most likely bind to the ERβ 

through the mediation of other transcription factors such as Sp1. To 

confirm our hypothesis and to go inside the molecular mechanism through 

which the functional cross talk occurs, we investigated the physical 

interaction of these factors at the promoter level. The physiological 

relevance of ERβ and Sp1 within the PTEN promoter in vivo is pointed out 

by ChIP analysis showing that ERβ and Sp1 occupancy of the Sp1 
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containing promoter region is concomitant with an increase in RNA Pol II 

recruitment, consistent with the increased PTEN transcriptional activity. 

ChIP assay also indicates that both ER and Sp1 are required for a full E2-

dependent induction of the PTEN promoter activity. To better define the 

E2/ER action on the PTEN promoter we did EMSA experiments using a 

[32P]-labeled sequence identified to be E2-responsive in the PTEN 

promoter gene. Nuclear extracts of TCAM2 showed a single band in 

untreated cells which increased upon 10 nM E2, while decreased in the 

presence of mytramicin. The presence of anti-ER or of anti-Sp1 

antibodies, supershifted and reduced the signal intensity. These 

observations prompted us to evaluate the binding of ER or Sp1 translated 

in vitro proteins to the [32P]-labeled PTEN promoter sequence considered. 

The band was generated by Sp1 and not by ER. Taken together, our data 

show that ER binds to the PTEN sequence through Sp1, and that estrogen-

regulated PTEN gene expression appears to be dependent on the 

coordinated interactions of the Sp1-ER to the identified region.  

In various cell types has been demonstrated that PTEN is deputy to the 

regulation of proliferation and cell death. To explore the biological 

significance of this E2/ER/PTEN functional link we performed exclusion 

of trypan blue test showing that E2 effectively reduced TCAM2 cell 

survival and significantly at 10 nM and 100 nM concentrations. The 

combined treatment with ICI partially reversed the effect induced by 100 

nM E2. Interestingly, by using the DPN a selective agonist for ER, the 

TCAM2 cell viability strongly decreased from 1 nM concentration.  

The PTEN gene encodes a lipid phosphatase that negatively regulates the 

PI3K/AKT pathway, classically involved in cell survival (Haas-Kogan et 

al., 1998; Stambolic et al., 1998). To investigate if the regulation of PTEN 
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by E2/ER is involved in TCAM2 cell death, we evaluated the expression 

of AKT in cells of seminoma treated with increasing concentrations of E2.  

Our results confirm a negative action of E2 on the AKT expression and this 

effect was reverted by ICI. In this research we demonstrated that TCAM2 

cells express ER and not ER and ICI is a pure antagonist for both ERs 

and that in our cells E2 effects are mediated by ER. In fact, in TCAM2 

cells trasfected with DN/ERno changes were observed in the AKT 

expression, confirming the role of ERβ in mediating cell death in human 

seminoma cells. Overexpression of ERα induces the AKT content, 

supporting the hypothesis that the presence of ERα is associated with the 

proliferative effects of estrogens, whereas the bulk of current evidence 

implies that ERβ has growth-suppressive activities in various types of 

cancer cells (Paruthiyil S et al, 2004; Strom A et al., 2004).  

The PI3K/AKT pathway generally induces cell death through apoptosis. 

Apoptosis involves a sequence of specific morphological changes in the 

dying cell: condensation of the cytoplasm and nuclear chromatin, followed 

by breakage of cells into membrane bound apoptotic bodies containing a 

variety of cytoplasmic organelles and nuclear fragments, which are then 

engulfed by neighboring cells and macrophages. Then to expand on the 

molecular mechanism(s) responsible of the E2-dependent seminoma cell 

death we evaluated the expression of two proapoptotic proteins such as 

FKHR and BAX and as a biological counterpart we evaluated caspase 9 

and PARP1 expression as well as DNA fragmentation assay. While both 

FKHR and BAX expression increased, less clear are the cleavages of 

caspase9 and PARP1. The PARP1 is an ubiquitous enzyme in eukaryotic 

cells, particularly abundant in the testis. PARP1, responsible for the 

integrity of DNA, is readily activated when a mild damage happens then is 

cleaved and thus inactivated by caspases, and the cell goes into apoptosis. 
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During apoptosis, caspases cleave PARP-1 into two fragments: p89 and 

p24 (Tewari et al., 1995; Germain et al., 1999). Cleavage fragments 

contribute to the suppression of PARP1 activity aimed to preserve cellular 

energy for certain ATP sensitive steps of apoptosis. If the damage is 

excessive PARP overstraining, resulting in the depletion of reserves of 

NAD and ATP. The consumption of ATP prevents the removal of the cell 

to apoptosis, the performance of which requires considerable energy 

consumption, therefore, cell death occurs by necrosis.  

From our data, the apoptotic response to E2 was not really clear, as also 

DNA fragmentation was not obtained and this led us to investigate an other 

kind of cell death observed in our experimental conditions. Two major 

morphologies of cell death have been described: apoptosis (type I) and cell 

death associated with autophagy (type II). Therefore as the same 

PI3K/AKT pathway is shared with the molecular mechanisms that regulate 

another type of cell death, ie, autophagy, we wanted to test the influence of 

E2 on certain proteins involved in the early events of autophagy, such as 

PI3KIII, Beclin-1 AMBRA and UVRAG.  

Autophagy is a process that consists in the lysosomal degradation of 

macromolecules, organelles and membranes and plays a key role in the 

normal control of cell growth and reductions in energy intake. Although 

considered primarily a homeostatic response, the presence of features in 

autophagic dying cells it implies a function in the process of dying, since 

excessive autophagic activity may destroy portions of cytosol and 

organelles and determine the collapse of cellular functions. Beclin-1 is a 

protein that is encoded by the gene in humans BECN1 and is also known as 

autophagy-related gene (ATG) 6, belongs to the class III PI3K complex 

and participates in the very early stages of autophagosome formation 

inducing fusion of autophagic vesicles. This complex has a role in the 

formation and size of the pre-membrane autophagosome inducing the 
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recruitment of cytosolic proteins. Recently, it was evidenced that UVRAG 

is able to bind Beclin 1 by acting as a positive regulator of Beclin 1-

dependent autophagic program, thus facilitating the interaction of Beclin 1 

with PI3KIII. AMBRA 1also bind to Beclin 1 upon autophagic stimuli. Our 

results suggest that there is an increase upon E2 of all these proteins 

involved in the autophagic pathway and therefore t estrogen can induce 

autophagy in our cell type. In addition to highlighting the biological 

correlates of autophagy we performed two different methodological 

approaches: the assay with the MDC and observation by TEM of the 

autophagosomes. The assay clearly shows that during MDC in cells 

transfected with DN/ERβ or mytramicin autophagy does not occur. 

Interestingly, the TEM allows the visualization of a large number of double 

membranes enveloping the various cellular organelles and 

autophagosomes.  

. 

Many lines of evidence now indicate that common death stimuli, 

previously attributed to the induction of apoptosis solely, trigger autophagy 

as well. Another layer of complexity stems from the finding that there 

exists a cross talk between autophagy and apoptosis. Moreover, these cross 

talks varies from positive to negative feedbacks in different scenarios. 

Under some circumstances, autophagy contributes to apoptosis and 

consequently augments caspase-dependent cell death. On the other hand, 

under certain settings autophagy is activated only when apoptosis is 

blocked, indicative of a negative feedback between the two processes and 

or that the apotosis machinery is defective.  

 Therefore we propose that apoptosis is the primary response of TCAM2 in 

those subpopulations which are most sensitive and ready to trigger 

apoptosis. More resistant cells trigger autophagy as a defense mechanism, 
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supplying indispensable amino acids and energy to maintain cellular 

homeostasis and survival (Lemasters et al. 1998).  

The autophagic effects of E2 are mediated by a link among ERβ/PTEN, 

leading to inhibition of the PKB/AKT-dependent survival pathway. Up to 

now, the effects of estrogen on autophagy was never investigated. 

However, we still do not know if this effect is directly or indirectly 

mediated by other factors. It cannot be excluded that our cell have a 

defective apoptotic pathway.  

From our research it also emerges that DPN potentiate the E2-induced 

effects and then selective ER agonists could provide a promising new 

strategy could be taken into account in setting therapies for testicular 

cancer disease. On the other hand, a combination of therapies based on 

autophagy mediators could also offer a more effective approach in the 

therapy of human seminoma. 

The reported finding evidenced that a functional cross talk between 

E2/ERβ and PTEN occurs in inducing cell death in TCAM2 cells. We 

discovered that ERβ is a regulator of PTEN gene and it may function as a 

tumor suppressor expanding our knowledge on data concerning the 

regulation of PTEN gene and the biology of seminoma. 
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Conventional progesterone receptors (PR) B and PRA are
expressed in human spermatozoa and may be involved in
the pathophysiology of varicocoele: a role for progesterone
in metabolism
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Introduction

The enigma of the varicocoele has always attracted the

researchers’ attention as attested by the substantial body

of literature on the topic. Varicocoeles, defined as abnor-

mally dilated scrotal veins, are present in 15% of the nor-

mal male population and in approximately 40% of men

presenting infertility [World Health Organization (WHO)

1992; Koksal et al., 2007]. Although it is widely accepted

that varicocoele is the most common cause of male infer-

tility (Romeo & Santoro, 2009), scientific support for

this contention is almost lacking. The preponderance of

experimental data from clinical and animal models dem-

onstrates an adverse effect of varicocoeles on spermato-

genesis, as venous reflux and testicular temperature

elevation cause impaired spermatogenesis (Zorgniotti &

Macleod, 1973; Gorelick & Goldstein, 1993). Studies using

light microscopy have shown in ejaculated spermatozoa

from men with varicocoele an increased number of elon-

gated tapered sperm heads (Portuondo et al., 1983),

although the pathophysiology of the spermatogenesis

underlying the relationship between sperm cell quality and

varicocoele is still poorly understood.

It is well known that progesterone (PRG) is an essen-

tial regulator of several female reproductive events such

as ovulation, regulation of the menstrual cycle, implanta-
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Summary

The physiological roles of intracellular progesterone (PRG) receptors (PRs)

have been studied intensively in female mammals, while their functions in male

are scarce. Conventional PRs were evidenced in our study by Western blotting,

concomitantly in healthy spermatozoa and in oligoasthenoteratozoospermic

samples without and with varicocoele. Transmission electron microscopy

revealed the presence of the PRs on the membrane as well as in the nucleus,

mitochondria and flagellum. A reduced expression of the PRs was observed

only in varicocoele spermatozoa. Responses to PRG treatment on cholesterol

efflux, tyrosine phosphorylation, src and Akt activities, acrosin activity and

acrosome reaction in varicocoele spermatozoa were reduced or absent. To

further investigate PRG significance in human male gamete, we focused its

action on lipid and glucose metabolism. The evaluation of the triglycerides

content, lipase and acyl-CoA dehydrogenase activities suggests that PRG

through the PRs exerts a lipolytic effect on human spermatozoa. An increase in

glucose-6-phosphate dehydrogenase activity was also obtained, evidencing a

role for PRG on glucose metabolism. In ‘varicocoele’ spermatozoa, the PRG

did not induce energy consumption. The action of PRs on sperm metabolism

is a novel finding that renews the importance of PRG in male fertility. Our

results showed that varicocoele may lead to male factor infertility by a mecha-

nism involving a decreased PR expression in human spermatozoa that evi-

dences a detrimental effect on spermatozoa at the molecular level, going

beyond the abnormal sperm morphology described to date.
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tion and maintenance of pregnancy (Rothchild, 1983;

Graham & Clarke, 1997). In contrast to the established

unequivocal roles of PRG in female reproductive physiol-

ogy, there are limited data on the role of PRG in male

reproductive events. The actions of PRG are generally

mediated via conventional intracellular PRG receptors

(PRs) that belong to the superfamily of transcription fac-

tors (Horwitz & Alexander, 1983; Kastner et al., 1990)

expressed in a variety of female foetal and adult tissues

(Jensen, 1996; Lau et al., 1996). Gene targeting strategies

showed pleiotropic reproductive abnormalities in PR null

female mice (Lydon et al., 1995; Conneely & Lydon,

2000). Deletion of both PR isoforms, PRB and the N ter-

minally truncated PRA renders female mice infertile with

ovarian deficits that prevent ovulation (Pinter et al.,

1996; Conneely et al., 2001). Far less is known of the

reproductive consequences of PR disruption or blockade

in male animals. Although the reproductive phenotype of

PR knockout male mice has not been reported in detail,

mice null for steroid receptor coactivator-1 (SRC-1; an

intracellular PR coactivator) show reduced testicular

growth and fertility compared with their wild-type litter-

mates (Xu et al., 1998).

Ejaculated mammalian spermatozoa are highly differen-

tiated attractive cells showing intriguing features: extreme

polarization of cellular architecture and functions; a little

amount of cytoplasm; they seem to be transcriptionally

inactive; they go through two different physiological con-

ditions comprising a steady state in the male genital tract

and a functional maturation, known as capacitation, in

the female genital tract (Yanagimachi, 1994; Rathi et al.,

2001; Suarez, 2008). Capacitation is a multifaceted pro-

cess occurring in the female genital tract by which sper-

matozoa acquires the ability to fertilize an oocyte. PRG

has been shown to activate several signalling pathways

involved in the regulation of sperm functions. It was

reported that PRG induces hyperactive motility and acro-

some reaction (AR) of mammalian spermatozoa during

the transit along the female reproductive tract (Kay et al.,

1994; Gadkar-Sable et al., 2005). Cheng et al. (1998a,b)

were the first to report the existence of a sperm plasma

membrane PR in stallion spermatozoa. Later, a non-

genomic plasma membrane PR (Contreras & Llanos,

2001) was found in the acrosomal region (Wu et al.,

2005, 2006). Specific PRG sperm-binding sites are located

on the plasma membrane of the spermatozoon (Black-

more et al., 1994). Binding studies also revealed the pres-

ence of two classes of PRs in the human spermatozoon:

one class has an elevated affinity constant (nanomolar)

and it is specific for PRG, whereas the other class has an

affinity constant in the micromolar range. The blocking

of these surface receptors inhibits PRG-induced AR (Sab-

eur et al., 1996; Cheng et al., 1998b). Besides, PRG has

been shown to activate several signalling pathways, such

as generation of cAMP, increase of intracellular calcium

(Ca2+), promotion of tyrosine phosphorylation of pro-

teins, activation of phospholipases and many others, all

involved in the regulation of human spermatozoa physiol-

ogy (Thomas & Meizel, 1989; Blackmore et al., 1990).

However, the mechanism ⁄ s through which PRG exerts its

effects in this context and the role of PRG in male repro-

ductive events are still complex to define.

In this study, we investigated the expression of the classi-

cal PRs and their ultrastructural location in human sperma-

tozoa and interestingly, ‘varicocoele’ spermatozoa showed a

reduced expression of the receptors. The functional role of

PRG ⁄ PRs was tested on capacitation, Akt and p60c-src

(src) activities and AR. To define further the significance of

PRG in human male gamete, we evaluated its action

on lipid and glucose metabolism as it has never been

investigated.

Materials and methods

Chemicals

Percoll (colloidal PVP-coated silica for cell separation),

sodium bicarbonate, sodium lactate, sodium pyruvate,

dimethyl sulphoxide (DMSO), Earle’s balanced salt solu-

tion, PRG, fluorescein isothiocyanate-conjugated peanut

agglutinin (FITC-PNA) and all other chemicals were

purchased from Sigma Chemical (Milan, Italy).

The anti-progestin RU486 {RU38486, mifepristone,

17(-hydroxy-11(8-[4-(dimethylamino)phenyl]-17a-propy-

nylestra-4,9-dien-3-one} binds with high affinity to the

intracellular PR receptor in most vertebrate species

(Schatz et al., 2003). Acrylamide bisacrylamide was from

Labtek Eurobio (Milan, Italy). Triton X-100 and Eosin Y

were from Farmitalia Carlo Erba (Milan, Italy). ECL Plus

Western blotting detection system, Hybond ECL, Hepes

Sodium Salt were from Amersham Pharmacia Biotech

(Buckinghamshire, UK). Colloidal gold-conjugated goat

anti-mouse immunoglobulin G (IgG) secondary antibody

(Ab) was from Sigma-Aldrich. Rabbit polyclonal anti-

human PR (C-19) Ab, anti-phosphotyrosine Ab (PY99),

goat polyclonal actin Ab (1-19), peroxidase-coupled anti-

mouse, anti-rabbit and anti-goat IgG secondary Abs were

from Santa Cruz Biotechnology (Heidelberg, Germany).

Cholesterol-oxidase (CHOD)–peroxidase (POD) enzy-

matic colorimetric kit, triglycerides assay kit, lipase activ-

ity kit, glucose-6-phosphate dehydrogenase (G6PDH)

activity assay kit and insulin radioimmunoassay (RIA) kit

were from Inter-Medical (Biogemina Italia Srl, Catania,

Italy). PRG and RU486 were dissolved in ethanol (0.02%

final concentration in culture) and used, as solvent con-

trols did not induce any positive result in all in vitro

assays (data not shown).
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Semen samples and spermatozoa preparations

Human semen sample was collected, according to the

WHO-recommended procedure, by masturbation from

healthy volunteer donors of proven fertility. Spermatozoa

preparations were performed as described previously

(Aquila et al., 2005a). Briefly, semen samples with normal

parameters of volume, sperm count, motility, morphol-

ogy and vitality, according to the WHO’s (1992) Labora-

tory Manual, were included in this study. Varicocoele

samples of patients who consulted us for fertility investi-

gation were also included in our study. Reflux of blood

in the pampiniform plexus was determined by palpation

employing the Valsalva manoeuvre. Physical examination

is the reference standard to diagnose varicocoeles in sub-

fertile men. Additional radiological imaging is not neces-

sary to diagnose subclinical varicocoele because only a

varicocoele detected by physical examination should be

considered potentially significant (Pryor & Howards,

1987). Varicocoele samples used in this study were from

oligoasthenoteratozoospermic (OAT) patients with diag-

nosed varicocoele of grade III (visible without palpation)

on the left testis and their ejaculates were found to have

total sperm count of 17 · 106 sperm cells per ejaculate,

percentage of motility a + b of 30%, percentage of nor-

mally formed features of 30% and viability percentage of

67%. Samples of OAT patients without varicocoele, but

with similar semen characteristics with respect to those

with varicocoele, were considered as control in our study

to isolate a specific effect of varicocoele. Mean ± SD age

of men with normal semen parameters, OAT samples

without and with varicocoele was 30.8 ± 4.5, 31.4 ± 3.8

and 29.7 ± 4.1 years, respectively. Testicular volume, mea-

sured with an ellipsoid Prader orchidometer comparing

the sizes of both testes, was 15.8 ± 2.5 mL right testis (Rt)

and 15.4 ± 2.5 mL left testis (Lt) in men with normal

semen parameters; 15.2 ± 3.5 mL Rt and 15.0 ± 2.2 mL

Lt in OAT patients without varicocoele; 14.9 ± 3.5 mL Rt

and 14.3 ± 3.5 mL Lt in varicocoele patients. Despite sta-

tistically significant differences in the hormones of some

varicocoele patients that were reported by many investiga-

tors (Andò et al., 1984), the actual values were within

normal limits (Al-Ali et al., 2010). In our study, all sub-

jects were also evaluated by reproductive plasma hormone

determinations, including follicle-stimulating hormone

(FSH), luteinizing hormone (LH) and testosterone. Mean

plasma levels for FSH were 6.6 ± 0.5 mlU ⁄ mL in men

with normal semen parameters, 6.9 ± 0.7 mlU ⁄ mL in

OAT patients without varicocoele and 7.2 ± 0.5 mlU ⁄ mL

in varicocoele patients. Mean plasma levels for LH were

10.2 ± 0.4 mlU ⁄ mL in men with normal semen parame-

ters, 10.0 ± 0.7 in OAT patients without varicocoele and

10.8 ± 0.5 mlU ⁄ mL in varicocoele patients. Mean plasma

levels for testosterone were 487 ± 19.9 ng ⁄ 100 mL in men

with normal semen parameters, 478 ± 10.9 ng ⁄ 100 mL

in OAT patients without varicocoele and 446 ± 16.9

ng ⁄ 100 mL in varicocoele patients. There have also been

some controversial studies on this latter issue (Moham-

med & Chinegwundoh, 2009).

The study was approved by the local medical-ethical

committee and all participants gave their informed

consent.

Processing and treatments of ejaculated spermatozoa

For each experiment (many times repeated as reported in

the ‘Statistical analysis’ section), three normozoospermic

samples or four OAT or four varicocoele samples were

pooled. In fact, after liquefaction, semen samples were

first pooled and then subjected to centrifugation (800 g)

on a discontinuous Percoll density gradient (80% : 40%

v : v; Aquila et al., 2002). The 80% Percoll fraction was

examined using an optical microscope equipped with a

100· oil objective to ensure that a pure sample containing

only spermatozoa was obtained. These spermatozoa had a

motility of about 65% (grades a + b, WHO, 1999) and a

viability of 80% for both normal or pathological samples.

An independent observer inspected several fields for each

slide. Particularly, the same number for both normal and

pathological samples of Percoll-purified spermatozoa was

washed with unsupplemented Earle’s medium (uncapaci-

tating medium) and the samples were incubated for

30 min at 37 �C and 5% CO2, without (control, NC) or

with the following treatments: increasing PRG concentra-

tions (3, 30 and 60 lm) or with RU486 (10 lm) alone or

combined with 30 lm PRG. When the cells were treated

with RU486, a pre-treatment of 15 min was performed. It

deserves to be mentioned that in humans, PRG is present

in low concentrations in blood, but it can be extraordi-

narily high in periovulatory follicular fluid (up to

20 lg ⁄ mL; Saaranen et al., 1993); therefore, high levels of

PRG may become available to spermatozoa at the time of

fertilization.

Immunogold labelling for PR

Spermatozoa fixed overnight in 4% paraformaldehyde

were washed in phosphate-buffered saline (PBS) to

remove excess fixative, dehydrated in graded alcohol,

infiltrated in LR white resin, polymerized in a vacuum

oven at 45 �C for 48 h, while 60 nm ultra-thin sections

were cut and placed on coated nickel grids for post-

embedding immunogold labelling with the rabbit poly-

clonal Ab to human PR. Potential non-specific labelling

was blocked by incubating the sections in PBS containing

5% normal goat serum, 5% bovine serum albumin and
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0.1% cold water fish gelatin at room temperature for 1 h.

Sections were then incubated overnight at 4 �C with rab-

bit polyclonal PR Ab at a dilution of 1 : 500 in PBS buf-

fer. They were then incubated in 10-nm colloidal gold-

conjugated anti-mouse or anti-rabbit IgG secondary Abs

at 1 : 50 dilution for 2 h at room temperature. The sec-

tions were then subsequently washed in PBS, later fixed

in gluteraldehyde, counterstained in uranyl acetate and

lead acetate and examined under a Zeiss EM 900 (Zeiss,

Oberkochen, Germany) transmission electron microscope

(TEM). To assess the specificity of the immunolabelling,

negative controls were carried out in corresponding sec-

tions of spermatozoa that were labelled with colloidal

gold-conjugated secondary Ab with normal rabbit serum

instead of primary Ab.

Western blot analysis of sperm proteins

Percoll-purified sperm samples, washed twice with unca-

pacitating medium, were incubated as mentioned before

and then centrifuged for 5 min at 5000 g. The pellet was

resuspended in lysis buffer as previously described (Aquila

et al., 2002). An equal amount of protein (80 lg) was

boiled for 5 min, separated on a 11% polyacrylamide gel

electrophoresis, transferred to nitrocellulose membranes

and probed with an appropriate dilution of the indicated

primary Ab. The binding of the secondary Ab was

observed with the ECL Plus Western blotting detection

system, according to the manufacturer’s instructions. As

internal control, all membranes were subsequently

stripped (glycine 0.2 m, pH 2.6 for 30 min at room tem-

perature) and re-probed with anti b-actin Ab or with

total Akt or src. The protein bands were quantified by

scanning densitometry (Imaging Densitometer GS-700;

Bio-Rad, Hercules, CA, USA). Western blot analysis was

performed in at least four independent experiments and

more representative results are shown.

Measurement of cholesterol in the sperm culture

medium

Cholesterol was measured in duplicate by a CHOD–POD

enzymatic colorimetric method according to the manu-

facturer’s instructions in the incubation medium from

human spermatozoa, as described previously (Aquila

et al., 2006, 2009). Percoll-purified sperm samples,

washed twice with uncapacitating medium, were incu-

bated in the same medium (control) or in capacitating

medium for 30 min at 37 �C and 5% CO2. Some samples

were incubated in the presence of increasing PRG concen-

trations (3–60 lm). Other samples were incubated in the

presence of 10 lm RU486 alone or combined with 30 lm

PRG. At the end of sperm incubation, the culture media

were recovered by centrifugation, lyophilized and subse-

quently dissolved in 1 mL of buffer reaction. The samples

were incubated for 10 min at room temperature and then

the cholesterol content was measured spectrophotometri-

cally at 505 nm. Cholesterol standard used was

200 mg ⁄ dL. The limit of sensitivity for the assay was

0.05 mg ⁄ dL. Inter- and intra-assay variations were 0.04%

and 0.03%, respectively. Cholesterol results are presented

as mg per 10 · 106 number of spermatozoa.

Acrosin activity assay

Acrosin activity was assessed by the method of Kennedy

et al. (1989) and as described previously (Aquila et al.,

2003). Spermatozoa were washed in Earle’s medium and

centrifuged at 800 g for 20 min, then resuspended in dif-

ferent tubes (final concentration of 10 · 106 sperm ⁄ mL)

in the presence and absence of treatments. One millilitre

of substrate–detergent mixture (23 mmol ⁄ L of BAPNA in

DMSO and 0.01% Triton X-100 in 0.055 mol ⁄ L of NaCl,

0.055 mol ⁄ L of HEPES at pH 8.0, respectively) was added

for 3 h at room temperature. Aliquots (20 lL) were

removed at 0 and 3 h and the percentage of viable cells

was determined for each treatment. After incubation, a

final concentration of 0.5 mol ⁄ L of benzamidine was

added to each tube and then centrifuged at 1000 g for

30 min. Supernatants were collected and the acrosin

activity was measured using a spectrophotometer at

410 nm. In this assay, the total acrosin activity was

defined as the amount of active (non-zymogen) acrosin

associated with spermatozoa plus the amount of active

acrosin that is obtained by proacrosin activable. The acro-

sin activity was expressed as lIU ⁄ 106 spermatozoa. Quan-

tification of acrosin activity was performed as described

previously (Aquila et al., 2003).

Acrosome reaction

The evaluation of AR was performed by utilizing FITC-

PNA. At the end of incubation, sperm cells were washed

thrice with 0.5 mmol ⁄ L of Tris-HCl buffer, pH 7.5, and

were allowed to settle onto slides. Smears, dried in air,

were dipped in absolute methanol for 15 min and left at

room temperature. The samples were then incubated with

a solution of FITC-PNA in a humid chamber at room

temperature. After 30 min, the slides were washed with

PBS to remove the excess label. Scoring was completed

within 24 h of staining that was assessed according to a

published scoring system (Mendoza et al., 1992). A mini-

mum of 200 live spermatozoa were examined for each

treatment and they were classified into two main catego-

ries based on the FITC-PNA staining as follows: (i) acro-

some-reacted cells with uniform green FITC-PNA
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fluorescence of the acrosome cap; (ii) acrosome-intact

cells without any fluorescence. Values were expressed as

percentage of acrosome-reacted cells.

Triglycerides assay

Triglycerides were measured in duplicate by a GPO-POD

enzymatic colorimetric method according to the manufac-

turer’s instructions in sperm lysates and as described pre-

viously (Aquila et al., 2006). Percoll-purified sperm

samples, washed twice by centrifugation with uncapacitat-

ing medium, were incubated in the same medium (con-

trol) for 30 min at 37 �C and 5% CO2. Other samples

were incubated in the presence of the indicated treat-

ments. At the end of sperm incubation, 10 lL of the lysate

was added to 1 mL of the buffer reaction and incubated

for 10 min at room temperature. Then, the triglycerides

content was measured at 505 nm using a spectrophotome-

ter. Data are presented as lg ⁄ 106 spermatozoa.

Lipase activity assay

Lipase activity was evaluated by the method of Panteghini

et al. (2001) based on the use of 1,2-o-dilauryl-rac-glyce-

ro-3-glutaric acid-(6¢-methylresorufin) ester (DGGR) as

substrate; 50 lg of sperm extracts was loaded into indi-

vidual cuvettes containing buffer for spectrophotometric

determination. DGGR is cleaved by lipase, resulting in an

unstable dicarbonic acid ester, which is spontaneously

hydrolysed to yield glutaric acid and methylresorufin,

a bluish-purple chromophore with peak absorption at

580 nm. The absorbance of samples was read every 20 s

for 1.5 min. The rate of methylresorufin formation is

directly proportional to the lipase activity in the sample.

Analysis of total imprecision gave a coefficient of varia-

tion between 0.02% and 0.032%. The estimated reference

interval was 6–38 U ⁄ L (lmol ⁄ min ⁄ mg protein). The

enzymatic activity was determined with three control

media: one without the substrate, another without the

co-enzyme (colipase) and the third without either sub-

strate or co-enzyme (data not shown).

Assay of acyl-CoA dehydrogenase activity

Acyl-CoA dehydrogenases are a class of enzymes, which

function to catalyse the initial step in each cycle of fatty

acid b-oxidation in the mitochondria of cells. Assay of

acyl-CoA dehydrogenase was performed on spermatozoa,

using a modification of the method described by Lehman

et al. (1990). In brief, after protein lysis, 70 lg of sperm

proteins was added to the buffer containing 20 mm Mops,

0.5 mm EDTA and 100 lm FAD+ at pH 7.2. Reduction of

FAD+ to FADH was read at 340 nm upon addition of

octanoyl-CoA (100 lm) every 20 s for 1.5 min. Data are

expressed as nmol ⁄ min ⁄ mg protein. The enzymatic activ-

ity was determined with three control media: one without

octanoyl-CoA as substrate, another without the coenzyme

(FAD+) and the third without either substrate or coen-

zyme (data not shown).

Assay of the G6PDH activity

The conversion of NADP+ to NADPH, catalysed by

G6PDH, was measured by the increase in absorbance at

340 nm (Aquila et al., 2009). Spermatozoa samples,

washed twice with uncapacitating medium, were incu-

bated in the same medium (control) for 30 min at 37 �C

and 5% CO2. Other samples were incubated in the pres-

ence of the indicated treatments. After incubation, 50 lL

of sperm extracts was loaded into individual cuvettes con-

taining buffer (100 mm triethanolamine, 100 mm MgCl2,

10 mg ⁄ mL glucose-6-phosphate, 10 mg ⁄ mL NADP+, pH

7.6) for spectrophotometric determination. The absor-

bance of samples was read at 340 nm every 20 s for

1.5 min. Data are expressed as nmol ⁄ min ⁄ 106 spermato-

zoa. The enzymatic activity was determined with three

control media: one without glucose-6-phosphate as sub-

strate, another without the coenzyme (NADP+) and the

third without either substrate or coenzyme (data not

shown).

Statistical analysis

The experiments for TEM and AR were performed in at

least three independent experiments. The experiments for

the Western blotting analysis were performed in at least

eight independent experiments. The data obtained from

cholesterol assay, acrosin activity, triglycerides assay,

lipase activity, acyl-CoA dehydrogenase activity, G6PDH

activity (10 replicate experiments using duplicate determi-

nations) were presented as the mean ± SEM. The differ-

ences in mean values were calculated using analysis of

variance (anova) with a significance level of p £ 0.05.

Results

Western blotting analysis of PRs

The presence of PR protein in human ejaculated sperma-

tozoa was investigated by Western blot (Fig. 1A) using a

rabbit polyclonal Ab raised against the c-terminal region

of the human PR. Two immunoreactive bands, corre-

sponding to the molecular mass values of 116 and 94 kDa

were observed. As positive controls, T47D and MCF7

breast cancer cells, which expressed both isoforms as pre-

viously reported (Sartorius et al., 1994), were used. Inter-

estingly, it appears that varicocoele samples exhibit a
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reduced expression of PRs. When we compared PR

expression among normal, OAT and varicocoele sperma-

tozoa, only the latter showed a drastic decrement address-

ing a role for PRs in varicocoele pathophysiology

(Fig. 1B).

Immunogold localization of PRs in human spermatozoa

Ultrastructural analysis of spermatozoa by TEM revealed

that it is immunoreactive to the conventional PRs

(Fig. 2). Interestingly, the label decorated mostly the head

(at both the membrane and nucleus levels; Fig. 2, part a).

The midpiece with the mitochondria also showed an

appreciable presence of gold particles (Fig. 2, part d). PR

expression was progressively reduced from the principal

piece of the flagellum up to the end piece (Fig. 2, part g).

Intriguingly, receptors were present not only on the

sperm membrane but also as components of the flagel-

lum, between the ribs of the fibrous sheath, outer dense

fibres and axoneme. Simultaneous negative control exper-

iments with the normal rabbit serum did not show any

label in the corresponding regions (Fig. 2, parts c, f and

i). In ‘varicocoele’ spermatozoa, a strong reduction in the

gold particles was detected in the head (Fig. 3, parts a

and b), along the midpiece and the tail of all the sperma-

tozoa observed (Fig. 3, parts e and h), in agreement with

the Western blotting data. Negative control experiments

with the normal rabbit serum did not show signal in the

corresponding sperm regions (Fig. 3, parts c, f and i).

PRG induces cholesterol efflux and protein tyrosine

phosphorylation in human spermatozoa

To further investigate the PRG significance in male fertil-

ity, we evaluated its effects on two hallmarks of capacita-

tion process, sperm membrane cholesterol efflux and

protein tyrosine phosphorylation, considering both nor-

mozoospermic and varicocoele samples. Capacitation

encompasses different features and sperm membrane cho-

lesterol efflux contributes to one signalling mechanism

that controls the process (Visconti et al., 1995; Aquila

et al., 2006). Cholesterol efflux initiates signalling events

leading to tyrosine phosphorylation of sperm proteins

(Visconti et al., 1995). Our results showed a dose-

dependent increase in the cholesterol efflux upon PRG

treatments (Fig. 4A). This effect was attenuated by using

the PR antagonist RU486. In varicocoele samples, a slight,

not significant, dose-dependent increase upon PRG was

observed.

We then tested the effects of hormone on protein

tyrosine phosphorylations; the treatments under our

experimental conditions particularly affected the

95 ± 97 kDa tyrosine-phosphorylated proteins as previ-

ously reported (Aquila et al., 2003). The densitometric

evaluation of the double 95 ± 97 kDa band revealed a sig-

nificant increase in the tyrosine phosphorylation in nor-

mal samples from 3 lm to 60 lm concentrations (Fig. 4B,

and panel on the right side), whereas in varicocoele sper-

matozoa, although to a lesser extent, an increment from

30 lm to 60 lm PRG was obtained (Fig. 4C, and panel

on the right side). In both cases, the RU486 abolished the

PRG-induced effects. A significant increase in both serine

and threonine phosphorylations upon increasing PRG

was obtained as reported in supplementary data (Fig. S1).

PRG activates src and Akt in human spermatozoa

The mechanisms involved in the control of sperm func-

tions are not well known yet; strong evidence indicates

that they are associated with or controlled by different

signal transduction elements. It appears that the tyrosine

kinase src is a key player in the signal transduction cas-

cade involved in the regulation of tyrosine phosphoryla-

tion occurring during sperm capacitation. To evaluate the

impact of PRG on src activity, we used an Ab that specifi-

cally recognizes the active form of this kinase, by target-

ing an activating tyrosine phosphorylation at position

139. The results of this study clearly showed that PRG

significantly induced src activity in a dose-dependent

β-actin

94 kDa
116 kDa
A

B
T47D MCF7 N1 N2 V1 V2

94 kDa
116 kDa

β-actin

N3 OAT1 OAT2 V3 V4

Figure 1 Western blot analysis of human sperm proteins showed

expression of the conventional progesterone receptors (PRs). Extracts

of pooled purified ejaculated spermatozoa were subjected to electro-

phoresis on 11% sodium dodecyl sulphate (SDS)-polyacrylamide gels,

blotted onto nitrocellulose membranes and probed with rabbit poly-

clonal antibody to human PR. (A) N1 and N2 expression of PRs in two

samples of ejaculated spermatozoa from normal men. V1 and V2

expression of PRs in two samples of ejaculated spermatozoa from vari-

cocoele men. T47D and MCF-7 extracts were used as controls. (B) N3,

expression of PRs in samples of ejaculated spermatozoa from normal

men (lane 1). OAT1 and OAT2 expression of PRs in samples of ejacu-

lated spermatozoa from oligoasthenoteratozoospermic patients. V3

and V4 expression of PRs in two samples of ejaculated sperm from

varicocoele men. The number on the left corresponds to molecular

masses (kilodaltons) of the marker proteins. The experiments were

repeated at least eight times, and the autoradiographs of the figure

show the results of one representative experiment.
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manner and the combination with RU486 lightly attenu-

ated the PRG-induced effects (Fig. 5A, upper panel).

These data suggested that PRG is capable of inducing

capacitation via mechanisms that lie upstream of src

activation and that it does not act through the PRs alone.

In varicocoele spermatozoa, no significant effects were

observed (Fig. 5A, lower panel) upon PRG treatment.

In somatic cells, downstream signalling proteins poten-

tially involved in mediating PRG activity include Akt, a

key kinase involved in the metabolism and survival of the

cells and also identified in spermatozoa (Aquila et al.,

2004, 2007). Increasing doses of the PRG resulted in an

induction of the Akt phosphorylation on both Ser473 and

Thr308 residues, indicating a full activation of the kinase

(Fig. 5B, upper panel). The PRG-induced actions were

not completely reversed by RU486. Similar to the src

activity, the varicocoele spermatozoa did not show being

responsive to PRG action on Akt phosphorylations.

Acrosin activity and AR are lower in varicocoele

spermatozoa

PRG, which is secreted by cumulus cells, has been indi-

cated as a physiological stimulus or co-stimulus for initi-

ating the AR in spermatozoa. To give a biological

evidence of this observation and with the aim to

strengthen our data at the molecular level, we examined

the role of PRG ⁄ PRs on acrosin activity in both healthy

and varicocoele spermatozoa. The enzymatic activity

highly increased upon PRG in normal samples (Fig. 6A),

whereas a weak enhancement was obtained in pathologi-

cal spermatozoa. The RU486 did not completely reverse

the PRG-induced effect, suggesting that factors other than

PRs are involved in mediating PRG action in this sperm

activity. It deserves to be mentioned that in humans,

PRG is present in low concentrations in blood, but it can

be extraordinarily high in periovulatory follicular fluid

(up to 20 lg ⁄ mL; Saaranen et al., 1993); therefore, high

levels of PRG may become available to spermatozoa at

the time of fertilization.

Moreover, the AR increased in a dose-dependent man-

ner upon PRG (Fig. 6B). In varicocoele samples, the per-

centage of reacted spermatozoa significantly increased

from 30 lm to 60 lm PRG, albeit by a lower extent with

respect to normal spermatozoa.

PRG influences both lipid and glucose metabolism in

human spermatozoa

A role of PRG in lipid metabolism was reported in brown

adipose tissue (Monjo et al., 2003; Caprio et al., 2008);

however, in spermatozoa, a similar action of the hormone

was never tested. We first investigated triglyceride intra-

cellular content upon increasing PRG levels. As shown in

A

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

B

C

Normal Neg

Figure 2 Immunoelectron localization of pro-

gesterone receptors (PRs) in spermatozoa of

normozoospermic patients. Spermatozoa were

collected and prepared as described in ‘Mate-

rials and methods’. Micrographs of sections

from ejaculated spermatozoa of normozoo-

spermic patients were probed with rabbit

polyclonal antibody (Ab) to human PR: panels

a, b, d, e, g and h, original magnification, a,

·80 000; b, ·50 000; d, ·40 000; e,

·63 000; g, ·50 000; h, ·83 000. Panels c, f

and i are the negative controls (Neg) carried

out in corresponding sections of spermatozoa

that were labelled with colloidal gold-conju-

gated secondary Ab with normal rabbit serum

instead of primary Ab, original magnification,

c, ·63 000; f, ·50 000; i, ·63 000. In all

cases, a secondary anti-rabbit antibody conju-

gated to 10-nm colloidal gold particles was

used for labelling. (A) Longitudinal sections

through the head; (B) longitudinal and cross-

sections of the midpiece of the flagellum; (C)

longitudinal sections of the principal piece of

the flagellum. Representative of three similar

experiments.
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Fig. 7A, PRG was able to decrease significantly the trigly-

cerides, and 30 lm PRG plus 10 lm RU reversed the

effect. These data suggest that PRG may induce a lipolytic

effect in human spermatozoa. On the contrary, in varico-

coele, a decrease in triglycerides content was not

obtained. Therefore, to investigate the mechanism

through which this hormone may influence sperm lipid

metabolism, we evaluated its action on lipase and acyl-

CoA dehydrogenase activities. Interestingly, lipase activity

was enhanced by PRG in a dose-dependent manner and

30 lm PRG combined with 10 lm RU reduced the PRG-

induced action (Fig. 7B). Strong activation of the acyl-

CoA dehydrogenase activity was concomitantly obtained,

indicating also a role for PRG ⁄ PRs in the b-oxidation of

the fatty acids in human spermatozoa (Fig. 7C). The

combination of 10 lm RU plus 30 lm PRG reversed the

PRG-induced effect. In varicocoele samples, the hormone

did not increase the enzymatic activities.

To gain a greater insight into sperm energy manage-

ment, we evaluated the PRG action on glucose metabo-

lism. The effect of glucose on the fertilizing ability of

spermatozoa appears to be mediated by its metabolism

through the pentose phosphate pathway (PPP); therefore,

we investigated whether PRG was able to modulate the

G6PDH activity, the key rate-limiting enzyme in the PPP.

As shown in Fig. 7D, PRG greatly and unequivocally

induced the enzymatic activity; 30 lm PRG combined

with 10 lm RU reversed PRG action. Similar to the other

enzymatic activities, the varicocoele spermatozoa did not

seem to be responsive to PRG.

Discussion

Varicocoele is one of the most common causes of male

infertility; however, the mechanisms through which it neg-

atively affects male reproduction are not still fully clarified.

Similarly, despite the demonstration that responsiveness to

PRG is related to fertilization, the role of this female hor-

mone in male reproduction is yet to be defined. Besides,

levels of PR expression are only slightly lower in males

than in females (Gadkar-Sable et al., 2005), and their dis-

tributions throughout target tissues such as the brain and

pituitary gland are similar in the two genders (Shannon

et al., 1982; Scarpin et al., 2009). The presence of both

ligand and receptor strongly suggests a physiological role

for PRG and PRs in male reproductive physiology and ⁄ or

behaviour; yet, few studies have directly assessed this pos-

sibility. The present study was designed to identify and

localize clearly the conventional PR isoforms in human

‘healthy’ spermatozoa and to examine a possible molecular

A

(a) (b) (c)

(d) (e) (f)

(g)

Varicocoele Neg

(h) (i)

B

C

Figure 3 Immunoelectron microscopic locali-

zation of progesterone receptors (PRs) in vari-

cocoele spermatozoa. Spermatozoa were

collected and prepared as described in ‘Mate-

rials and methods’. Micrographs of sections

from ejaculated spermatozoa of varicocoele

patients probed with rabbit polyclonal anti-

body (Ab) to human PR: panels a, b, d, e, g

and h, original magnification, a, ·50 000; b,

·40 000; d, ·40 000; e, ·63 000; g,

·62 000; h, ·50 000. Panels c, f and i are the

negative controls (Neg) carried out in the cor-

responding sections of spermatozoa that were

labelled with colloidal gold-conjugated sec-

ondary Ab with normal rabbit serum instead

of the primary Ab, original magnification, c,

·40 000; f, ·40 000; i, ·70 000. In all cases,

a secondary anti-rabbit antibody conjugated

to 10-nm colloidal gold particles was used for

labelling. (A) Longitudinal sections through

the head; (B) longitudinal and cross-sections

of the midpiece of the flagellum; (C) longitu-

dinal sections of the principal piece of the fla-

gellum. Representative of three similar

experiments.
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difference in ‘varicocoele’ spermatozoa to highlight the

pathophysiology of this condition. By assessing a more

profound approach on the role of PRG in sperm physiol-

ogy, we evaluated different events of capacitation and we

tested for the first time its action in the modulation of

lipid and glucose metabolism.

In spermatozoa, a large number of studies have

attempted to define the molecular mechanisms underlying

PRG action as well as to identify the receptors mediating

its effects. Despite many efforts, the identity of the sperm

receptor for the hormone remains uncertain and contra-

dictory. Most of the studies on the PR subtypes in sper-

matozoa have supported the original hypothesis that they

function as specific membrane receptors through which

progestins induce rapid, non-genomic responses in target

cells (Thomas et al., 2009). In fact, there is universal

agreement that the effects of PRG on spermatozoa occur

only via membrane-bound PRs and this reflects the

accepted description that spermatozoa are highly differen-

tiated, specialized cells of minimal cytoplasm and com-

pacted nucleus that is transcriptionally inactive. However,

in the recent years, a new picture of this cell is emerging:

it expresses various receptor types, including nuclear

receptors (Travis & Kopf, 2002; Aquila et al., 2005a,b,

2007), and it also produces their ligands, suggesting that

through an autocrine short loop, it may modulate its

NC RU + PRG

PRG (µM)

3  30 60 RUCAP

*

O
p

ti
ca

l d
en

si
ty

 (
ar

b
it

ra
ry

 u
n

it
s)

0

50

100

150

200

*

*
C

h
o

le
st

er
o

l e
ff

lu
x 

(m
g

/1
07  

sp
er

m
at

o
zo

a)

0.0

0.5

1.0

1.5

2.0

2.5
A

B

C

*

*

*

***

NC RU + PRG

PRG (µM)

3  30 60 RUCAP

*
O

p
ti

ca
l d

en
si

ty
 (

ar
b

it
ra

ry
 u

n
it

s)

0

30

60

90

120

150

NC RU + PRG

PRG (µM)

3  30 60 RUCAP

**

*

NC RU + PRG

PRG (µM)

3  30 60 RU

NC RU + PRG

PRG (µM)

3  30 60 RU

95–97 kDa

95–97 kDa

β-actin

β-actin

Figure 4 Effects of progesterone on capaci-

tation. Purified spermatozoa were incubated

in the unsupplemented Earle’s medium for

30 min at 37 �C and 5% CO2, in the absence

(NC) or in the presence of indicated treat-

ments. (A) Cholesterol in culture medium

from human ejaculated spermatozoa was

measured by enzymatic colorimetric assay.

Columns are mean ± SEM of 10 independent

experiments performed in duplicate. Data are

expressed in mg ⁄ 107 spermatozoa. *p £ 0.05

vs. control ; **p < 0.02 vs. control : , nor-

mal; , varicocoele. (B) Exactly 70 lg of

sperm lysates was used for Western blot anal-

ysis of protein tyrosine phosphorylations in

normal samples. Actin was used as loading

control. On the right, quantitative representa-

tion after densitometry of the double

95 ± 97-kDa band, representative of protein

tyrosine phosphorylations in human spermato-

zoa. (C) Protein tyrosine phosphorylation in

varicocoele samples. On the right, quantitative

representation after densitometry of the dou-

ble 95 ± 97-kDa band. The autoradiographs

presented are representative examples of

experiments that were performed at least

eight times with repetitive results. *p < 0.05

vs. control; **p < 0.01 vs. control;

***p < 0.001 vs. control.
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own functions independently by the systemic regulation.

Intriguingly, it has been demonstrated that spermatozoa

is able to translate de novo by mitochondrial-type

ribosomes (Gur & Breitbart, 2006). Despite this, while

questions linger, different intriguing avenues remain to be

extended on the biology of this cell. However, it is well

established that post-translational modifications are the

major means by which spermatozoa acquire full function-

ality (Ross et al., 1990; Baker et al., 2004).

It has been reported that the membrane fraction analy-

sis shows the existence of PRG-binding proteins (Luconi

et al., 1998) and that spermatozoa lack genomic PRs

(Castilla et al., 1995). Several attempts have been made to

identify the sperm membrane PR protein (Buddhikot
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Figure 5 Progesterone (PRG) increases src, AktS and AktT phosphorylations. Washed spermatozoa were incubated in the unsupplemented Earle’s

medium for 30 min at 37 �C and 5% CO2, in the absence (NC) or in the presence of increasing PRG concentrations (3, 30 and 60 lm). Some

samples were treated with 10 lm RU486 (RU) alone or combined with 30 lm PRG. Exactly 70 lg of sperm lysates were used for Western blot

analysis of src (A), AktS and AktT (B) phosphorylations. (A) Upper panel represents p-src evaluated in normal samples, while the lower panel in

varicocoele samples. Total src was used as loading control. (B) Upper panel represents AktS and AktT phosphorylations evaluated in normal sam-

ples, while the lower panel in varicocoele samples. Total Akt was used as loading control. On the right, quantitative representation after densitom-
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et al., 1999; Luconi et al., 2002; Zhu et al., 2003; Thomas

et al., 2004) and specific PRs have been discovered in the

plasma membrane of human spermatozoa by Western

blotting analysis and ligand blot analysis (Luconi et al.,

1998). The classic PRs are not seen with antibodies to the

DNA-binding domain (DBD) or the amino-terminal

domains. Using antibodies directed against the C-terminal

region of the conventional PR, proteins of 5l–57 kDa in

sperm lysate have been revealed by Western blot analysis

(Blackmore & Lattanzio, 1991; Sabeur et al., 1996; Luconi

et al., 1998), a 52-kDa antigen has been found on the

spermatozoa head (Thomas et al., 2004); the same Ab

detected four bands of molecular masses of 28, 54, 57

and 66 kDa in human spermatozoa preparations (Luconi

et al., 1998). The presence of a 55-kDa protein in testicu-

lar and sperm lysates using another Ab that recognized

the epitopes encompassing the DBD and the hormone

binding domain (HBD) regions of conventional PR was

also reported (Shah et al., 2005a).

In our study, an Ab produced against the C-terminal

region of the human PR revealed the expression of the

conventional PRB and PRA. Classically, PRB (116 kD)

and PRA (94 kD) have been considered nuclear receptors

controlling gene transcription. PRA is a truncated version

of B, lacking the first 164 amino acids. It is now clear that

there are two main kinds of cellular effects mediated by

nuclear receptors. One involves the alteration in gene

expression (De Amicis et al., 2009) and the other is associ-

ated with a rapid onset of cellular effects. This latter model

of action appears to be the more appropriate modality of

PRG in spermatozoa as it happens too quickly because of

gene regulation. The apparent contradiction among previ-

ous studies and our study probably originates from the

real presence of different types of PRs in the spermatozoa

and ⁄ or from different methods of sperm processing.

Intriguingly, the expression of conventional PRs was

evidenced concomitantly in semen samples from healthy

volunteer donors of proven fertility, semen samples of

OAT patients with or without varicocoele, but both with

similar semen parameters. A decreased expression of PRs

seems to be related only to varicocoele as it distinguishes

healthy and OAT spermatozoa from those with varico-

coele, suggesting that the stress caused by this pathology

impairs spermatogenesis bringing a reduced PR expres-

sion. It was reported that glucocorticoid receptor is rap-

idly degraded in heat-shocked cells (Vedeckis et al.,

1989); therefore, it may also be possible that the increased

testicular temperature in varicocoele subjects determines

this effect.

An nPR-like form A of 55 kDa has been localized to

the posterior head and the acrosome region of spermato-

zoa (Blackmore & Lattanzio, 1991); this observation is

consistent with three other studies: the first reporting that

only 30% of spermatozoa have detectable PRs on their

heads (Sabeur et al., 1996; Benoff, 1998), the second

localizing PRs at the equatorial region of the sperm head

(Luconi et al., 1998) and the third in the mid-head region

(Buddhikot et al., 1999). In the present study, TEM with

immunogold analysis improved understanding of the

human spermatozoa anatomical regions containing the

PRs and confirmed the abated expression of the receptors

in the varicocoele spermatozoa. In fact, in ‘healthy’ sper-

matozoa, numerous gold particles decorated the head
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Figure 6 Progesterone (PRG) induces acrosin activity and acrosome

reaction in human spermatozoa. Washed spermatozoa were incu-

bated in unsupplemented Earle’s medium for 30 min at 37 �C and

5% CO2, in the absence (NC) or in the presence of PRG (from 3 lm

to 60 lm) and 1 lm RU486 alone or in combination with 30 lm

PRG. (A) Acrosin activity was determined as described in ‘Materials

and methods’. Columns represent mean ± SEM of 10 independent

experiments each performed in duplicate. *p < 0.05 and **p < 0.01

vs. control: CAP, capacitated spermatozoa; , normal; , varicocoele.

(B) Acrosome reaction was determined as described in ‘Materials and

methods’ and the values are expressed as percentage of acrosome-

reacted cells. Columns represent mean ± SEM of three independent

experiments each performed in duplicate. *p < 0.05 and **p < 0.02

vs. control; ***p < 0.001 vs. control; CAP, capacitated spermatozoa;

, normal; , varicocoele.
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both at the membrane and at the nucleus. Interestingly,

PR expression was progressively reduced from the princi-

pal piece of the flagellum up to the end piece. Particu-

larly, the midpiece comprising mitochondria contains

PRs. Therefore, the receptors were present not only on

the sperm membrane but also inside the body spermato-

zoa as component of the nucleus and the flagellum,

between the mitochondria, the ribs of the fibrous sheath,

outer dense fibres and axoneme. The high polarization in

the structure and function of spermatozoa requires a

compartmentalization of metabolic and signalling path-

ways in the regions where they are needed. Altogether,

based on these observations, the PRs could be implicated

in different sperm activities according to their specific cel-

lular localization. Interestingly, in ‘varicocoele’ spermato-

zoa, a reduction in the PR expression was noticed,

confirming Western blotting data and suggesting that the

PRs could be involved in the diminished functionality of

the male gamete under this pathological condition.

The presence of PRs in all the spermatozoa body sup-

ports earlier evidence that the responses to progestins in

mammals involve different signalling pathways many of

which result in the capacitation and the AR (Kay et al.,

1994; Cheng et al., 1998a; Shah et al., 2005b). During its

life, spermatozoa goes through two different physiological

conditions: uncapacitated condition during which sper-

matozoa remain in a resting state accumulating and ⁄ or

economizing energy substrates, which are going to be suc-

cessively spent, and the capacitated condition, which

allows spermatozoa to achieve the final competence to

fertilize the oocyte. Capacitation implies striking changes

in all the sperm activities and many of these were tested

upon different PRG concentrations (Harper et al., 2004).

In this study, we evidenced PRG action on known hall-
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Figure 7 Effects of progesterone (PRG) on lipid and glucose metabolism in human spermatozoa. Washed spermatozoa were incubated in the

unsupplemented Earle’s medium for 30 min at 37 �C and 5% CO2, in the absence (NC) or in the presence of increasing PRG concentrations (3,

30 and 60 lm). Some samples were treated with 10 lm RU486 (RU) alone or combined with 30 lm PRG. (A) Triglycerides assay was performed
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marks of capacitation by evaluating its effects on choles-

terol efflux and tyrosine phosphorylations as well as on

two key kinases such as src and Akt. During capacitation,

an increase in the cholesterol efflux and tyrosine phos-

phorylation of sperm proteins occurs. From our results, it

could be observed that PRG was able to induce these

activities considered priming events of the process, there-

fore confirming a role of the hormone in capacitation.

Following capacitation-associated cholesterol efflux and

its consequent increase in membrane fluidity, spermato-

zoa show a rise in cyclic AMP, which precedes an upregu-

lation of sperm motion parameters and tyrosine

phosphorylation (Luconi et al., 2005). It was speculated

that the sperm dysfunction associated with varicocoele

may be related to an alteration in plasma membrane

dynamic, which causes tyrosine phosphorylation insuffi-

ciency and the consequent alteration in sperm function

(Buffone et al., 2006). Therefore, our data reporting a

decreased cholesterol efflux, which in turn decreases

sperm membrane fluidity and reduces protein tyrosine

phosphorylation, are consistent with the study of Buffone

et al. (2006) in considering these hallmarks of capacita-

tion as two pathophysiological defects associated with

grade II ⁄ III infertile varicocoele. Interestingly, in addition

in our research, we demonstrated that the mechanism

through which this effect occurs may be related to a

diminished expression of the PRs in varicocoele.

In somatic cells, activation of src is an extranuclear

function of the PR (Boonyaratanakornkit et al., 2007)

and PRG potentiates IP3-mediated calcium signalling

through Akt ⁄ PKB (Koulen et al., 2008). Therefore, these

two kinases are involved in the PRG signalling and in

spermatozoa src was found to play an important role in

capacitation (Pujianto et al., 2010), whereas Akt in sur-

vival (Aquila et al., 2004, 2007). From our data, given the

activation of src and Akt by PRG, it may be supposed

that the hormone concurs in these activities during sper-

matozoa life. The negligible or absence of action of PRG

on src and Akt activities in varicocoele samples may be

explained by the reduced expression of the PRs.

When we performed the acrosin activity and AR to give

biological evidence of the data obtained at the molecular

level, a reduced enzymatic activity and percentage of

reacted spermatozoa, both in the basal levels and in PRG-

treated varicocoele sperm were observed. Few reports in

the literature showed the relationship between acrosin

activity and varicocoele. Although the acrosin activity pre-

viously described in varicocoele was measured by a differ-

ent method, it was significantly lower in the varicocoele

group than in the normal samples (El Mulla et al., 1995),

in agreement with our data. Besides, the RU486 did not

completely reverse the PRG-induced effect in normal sper-

matozoa, suggesting that different factors other than PRs

are involved in mediating PRG action in this sperm

activity.

The sperm energy management is an intriguing issue

and it appears that this cell is able to regulate its own

metabolism independently by the systemic regulation. A

role of PRG in lipid metabolism was observed in somatic

cells (Correia et al., 2007; Wada et al., 2010); however,

this action was not investigated in spermatozoa cells.

From our data, it could be observed that PRG was able

to reduce the triglycerides content, whereas it induced

lipase and acyl-CoA dehydrogenase activities, suggesting a

lipolytic effect on human spermatozoa metabolism. Dur-

ing capacitation, energy demand increases and capacitated

spermatozoa shows an increased metabolism and overall

energy expenditure, and therefore it may be assumed of

the possibility of PRG co-working with other factors to

stimulate such enzymatic activities providing additional

metabolic fuel to sustain capacitation process. Nature has

endowed spermatozoa with striking cellular peculiarities

given its essential role in the propagation of life, but with

a single, irreversible chance to fertilize an egg; therefore,

its metabolism needs to be fine-tuned and probably inde-

pendent of the systemic regulation. Interestingly, PRG

strongly increased G6PDH activity and this is in agree-

ment with its reported insulinotropic effect (Landau &

Poulos, 1971; Beck, 1977). Previous data from our labora-

tory lead us to speculate that insulin might be considered

an endogenous factor involved in the autocrine induction

of the capacitation (Aquila et al., 2005a) and that the

insulin secretion by spermatozoa may provide an auto-

crine regulation of glucose metabolism as proved on

G6PDH activity. The induced G6PDH activity, as we

found in this study, confirms the importance of PRG ⁄ PRs

in human spermatozoa functional maturation.

Our results of PRG action on metabolism in varico-

coele spermatozoa renew the role of PR expression in the

human male gamete, also indicating that a metabolic dys-

function is present in these cells.

To strengthen the idea that the PRG effects are ‘extra-

nuclear’ and ‘non-genomic’ and happen through a mem-

brane receptor in spermatozoa, there is general consensus

that the effects of the hormone are not counteracted by

classical PRG antagonists such as mifepristone, RU486

(Schatz et al., 2003). From our data, it emerges that

RU486 was not able to abolish all the PRG-induced

effects tested, and this may be imputable to different

mechanisms in the hormone action and ⁄ or that different

proteins responding to PRG exist. Particularly, the PRG-

induced action was reversed by RU486 on metabolic

studies, suggesting that in this context, the conventional

PRs mediate PRG action in spermatozoa.

In conclusion, varicocoele affects testicular function in

a variety of ways, in spermatogenesis, in semen quality, in
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sperm functions and in morphology. From our data, it

emerges that this pathology may induce damage in the

gamete at molecular level, opening a new chapter in the

already multifactorial pathophysiology of the varicocoele

and complicating this issue. By the time of ovulation,

PRG is almost everywhere in the egg microenvironment

affecting ability of the spermatozoa to fertilize. Therefore,

the reduced expression of PRs in varicocoele spermato-

zoa, as we evidenced, may negatively affect different

sperm activities. Undoubtedly, there is a need for more

molecular and genetic studies to clarify the pathophysiol-

ogy of this condition.
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Bifulco M. (2009) A new role of anandamide in human sperm:

focus on metabolism. J Cell Physiol 221, 147–153.

Baker MA, Hetherington L, Ecroyd H, Roman SD & Aitken RJ. (2004)

Analysis of the mechanism by which calcium negatively regulates

the tyrosine phosphorylation cascade associated with sperm capaci-

tation. J Cell Sci 117, 211–222.

Beck P. (1977) Effect of progestins on glucose and lipid metabolism.

Ann N Y Acad Sci 286, 434–445.

Benoff S. (1998) Modelling human sperm–egg interactions in vitro: sig-

nal transduction pathways regulating the acrosome reaction. Mol

Hum Reprod 4, 453–471.

Blackmore PF & Lattanzio FA. (1991) Cell surface localization of a

novel non-genomic progesterone receptor on the head of human

sperm. Biochem Biophys Res Commun 181, 331–336.

Blackmore PF, Beebe SJ, Danforth DR & Alexander N. (1990) Proges-

terone and 17a-hydroxyprogesterone: novel stimulators of calcium

influx in human sperm. J Biol Chem 265, 1376–1380.

Blackmore PF, Im WB & Bleasdale JE. (1994) The cell surface proges-

terone receptor which simulates influx in human sperm is unlike

the A ring reduced steroid site on the GABAA receptor ⁄ chloride

channel. Mol Cell Endocrinol 104, 237–243.

Boonyaratanakornkit V, McGowan E, Sherman L, Mancini M, Cheskis

B J & Edwards Dean P. (2007) The role of extranuclear signaling

actions of progesterone receptor in mediating progesterone regula-

tion of gene expression and the cell cycle. Mol Endocrinol 21,

359–375.

Buddhikot M, Falkenstein E, Wehling M & Meizel S. (1999) Recogni-

tion of a human sperm surface protein involved in the progester-

one-initiated acrosome reaction by antisera against an

endomembrane progesterone binding protein from porcine liver.

Mol Cell Endocrinol 158, 187–193.

Buffone MG, Brugo-Olmedo S, Calamera JC, Verstraeten SV, Urrutia

F, Grippo L, Corbetta JP & Doncel GF. (2006) Decreased protein

tyrosine phosphorylation and membrane fluidity in spermatozoa

from infertile men with varicocoele. Mol Reprod Dev 73, 1591–

1599.
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Rimonabant (SR141716) induces metabolism and
acquisition of fertilizing ability in human spermbph_570 831..841
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Background and purpose: The endocannabinoid system and the cannabinoid CB1 receptor have been identified in human
sperm, and it is well known that endocannabinoids have pronounced adverse effects on male and female reproduction. In order
to elucidate further the pathophysiological role of the endocannabinoid system in male fertility, we investigated the activity of
the CB1 receptor antagonist rimonabant (SR141716) on the fertilizing ability of human sperm.
Experimental approach: We evaluated in vitro the effects of rimonabant on motility, survival, capacitation, acrosin activity and
metabolism of human sperm. Particularly, capacitation was studied by using three different approaches: intracellular free Ca2+

content assay, cholesterol efflux assay and protein tyrosine phosphorylation analysis.
Key results: Rimonabant significantly increased sperm motility and viability through the induction of pAkt and pBcl2, key
proteins of cell survival and metabolism, and it induced acrosome reaction and capacitation as well. Rimonabant reduced the
triglyceride content of sperm, while enhancing lipase and acyl-CoA dehydrogenase activities, implying an overall lipolytic
action in these cells. Rimonabant also affected sperm glucose metabolism by decreasing phosphorylation of glycogen synthase
kinase 3 and increasing glucose-6-phosphate dehydrogenase activity, suggesting a role in inducing sperm energy expenditure.
Intriguingly, agonism at the CB1 receptor, with an anandamide analogue or a selective inhibitor of fatty acid amide hydrolase,
produced opposing effects on human sperm functions.
Conclusions and implications: Our data suggest that blockade of the CB1 receptor by rimonabant induces the acquisition of
fertilizing ability and stimulates energy expenditure in human sperm.
British Journal of Pharmacology (2010) 159, 831–841; doi:10.1111/j.1476-5381.2009.00570.x; published online 8
January 2010

Keywords: rimonabant; CB1 receptor; human sperm; male fertility; reproduction; endocannabinoids

Abbreviations: AEA, anandamide, N-arachidonoylethanolamine; CB receptor, cannabinoid receptor; DGGR, 1,2-o-dilauryl-
rac-glycero-3-glutaric acid-(6′-methylresorufin) ester; EC, endocannabinoid; FAAH, fatty acid amide hydrolase;
G6PDH, glucose-6-phosphate dehydrogenase; GSK3, glycogen synthase kinase 3; MF-AEA,
2-methylarachidonyl-2′-fluoro-ethylamide; PPP, pentose phosphate pathway; SR141716, rimonabant
(N-(piperidino-1-yl)-5-(4-chlorophenyl)-1-(2,4dichlorophenyl)-4-methyl-pyrazole-3-carboxamide); THC,
delta-9-tetrahydrocannabinol; URB, URB597 (3′-carbamoyl-biphenyl-3-yl-cyclohexylcarbamate); ZP, zona
pellucida

Introduction

The endogenous cannabinoid (EC) system, comprising the
most abundant cannabinoid type-1 (CB1) and the more
restricted CB2 receptors, their endogenous ligands (endocan-
nabinoids) and the enzymes catalyzing their biosynthesis and
degradation, is an almost ubiquitous signalling system

involved in the control of several physiological functions
from energy homeostasis to movement, memory and pain
(Elphick and Ergetova, 2001; Bifulco et al., 2007; Bellocchio
et al., 2008). During the last years, evidence has accumulated
for an important role of the EC system in both male and
female fertility (Wang et al., 2006). The CB1 receptor is
expressed in human testis (Gerard et al., 1991), and sea urchin
and human sperm cells possess a functional EC system
(Schuel et al., 1987; 1994; Wang et al., 2006). In human
sperm, the CB1 receptor subtype is present in the membranes
of the head and middle piece, and is also localized on the
mitochondria (Rossato et al., 2005; Aquila et al., 2009a).
Moreover, the CB1 agonist anandamide (AEA) inhibited sperm
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motility and viability (Rossato et al., 2005; Aquila et al.,
2009a,b). These observations together with the finding
that agonism at CB1 receptors, either by the endogenous
agonist AEA or by the natural CB1 agonist delta-9-
tetrahydrocannabinol (THC) has negative effects on human
reproduction, suggest that targeting the CB1 receptor or con-
trolling the endogenous tone of endocannabinoids may rep-
resent a therapeutic tool in reproductive pathological
situations involving an imbalance of the EC system (Maccar-
rone and Finazzi-Agrò, 2004; Bifulco et al., 2007; Maccarrone,
2008). So far, there are very few data on the effects of CB1

receptor blockade on male fertility, whereas there is a large
body of the literature focused on the interaction and possible
regulation of reproductive processes by endocannabinoids
(Wang et al., 2006). The only available data concern the ability
of the highly selective CB1 antagonist SR141716 (rimonabant)
to counteract AEA-mediated inhibition of human sperm viabil-
ity and motility, when administered prior to AEA (Rossato
et al., 2005). Similar results were reported in the frog Rana
esculenta by Cobellis et al. (2006) who found that micromolar
concentrations of rimonabant alone were able to induce a
slight, but significant, increase of viable and motile spermato-
zoa. Rimonabant also induced penile erection in male rats
when injected into the paraventricular nucleus of male rat
hypothalamus (Melis et al., 2006; Succu et al., 2006). This effect
was associated with an increase of extracellular glutamic acid
leading to the activation of NO synthase in oxytocinergic
neurons mediating penile erection (Succu et al., 2006).

In order to increase our knowledge of the pathophysiologi-
cal role of the EC system in male fertility, and to analyse the
activity of rimonabant on human sperm functions, we inves-
tigated the effects of rimonabant on sperm viability and
motility, and focused on different aspects of the capacitation
process, acrosome reaction and metabolism. Human sperma-
tozoa do not possess the ability to fertilize an oocyte imme-
diately after ejaculation, but they acquire this ability after
some time in contact with the female reproductive tract. This
time-dependent acquisition of fertilizing ability is known as
capacitation (Yanagimachi, 1994), and includes acquisition of
hyperactivated motility (Suarez, 2008) increase in both intra-
cellular Ca2+ concentration and protein phosphorylation (Vis-
conti et al., 2002; Jha et al., 2003), and efflux of cholesterol
from sperm (Travis and Kopf, 2002). Capacitation enables the
sperm to bind to the zona pellucida (ZP) and undergo the
acrosome reaction, a process by which powerful hydrolyzing
enzymes present in the acrosome are released into its sur-
roundings. Acrosome reaction serves at least two functions:
first, to facilitate the penetration of the ZP by the and, subse-
quently, to aid in the oocyte–sperm fusion process (Yanagi-
machi, 1994). Hence, by analyzing the key biochemical
changes of capacitation and acrosome reaction, we could
assess the influence of rimonabant on male fertilizing poten-
tial. In addition, as there is a close link between energy
balance and reproduction (Chehab, 2000; Altarejos et al.,
2008), and we recently reported that sperm cells are able to
modulate their own metabolism independently of systemic
regulation by expressing and secreting both insulin and leptin
(Andò and Aquila, 2005; Aquila et al., 2005; 2006), we evalu-
ated the action of rimonabant on lipid and glucose metabo-
lism in human sperm.

Methods

Semen samples and spermatozoa preparations
Human semen was collected, according to the World Health
Organization (WHO) recommendations, by masturbation
from healthy volunteer donors of proven fertility undergoing
semen analysis in our laboratory. Spermatozoa preparations
were performed as previously described (Aquila et al., 2006).
Briefly, sperm samples with normal parameters of semen
volume, sperm count, motility, vitality and morphology,
according to the WHO Laboratory Manual (World Health
Organization, 1999), were included in this study. Each sperm
sample was obtained by pooling the ejaculates of three differ-
ent normozoospermic healthy donors. In our experience, this
was necessary to obtain enough cells to perform all the tests
(Aquila et al., 2005; 2009a,b). In addition, each assay was
performed at least three times using three different sperm
samples. Washed pooled sperm samples were subjected to the
indicated treatments, and incubated for 30 min at 37°C and
5% CO2. Then, the samples were centrifuged and the pellet
containing sperm was lysed to perform Western blots, triglyc-
eride assay, Ca2+ assay, acyl-CoA dehydrogenase assay,
glucose-6-phosphate dehydrogenase (G6PDH) activity and
lipase activity. Prior to the centrifugation, several aliquots
were used to measure sperm motility and viability. The study
was approved by the local medical ethical committees, and all
participants gave their informed consent.

Processing of ejaculated sperm
After liquefaction, the normal semen samples were pooled
and subjected to centrifugation (800¥ g) on a discontinuous
Percoll density gradient (80:40% v : v) (World Health Organi-
zation, 1999). The 80% Percoll fraction was examined using
an optical microscope at 1000¥ magnification to ensure that a
pure sample of sperm was obtained. An independent observer,
who observed several fields for each slide, checked the cells.
Percoll-purified sperm was washed with uncapacitating
medium (Earle’s balanced salt solution medium without
supplementation with BSA, sodium bicarbonate or Ca2+), and
incubated for 30 min at 37°C and 5% CO2, without (control,
NC) or with the indicated concentrations of rimonabant.
When combined treatments were performed, the cells were
pretreated for 15 min with the CB1 receptor antagonist
rimonabant (1 mM), and then 2-methylarachidonyl-2′-fluoro-
ethylamide (MF-AEA) at the indicated concentrations or
URB597 (0.1 mM) was added.

Evaluation of sperm motility and viability
Sperm motility was assessed by means of light microscopy
examining aliquots of each sperm. An independent observer
scored at least 200 cells. Sperm motility was expressed as
percentage of total motile sperm.

Viability was assessed by red eosin exclusion test using
eosin Y. Sperm vitality was assessed by means of light micros-
copy examining an aliquot of each sperm sample in the
absence (NC) or in the presence of increasing concentrations
of rimonabant, and then incubated for 30 min. An
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independent observer scored 200 cells for stain uptake (dead
cells) or exclusion (live cells), and sperm viability was
expressed as percentage of total live sperm.

Evaluation of Ca2+ in sperm
Intracellular Ca2+ concentration has been estimated spectro-
photometrically with the indicator arsenazo III (Thomson
and Wishart, 1989) using sperm lysates according to our pre-
vious study (Aquila et al., 2009b). At a neutral pH, the Ca2+

forms with arsenazo III a complex, the colour intensity of
which is directly proportional to the concentration of Ca2+ in
the sample. Normal sperm samples were treated as mentioned
earlier. Ca2+ content was measured at 600 nm. The Ca2+ stan-
dard used was 2.5 mM (100 mg·L–1). Inter- and intra-assay
variations were 0.24 and 0.37% respectively. Ca2+ results are
presented as mM per 107 spermatozoa.

Measurement of cholesterol in the sperm culture medium
Cholesterol was measured in duplicate by a cholesterol
oxidase–peroxidase (CHOD–POD) enzymatic colorimetric
method according to the manufacturer’s instructions in the
incubation medium from human spermatozoa. Each sperm
sample, washed twice with uncapacitating medium, was incu-
bated in the same medium (control) in the presence or in the
absence of testing compounds for 30 min at 37°C and 5%
CO2. At the end of the sperm incubation, culture media were
recovered by centrifugation, lyophilized and subsequently
dissolved in 1 mL of reaction buffer. The samples were incu-
bated for 10 min at room temperature, then the cholesterol
content was measured spectrophotometrically at 505 nm. The
cholesterol standard used was 2 g·L–1. The limit of sensitivity
for the assay was 0.005 mg·L–1. Inter- and intra-assay varia-
tions were 0.04 and 0.03% respectively. Cholesterol results are
shown as mg per 107 spermatozoa.

Acrosin activity assay
Acrosin activity was assessed by the method of Kennedy et al.
(1989) and as previously described (Aquila et al., 2003). Sperm
cells were washed in Earle’s medium and centrifuged at 800¥
g for 20 min, and then were resuspended in different tubes
(final concentration of 107 spermatozoa mL–1) in the presence
and absence of treatments. One millilitre of substrate–
detergent mixture (23 mM BAPNA in DMSO and 0.01% Triton
X-100 in 0.055 M NaCl, 0.055 M HEPES at pH 8.0, respec-
tively) was added for 3 h at room temperature. Aliquots
(20 mL) were removed at 0 and 3 h, and the percentage of
viable cells was determined for each treatment. After incuba-
tion, benzamidine 0.5 M final concentration was added to
each tube, and then centrifuged at 1000¥ g for 30 min. Super-
natants were collected, and the acrosin activity was measured
by using a spectrophotometer at 410 nm. In this assay, the
total acrosin activity was defined as the amount of the active
(non-zymogen) acrosin associated with sperm plus the
amount of active acrosin that is obtained by pro-acrosin acti-
vable. The acrosin activity was expressed as mIU/106 sperma-
tozoa. Quantification of acrosin activity was performed as
previously described (Aquila et al., 2003).

Western blot analysis of sperm proteins
Each sperm sample, washed twice with an uncapacitating
medium, was incubated and treated as mentioned earlier and
then centrifuged for 5 min at 5000¥ g. The pellet was resus-
pended in lysis buffer as previously described (Aquila et al.,
2002). An equal amount of protein (80 mg) was boiled for
5 min, separated on a 10% polyacrylamide gel electrophore-
sis, transferred to nitrocellulose membranes and probed with
an appropriate dilution of the indicated primary antibody.
The binding of the secondary antibody was revealed with the
ECL Plus Western blotting detection system, according to the
manufacturer’s instructions. As internal control, all mem-
branes were subsequently stripped (glycine 0.2 M, pH 2.6 for
30 min at room temperature) and reprobed with anti-b-actin
antibody or with antibody to total Akt, Bcl2 or glycogen
synthase kinase 3 (GSK3). The protein bands were quantified
by scanning densitometry (Imaging Densitometer GS-700,
Bio-Rad, Hercules, CA, USA). Western blot analysis was per-
formed in at least three independent experiments, and more
representative results are shown.

Triglyceride assay
Triglycerides were measured in duplicate by a glycerol-3-
phosphate oxidase–POD enzymatic colorimetric method
according to the manufacturer’s instructions and as previ-
ously described (Aquila et al., 2006). Sperm samples, washed
twice with an uncapacitating medium, were incubated in the
same medium (control) for 30 min at 37°C and 5% CO2 in the
presence or in the absence of the testing compounds. At the
end of the incubation, 10 mL of sperm lysate was added to
1 mL of reaction buffer, and incubated for 10 min at room
temperature. Triglyceride content was measured at 505 nm
by using a spectrophotometer. Data are presented as mg/106

spermatozoa.

Lipase activity assay
Lipase activity was evaluated by the method of Panteghini
et al. (2001) based on the use of 1,2-o-dilauryl-rac-glycero-3-
glutaric acid-(6′-methylresorufin) ester (DGGR) as substrate
(Aquila et al., 2009b). Then, 50 mg of sperm extracts, treated as
described earlier, was loaded into individual cuvettes contain-
ing buffer for spectrophotometric determination. DGGR was
cleaved by lipase, resulting in an unstable dicarbonic acid
ester which was spontaneously hydrolysed to yield glutaric
acid and methylresorufin, a bluish purple chromophore with
peak absorption at 580 nm. The absorbance of the samples
was read every 20 s for 1.5 min. The rate of methylresorufin
formation is directly proportional to the lipase activity in the
sample. Analysis of total imprecision gave a coefficient of
variation of between 0.01 and 0.03%. The estimated reference
interval was 6–38 U·L–1 (mmol·min–1·mg–1 protein). The enzy-
matic activity was determined with three control media: one
without the substrate, one without the coenzyme (colipase)
and the third without either substrate or coenzyme (data not
shown).

Assay of acyl-CoA dehydrogenase activity
Assay of acyl-CoA dehydrogenase was performed on sperms,
using a modification of the method described by Lehman
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et al. (1990) (Aquila et al., 2006). In brief, after protein lysis,
70 mg of sperm proteins was added to the buffer containing
20 mM Mops, 0.5 mM EDTA and 100 mM FAD+ at pH 7.2.
Reduction of FAD+ to FADH was read at 340 nm upon the
addition of octanoyl-CoA (100 mM) every 20 s for 1.5 min.
Data are expressed as nmol·min–1·mg–1 protein. The enzymatic
activity was determined with three control media: one
without octanoyl-CoA as substrate, one without the
coenzyme (FAD+) and the third without either substrate or
coenzyme (data not shown).

G6PDH activity
The G6PDH activity was performed as previously described
(Aquila et al., 2005). Briefly, sperm samples, washed twice
with an uncapacitating medium, were treated as mentioned
earlier and incubated in the same medium for 30 min at 37°C
and 5% CO2. After incubation, 50 mL of sperm extracts was
loaded into individual cuvettes containing buffer (100 mM
triethanolamine, 100 mM MgCl2, 10 mg·mL–1 glucose-6-
phosphate, 10 mg·mL–1 NADP+, pH 7.6) for spectrophotomet-
ric determination. The conversion of NADP+ to NADPH,
catalysed by G6PDH, was measured by the increase of absor-
bance at 340 nm every 20 s for 1.5 min. Data are expressed in
nmol·min–1/106 spermatozoa. The enzymatic activity was
determined with three control media: one without glucose-6-
phosphate as substrate, one without the coenzyme (NADP+)
and the third without either substrate or coenzyme (data not
shown).

Statistical analysis
The data obtained from Western blots, Ca2+ assay, cholesterol
efflux assay, triglyceride assay, G6PDH activity, acyl-CoA
dehydrogenase activity, lipase activity, acrosin activity, viabil-
ity and motility (six replicate experiments using duplicate
determinations) are presented as the mean � SEM. The differ-
ences in mean values were calculated using ANOVA with
Newman–Keuls post hoc test. Values of P < 0.05 were taken to
show a significant difference between means.

Materials
BSA protein standard, Laemmli sample buffer, pre-stained
molecular weight markers, Percoll (colloidal PVP-coated silica
for cell separation), sodium bicarbonate, sodium lactate,
sodium pyruvate, Earle’s balanced salt solution (uncapacitat-
ing medium) and all other chemicals were purchased from
Sigma Chemical (Milan, Italy). Acrylamide bisacrylamide was
from Labtek Eurobio (Milan, Italy). Triton X-100 and eosin Y
were from Farmitalia Carlo Erba (Milan, Italy). ECL Plus
Western blotting detection system, Hybond ECL and HEPES
sodium salt were purchased from Amersham Pharmacia
Biotech (Buckinghamshire, UK). Triglyceride assay kit, choles-
terol assay kit, lipase activity kit, calcium (Ca2+) assay kit,
G6PDH activity assay and CHOD–POD enzymatic colorimet-
ric kit were from Inter-Medical (Biogemina Sas, Catania,
Italy). Goat polyclonal b-actin antibody (Ab); polyclonal
rabbit anti-phosphoAkt (S473); and total Akt Abs, POD-
coupled anti-mouse, anti-rabbit and anti-goat IgG secondary

Abs were from Santa Cruz Biotechnology (Heidelberg,
Germany). Polyclonal anti-phosphoBcl2 (S70), anti-total Bcl2
Abs, anti-phosphoGSK3-beta (S9) and total GSK3 were from
Cell Signaling (Milan, Italy). The CB1 receptor antagonist
rimonabant was kindly provided by Sanofi-Aventis (Montpel-
lier, France). The MF-AEA was purchased from Sigma Chemi-
cal, and the fatty acid amide hydrolase (FAAH) inhibitor,
3′-carbamoyl-biphenyl-3-yl-cyclohexylcarbamate (URB597)
was from Alexis Biochemicals (Firenze, Italy).

The nomenclature of cannabinoid receptors, their agonists
and antagonists and endocannabinoid-metabolizing enzymes
follows Alexander et al. (2008).

Results

CB1 receptor blockade by rimonabant influences sperm motility
and viability
Flagellar sperm motility was determined in increasing con-
centrations of rimonabant from 1 nM to 1 mM. Our data indi-
cated that sperm motility was increased by rimonabant at 1
and 10 nM (Figure 1A), but unchanged at higher concentra-
tions (100 nM or 1 mM). Similar results were obtained when
we analysed the effects of the same concentrations of rimona-
bant on sperm viability, even though 10 nM appears to be
more efficacious compared with 1 nM of rimonabant
(Figure 1B). Notably, the CB1 receptor agonist, MF-AEA, at
0.1 mM caused opposing effects either on sperm motility or
viability. URB597 (URB, 0.1 mM), which increases the level of
endogenous AEA by inhibiting the activity of its degrading
enzyme, FAAH (Piomelli et al., 2006), also reduced the motil-
ity and viability of sperm. In particular, MF-AEA plus rimona-
bant or URB plus rimonabant resulted in the strengthening of
the rimonabant-induced effects.

In order to provide further insights on the molecular action
of rimonabant, we also evaluated the phosphorylation levels
of key proteins controlling cell survival such as Akt and Bcl2.
Our findings indicate (Figure 2) that rimonabant alone
induced the phosphorylation of both Akt and Bcl2, whereas
MF-AEA and URB reduced this effect.

Effects of rimonabant on human sperm capacitation
To investigate the possible action of rimonabant on sperm
capacitation, we studied the variation of intracellular free Ca2+

content, cholesterol efflux and tyrosine protein phosphoryla-
tion after treatment with increasing concentrations of
rimonabant in the presence and absence of MF-AEA and URB.
Results showed that rimonabant, up to 100 nM, produced a
concentration-dependent increase in the intracellular free
Ca2+ (Figure 3A). Increased cholesterol efflux (Figure 3B) was
also observed upon treatment with rimonabant, even though
the effect was not concentration dependent, and 10 nM was
the most effective concentration. In addition, we observed an
enhancement in protein tyrosine phosphorylation at 1 and
10 nM rimonabant (Figure 3C and D). All the effects induced
by rimonabant were opposite to those of MF-AEA and URB
(both used at concentrations of 0.1 mM) and 1 mM
rimonabant fully reversed the agonist-mediated decrease of
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cholesterol efflux and protein tyrosine phosphorylation.
Rimonabant also reversed the effect of the agonist on free
Ca2+ content.

Rimonabant induces acrosin activity
A sperm was treated with increasing concentrations of
rimonabant (1, 10 and 100 nM, and 1 mM), and incubated
under uncapacitating conditions (see Methods for details) to
evaluate the activity of acrosin, the major enzyme contained
in the acrosome. A significant increase was produced by
rimonabant, and 10 nM was the most effective concentration
(Figure 4). Intriguingly, in this assay, the effect of the treat-
ment with the CB1 receptor agonist was not different to that
of rimonabant alone and rimonabant 1 mM plus 10 nM
MF-AEA (i.e. the concentration at which we have already
observed an effect of MF-AEA on the acrosome reaction)
(Aquila et al., 2009a). Similarly, URB (0.1 mM) alone or plus
rimonabant (1 mM) all increase acrosin activity.

Rimonabant-induced effects on sperm lipid metabolism
In order to evaluate whether rimonabant had the ability to
modulate sperm lipid metabolism, we first investigated its
action on the intracellular content of triglycerides. Our data
indicated that rimonabant decreased the triglyceride content
in a concentration-independent manner (Figure 5A). More-
over, treatment with rimonabant induced an increase of
lipase activity (Figure 5B) and the b-oxidation of fatty acids, as
assayed by the octanoyl-CoA dehydrogenase activity
(Figure 5C), within the same concentration range. MF-AEA
and URB attenuated the effect of rimonabant alone (Figure 5)
exerting per se a lipogenic action on human sperm cells.

Rimonabant-induced effects on sperm glucose metabolism
To further investigate the potential effects of rimonabant on
human sperm metabolism, we chose to evaluate expression of
phosphorylated GSK3 and G6PDH activity. Rimonabant treat-
ment was able to significantly induce G6PDH activity at 1 and
10 nM (Figure 6A). Enhancement of endogenous AEA by URB
or treatment with the agonist MF-AEA at the same concentra-
tions as used to study lipid metabolism induced no change in
G6PDH activity. These effects were reversed by pretreatment
with rimonabant. In terms of GSK3 (Figure 6B), at 1 nM
rimonabant reduced GSK3 phosphorylation, whereas MF-AEA
and URB induced the opposite effect. Also in this case, the
treatment with both rimonabant and CB1 receptor agonist
attenuated the effect of the agonist alone. Altogether, these
data suggest that rimonabant increased glucose expenditure
in human sperm.

Discussion

The EC system is involved in mammalian reproduction, but
the significance of (endo)cannabinoid signalling and the
pharmacological implications of CB receptor modulation in
spermatogenesis, fertilization and embryonic implantation
and growth remain still largely unknown (Wang et al., 2006).
An autonomous EC system has been found in sperm (Schuel
et al., 1994; Rossato et al., 2005). Several reports have demon-
strated CB1 receptor-mediated inhibitory effects of endocan-
nabinoids on mammalian sperm functions (Maccarrone et al.,
2005; Rossato et al., 2005; Aquila et al., 2009a,b), supporting
the idea that the physiological role of the EC system in sperm
is to maintain a quiescent, uncapacitated condition before
interacting with the egg (Rossato, 2008). In the present study,
we clearly showed that rimonabant was able to increase
human sperm motility and viability, and, at molecular level, it
appears that Akt and Bcl2 proteins are involved. These
enzymes control key pro-survival pathways, and the phos-
phatidylinositol 3′-kinase/Akt signalling pathway has also
been shown to be a positive regulator of cell metabolism
(Maddika et al., 2007). On the contrary, AEA reduced sperm
motility and viability, and rimonabant completely reversed
this action. We obtained similar effects by using the highly
selective FAAH inhibitor URB597, suggesting that the block-
ade of CB1 receptor is involved in the observed effects. The
present findings, together with our already reported evidence
that the CB2 antagonist SR144528 and the vanilloid receptor
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Figure 1 Rimonabant positively affects sperm motility and viability.
Spermatozoa were incubated in unsupplemented Earle’s medium for
30 min at 37°C and 5% CO2, in the absence (NC) or in the presence
of increasing concentrations of rimonabant, MF-AEA (0.1 mM) and
URB (0.1 mM) alone or in combination with 1 mM rimonabant. Sperm
motility (A) and viability (B) were assessed as reported in Methods.
Histograms represent mean � SEM of three independent experi-
ments, each in duplicate. *P < 0.05 and **P < 0.02 versus control.

CB1 receptor blockade in human sperm
S Aquila et al 835

British Journal of Pharmacology (2010) 159 831–841



antagonist capsazepine were unable to counteract AEA-
mediated action on sperm survival and Akt phosphorylation
(Aquila et al., 2009a), also support a CB1 receptor-mediated
action as the underlying mechanism. Our results are also in
agreement with previous data showing that rimonabant
induced Akt activity and glucose uptake in skeletal muscle
cells in a CB1-dependent manner (Esposito et al., 2008). More-
over, this evidence is corroborated by Ricci et al. (2007) who
reported that sperm from CB1 receptor knockout mice showed
a strong increase of motility in the head of epididymus, com-
pared to wild-type mice.

During life, sperm exists in two different physiological con-
ditions: a quiescent state in the seminal plasma and a capaci-
tated state upon ejaculation and movement through the
female reproductive tract. Capacitation involves numerous
physiological changes including destabilization of the plasma
membrane, cholesterol efflux, alterations of intracellular ion
concentrations and protein phosphorylation (Yanagimachi,
1994). In order to gain further insight into the effects of
rimonabant on sperm fertilization, we tested rimonabant’s
effects on Ca2+ concentration, cholesterol efflux and protein
tyrosine phosphorylation, which are hallmarks of the capaci-
tation status (Visconti et al., 2002; Jha et al., 2003; Suarez,
2008). Our results demonstrated a concentration-dependent
increase of Ca2+ content, whereas cholesterol efflux was

significantly induced until 1 mM in a concentration-
independent manner. Protein tyrosine phosphorylation was
also induced. These findings indicate a stimulation of the
adenylate cyclase/cAMP/PKA signalling, which plays an
important role not only in capacitation (Travis and Kopf,
2002; Jha et al., 2003), but also in the acrosome reaction
(Salicioni et al., 2007). Moreover, our data demonstrating an
increase in acrosin activity after treatment of sperm with
rimonabant are in line with this finding and with previous
observations showing that this pathway is inhibited by
endocannabinoids in a CB1 receptor-dependent manner
(Maccarrone et al., 2005; Aquila et al., 2009a). Interestingly,
AEA did not decrease acrosin activity, and in accord with our
previous findings, we found that acrosin was stimulated by
the addition of 10 nM MF-AEA, which corresponds to the
physiological concentration in mid-cycle oviductal fluid
(Schuel et al., 2002). Furthermore, treatment with both
MF-AEA and rimonabant potentiated, rather than reversed,
the effect of MF-AEA alone. This finding is not surprising
because synergic effects of MF-AEA and rimonabant have
already been reported (Malfitano et al., 2008). On the other
hand, we also demonstrated that treatment with MF-AEA plus
rimonabant increased free Ca2+ content in human sperm,
even though MF-AEA alone induced similar effects (Aquila
et al., 2009b).
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Figure 2 Rimonabant induces Akt and Bcl2 phosphorylation in sperm cells. Washed spermatozoa were incubated in uncapacitating medium
for 30 min at 37°C and 5% CO2, in the absence (NC) or in the presence of increasing concentrations of rimonabant, MF-AEA (0.1 mM) and
URB (0.1 mM) alone or in combination with 1 mM rimonabant. Capacitating medium (+) was used as a positive control. Representative Western
blots of phosphoAkt (pAKT) and phosphoBcl2 (pBCL2) are shown. Densitometric analysis (mean � SEM) of four independent experiments are
reported below as pAkt/Akt and pBcl2/Bcl2 relative intensity. *P < 0.05 and **P < 0.02 versus control.
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The interaction between energy balance and reproduction
is subject of intensive investigations, and ATP generation is an
important process in human sperm especially after the initia-
tion of capacitation (Yanagimachi, 1994; Miki, 2007). Capaci-
tated sperm displays an increased metabolic rate and overall
energy expenditure, presumably to effect the changes in
sperm signalling and function during capacitation. It appears
that each event characterizing male fertilization requires dif-
ferent substrates and activates different metabolic pathways.
For example, the acrosome reaction requires lactate or pyru-
vate for ATP production by oxidative phosphorylation, while
successful gamete fusion requires glucose to produce NADPH
through the pentose phosphate pathway (PPP) (Urner and
Sakkas, 1999a; Miki, 2007). From this point of view, we inves-
tigated whether the capacitated status and increased motility
induced by rimonabant would also involve specific changes
in lipid and glucose metabolism. We found that the com-
pound induced human sperm energy expenditure by stimu-
lating lipase and octanoyl-CoA dehydrogenase activities
concomitantly with reducing the level of triglycerides. As for
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Figure 3 Rimonabant increases free intracellular Ca2+ cholesterol efflux and protein tyrosine phoshorylation. Sperm cells were incubated in
unsupplemented Earle’s medium (uncapacitating medium) for 30 min at 37°C and 5% CO2, in the absence (NC) or in the presence of
increasing concentrations of rimonabant, MF-AEA and URB (0.1 mM, respectively) alone or in combination with 1 mM rimonabant. Free
intracellular Ca2+ (A) and cholesterol efflux (B) were measured, and values shown represent mean � SEM. *P < 0.05 and **P < 0.02 versus
control. (C) Sperm lysates were used for Western blot analysis performed to determine protein tyrosine phosphorylation. Actin was used as a
loading control. (D) Quantitative representation after densitometric evaluation of the 95 kDa band/actin. Autoradiograph presented is a
representative example of independent experiments performed four times. *P < 0.05 versus control, **P < 0.02 versus control.

Figure 4 Rimonabant increases acrosin activity in human sperm.
Washed spermatozoa were incubated in unsupplemented Earle’s
medium for 30 min at 37°C and 5% CO2, in the absence (NC) or in
the presence of rimonabant (from 1 nM to 1 mM), MF-AEA (10 nM)
and URB (0.1 mM) alone or in combination with 1 mM rimonabant.
Acrosin activity was determined, and data shown represent
mean � SEM of three independent experiments each in duplicate.
*P < 0.05 and **P < 0.02 versus control.
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glucose metabolism, we observed an enhanced G6PDH activ-
ity and a reduced phosphorylation of GSK3 at 1 and 10 nM
rimonabant concentrations, also addressing to an induction
of energy consumption. GSK3 is known to be implicated in
the storage of glucose to form glycogen in mammalian sperm
(Ballester et al., 2000; Andò and Aquila, 2005; Aquila et al.,
2005). Particularly, in uncapacitated sperm, GSK3 is tightly
blocked and phosphorylated, whereas during capacitation
there is a de-phosphorylation and then an activation of the
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Figure 5 Rimonabant increases lipid metabolism in human sperm.
Washed spermatozoa were incubated in uncapacitating medium for
30 min at 37°C and 5% CO2, in the absence (NC) or in the presence
of rimonabant (from 1 nM to 1 mM), MF-AEA (0.1 mM) and URB
(0.1 mM) alone or in combination with 1 mM rimonabant. Triglyceride
content (A), lipase activity (B) and octanoyl-CoA dehydrogenase
activity (C) were determined, and data shown represent
mean � SEM of four independent experiments each in duplicate.
*P < 0.05 and **P < 0.02 versus control.

Figure 6 Rimonabant increases glucose metabolism in human
sperm. Sperm samples, washed twice with an uncapacitating
medium, were incubated in the same medium (NC) for 30 min at
37°C and 5% CO2, and treated with or without rimonabant in the
presence or absence of MF-AEA and URB (0.1 mM respectively). (A)
The conversion of NADP+ to NADPH catalysed by G6PDH was mea-
sured by the increase of absorbance at 340 nm every 20 s for
1.5 min. Data are expressed in nmol·min–1/106 spermatozoa, and
represent mean � SEM. *P < 0.05 and **P < 0.02 versus control. (B)
Western blot and quantitative representation after densitometric
evaluation of the ratio of phosphorylated GSK3/total GSK3. *P < 0.05
versus control, **P < 0.02 versus control. Autoradiograph presented is
representative of three independent experiments. +, MCF7 tumour
breast cancer cells used as positive control.
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enzyme. G6PDH, the rate-limiting enzyme in the PPP that
catalyses the oxidation of glucose 6-phosphate and regulates
the production of NADPH by controlling glucose metabolism
(Urner and Sakkas, 1999b) is crucial for sperm-fertilizing
ability (Urner and Sakkas, 1999a; Travis et al., 2001; Urner
et al., 2001). Metabolic fluxes between glycolysis and the PPP
are also particularly relevant for maintaining the mitochon-
drial transmembrane potential, and balancing cellular
requirements for energy and the production of reactive
oxygen intermediates (Perl, 2007), and it has been reported
that cannabinoid receptor agonists inhibit mitochondrial
membrane potential and ATP production in rat testicular
tissue (see Rossato, 2008). Our findings demonstrating that
nanomolar concentrations of rimonabant favour G6PDH
activity are in line with the observation that AEA, unlike
rimonabant, is able to affect human sperm metabolism by
exerting a lipogenic effect and favouring the accumulation of
energy substrates (Aquila et al., 2009b). Moreover, the effect of
the enhancement of endogenous AEA by URB-mediated
action and the treatment with MF-AEA at the concentration
used to study lipid metabolism, supported the hypothesis that
rimonabant, through action at CB1 receptors, induced glucose
metabolism in sperm.

It is well known that the EC system contributes to the
physiological regulation of energy balance, and rimonabant
reduces food intake inducing favourable changes in lipid and
glucose metabolism in obese patients, as well as in animal
models (see Bifulco et al., 2007; 2009). Moreover, endocan-
nabinoids are regulated negatively by leptin and ob/ob and
db/db mice, characterized by an impairment of leptin signal-
ling are obese, infertile and fail to undergo normal sexual
maturation (Chehab, 2000; Di Marzo et al., 2001). In ob/ob
mice, exogenous leptin restored fertility (Chehab et al., 1996),
and it has been demonstrated that leptin controls AEA deg-
radation, but not its binding to the CB1 receptor. Rimonabant
induced a significant decrease in food intake and body weight
loss in ob/ob mice, but failed to improve female fertility when
administered alone (Maccarrone et al., 2004). These results,
together with ours, suggest that CB1 receptor modulation
might be important in human fertility, and rimonabant
might be used to develop special media to improve in vitro
fertilization.

In addition, rimonabant, by acting as a CB1 antagonist, was
able, at 0.1 mM, to reverse the negative effects of AEA on boar
spermatozoa (Maccarrone et al., 2005), a finding in agreement
with those we have obtained in human spermatozoa. In the
majority of the tests we performed, rimonabant was active at
concentrations in the range of the highest affinity for the CB1

receptor (1–20 nM) (Rinaldi-Carmona et al., 1994; Pertwee,
2005), and had opposite effects compared to those produced
by the exogenous and endogenous AEA. Besides, the tested
compound attenuated the effect of the agonist even though
an enhancement of the antagonist-induced effect can be
observed in the presence of both CB1 receptor agonist and
antagonist. Moreover, above 100 nM, we did not observe any
significant effects of rimonabant, suggesting that starting
from this concentration rimonabant could display neutral
antagonism, while, in combination with MF-AEA, it behaves
as an inverse agonist. Rimonabant has been shown to act as a
neutral antagonist, competitive antagonist and inverse

agonist (Hurst et al., 2005; Pertwee, 2005). As an inverse
agonist, rimonabant produces effects in some CB1 receptor
containing bioassay systems that are opposite in direction
from those produced by agonists for these receptors. It was
proposed that inverse agonism at the CB1 receptor may be
explained in terms of a three-state model in which the recep-
tor can switch between two conformational states, a ground
or inactive R state and an active R* state, which are in equi-
librium with each other (Leff, 1995). An agonist has higher
affinity for R*, and agonist binding is thought to shift the
equilibrium towards R*, resulting in G protein activation with
an increase in GDP/GTP exchange. An inverse agonist has
higher affinity for R and its binding shifts the equilibrium
towards R, resulting in a decrease in the activation of the
signalling pathway. The binding of a neutral/null antagonist
is thought not to alter the equilibrium between R and R*,
because the neutral antagonist has equal affinity for both
states. It is likely that the efficacy for the production of inverse
cannabimimetic effects will be governed by the degree of
endocannabinoid release at CB1 receptors (Aquila et al.,
2009b).

Finally, we have to point out that in our experimental
conditions, rimonabant is able to antagonize endo-
cannabinoid-mediated inhibition of human sperm functions,
in agreement with those obtained earlier in boar sperm by
Maccarrone et al. (2005), in frog sperm by Cobellis et al.
(2006) and human sperm by Rossato et al. (2005).

In conclusion, in the present study, we demonstrate for the
first time that rimonabant is able to improve fertilization by
the human male gamete, and stimulates energy expenditure
in sperm.
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ABSTRACT
Recently, the endocannabinoid (EC) system and the presence of CB1

receptor (CB1-R), have been identified in human sperm. However, the
effects of EC receptor ligands such as anandamide (N-arachidonoylethanol-
amine) and the role of EC system in male fertility is still largely unex-
plored. In the present study, we investigated the ultrastructural
compartmentalization of CB1-R and analyzed the effects of its stimulation
by using a stable analog of anandamide, 2-methylarachidonyl-20-fluoro-eth-
ylamide (MET-F-AEA). We focused particularly on sperm survival and acro-
sin activity. The study of human sperm anatomy by transmission electron
microscopy with immunogold analysis revealed the location of the CB1-R
prevalently in the sperm membranes of the head and interestingly on the
mitochondria. The effect of different concentrations of MET-F-AEA from
100 nM to 1 lM evidenced a significant decrease of sperm survival. Inter-
estingly, we analyzed this negative effect at molecular level, testing the EC
action on different known sperm survival targets. MET-F-AEA-treatment
decreased both pBCL2 and pAkt, two prosurvival proteins, and increased
pPTEN expression which is the main regulator of the PI3K/Akt pathway.
Moreover, a biphasic effect was observed with increasing MET-F-AEA con-
centrations on the acrosin activity. The blockage of the CB1-R by using its
selective antagonist SR141716 (rimonabant) induced an opposite action on
sperm survival supporting a role for this receptor in the biology of the male
gamete. Anat Rec, 293:298–309, 2010. VVC 2009 Wiley-Liss, Inc.
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During the past years, a great deal of data have been
accumulated demonstrating that cannabinoids/endocan-
nabinoids (ECs) control several physiological functions
including reproductive system functions (Di Marzo et al.,
2004). ECs affect secretion of pituitary gonadotrophic
hormones and gonadal steroids, spermatogenesis, ovula-
tion, implantation of blastocysts into the uterine endo-
metrium, and fetal growth; (Powell and Fuller, 1983;
Maykut, 1985; Smith and Asch, 1987; Murphy et al.,
1994; Schuel et al., 1999; Maccarrone et al., 2000; Paria
and Dey, 2000; Mani et al., 2001; Paria et al., 2001).

The well-known effects of exogenous cannabinoids are
prevalently established acting as ligands of cannabinoid
receptors (CB-Rs) (Park et al., 2004) whereas Ananda-
mide (N-arachidonoyl-ethanolamine, AEA) is the most
intensively studied endogenous agonist for the CB-Rs
(Devane et al., 1992). To date, two different CB-Rs sub-
types have been identified and cloned, the brain-type
CB1-R and the spleen-type CB2-R (Devane et al., 1988;
Matsuda et al., 1990; Galiegue et al., 1995). Both CB1-R
and CB2-R are widely distributed in many other tissues
including uterus and testis (Schuel et al., 2002a).
Recently, it has been demonstrated that rat testis is able
to synthesize AEA (Sugiura et al., 1996) and this com-
pound has been detected also in human seminal plasma
(Schuel et al., 2002a). The presence of CB1-Rs in Leydig
cells and their involvement in testosterone secretion
have been demonstrated in mice, whereas mouse Sertoli
cells have been shown to possess CB2-Rs (Wenger et al.,
2001).

Evidence for the presence of functional cannabinoid
receptors in sperm was first obtained with sea urchin
sperm (Chang et al., 1993; Schuel et al., 1994), and sub-
sequently in human sperm (Schuel et al., 2002b). Partic-
ularly, it has been reported that human sperm express
the CB1-R, located in the head and middle piece sperm
(Rossato et al., 2005). However, while Rossato et al.
(2005) failed to detect CB2-R in human sperm using
Western blots, Maccarrone et al. (2005) detected low lev-
els of CB2-R in boar sperm with Western blots and ra-
dioligand binding procedures. Sperm are also equipped
with the typical machinery regulated by endocannabi-
noids, since recently, the EC system was discovered in
boar spermatozoa, supporting a physiological role of
AEA in controlling male fertility (Maccarrone et al.,
2005). Experimental data have accumulated confirming
that ECs negatively influence the motility of sperm in
different mammalian species. It was shown that AEA
reduces human sperm motility by reducing mitochon-
drial functions (Rossato et al., 2005). In fact, it was
reported that ECs may interfere with mitochondrial elec-
tron transport and decrease both mitochondrial activity
via depletion of NADH and mitochondrial permeability
transition (Sarafian et al., 2003). In addition, in sperm
CB1-R activation determines the inhibition of capacita-
tion and acrosome reaction (Schuel et al., 1994; Schuel
et al., 2002a; Maccarrone et al., 2005; Rossato et al.,
2005; Cobellis et al., 2006; Aquila et al., 2009). Sperm
motility, together with capacitation and acrosome reac-
tion, are all energy consuming processes (Miki, 2007;
Ruiz-Pesini et al., 2007), therefore, the aforementioned
inhibitory effects of ECs on mitochondrial functions
might be well correlated. Altogether, these findings have
led to the suggestion that the EC network plays a role
in the male fertility (Maccarrone et al., 2003b), however,

the molecular mechanisms through which CB1-R stimu-
lation acts in this context needs to be further elucidated.

The signaling pathways through which ECs induce ap-
optosis is under active investigation and may vary based
on cell type (Dobrosi et al., 2008; Turco et al., 2008).
While apoptosis in somatic cells and in (testicular) sper-
matocytes and spermatids in vivo is well established, the
presence and significance of apoptosis in ejaculated
human sperm is still unresolved (Oehninger et al.,
2003). Human spermatozoa have been documented to
display features of several apoptosis signal transduction
pathways such as the externalization of phosphatidylser-
ine, disruption of the transmembrane mitochondrial
potential, and activation of caspases (Glander and
Schaller, 1999; Oehninger et al., 2003; Paasch et al.,
2004c). Interestingly, a strong correlation of apoptosis
markers with sperm parameters exists, denoting that it
might affect the sperm fertilization potential (Paasch
et al., 2004a,b).

Recently, in human sperm, we have explored one of
the main pathway involved in cell survival, the phospha-
tidylinositol 3-kinase/protein kinase B (PI3K/Akt) path-
way (Aquila et al., 2004, 2007). In our studies, we have
evidenced a regulation of human sperm survival through
the PI3K/Akt pathway by evaluating some representa-
tive proteins downstream to the pathway, such as Akt
(Cantley, 2002) and Bcl-2 (Ito et al., 1997) phosphoryla-
tion, which is required for their anti-apoptosis function,
together with PTEN, an upstream regulator of the same
pathway (Wu et al., 1998).

In the aim to investigate human sperm anatomy at
molecular level, in the present finding, we assessed
for the first time the ultrastructural compartmentaliza-
tion of the CB1-R by means of transmission electron
microscopy (TEM). Besides, we evaluated the effects of
2-methylarachidonyl-20-fluoro-ethylamide (MET-F-AEA)
in human sperm focusing on survival and acrosin activ-
ity. Since AEA binds to CB-Rs and to the vanilloid recep-
tor (TRPV1), discovered in sperm (Schuel and Burkman,
2005), the specific targets of AEA have been investigated
by using the CB1-R antagonist SR141716 (SR1), the
CB2-R antagonist SR144528 (SR2), and capsazapine
(CZ), which is a TRPV1 antagonist. Interestingly, the
study of known sperm survival targets under different
MET-F-AEA concentrations led us to provide insight
in the molecular mechanisms through which the can-
nabinoids exert their negative effects on human
reproduction.

MATERIALS AND METHODS
Chemicals

Percoll (colloidal PVP coated silica for cell separation),
Sodium bicarbonate, Sodium lactate, Sodium pyruvate,
Dimethyl Sulfoxide (DMSO), Earle’s balanced salt solu-
tion (uncapacitating medium), and all other chemicals
were purchased from Sigma Chemical (Milan, Italy). Ac-
rylamide bisacrylamide was from Labtek Eurobio (Mi-
lan, Italy). Triton X-100, Eosin Y was from Farmitalia
Carlo Erba (Milan, Italy). ECL Plus Western blotting
detection system, HybondTM ECLTM, Hepes Sodium Salt
were purchased from Amersham Pharmacia Biotech
(Buckinghamshire, UK). Goat polyclonal actin antibody
(Ab), polyclonal rabbit anti-CB2-R Ab, anti-phospho-Akt
S473 Ab, peroxidase-coupled anti-rabbit, and anti-goat
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IgG secondary Abs were from Santa Cruz Biotechnology
(Heidelberg, Germany). Rabbit polyclonal anti-CB1-R Ab
and CB1-R peptide were from abcam (Milan, Italy). Poly-
clonal anti-phospho-PTEN and anti-phospho-BCL2 Abs
were from Cell Signaling (Milan, Italy).

Drugs

2-Methylarachidonyl-20-fluoro-ethylamide, referred in
all the text and in figures as MET-F-AEA, dissolved in
ethanol (EtOH), was purchased from Sigma Chemical
(Milan, Italy). Selective CB1-R antagonist SR141716
(Rimonabant, SR1) (McPartland et al., 2007), and CB2-R
antagonist, SR144528 (SR2) (McPartland et al., 2007),
both dissolved in dimethylsulfoxide (DMSO), were kindly
provided by Sanofi-Aventis (Montpellier, France). Capsa-
zapine (CZ) a vanilloid receptor (TRPV1) antagonist (Liu
and Simon, 1997), dissolved in DMSO, was from Alexis
Biochemicals (Milan, Italy). DMSO (0.01% final concen-
tration in culture) and EtOH (0.02% final concentration
in culture) used as solvent controls did not induce any
positive result in all in vitro assays.

Semen Samples and Spermatozoa Preparations

Human semen was collected, according to the World
Health Organization (WHO) recommended procedure, by
masturbation from healthy volunteer donors of proven
fertility undergoing semen analysis in our laboratory
(Table 1). Spermatozoa preparations were performed as
previously described (Aquila et al., 2005). Briefly, semen
samples with normal parameters of volume, sperm count,
motility, vitality, and morphology, according to the World
Health Organization (WHO) Laboratory Manual (WHO,
1999), were included in this study. Each experiment con-
ducted in our study was performed on sperm cells proc-
essed by pooling the ejaculates of three normozoospermic
samples. Washed in Earle’s balanced salt solution (unca-
pacitating medium), by centrifugation, sperm were sub-
jected to the indicated treatments and incubated at 37�C
and 5% CO2. Before centrifugation, several aliquots were
used to perform sperm viability. The study has been
approved by the local medical-ethical committees and all
participants gave their informed consent.

Processing of Ejaculated Sperm

After liquefaction, normal semen samples were centri-
fuged (800g), pooled and subjected on a discontinuous Per-
coll density gradient (80:40% v:v) (WHO, 1999). The 80%
Percoll fraction was examined using an optical microscope
equipped with a �100 oil objective to ensure that a pure
sample of sperm was obtained. An independent observer,
who observed several fields for each slide, inspected the

cells. Percoll-purified sperm were washed with unsupple-
mented Earle’s medium (uncapacitating medium) and
were incubated for 30 min at 37�C and 5% CO2, without
(control) or with treatments (experi-mental).

The treatments were the following: increasing MET-F-
AEA concentrations (10 nM, 100 nM, and 1 lM); SR1
(1 lM); SR2 (1 lM); CZ (1 lM). When the cells were
treated with a receptor antagonist [SR1 (1 lM), SR2 (1
lM), or CZ (1 lM)] each combined with MET-F-AEA, a
pre-treatment of 15 min was performed with the antago-
nist. DMSO (0.01% final concentration in culture) and
EtOH (0.02% final concentration in culture) used as sol-
vent controls did not induce any different result with
respect to the control in all in vitro assays. We have cho-
sen the dose of 10 nM MET-F-AEA to mimic the AEA
concentrations observed in human seminal plasma (12.3
nM) and in mid-cycle oviductal fluid (10.5 nM) (Schuel
et al., 2002a), while 100 nM and 1 lM MET-F-AEA are
supraphysiological levels.

Immunogold Labeling for CB1-R

Immunogold labeling for CB1-R was performed as pre-
viously reported (Aquila et al., 2008). Briefly, sperms
fixed overnight in 4% paraformaldehyde were washed in
phosphate buffered saline (PBS) to remove excess fixa-
tive, dehydrated in graded alcohol, infiltrated in LR
white resin, polymerized in a vacuum oven at 45�C for
48 hr and 60 nm ultrathin sections were cut and placed
on coated nickel grids for post-embedding immunogold
labeling for anti-CB1-R Ab. Potential non specific label-
ing was blocked by incubating the sections in PBS con-
taining 5% normal goat serum, 5% bovine serum
albumin, and 0.1% cold water fish gelatine at room tem-
perature for 1 hr. Sections were then incubated over-
night at 4�C with polyclonal rabbit anti-CB1-R primary
Ab at a dilution of 1:500 in PBS buffer. Incubated in
10 nm colloidal gold conjugated goat anti-rabbit IgG sec-
ondary Ab at 1:50 dilution for 2 hr at room temperature.
The sections were then subsequently washed in PBS,
further fixed in gluteraldehyde, counterstained in uranyl
acetate and lead acetate, and examined under a Zeiss
EM 900 transmission electron microscope. To assess the
specificity of the immunolabeling, a negative control was
carried out in those sections of sperm that were labeled
with colloidal gold conjugated secondary Ab without the
primary Ab.

Western Blot Analysis of Sperm Proteins

Sperm samples, washed by centrifugation twice with
Earle’s medium, were incubated without (NC) or with
the indicated treatments, and then, centrifuged for
5 min at 5,000g. The pellet was resuspended in lysis
buffer as previously described (Aquila et al., 2002).
Equal amounts of protein (80 lg) were boiled for 5 min,
separated by 10% polyacrylamide gel electrophoresis,
transferred to nitrocellulose sheets and probed with an
appropriate dilution of the indicated Abs. The bound of
the secondary antibody was revealed with the ECL Plus
Western blotting detection system according to the man-
ufacturer’s instructions. As internal control, all the
membranes were subsequently stripped (glycine 0.2 M,
pH 2.6 for 30 min at room temperature) of the first Ab
and reprobed with anti-b actin Ab.

TABLE 1. Mean of the semen data from all the
sample used (N 5 18)

Semen parameters Mean � SD

Volume (mL) 4.17 � 0.2
Sperm concentration (106/mL) 80 � 2
Motility (%) 45 � 1
Morphology (%) 50 � 1.2
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Evaluation of Sperm Viability

Viability was performed by red-eosin exclusion test
using Eosin Y (WHO, 1999). Sperm vitality was assessed
by means of light microscopy examining an aliquot of
each sperm sample in absence (NC) or in the presence of
MET-F-AEA increasing concentrations (10 nM, 100 nM,
and 1 lM), in addition 100 nM MET-F-AEA were com-
bined with 1 lM SR1 or 1 lM SR2 or 1 lM CZ, and
then, incubated for 30 min. An independent observer
scored 200 cells for stain uptake (dead cells) or exclusion
(live cells), and sperm viability was expressed as the per-
centage of total live sperm.

Acrosin Activity Assay

Acrosin activity was assessed by the method of
Kennedy et al. (1989) and as previously described
(Aquila et al., 2003). Sperm were washed in Earle’s me-
dium and centrifuged at 800g for 20 min, then were
resuspended (final concentration of 10 � 106 sperm/mL)

in different tubes containing no treatment (control) or
MET-F-AEA increasing concentrations (10 nM, 100 nM,
and 1 lM). In addition, 10 nM MET-F-AEA were com-
bined with 1 lM SR1 or 1 lM SR2 or 1 lM CZ. Some
samples were also treated with each antagonist alone;
1 mL of substrate–detergent mixture (23 mmol/L
BAPNA in DMSO and 0.01% Triton X-100 in 0.055 mol/
L NaCl, 0.055 mol/L HEPES at pH 8.0, respectively) for
3 hr at room temperature was added. Aliquots (20 lL)
were removed at 0 and 3 hr and the percentages of via-
ble cells were determined. After incubation, 0.5 mol/L
benzamidine was added (0.1 mL) to each of the tubes,
and then, centrifuged at 1,000g for 30 min. The superna-
tants were collected and the acrosin activity measured
with the spectrophotometer at 410 nm. In this assay, the
total acrosin activity is defined as the amount of the
active (non-zymogen) acrosin associated with sperm plus
the amount of active acrosin that is obtained by proacro-
sin activable. The acrosin activity was expressed as lIU/
106 sperms. Quantification of acrosin activity was per-
formed as previously described (Aquila et al., 2003).

Fig. 1. Subcellular localization of CB1-R in human ejaculated sper-
matozoa by immunoelectron microscopy. Sperms from normozoosper-
mic subjects were processed as reported in Materials and Methods
section. (a,b) Region of the head, �85,000 and �50,000 respectively,
scale bars ¼ 0.2 lm and 0.5 lm, respectively; (d,e) Regions of the

neck and midpiece, �30,000, scale bars ¼ 0.5 lm; (c,f) Electron
micrograph of control sections incubated without the primary Ab,
where the sperm are totally without reaction product, �85,000 and
�30,000, respectively; scale bars ¼ 0.5 lm and 0.5 lm, respectively.
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Statistical Analysis

The experiments for Immunogold ultrastructural and
Western blot analysis were performed in at least four inde-
pendent experiments. The data obtained from viability
and acrosin activity (six replicate experiments using dupli-
cate determinations) were presented as the mean �
S.E.M. The differences in mean values were calculated
using analysis of variance (ANOVA) with a significance
level of P � 0.05.

RESULTS
Immunogold Localization of CB1-R

Human sperm is immunoreactive to CB1-R. Particu-
larly, the membranes of the head, the neck (segmented
columns), and the mitochondria in midpiece of human

sperm are decorated with gold particles (Figs. 1, 2). The
head in Fig. 1a,b shows label on the sperm membranes,
whereas in negative control (Fig. 1c) there is no label in
sperm incubated without the primary Ab. The seg-
mented columns and the midpiece demonstrated immu-
nopositivity to CB1-R (Fig. 1d,e), whereas the
corresponding regions in the sperm incubated without
the primary Ab are devoid of any label (Fig. 1f). Particu-
larly, in the midpiece, the gold particles are prevalently
present on the mitochondria (Fig. 2a,d,e) and the corre-
sponding negative controls without the primary Ab (Fig.
2b,f) are free of any label. Reduced label is seen through
the flagellum till the end-piece (Figs. 1d, 2a) and the
negative controls, sperm incubated without the primary
Ab (Fig. 2b,c) showed no immunogold labeling in corre-
sponding regions. The spermatozoa were observed both
in transverse and sagital sections through the end-piece.

Fig. 2. CB1-R location in the midpiece and along the tail in human
spermatozoa. Electron micrographs of sperms allowed to react with
Ab directed against CB1-R. (a) Electron micrograph of a sagital sec-
tion of the midpiece and the tail showing the transition between the
middle piece with its mitochondria and the principal piece, probed
with anti-CB1-R Ab; EP, transverse section of the end-piece; �30,000,

scale bar ¼ 0.5 lm. (d,e) Transverse section of the midpiece probed
with anti-CB1-R Ab, �50,000, scale bars ¼ 0.5 lm. (b,c,f) In the elec-
tron micrograph of control sections incubated without the primary Ab,
no immunoreaction was present: (b) �30,000, scale bar ¼ 0.5 lm; (c)
�20,000, scale bar ¼ 0.2 lm; (f) �50,000, scale bar ¼ 0.5 lm.
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Human Sperm Expresses CB1-R and CB2-R

In the aim to evaluate the specific AEA target and since
the data reported on the presence of CB1-R and CB2-R in
sperm are not in agreement (Maccarrone et al., 2005; Ros-
sato et al., 2005), we performed Western blot analysis to
clarify which type of cannabinoid receptor is expressed in
the sperm. Interestingly, our anti-CB1-R antibody recog-
nized three bands at about 63, 54, and 40 kDa (Fig. 3a) as
it was previously reported (Matsuda et al., 1990; Song
and Howlett, 1995; Porcella et al., 2000). Three bands at
about 60, 55, and 42 kDa (Fig. 3c) were also detected for
the CB2-R protein in a pattern similar to that reported
for spleen, brainstem, and cerebellum (Van Sickle et al.,
2005). Processing immunoblots by pre-absorbing with an-
tigenic peptide (Fig. 3b) or without primary antibody (Fig.
3d) abolished the identified bands. LnCap, a prostate can-

cer cell line, was used as positive control both for CB1-R
and CB2-R (Sarfaraz et al., 2005).

MET-F-AEA Decreases Human Sperm Survival

A functional assessment of the sperm biological activity
under increasing MET-F-AEA was performed by analyzing
sperm survival. Sperm viability was not affected by
10 nM MET-F-AEA, whereas it significantly decreased at
100 nM and 1 lM MET-F-AEA (Fig. 4). Intriguingly, the
treatment with 1 lM SR1 completely reverted the effect of
MET-F-AEA alone but also induced a significant increase
on sperm survival; 1 lM SR2 plus 100 nM MET-F-AEA
and 1 lM CZ combined with 100 nM MET-F-AEA par-
tially reverted the effect of 1 lM MET-F-AEA alone; 1 lM
SR1 alone as well as 1 lM SR2 or 1 lM CZ used as antag-
onist controls, did not induce any significant effect on

Fig. 3. CB1-R and CB2-R are both expressed by human sperm.
Western blot analysis of CB1-R and CB2-R proteins from human
sperm. Sperm lysates were subjected to electrophoresis on 10%
SDS-Polyacrylamide gels, blotted onto nitrocellulose membranes and
probed with the indicated antibodies. Expression of the CB1-R (a) and
CB2-R (c) receptors in two samples of ejaculated spermatozoa from

normal men (S1, S2). LNCap cells were used as positive control (þ).
Specificity control experiments incubating the anti-CB1 Ab with the
immunizing protein (b) or processing immunoblots without primary
antibody anti-CB2-R (d) show no immunoreactivity. The experiments
were repeated at least four times and the autoradiographs of the fig-
ure show the results of one representative experiment.

Fig. 4. Effect of MET-F-AEA on sperm viability. Viability was
assessed by using Eosin Y as described in Materials and Methods.
Washed sperm were incubated in the unsupplemented Earle’s medium
at 37�C and 5% CO2 without (NC) or in the presence of the indicated
MET-F-AEA concentrations. Some samples were pre-treated for 15

min with 1 lM SR1 or 1 lM SR2 or 1 lM CZ, and then, treated with
100 nM MET-F-AEA. Some samples were treated with 1 lM SR1 or
1 lM SR2 or 1 lM CZ each alone. EtOH and DMSO samples were
used as solvent controls. The values represent the Mean � SEM. *P ¼
0.05, **P ¼ 0.01 versus control.
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Fig. 5. MET-F-AEA action on p-AKT and p-BCL2. Washed sperm
from normal samples were incubated in the unsupplemented Earle’s
medium at 37�C and 5% CO2, in the absence (NC) or in the presence
of the indicated MET-F-AEA concentrations for 30 min. Some samples
were pre-treated for 15 min with 1 lM SR1 or 1 lM SR2 or 1 lM CZ,
and then, treated with 100 nM MET-F-AEA. Other samples were
treated with 1 lM SR1 or 1 lM SR2 or 1 lM CZ each alone. EtOH

and DMSO samples were used as solvent controls; 80 lg of sperm
lysates were used. Actin was used as loading control. The autoradio-
graphs presented are representative examples of experiments that
were performed at least four times with repetitive results. The histo-
grams indicated on the bottom of the figure are the quantitative repre-
sentation after densitometry of data (Mean � SEM) of four
independent experiments. *P ¼ 0.05, **P ¼ 0.01 versus control.
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sperm viability compared to the untreated sample. The
solvent controls, DMSO and EtOH, did not induce any dif-
ferent result with respect to the control.

MET-F-AEA Effects on pBCL2, pAkt, and
pPTEN

To analyze at molecular level, the negative effect of
MET-F-AEA on sperm viability, we tested its action on dif-

ferent known sperm survival targets. As shown in Fig. 5,
100 nM and 1 lM AEA decreased both pBCL2 and
pAkt, whereas at the same concentrations an increase
of pPTEN expression was observed (Fig. 6). In the
presence of 100 nM MET-F-AEA plus 1 lM SR1 both
pAkt and pBCL2 increased, whereas the PTEN phos-
phorylation disappeared; 1 lM SR2 plus 100 nM MET-
F-AEA as well as 1 lM CZ plus 100 nM MET-F-AEA
produced similar results to that obtained with 100 nM

Fig. 6. MET-F-AEA modulates the PI3K/Akt pathway through
pPTEN. Washed sperm from normal samples were incubated in the
unsupplemented Earle’s medium at 37�C and 5% CO2, in the absence
(NC) or in the presence of the indicated MET-F-AEA levels for 30 min.
Some samples were pre-treated for 15 min with 1 lM SR1 or 1 lM
SR2 or 1 lM CZ, and then, treated with 100 nM MET-F-AEA. Other
samples were treated with 1 lM SR1 or 1 lM SR2 or 1 lM CZ each
alone. EtOH and DMSO samples were used as solvent controls.

Eighty microgram of sperm lysates were used. Actin was used as
loading control. The autoradiograph presented is representative exam-
ple of experiments that were performed at least four times with repeti-
tive results. The histograms indicated on the bottom of the figure are
the quantitative representation after densitometry of data (Mean �
SEM) of four independent experiments. *P ¼ 0.05, **P ¼ 0.01 versus
control.
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MET-F-AEA alone; 1 lM SR1 alone, 1 lM SR2 or 1 lM
CZ alone were not significantly different with respect
to the control. Also, in this case, the combined action of
MET-F-AEA and SR1 induced a significant increase of
pBCL2 and pAKT that were higher than that of the
compounds alone. The solvent controls, DMSO and
EtOH did not induce any different result with respect
to the control. Moreover, no differences in protein
expression levels were observed by analyzing total
BCL2, AKT, and PTEN (data not shown).

MET-F-AEA Regulates Acrosin Activity

The acrosin is one of the most representative enzyme
involved in the acrosome reaction (Cui et al., 2000;
Buffone et al., 2008). Washed sperm were treated as
aforementioned and incubated under uncapacitating con-
ditions (Fig. 7; see Materials and Methods). A significant
increase was observed with 10 nM MET-F-AEA, whereas
higher MET-F-AEA levels did not induce the enzymatic
activity; 10 nM MET-F-AEA combined with 1 lM SR1
significantly increased the acrosin activity; 1 lM SR2
plus 10 nM MET-F-AEA and 1 lM CZ plus 10 nM MET-
F-AEA have a similar behavior to that observed by using
10 nM MET-F-AEA alone; 1 lM SR1 alone induced acro-
sin activity, whereas 1 lM SR2 as well as 1 lM CZ were
not significantly different with respect to the untreated
sample. The solvent controls, DMSO and EtOH did not
induce any different result with respect to the control.

DISCUSSION

Among the AEA biological activities, the regulation of
mammalian fertility has been attracted growing interest.
Particularly, different sperm actions were reported to be
regulated by the ECs, however, their effects on human

male gamete are not completely characterized. In our
finding, to study the human sperm anatomy at molecu-
lar level we evidenced for the first time the ultrastruc-
tural compartmentalization of CB1-R by using TEM.
Moreover, to further elucidate the potential role of EC
system in human male fertility, the MET-F-AEA action
was studied on sperm survival and acrosin activity. In
addition, we also evaluated the molecular mechanisms
through which the MET-F-AEA negative effect occurs on
survival.

Mammalian spermatozoa are highly differentiated
cells that display extreme polarization of architecture
and function. Briefly, the mature sperm cell has three
highly specialized regions: the sperm head, involved in
sperm oocyte interaction; the midpiece with mitochon-
dria, involved in energy production; the flagellum,
involved in motility. In our finding, the CB1-R was com-
partmentalized at the membranes of the sperm head
and in the midpiece, prevalently on the mitochondria,
while reduced label is seen through the tail. In regard to
the cell polarization, it was hypothesized that sperm pos-
sess compartmentalized metabolic and signaling path-
ways in the regions where they are needed. Altogether
these observations and the evidence of the AEA synthe-
sis in sperm (Maccarrone et al., 2005), suggest that
through an autocrine short loop, AEA and its own recep-
tor may modulate sperm functional maturation and me-
tabolism. Previous finding, by immunofluorescence assay
evidenced the CB1-R location in the head and in the
midpiece (Rossato et al., 2005). Besides, it is at our
knowledge the first time that the CB1-R was evidenced
at the mitochondria level, and this may be in agreement
with the reported CB1-R modulation of mitochondrial
functionality both in sperm (Rossato et al., 2005) and in
other cellular type (Athanasiou et al., 2007).

Fig. 7. MET-F-AEA effects on acrosin activity. Washed sperm from
normal samples were incubated in the unsupplemented Earle’s me-
dium at 37�C and 5% CO2, in the absence (NC) or in the presence of
the indicated MET-F-AEA levels for 30 min. Some samples were pre-
treated for 15 min with 1 lM SR1 or 1 lM SR2 or 1 lM CZ, and then,
treated with 10 nM MET-F-AEA. Other samples were treated with

1 lM SR1 or 1 lM SR2 or 1 lM CZ each alone. EtOH and DMSO
samples were used as solvent controls. Acrosin activity was assessed
as reported in Materials and methods. Columns are Mean � SEM of
six independent experiments performed in duplicate. *P < 0.05 versus
control; **P < 0.01 versus control.
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While Rossato et al. (2005) failed to detect CB2-R in
human sperm using Western blots, Maccarrone et al.
(2005) did detect low levels of CB2-R in boar sperm with
Western blots and radioligand binding procedures. With
this respect, we evidenced by Western blots that human
sperm contains both CB1-R and CB2-R. Specifically, our
antibodies detected three variants for each receptor with
the about 63 kDa band corresponding to the expected
molecular weight of CB1-R according to other authors
(Matsuda et al., 1990; Song and Howlett, 1995; Porcella
et al., 2000). Our results are consistent with these and
other observations (Shire et al., 1995; Ryberg et al.,
2005). In our cellular type it is difficult to perform other
molecular analysis to clarify whether this pattern of
CB1-R expression is linked to different splicing variants
and/or they are the consequence of different post trans-
ductional modifications. Concomitantly, our results on
CB2-R expression revealed the presence of three species
of expressed CB2-R proteins at about 42, 55, and 60 kDa
according to the previous data reporting three different
immunoreactive bands in rat spleen and brainstem
(Matias et al., 2002; Van Sickle et al., 2005). The appa-
rent discrepancy between our expression analysis of the
CB2 receptor and that of Rossato et al. (2005) could be
due to the heterogeneity of human semen, and thus, to
different expression levels of this protein among human
sperm samples. However, the presence of a functional
CB2 receptor in human spermatozoa has been recently
demonstrated by Agirregoitia et al. (2009) by analyzing
semen from 50 normozoospermic, healthy human
donors.

Successively, we evaluated the effects of different
MET-F-AEA concentrations on sperm survival, observing
that at 100 nM and 1 lM, MET-F-AEA significantly
decrease sperm viability. Recently, sperm viability
showed was not significantly influenced by AEA concen-
trations up to 1.0 lM, whereas at higher doses, sperm
survival decreased (Rossato et al., 2005). Our data show-
ing that lower concentrations of MET-F-AEA are able to
reduce cell viability, might indicate that MET-F-AEA is
more toxic to human sperm than AEA. The AEA action
on the survival of different cellular models has been
shown to occur through the activation of different recep-
tors, which in turn trigger different signal transduction
pathways, depending on the cellular type (Maccarrone
et al., 2003a and references therein). It has been shown
that cannabinoids are able to modulate, through CB1-R,
the PI3K/Akt pathway, which serves as a pivotal antia-
poptotic signal (Gómez del Pulgar et al., 2000). Trans-
ductional pathways regulated by ECs have not been
studied until now in the male gamete, and then, we
explored the MET-F-AEA effect on human sperm viabil-
ity by evaluating the PI3K/Akt pathway which induces
different cellular activities such as motility, metabolism
and survival (Parsons, 2004). At higher MET-F-AEA con-
centrations, we observed a reduction in the Akt and
BCL2 phosphorylations that was concomitantly with an
increase of the pPTEN, suggesting a negative modula-
tion of this pathway by AEA in the human male gamete.
The treatments of sperm with MET-F-AEA combined
with SR1 or with SR2 or with CZ indicated that the
AEA effect on sperm survival and PI3/K were dependent
on its interaction with the CB1-R. All these observations
are in agreement with our already reported data demon-
strating that MET-F-AEA is also able to induce human

sperm metabolism by increasing lipogenesis and favor-
ing the accumulation of energy substrates (Aquila et al.,
2009).

Successful sperm maturation depends on sequential
steps both in male and female reproductive tracts. After
ejaculation, to fertilize an egg the male gamete must
undergo to capacitation process, that is a prerequisite for
fertilization of mammalian spermatozoa. Capacitation is
an extratesticular maturational process that in vivo
occurs in the female reproductive tract and confers to the
sperm the ability to undergo to the acrosome reaction
(Yanagimachi, 1994; Visconti et al., 1995). Spermatozoa
must experience the ‘‘acrosome reaction’’ to release the
enzymes needed to penetrate the ova vestments and to be
able to fuse with the ovum’s plasma membrane (Fraser,
1998). It was reported that in sperm CB1-R activation
determines an inhibition of capacitation and acrosome
reaction (Schuel et al., 1994; Schuel et al., 2002a; Maccar-
rone et al., 2005; Rossato et al., 2005; Cobellis et al.,
2006). In our finding, through the evaluation of acrosin
activity, the main enzyme expressed in the acrosome (Cui
et al., 2000; Buffone et al., 2008), we evidenced that it is
stimulated by the addition of 10 nM Met-F-AEA which
corresponds to the physiological concentration in mid-
cycle oviductal fluid (Schuel et al., 2002a). Furthermore,
the treatment with both MET-F-AEA and SR1, potenti-
ate, rather than reverting the effect of MET-F-AEA alone.
This finding is not surprising since synergic effects of
MET-F-AEA and SR141716 have been already reported
in the ability of these compounds to inhibit the prolifera-
tion of stimulated peripheral blood mononuclear cells
(Malfitano et al., 2008). On the other hand, we also dem-
onstrated that the treatment of MET-F-AEA with
SR141716 increased Ca2þ content in human sperm even
though Met-F-AEA alone induced similar effects (Aquila
et al., 2009). These findings together with our results
obtained treating sperm cells with both CB2-R and
TRPV1 receptor inhibitors support the hypothesis that
the AEA action on sperm survival and acrosin activity
could be mediated by CB1-R. In our experiments, it
appears that the SR1 could display a neutral antagonism
as well as an inverse agonism. SR1 has been shown to
act as neutral antagonist, competitive antagonist, and
inverse agonist (Hurst et al., 2002; Pertwee, 2005; Aquila
et al., 2009). It is likely that the efficacy for the produc-
tion of inverse cannabimimetic effects will be governed by
the degree of ongoing endocannabinoid release onto CB1
receptors. Therefore, we could also hypothesize that SR1,
by acting as an inverse agonist is able to enhance MET-
F-AEA effects as already proposed in other experimental
system by our group (Esposito et al., 2008; Santoro et al.,
2009).

Finally, as sperm leave seminal plasma during their
transit in the female reproductive tract, they are
deprived of decapacitating factors and exposed to female
genital tract fluids that contain AEA (Schuel et al.,
2002a). Our results, showing that AEA and its receptor
CB1-R have the ability to modulate sperm survival and
acquisition of fertilizing ability, also imply that supra-
physiological levels of the EC within female reproductive
tracts could impair human reproduction. Intriguingly,
our data showing direct biological effects of the CB1-R
stimulation by its agonist AEA in human sperm evi-
denced for the first time the precise human sperm ana-
tomic regions target of the CB1-R and revealed, at least
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in part, the molecular mechanisms involved in the AEA
modulation of human sperm survival.
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Abstract
Background: A wider biological role of 1alpha,25-Dihydroxyvitamin D3 (1,25(OH)2D3), the
active metabolite of vitamin D3, in tissues not primarily related to mineral metabolism was
suggested. Recently, we evidenced the ultrastructural localization the 1,25(OH)2D3 receptor in
the human sperm. However, the 1,25(OH)2D3 action in human male reproduction has not yet
been clarified.

Methods and Results: By RT-PCR, Western blot and Immunofluorescence techniques, we
demonstrated that human sperm expresses the 1,25(OH)2D3 receptor (VDR). Besides,
25(OH)D3-1 alpha-hydroxylase, evidenced by Western blot analysis, indicated that in sperm
1,25(OH)2D3 is locally produced, highlighting the potential for autocrine-paracrine responses.
1,25(OH)2D3 through VDR, increased intracellular Ca2+ levels, motility and acrosin activity
revealing an unexpected significance of this hormone in the acquisition of fertilizing ability. In sperm,
1,25(OH)2D3 through VDR, reduces triglycerides content concomitantly to the increase of lipase
activity. Rapid responses stimulated by 1,25(OH)2D3 have been observed on Akt, MAPK and GSK3
implying that this secosteroid is involved in different sperm signalling pathways.

Conclusion: Our data extended the role of 1,25(OH)2D3 beyond its conventional physiological
actions, paving the way for novel therapeutic opportunities in the treatment of the male
reproduction disorders.

Background
1 alpha,25-dihydroxyvitamin D3 (1,25(OH)2D3), the
active metabolite of vitamin D3, is formed after hydroxy-
lation by the rate-limiting enzyme 25(OH)D3-1 alpha-

hydroxylase (1 alpha-hydroxylase), abundantly expressed
in the renal proximal tubule [1]. 1,25(OH)2D3 is a secos-
teroid whose actions are mediated by binding to its cog-
nate nuclear receptor, the vitamin D receptor (VDR), a
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member of the nuclear hormone receptor superfamily [2].
The VDR exerts 1,25(OH)2D3-dependent responses in
the nucleus as a ligand-activated transcription factor [3].
In addition to these relatively slow genomic effects,
1,25(OH)2D3 generates rapid responses including Ca2+

uptake from intestine [4,5], augmentation of insulin
secretion from pancreatic β-cells [6,7], growth and differ-
entiation of vascular smooth muscle cells [8] and kerati-
nocytes [9]. The initial signal is amplified by production
of second messengers including inositol triphosphate and
diacylglycerol in the plasma membrane by phospholipase
C, phosphoinositol 3-kinase [8], production of cAMP
[10], and activation of the MAPK pathway [11]. Vitamin
D regulates Ca2+ homeostasis and VDR expression is not
limited to organs involved in Ca2+ regulation, suggesting
that 1,25(OH)2D3 may perform different functions in a
tissue specific manner.

Previous studies suggested that 1,25(OH)2D3 has some
role in reproductive functions. The VDR is widely distrib-
uted in male and female reproductive tissues [12], imply-
ing a 1,25(OH)2D3 action in these organs. In humans,
VDR was observed in the testis, in the prostate and in sper-
matozoa [12-14]. Particularly, our group by immunogold
analysis showed that VDR was localised uniformly in the
sperm nucleus, although some particles also decorated the
neck of the sperm [15]. Vitamin D deficiency and vitamin
D receptor null mutant mice showed gonadal insufficien-
cies [16,17]. Uterine hypoplasia and impaired folliculo-
genesis were observed in the female, decreased sperm
count and motility with histological abnormality of the
testis were observed in the male. However, the role of
1,25(OH)2D3 in the testis is unclear. Different nuclear
receptors [18,19] were found to be present in human ejac-
ulated spermatozoa, regulating cellular processes through
their nongenomic mechanisms. Sperm is a useful cellular
type to study these effects since they are transcriptional
inactive cells [20]. Indeed, sperm functionalities need to
be rapidly activated to accommodate dynamic changes in
the surrounding milieu. The significance of
1,25(OH)2D3/VDR in male fertility is not yet been fully
investigated. The current finding evaluated the potential
role of 1,25(OH)2D3/VDR system in human sperm phys-
iology by studying its effect on Ca2+ levels, motility, acro-
sin activity, glucose and lipid metabolism. Furthermore,
rapid 1,25(OH)2D3 responses were evaluated on differ-
ent signalling transductional pathways identified in
sperm.

Methods
Chemicals
PMN Cell Isolation Medium was from BIOSPA (Milan,
Italy). Total RNA Isolation System kit, enzymes, buffers,
nucleotides 100 bp ladder used for RT-PCR were pur-
chased from Promega (Milan, Italy). Moloney Murine

Leukemia Virus (M-MLV) was from Gibco - Life Technol-
ogies Italia (Milan, Italy). Oligonucleotide primers were
made by Invitrogen (Milan, Italy). BSA protein standard,
Laemmli sample buffer, prestained molecular weight
markers, Percoll (colloidal PVP coated silica for cell sepa-
ration), Sodium bicarbonate, Sodium lactate, Sodium
pyruvate, Dimethyl Sulfoxide (DMSO), Earle's balanced
salt solution (uncapacitating medium), 1alpha,25-Dihy-
droxyvitamin D3 (1,25(OH)2D3) and all other chemicals
were purchased from Sigma Chemical (Milan, Italy). Acr-
ylamide bisacrylamide was from Labtek Eurobio (Milan,
Italy). Triton X-100, fetal calf serum (FCS) was from Invit-
rogen (Milan, Italy), Eosin Y was from Farmitalia Carlo
Erba (Milan, Italy). ECL Plus Western blotting detection
system, Hybond™ECL™, Hepes Sodium Salt were pur-
chased from Amersham Pharmacia Biotech (Buckingham-
shire, UK). Triglycerides assay kit, lipase activity kit,
calcium (Ca2+) assay kit, Glucose-6-phosphate dehydro-
genase (G6PDH) activity assay kit were from Inter-Medi-
cal (Biogemina Italia Srl, Catania, Italy). Goat polyclonal
actin Ab (1-19), monoclonal mouse anti-VDR (D-6) Ab,
rabbit anti-p-Akt1/Akt2/Akt3 S473 Ab, peroxidase-cou-
pled anti-rabbit and anti-goat IgG secondary Abs, anti-
rabbit IgG FITC conjugated, Protein A/G-agarose plus
were from Santa Cruz Biotechnology (Heidelberg, Ger-
many). Rabbit anti-p-extracellular signal-regulated kinase
(ERK 1/2) and anti-p-GSK3 Abs were from Cell Signalling
(Milan, Italy). Mouse anti-1α-hydroxylase Ab was from
the Binding Site Ltd (Birmingham, UK).

Semen collection, sperm processing and experimental 
treatments
Human semen was collected, according to the World
Health Organization (WHO) recommended procedure by
masturbation from healthy volunteer donors of proven
fertility undergoing semen analysis in our laboratory.
Spermatozoa preparations were performed as previously
described [21]. Briefly, sperm samples with normal
parameters of semen volume, sperm count, motility, vital-
ity and morphology, according to the WHO Laboratory
Manual [22], were included in this study. Further, the
results of routine semen analysis on subjects included in
the study are reported in the Table 1. Each sperm sample
was obtained by pooling the ejaculates of three different
normozoospermic healthy donors. After liquefaction,
normal semen samples were pooled and subjected to cen-

Table 1: Mean of the semen parameters from all the sample used 
(n. 21)

Semen Parameters Mean ± SD

Volume (mL) 3.54 ± 0.3
Sperm concentration (106/mL) 75.2 ± 2.4
Motility (%) 47.2 ± 1.82
Morfology (%) 45 ± 1.2
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trifugation (600 g) on a discontinuous Percoll density gra-
dient (95:40% v:v) [23]. The 95% Percoll fraction was
examined using an optical microscope equipped with a
×100 oil objective to ensure that a pure sample of sperm
was obtained. An independent observer, who examined
several fields for each slide, inspected the cells. Percoll-
purified sperm were washed with unsupplemented Earle's
balanced salt solution medium (uncapacitating medium)
and were incubated in the same medium for 30 min at
37°C and 5% CO2, without (control) or with increasing
concentrations of 1,25(OH)2D3 (0.01 nM, 0.1 nM, 1 nM
and 10 nM) or with anti-VDR Ab combined with 0.1 nM
1,25(OH)2D3. When the cells were treated with the anti-
VDR Ab, a pre-treatment of 15 min was performed. Other
samples were incubated in capacitating medium (Earle's
balanced salt solution medium supplemented with 266
mg/100 ml CaCl2, 600 mg/100 ml BSA, 3 mg/100 ml
sodium pyruvate, 360 μl/100 ml sodium lactate, and 200
mg/100 ml sodium bicarbonate).

After the incubation time, the samples were centrifuged
and the pellet containing sperm was lysed to perform RT-
PCR, western blots, triglycerides assay, Ca2+ assay, acyl-
CoA dehydrogenase assay, glucose6-phosphate dehydro-
genase (G6PDH) activity, lipase activity. Prior the centrif-
ugation several aliquots were used to perform sperm
motility, viability and acrosin activity. To evaluate the
expression of the VDR in samples with severe oligoasten-
ozoospermia (subjects with a sperm count less than 10 ×
106/ml and motility less than 20%) the western blotting
analysis was performed by pooling three different samples
with purified sperms. The study was approved by the local
medical-ethical committees and all participants gave their
informed consent.

RNA isolation, Reverse Transcriptase-Polymerase Chain 
Reaction (RT-PCR)
Total RNA was isolated from human ejaculated spermato-
zoa purified as abovementioned. Before RT-PCR, RNA
was incubated with ribonuclease-free deoxyribonuclease
(Dnase) I in single-strength reaction buffer at 37°C for 15
min. This was followed by heat inactivation of Dnase I at
65°C for 10 min. Two micrograms of Dnase-treated RNA
samples were reverse transcribed by 200 IU M-MLV
reverse transcriptase in a reaction volume of 20 μl (0.4 μg

oligo-dT, 0.5 mM deoxy-NTP and 24 IU Rnasin) for 30
min at 37°C, followed by heat denaturation for 5 min at
95°C. PCR amplification of complementary DNA
(cDNA) was performed with 2 U of Taq DNA polymerase,
50 pmol primer pair in 10 mM Tris-HCL (pH 9.0) con-
taining 0.1% Triton X-100, 50 mM KCl, 1.5 mM MgCl2
and 0.25 mM each dNTP. Potential contamination by leu-
cocytes and germ cells in our sperm cells preparations was
assessed by amplifying CD45 and c-kit transcripts respec-
tively. The applied PCR primers and the expected lengths
of the resulting PCR products are shown in Table 2. For all
PCR amplifications (40 cycles), negative (reverse tran-
scription-PCR performed without M-MLV reverse tran-
scriptase) and positive controls were included: MCF7
breast cancer cells for VDR [24], human germ cells for c-
Kit and human leucocytes for CD45. Cycling conditions
were: 95°C/1 min, 55°C/1 min, 72°C/2 min for VDR;
95°C/1 min, 52°C/1 min, 72°C/2 min for c-kit; 95°C/1
min, 55°C/1 min, 72°C/2 min for CD45. The PCR-ampli-
fied products were subjected to electrophoresis in 2% aga-
rose gels stained with ethidium bromide and visualised
under UV transillumination.

Gel extraction and DNA sequence analysis
The VDR RT-PCR product was extracted from the agarose
gel by using a gel band purification kit, the purified DNA
was subcloned into PCR 2.1 vector and then sequenced by
MWG AG Biotech (Ebersberg, Germany).

Evaluation of sperm motility
Sperm motility was assessed by means of light microscopy
examining an aliquot of each sperm sample in absence
(NC, control) or in the presence of increasing concentra-
tions of 1,25(OH)2D3 (0.01 nM, 0.1 nM, 1 nM and 10
nM) or with anti-VDR Ab combined with 0.1 nM
1,25(OH)2D3 and incubated for 30 min under uncapaci-
tating conditions (experimental). Sperm motility was
expressed as percentage of total motile sperm.

Western blot analysis of sperm proteins
Percoll-purified sperm, washed twice with Earle's bal-
anced salt solution, were incubated without (NC) or with
the treatments indicated in the legend of each figure, and
then centrifuged for 5 min at 5000 × g. Besides, some sam-
ples were washed and incubated in capacitating medium.

Table 2: Oligonucleotide sequences used for RT-PCR

Gene Sequence (5' - 3') Size of PCR product (bp)

VDR 5' - CTCCCCCTGCCAGTGCCTTACCTC - 3'
5' - CCCCGCTCTCCCTTCCCACACT - 3'

299

KIT 5' - AGTACATGGACATGAAACCTGG - 3'
5' - GATTCTGCTCAGACATCGTCG - 3'

780

PTPRC 5' - CAATAGCTACTACTCCATCTAAGCCA - 3'
5' - ATGTCTTATCAGGAGCAGTACATG - 3'

230
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The pellet was resuspended in lysis buffer as previously
described [23]. Equal amounts of protein (80 μg) were
boiled for 5 min, separated by 10% polyacrylamide gel
electrophoresis, transferred to nitrocellulose sheets and
probed with an appropriate dilution of the indicated Abs.
The bound of the secondary antibody was revealed with
the ECL Plus Western blotting detection system according
to the manufacturer's instructions. As internal control, all
membranes were subsequently stripped (glycine 0.2 M,
pH 2.6 for 30 min at room temperature) of the first Ab
and reprobed with anti-β actin.

Immunofluorescence assay
Sperm cells, recovered from Percoll gradient, were rinsed
three times with 0.5 mM Tris-HCl buffer, pH 7.5 and fixed
with absolute methanol for 7 min at -20°C. VDR staining
was carried out, after blocking with normal horse serum
(10%), using a monoclonal anti-human VDR as primary
Ab (1 μg/ml) and an anti-mouse IgG FITC conjugated (4
μg/ml) as secondary Ab. Sperm cells incubated without
the primary Ab or with normal mouse serum instead of
the primary Ab were utilized as the negative controls. The
slides were examined under a fluorescence microscope
(Olympus BX41, Milan Italy), and a minimum of 200
spermatozoa per slide were scored.

Evaluation of Ca2+ in sperm lysate
Ca2+ was determined according to the manufacturer
instructions [25] and as previously described [26]. At a
neutral pH, the Ca2+ forms with arsenazo III a complex,
the colour intensity of which is directly proportional to
the concentration of Ca2+ in the sample. Percoll-purified
sperm, washed twice with Earle's balanced salt solution,
were incubated in the absence (NC, control) or in the
presence of increasing concentrations of 1,25(OH)2D3
(0.01 nM, 0.1 nM, 1 nM and 10 nM) or with anti-VDR Ab
combined with 0.1 nM 1,25(OH)2D3 for 30 min in a
Ca2+ serum free medium (uncapacitating medium). 1 ml
of the reagent, 4-morpholinoethanesulfonic acid (MES) at
pH 6.5 (100 mM) and Arsenazo III (200 μM), was added
to the sperm lysate, mixed and incubated for 5 minutes at
+15-25°C. The optical density was measured with the
spectrophotometer at 600 nm. Ca2+ content Ca2+ standard
used was 2.5 mM (100 mg/l). Inter- and intra-assay varia-
tion were 0.24% and 0.37%. Ca2+ results are presented as
μM per 10 × 106 number of spermatozoa.

Acrosin activity assay
Acrosin activity was assessed by the method of Kennedy et
al. [27] and as previously described [28]. Sperm were
washed in Earle's medium and centrifuged at 800 g for 20
min, then were resuspended (final concentration of 10 ×
106 sperm/ml) in different tubes containing no treatment
(NC, control) or sperm were treated with increasing con-
centrations of 1,25(OH)2D3 (0.01 nM, 0.1 nM, 1 nM and

10 nM) or with anti-VDR Ab combined with 0.1 nM
1,25(OH)2D3 and incubated for 30 min under uncapaci-
tating conditions (experimental). 1 ml of substrate-deter-
gent mixture (23 mmol/l BAPNA in DMSO and 0.01%
Triton X-100 in 0.055 mol/l NaCl, 0.055 mol/l HEPES at
pH 8.0 respectively) was added and incubated for 3 hours
at room temperature. Aliquots (20 μl) were removed at 0
and 3 hours and the percentages of viable cells were deter-
mined. After incubation, 0.5 mol/l benzamidine was
added (0.1 ml) to each of the tubes and then centrifuged
at 1000 g for 30 min. The supernatants were collected and
the acrosin activity measured with the spectrophotometer
at 410 nm. In this assay, the total acrosin activity is
defined as the amount of the active (non-zymogen) acro-
sin associated with sperm plus the amount of active acro-
sin that is obtained by proacrosin activable. The acrosin
activity was expressed as μIU/106 sperms. Quantification
of acrosin activity was performed as previously described
[28].

Triglycerides Assay
Triglycerides were measured in duplicate by a GPO-POD
enzymatic colorimetric method according to manufac-
turer's instructions in sperm lysates and as previously
described [29]. Sperm samples, washed twice with unca-
pacitating medium, were incubated in the same medium
(control) or in capacitating medium for 30 min at 37°C
and 5% CO2. Other samples were incubated in the pres-
ence of increasing concentrations of 1,25(OH)2D3 (0.01
nM, 0.1 nM, 1 nM and 10 nM) or with anti-VDR Ab com-
bined with 0.1 nM 1,25(OH)2D3, for 30 min under unca-
pacitating conditions.

At the end of the sperm incubation 50 μg of sperm extracts
were added to the 1 ml of buffer reaction and incubated
for 10 min at room temperature. Then the triglycerides
content was measured with the spectrophotometer at 505
nm. Data are presented as μg/106 sperms.

Assay of acyl-CoA dehydrogenase activity
Assay of acyl-CoA dehydrogenase was performed on
sperm, using a modification of the method described by
Lehman et al. [30]. Sperm samples, washed twice with
uncapacitating medium, were incubated in the same
medium (control) for 30 min at 37°C and 5% CO2. Other
samples were incubated in the presence of increasing con-
centrations of 1,25(OH)2D3 (0.01 nM, 0.1 nM, 1 nM and
10 nM) or with anti-VDR Ab combined with 0.1 nM
1,25(OH)2D3, for 30 min under uncapacitating condi-
tions. In brief, after lysis, 70 μg of sperm protein was
added to buffer containing 20 mM Mops, 0.5 mM EDTA,
and 100 μM FAD+ at pH 7.2. Reduction of FAD+ to FADH
was read at 340 nm upon addition of octanoyl-CoA (100
μM) every 20 seconds for 1.5 min. Data are expressed as
nmol/min/mg protein. The enzymatic activity was deter-
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mined with three control media: one without octanoyl-
CoA as substrate, one without the coenzyme (FAD+), and
the third without either substrate or coenzyme (data not
shown).

Lipase activity assay
Lipase activity was evaluated, by the method of
Panteghini [31] based on the use of 1,2-o-dilauryl-rac-
glycero-3-glutaric acid-(6'-methylresorufin) ester (DGGR)
as substrate. Sperm samples, washed twice with uncapac-
itating medium, were incubated in the same medium
(control) for 30 min at 37°C and 5% CO2. Other samples
were incubated in the presence of increasing concentra-
tions of 1,25(OH)2D3 (0.01 nM, 0.1 nM, 1 nM and 10
nM) or with anti-VDR Ab combined with 0.1 nM
1,25(OH)2D3, for 30 min under uncapacitating condi-
tions. 50 μg of sperm extracts were loaded into individual
cuvettes containing buffer for determination with the
spectrophotometer. DGGR is cleaved by lipase, resulting
in an unstable dicarbonic acid ester which is spontane-
ously hydrolysed to yield glutaric acid and methylresoru-
fin, a bluish-purple chromophore with peak absorption at
580 nm. The absorbance of samples was read every 20 sec-
onds for 1.5 min. The rate of methylresorufin formation is
directly proportional to the lipase activity in the sample.
Analysis of total imprecision gave a coefficient of varia-
tion of between 0.01% and 0.03%. The estimated refer-
ence interval was 6-38 U/L (μmol/min/mg protein). The
enzymatic activity was determined with three control
media: one without the substrate, one without the co-
enzyme (colipase) and the third without either substrate
or co-enzyme (data not shown).

G6PDH activity
The conversion of NADP+ to NADPH, catalyzed by
G6PDH, was measured by the increase of absorbance at
340 nm. Sperm samples, washed twice with uncapacitat-
ing medium, were incubated in the same medium (con-
trol) for 30 min at 37°C and 5% CO2. Other samples were
incubated in the presence of sperm treated with increasing
concentrations of 1,25(OH)2D3 (0.01 nM, 0.1 nM, 1 nM
and 10 nM) or with anti-VDR Ab combined with 0.1 nM
1,25(OH)2D3 and incubated for 30 min under uncapaci-
tating conditions. After incubation, 50 μg of sperm
extracts were loaded into individual cuvettes containing
buffer (100 mM triethanolamine, 100 mM MgCl2, 10 mg/
ml glucose-6-phosphate, 10 mg/ml NADP+, pH 7.6) for
determination with the spectrophotometer. The absorb-
ance of samples was read at 340 nm every 20 seconds for
1.5 min. Data are expressed in nmol/min/106 sperms. The
enzymatic activity was determined with three control
media: one without glucose-6-phosphate as substrate, one
without the coenzyme (NADP+), and the third without
either substrate or coenzyme (data not shown).

Statistical analysis
The experiments for RT-PCR and immunofluorescence
assays were repeated on at least three independent occa-
sions, whereas Western blot analysis was performed in at
least seven independent experiments. The data obtained
from triglycerides Assay, G6PDH activity, acyl-CoA dehy-
drogenase activity, Ca2+ assay and lipase activity (seven
replicate experiments using duplicate determinations),
motility (five replicate experiments using duplicate deter-
minations), acrosin activity (seven replicate experiments
using duplicate determinations) were presented as the
mean ± SD. The differences in mean values were calcu-
lated using analysis of variance (ANOVA) with a signifi-
cance level of P ≤ 0.05.

Results
VDR expression in human sperm
To determine whether mRNA for VDR is present in
human ejaculated spermatozoa, RNA isolated from per-
coll-separated sperm of normal men was subjected to
reverse PCR. The primer sequences were based on the
human VDR gene sequence and the RT-PCR amplification
revealed the expected PCR product size of 299 bp of the
coding region of the human VDR cDNA (Fig 1A). This
product was sequenced and found to be corresponding to
the classical human VDR (data not shown). No detectable
levels of mRNA coding either CD45, a specific marker of
human leucocytes, or c-kit, a specific marker of human
germ cells, were found in the same semen samples (Fig
1A), ruling out any potential contamination. In addition,
the RT-PCR products were not a result of any DNA con-
tamination as the RNA samples were subjected to DNAse
treatment before RT-PCR.

The presence of VDR protein in human ejaculated sperm
was investigated by Western blot (Fig 1B) using a mouse
monoclonal Ab raised against amino acids 344-424 of
VDR (D-6) of human origin, purchased by Santa Cruz
Biotechnology. Two immunoreactive bands, correspond-
ing to the molecular mass values of 52 and 57 kDa were
observed. Two different cellular types were used as posi-
tive controls: MCF7, breast cancer cells, that showed two
bands, one of 48 kDa as previously reported [32] and
another one at 52 kDa; LNCap, prostate cancer cells, that
showed one band at 52/54 [33]. Interestingly, as shown in
the panel C, it appears that pathologic samples exhibit a
reduced expression of VDR, particularly of the 52 kDa
band.

A local Vitamin D Metabolism occurs in human sperm
The 1 alpha-hydroxylase is a member of the cytochrome
P450 superfamily and it is a key enzyme of vitamin D
metabolism. In order to investigate whether in sperm a
local Vitamin D metabolism exists, we did perform a west-
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ern blot by using an anti-1alpha-hydroxylase Ab. As
shown in Fig. 1D one band, corresponding to the molec-
ular mass value of 56 kDa was observed like in somatic
cells [34].

VDR localization in human sperm
Using a immunofluorescence technique and the same
anti-VDR Ab used for western blot, we obtained a positive
signal for VDR in human spermatozoa. The immunoreac-
tivity was predominantly compartmentalized in the
sperm head (Fig 2A) and a weak staining was also
observed in the midpiece. No fluorescent signal was
obtained when primary Ab was omitted (Fig 2B) or when
the normal mouse IgG was used instead of the primary Ab
(Fig. 2C), thus further confirming the specificity of the
antibody binding.

1,25(OH)2D3 regulates intracellular Ca2+ content in 
human sperm
1,25(OH)2D3 plays not only a pivotal role in systemic
Ca2+ homeostasis but also in the intracellular Ca2+ home-
ostasis of various tissues [35]. Recently it was demon-
strated that internal sperm Ca2+ stores provide sufficient
Ca2+ for the induction of hyperactived motility [36]. It is
important to point out that serum human 1,25(OH)2D3
levels between 37.5 and 150 pM (15 - 60 pg/ml) can be
regarded as physiological concentrations [37] whereas 1
nM and 10 nM are supraphysiological levels. Our results
showed that 1,25(OH)2D3 from 0.01 nM to 1 nM is able
to increase intracellular Ca2+, however not in a dose
dependent manner and 10 nM 1,25(OH)2D3 didn't show
a significant increase (Fig. 3); the combination of anti-
VDR Ab with 0.1 nM 1,25(OH)2D3 reduced this action.
These data may address an important role of
1,25(OH)2D3/VDR in sperm Ca2+ regulation.

1,25(OH)2D3 influences sperm motility and acrosin 
activity
As it was never investigated, a functional assessment of the
sperm under 1,25(OH)2D3 was performed to evaluate
motility and acrosin activity. Sperm motility was
enhanced upon 0.01 nM and 0.1 nM 1,25(OH)2D3,
while the combination of the anti-VDR Ab with 0.1 nM
1,25(OH)2D3 reduced this effect. 1 nM and 10 nM
1,25(OH)2D3 appear to be ineffective (Fig. 4A). Besides,
we evaluated whether 1,25(OH)2D3 is able to influence
the sperm extratesticular maturation by evidencing its
potential action on acrosin activity.

A significant a dose-dependent effect from 0.01, 0.1 and 1
nM 1,25(OH)2D3 on increased acrosin activity was
observed (Fig. 4B). The 10 nM 1,25(OH)2D3 didn't show
a further increase with respect to the 1 nM concentration.
The process was significantly reduced by using the anti-

VDR expression in human ejaculated spermatozoaFigure 1
VDR expression in human ejaculated spermatozoa. 
A: Reverse transcription-PCR analysis of human VDR, CD45 
and c-Kit genes in percolled human spermatozoa (S1 and S2), 
negative control (no M-MLV reverse transcriptase added) (-), 
positive controls (MCF7 breast cancer cells for VDR, human 
germ cells for c-Kit and human leucocytes for CD45) (+), 
marker (lane M). Arrows indicated the expected size of the 
PCR products. B: Western blot of VDR protein in human 
sperm, expression in two samples of ejaculated spermatozoa 
from normal men (S1, S2). MCF-7 and LNCaP extracts were 
used as positive controls. C: VDR expression in severe oli-
goastenozoospermic patients. NC = Normal uncapacitated 
sample; P1, P2 = pathologic samples. D: Western blot of 
1alpha--hydroxylase protein in human sperm, expression in 
two samples of ejaculated spermatozoa from normal men 
(S1, S2). MCF-7 extracts was used as positive control (+). 
The experiments were repeated at least four times for RT-
PCR, seven times for Western blot and the autoradiographs 
of the figure show the results of one representative experi-
ment.
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VDR Ab combined with 0.1 nM 1,25(OH)2D3 suggesting
an involvement of the receptor in the acrosome reaction.

1,25(OH)2D3 affects human sperm metabolism
During sperm extratesticular maturation an overall
increase in sperm metabolism occurs. However, the mech-
anisms that govern this event are still poorly understood.
In order to give further insight on this aspect of sperm
physiology we studied a potential role of VDR in lipid and
glucose sperm metabolism, by evaluating the intracellular
levels of triglycerides, lipase activity, acyl-CoA dehydroge-
nase activity and G6PDH activity. 1,25(OH)2D3 stimula-
tion induced a significant dose-dependent decrease from
0.01, 0.1 and 1 nM 1,25(OH)2D3, addressing a lipolytic
effect, while the 10 nM 1,25(OH)2D3 was ineffective. The
anti-VDR Ab reversed the 0.1 nM 1,25(OH)2D3 effect
addressing a VDR-dependent event (Table 3). The lipase
activity was enhanced from 0.01 nM to 1 nM
1,25(OH)2D3, however not in a dose dependent manner.
10 nM 1,25(OH)2D3 appears to be ineffective and the
combination of anti-VDR Ab with 0.1 nM 1,25(OH)2D3
indicates a VDR-mediated effect. No differences between
treated and control samples were observed both in the

Immunofluorescence localization of VDR in human ejaculated spermatozoaFigure 2
Immunofluorescence localization of VDR in human 
ejaculated spermatozoa. A: VDR Immunolocalization; B: 
Sperm cells incubated without the primary Ab were utilized 
as negative control. C: Sperm cells incubated replacing the 
anti-VDR Ab by normal rabbit serum were utilized as nega-
tive control. The pictures shown are representative exam-
ples of experiments that were performed at least three times 
with reproducible results.

1,25(OH)2D3 increases intracellular Ca2+Figure 3
1,25(OH)2D3 increases intracellular Ca2+. Percoll-puri-
fied sperm washed spermatozoa were incubated in the 
unsupplemented Earle's medium for 30 min at 37°C and 5% 
CO2, in the absence (NC) or in the presence of increasing 
1,25(OH)2D3 concentrations (0.01 nM, 0.1 nM, 1 nM and 10 
nM) or with 0.1 nM 1,25(OH)2D3 combined with anti-VDR 
Ab (AbVDR). Other samples were incubated in capacitating 
medium (Cap). Intracellular calcium was measured as 
reported in Materials and Methods. The calcium assay pre-
sented are representative examples of experiments that 
were performed at least seven times with repetitive results. 
Columns represent mean ± S.D. *P < 0.05 versus control, **P 
< 0.02, ***P < 0.01 versus control.
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1,25(OH)2D3 effects on motility and acrosin activity are VDR-mediatedFigure 4
1,25(OH)2D3 effects on motility and acrosin activity are VDR-mediated. Percoll-purified sperm washed spermato-
zoa were incubated in the unsupplemented Earle's medium for 30 min at 37°C and 5% CO2, in the absence (NC) or in the 
presence of increasing 1,25(OH)2D3 concentrations (0.01 nM, 0.1 nM, 1 nM and 10 nM) or with 0.1 nM 1,25(OH)2D3 com-
bined with anti-VDR Ab (AbVDR). Other samples were incubated in capacitating medium (Cap). Sperm motility and acrosin 
activity were assessed as reported in Materials and methods. The sperm motility presented are representative examples of 
experiments that were performed at least five times with repetitive results while acrosin activity were performed at least 
seven times with repetitive results. Columns are mean ± S.D. Data are expressed as % for motility and as μIU acrosin/106 

sperms for acrosin activity. *P < 0.05 versus control; ** P < 0.02, ***P < 0.01 versus control.
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acyl-CoA dehydrogenase and in the G6PDH activities
upon increasing 1,25(OH)2D3.

1,25(OH)2D3 activates ERK1/2, Akt and GSK3 in human 
sperm
The mechanisms involved in the control of sperm func-
tions are not yet well known; strong evidences indicate
that they are associated with or controlled by different sig-
nal transduction elements. Therefore, we aimed to inves-
tigate 1,25(OH)2D3 rapid action on different kinases
identified in sperm, such as the ERK1/2, AKT and GSK3,
by evaluating their phosphorylations. Increasing doses of
the secosteroid from 0.01 nM to 0.1 nM resulted in signif-
icant induction of the ERK1/2, AKT and GSK3 phosphor-
ylations (Fig. 5A), while the 1 nM and 10 nM
concentrations appear to be ineffective. Particularly, the 1
nM 1,25(OH)2D3 increased only the AKT phosphoryla-
tion. Anti-VDR Ab abolished 0.1 nM 1,25(OH)2D3-
induced effect, demonstrating that in sperm
1,25(OH)2D3 is able to activate different signalling path-
ways through VDR and therefore it might contribute to
different sperm biological functions.

To investigate if the phosphorylations of the abovemen-
tioned kinases, induced by 0.1 nM 1,25(OH)2D3 may
represent an early event, we performed a time course study
(0, 5, 10, 30 and 60 min). This experiment revealed that
the ERK1/2, AKT and GSK3 phosphorylations occurred
rapidly as they were observed from 5 min, increased at 10
min and were sustained until 30 min, then dropped sig-
nificantly after 1 hour (Fig. 5B).

Discussion
1,25(OH)2D3 is a key regulator of Ca2+ homeostasis
through binding to specific receptor-VDR [38]. The arche-
typal target organs of this hormone include bone, intes-
tines and kidney. Indeed, diverse array of tissues that do
not participate in mineral and bone metabolism possess
specific VDR and sequentially respond to 1,25(OH)2D3,
including testis [13]. However, the role of 1,25(OH)2D3

in the physiology of genitourinary organs, is still princi-
pally unknown. In our study we aimed to investigate
1,25(OH)2D3 functional role in sperm physiology and
the molecular mechanisms through which this secoster-
oid may affect human male reproduction, discovering
new 1,25(OH)2D3 actions.

First, we identified VDR in sperm at different levels:
mRNA presence, protein expression and its localization.
Previous reports demonstrating the size of the VDR by gel
electrophoresis, showed that it varies depending on the
species studied with a molecular weight ranging from 50
to 60 kDa. Human testis showed a protein of 57 and
another one of 52 kDa molecular weight compared with
57 and 37 kDa in the rat testis [39]. Human prostate evi-
denced protein of 52 kDa compared to rat ventral (57 and
37 kDa) and dorsal prostate (52 and 26 kDa). Our data on
VDR isoforms are super imposable to that found in
human testis. Recently, in human sperm, VDR was
reported at 50 kDa size [14], and this discrepancy with our
data may be due to different methodological approaches
and/or to the antibody used. It appears that a lower
amount of VDR is expressed in pathologic samples that
have severe oligoastenozoospermia. The VDR localization
by immunofluorescence assay confirmed the data
observed in our previous study, showing by immunogold
analysis that VDR was localised in the sperm nucleus,
although some particles also decorated the neck [15]. In
somatic cells, the receptor-hormone complex becomes
localized to the nucleus and then interacts with the
1,25(OH)2D3-responsive element, modifying transcrip-
tion of the target genes. In addition to their classic
genomic action, nuclear receptors regulate cellular proc-
esses through a non-genomic mechanism [40]. It is gener-
ally accepted that the sperm nucleus is transcriptional
inactive due to the highly condensed architecture of its
chromatin. In this study, we investigated the rapid effects
of the VDR as we have also observed previously for other
nuclear receptors in human sperm [18,29,41]. Indeed,
this mode of action seems to be particularly appropriate

Table 3: Effects of 1,25(OH)2D3 on sperm metabolism

Triglycerides
mg/106 sperms

Lipase activity (U/L)mmol/
min/

mg protein

Acyl CoA dehydrogenase 
activity

nmol/min/mg protein

G6PDH
mmol/min/106 sperms

NC 0,08 ± 0.0013 0,5 ± 0.02 0,004 ± 0.0001 0,005 ± 0.0001
1,25(OH)2D3 0.01 nM 0,05 ± 0.001* 1,3 ± 0.04* 0,0039 ± 0.0001 0,0048 ± 0.0002
1,25(OH)2D3 0.1 nM 0,025 ± 0.0029** 1,8 ± 0.03** 0,0041 ± 0.0002 0,0047 ± 0.0002
1,25(OH)2D3 1 nM 0,015 ± 0.0032** 0,8 ± 0.032* 0,0040 ± 0.0003 0,0051 ± 0.00018
1,25(OH)2D3 10 nM 0,07 ± 0.002 0,6 ± 0.031 0,0038 ± 0.0001 0,0046 ± 0.0001

Ab VDR + 0.1 nM 
1,25(OH)2D3

0,077 ± 0.0019 0,4 ± 0.041 0,0038 ± 0.0002 0,0049 ± 0.0002

CAP 0.06 ± 0.002 2,2 ± 0,045** 0,01 ± 0,0005** 0.01 ± 0,0003*

Data are presented as mean ± S.D. of seven independent experiments performed in duplicate.
*P < 0.05 versus control; ** P < 0.01 versus control (NC). CAP = capacitated sperms.
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in the male gamete because sperm functions need to be
activated rapidly to accommodate dynamic changes in the
surrounding milieu. Importantly, our study also evi-
denced that 1,25(OH)2D3 is a locally produced hormone
as the male gamete expresses the 1α, hydroxylase. The
presence of this protein in sperm and the VDR raises the
possibility of an autocrine short loop.

Sperm physiology depends on nongenomic signals
amongst which Ca2+ have an important role [42,43],

however, its regulation is poorly understood. Autono-
mous 1,25(OH)2D3 production together the presence of
VDR led us to hypothesize an autocrine regulation of
Ca2+ in sperm, on the basis of this classical 1,25(OH)2D3
role at systemic level. There is considerable evidences that
Ca2+ stores exist in mammalian spermatozoa and recently
it was demonstrated that they play an important role in
triggering hyperactivated motility. In fact, internal Ca2+

stores could provide sufficient Ca2+ for the induction of
hyperactivation, afterwards the Ca2+ influx is required to

1,25(OH)2D3 induces pERK1/2, AKT and GSK3 phosphorylations in human sperm through VDRFigure 5
1,25(OH)2D3 induces pERK1/2, AKT and GSK3 phosphorylations in human sperm through VDR. A: Percoll-puri-
fied sperm washed spermatozoa were incubated in the unsupplemented Earle's medium for 30 min at 37°C and 5% CO2, in the 
absence (NC) or in the presence of increasing 1,25(OH)2D3 concentrations (0.01 nM, 0.1 nM, 1 nM and 10 nM) or with 0.1 
nM 1,25(OH)2D3 combined with anti-VDR Ab (AbVDR). Other samples were incubated in capacitating medium (Cap). B: 
Time course study (0, 5, 10, 30 and 60 min) of ERK1/2, AKT and GSK3 phosphorylations treated with 0.1 nM 1,25(OH)2D3. 
Actin was used as loading control. On the side are reported the densitometric evaluations normalised against actin levels. The 
autoradiographs presented are representative examples of experiments that were performed at least seven times with repeti-
tive results. *P < 0.05 versus control, **P < 0.01, ***P < 0.002 versus control.
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maintain intracellular Ca2+ levels sufficient to maximize
and sustain this process that led to the acrosome reaction
[36]. From our data it emerges that 1,25(OH)2D3,
through VDR, is able to increase intracellular Ca2+ levels,
addressing a role for the receptor in the induction of
hyperactivated motility, that in turn triggers or contributes
to the sperm changes associated to capacitation and acro-
some reaction. The mechanisms controlling the interac-
tion between energy balance and reproduction are the
subject of intensive investigations. Capacitated sperm dis-
play an increased metabolism and overall energy expend-
iture, however, the signalling pathways associated with
the change in sperm metabolism energy are poorly under-
stood. In this study, we observed in sperm that
1,25(OH)2D3, through VDR, reduces triglycerides con-
tent concomitantly to the increase of the lipase activity.
The rate-limiting step in the metabolism of neutral lipids
in adipose tissue lies at the level of the lipase, which cata-
lyzes the hydrolysis of triglyceride [44], high lipase activ-
ity was previously demonstrated in the spermatozoa [45].
However, the endogenous substrate used for energy
metabolism by spermatozoa is species specific and to
what degree triglycerides supply the energy demands of
mammalian spermatozoa is not clear. Particularly, from
our study it appears that 1,25(OH)2D3 doesn't affect FFA
β-oxidation or G6PDH activities and this may be
explained by the fact that the increased lipase activity is
regulated by Ca2+ [46] and therefore, this effect might be
imputable to 1,25(OH)2D3 calcemic action.

Intriguingly, it appears that 1,25(OH)2D3 differently
influences lipid metabolism in adipocytes and in sperm.
In human adipocytes 1,25(OH)2D3 stimulates Ca2+

influx, promotes lipogenesis and inhibits lipolysis via a
rapid nongenomic action [47]. It was demonstrated that
the suppression of 1,25(OH)2D3 by high dietary Ca2+

stimulates lipolysis, inhibits lipogenesis [48] and thereby
shifts the partitioning of dietary energy from energy stor-
age to energy expenditure. Similarly, this 'anti-obesity'
effect of Ca2+ may occur in sperm during capacitation
when Ca2+ influx strongly increases. Therefore, it seems
that, in spite of adipose tissue, 1,25(OH)2D3 has a lipol-
ytic effect in sperm, however an intricate cooperation of
endocrine and autocrine/paracrine factors may exist in
this cell leading to a fine regulation of the energy needed
to the different physiological conditions. The early
increase in sperm intracellular free Ca2+ induced by
1,25(OH)2D3 might be involved in switching the metab-
olism from lipogenesis to lipolysis. Indeed, it may be
speculated that 1,25(OH)2D3 increases the intracellular
Ca2+ mobilization, stimulating the induction of capacita-
tion that requires energy. Therefore the lipid metabolism
increases to meet the energetic demands during the proc-
ess by reducing energy storage and increasing energy
expenditure. Besides, sperm lipid metabolism might be

more sensitive to Ca2+ variations given the importance of
this signalling in sperm. Infact it is important to point out
that intracellular Ca2+ is approximately 50-100 nM in
uncapacitated sperm, 200-1000 nM in hyperactivated
sperm [49] and it may increase to approximately 10 μM
during the acrosome reaction [50].

A wide array of rapid responses stimulated by
1,25(OH)2D3 have been reported [51]. ERK1/2, AKT and
GSK3 have been demonstrated to be involved in different
sperm activities [18,21]. In this study 1,25(OH)2D3 rap-
idly induces all of these pathways indicating that VDR is
involved in various sperm functions and thus corroborat-
ing the unexpected physiological significance of the hor-
mone in the human male gamete.

The hormone concentration can be crucial in determining
the type of cell responsiveness. It was observed in different
cell systems that the hormone level regulates the associa-
tion between different receptors and signalling effectors
suggesting that assembly or disassembly of different mod-
ules are involved in the effects triggered by low and high
hormone concentrations [52,53]. In our study, the
response to 1,25(OH)2D3 appears to be biphasic with a
stimulatory effect at lower concentrations, and becoming
inhibitory or ineffective at the higher levels. The outcome
of signalling activation depending on differences in ligand
level was also recently demonstrated in human sperm
[15,18,21,29,41] and a possible explanation relies in the
down regulation of the receptors at elevated hormone
concentration [54]. The observation that different hor-
mone levels trigger different responses in sperm cells is a
remarkable example of the pronounced flexibility of this
cell in the responsiveness to steroids.

Concluding, sperm local source of 1,25(OH)2D3 may
participate with different actions in the sperm functional
maturation. The data provided by the current experiments
clearly establish a molecular role of the VDR in sperm
physiology and it may be considered as a novel modulator
of sperm fertilizing ability. VDR is present in the seminif-
erous tubules, in spermatogonia [12] and in spermatozoa
[14,15]. In addition to sex steroid hormones, the classic
regulators of reproduction, vitamin D also modulates
reproductive processes in the human female. After sperm
are deposited into the vagina via ejaculation, they must
travel through the cervical mucus into the uterus and then
into the fallopian tube before they can meet with the egg.
The 1 alpha-hydroxylase is expressed in cervical and uter-
ine tissues [55,56]. Vaginal epithelium [57], cervical,
endometrial cells [58] and fallopian epithelial cells
express VDR [59,12] implicating a physiological role of
the 1,25(OH)2D3 in this context. It was reported that the
amount of 1,25(OH)2D3 present in follicular fluid is sig-
nificantly lower than in the concurrent serum [60]. These
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observations may also support our results concerning the
biphasic effect of 1,25(OH)2D3 doses, since lower hor-
mone levels induce the majority of the sperm activities
evaluated, while higher concentrations appear to be inef-
fective. However, the physiological significance and the
specific role of 1,25(OH)2D3/VDR in both gametes need
to be further investigated.

Taken together, our results extended the role of
1,25(OH)2D3 beyond its conventional physiological
actions, enhanced our knowledge on human sperm at
molecular level and our understanding of the vitamin D
signaling pathway, paving the way for novel therapeutic
opportunities in the treatment of the male fertility disor-
ders. The modulation of the VDR might also provide a
mechanism by which environmental or dietary vitamin D
can influence sperm fertilizing ability and therefore male
reproduction.
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Insulin and IR-b in pig spermatozoa: a role of the hormone
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Introduction

In adult mammals, insulin (Ins) is produced in highly

specialized cells (b-cells) of the endocrine pancreas. In

young animals, Ins is also secreted by the thymus (Thro-

sby et al., 1998) and, additionally, extra-pancreatic Ins

gene expression is detectable in the yolk sac (Philippe,

1991) and transiently in brain tissue (Alpert et al., 1988)

during embryonic development of rodents.

Insulin has been shown to exhibit pleiotropic effects

involving mitogenic and ⁄ or metabolic events and its

effects are tissue ⁄ development dependent. Ins may trans-

duce its signal through a variety of pathways (White &

Kahn, 1994); the two major pathways, described to date,

employ Ins receptors (IRs) as the primary targets, signal-

ling via mitogen-activated protein kinases and phosphoi-

nositol-3 kinase. IRs exist in two isoforms (Seino et al.,

1989): the A type (IR-A) and the B type (IR-B) but the

functional significance of these IR isoforms remains still

unclear.

In somatic cells, the IR is a heterotetrameric transmem-

brane protein composed of two a- and two b-subunits

linked by disulphide bonds (Kahn & White, 1988). The

a-subunits are totally extracellular while the b-subunits

are anchored in the plasma membrane. The binding

of Ins to the a-subunits activates the intrinsic tyrosine-

specific kinase of the intracellular b-subunits to phos-

phorylate tyrosine residues and also to phosphorylate

intracellular substrates. These events are necessary for the

signal transduction to elicit various Ins actions.

In farm animals, similarly as in humans, reproduction

is affected by changes in the level of energetic balance.

Therefore, Ins may play a role in the regulation of gona-

dal function. In addition to gonadotropins, reproductive

function is affected by the metabolic factors (Adashi

et al., 1985), which act on hypothalamo-pituitary axis as
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Summary

Recent studies have revealed that insulin, the main regulator of the glucose

homeostasis in somatic cells, is expressed in human spermatozoa which are also

able to secrete it. This study investigated the expression of insulin and insulin

receptor b in pig spermatozoa, at immunohistochemical protein and mRNA

level. The immunofluorescence assay revealed that insulin and its receptor were

co-localized in the sperm midpiece, while insulin was also detected in the acro-

somal region. Western blot evidenced a 36 kDa band for insulin and a 95 kDa

band for insulin receptor, such as reported in somatic cells. In addition, both

insulin and insulin receptor transcripts were detected in pig spermatozoa.

Interestingly, a possible biological role of the hormone was evidenced during

pig sperm capacitation and acrosome reaction. In fact, the results showed that

insulin (0.01 and 0.1 nm) can induce both the activities. A possible autocrine

short loop of insulin in pig spermatozoa was suggested by the evaluation of the

hormone secretion in both uncapacitated and capacitated spermatozoa. Fur-

thermore, spontaneous sperm capacitation and acrosome reaction were stimu-

lated by glucose and inhibited by the blockage of insuline release (nifedipine).

In conclusion, this work has firstly demonstrated the expression of insulin and

of its receptor, as well as the insulin secretion by pig spermatozoa, thereby sug-

gesting an unexpected significance of the hormone in the acquisition of the

male gamete fertilizing ability.
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well as on the gonads by directly altering gametogenesis.

Different studies suggested a positive effect of Ins in

female fertility, particularly on pre-ovulatory follicular

development of swine (Cox et al., 1987; Britt et al., 1988;

Matamoros et al., 1990, 1991), while the significance of

Ins in male fertility is not defined yet.

In men, it was reported that Ins promotes spermato-

gonial differentiation into primary spermatocytes by

binding to the IGF-I receptor (Nakayama et al., 1999).

Further, in men affected by Ins-dependent diabetes,

with malfunction of Ins signalling, spermatozoa have

severe structural defects, significantly lower motility and

concentration as well as abnormal morphology (Baccetti

et al., 2002; Ramalho-Santos et al., 2008) and, lower

ability to penetrate hamster eggs (Shrivastav et al.,

1989). Furthermore, increased levels of nuclear DNA

fragmentation, mitochondrial DNA deletions and oxida-

tive DNA modification were reported in spermatozoa

from men with type 1 diabetes (Agbaje et al., 2007,

2008).

Recently, studies from our laboratory discovered that

human ejaculated spermatozoa express and secrete Ins

(Aquila et al., 2005), opening a new field of study in

reproductive biology. Aim of this study was to investigate

the expression of Ins and of its receptor (IR b) in ejacu-

lated spermatozoa of the pig. A possible biological role of

the hormone on the functional property of the male gam-

ete has been also explored.

Materials and methods

Chemicals

BSA protein standard, Laemmli sample buffer, pre-

stained molecular weight markers, Percoll (colloidal

PVP-coated silica for cell separation), sodium bicarbon-

ate, dimethyl sulphoxide, Earle’s balanced salt solution,

porcine Ins, propidium iodide (PI), fluorescein isothiocy-

anate-labelled peanut (Arachis hypogaea) agglutinin

(FITC–PNA), d-glucose, nifedipine and all other chemi-

cals were purchased from Sigma Chemical (Milan, Italy).

Acrylamide bisacrylamide was from Labtek Eurobio

(Milan, Italy). Triton X-100, ECL Plus Western blotting

detection system and HybondTM ECLTM were purchased

from Amersham Pharmacia Biotech (Buckinghamshire,

UK). Polyclonal rabbit anti-Ins (H-86), peroxidase-cou-

pled anti-rabbit, peroxidase-coupled anti-mouse, FITC-

conjugated anti-rabbit IgG and Texas Red-conjugated

anti-mouse IgG antibodies (Abs) were from Santa Cruz

Biotechnology (Heidelberg, Germany). Monoclonal

mouse anti-IRb (C18C4) was from Stressgene (Bologna,

Italy). Cholesterol-oxidase (CHOD)-peroxidase (POD)

enzymatic colorimetric kit was from Inter-Medical

(Biogemina Italia Srl, Catania, Italy). The Ins RIA kit

was purchased from Diagnostic Systems Laboratories

ICN (Biogemina Italia Srl, Catania, Italy). Total RNA

Isolation System kit, enzymes, buffers and nucleotides

100 bp ladder used for RT-PCR were purchased from

Promega Corp. (Milan, Italy). Moloney murine leukae-

mia virus (M-MLV) was from Gibco-Life Technologies

Italia. Oligonucleotide primers were purchased from

Invitrogen Life Technologies, Inc., (Milan, Italy).

Animals and semen samples

The investigation has been conducted on semen from

eight fertile male pigs (Sus scrofa domestica, Large White)

kept at ‘Swine Artificial Insemination Centre’ (Rende,

Cosenza, Italy). The animals were 20 to 30 month-old

and their weights were from 260 to 330 kg. Individual

fresh ejaculates were collected using the gloved hand

method and filtered immediately by Universal Semen bags

(Minitub, Tiefenbech, Germany). Semen was transported

within half an hour to the laboratory. It was diluted

1 : 10 with TBS buffer and centrifuged on a discontinu-

ous Percoll density gradient (72% ⁄ 90%) to remove bacte-

ria and debris (Kuster et al., 2004).

Evaluation of sperm viability

Viability of pig spermatozoa was assessed using the DNA-

specific fluorochrome propidium iodide (PI). Sperm sus-

pension (1 · 106 mL) was exposed to PI (12 lm) for

5 min at room temperature. Then spermatozoa were fixed

by adding 1 lL of 12.5% (w ⁄ v) paraformaldehyde in 0.5 M

Tris (pH 7.4) and the slides were immediately examined

under an epifluorescence microscope (Olympus BX41,

Olympus Italia Srl, Segrate, Milano, Italy) observing a min-

imum of 200 spermatozoa per slide (100· objective).

Sample treatments

Percoll-purified spermatozoa were washed with unsup-

plemented Earle’s medium (uncapacitating medium) and

were incubated for 30 min at 39 �C and 5% CO2, with-

out (NC : uncapacitated) or with increasing concentra-

tion of Ins (0.01, 0.1 and 1 nm). These doses were

chosen on the basis of the physiological Ins plasma lev-

els reported in the pig (McNeel et al., 2000). The cells

were also pre-treated (15 min) with the anti-IRb Ab

before the addition of 0.1 nm Ins. A further control was

performed incubating pig spermatozoa in Earle’s bal-

anced salt solution medium supplemented with 600 mg

BSA ⁄ 100 mL and 200 mg sodium bicarbonate ⁄ 100 mL

(capacitating medium)(Cap). No adverse effects among

the different treatments have been observed on pig

sperm viability.
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Immunofluorescence assay

Following Percoll separation, sperm cells were rinsed three

times with 0.5 mm Tris-HCl buffer (pH 7.5); then 10 lL of

cell suspension was added to 250 lL drop of warm (37 �C)

TBS (0.05m Tris- buffered normal saline, pH 7.6) and

allowed to settle onto slides in a humid chamber. The over-

lying solution was carefully pipetted off and replaced by

absolute methanol for 7 min at )20 �C. After methanol

removal, sperm cells were washed in TBS, containing 0.1%

Triton X-100 and were treated for immunofluorescence.

Insulin and IRb immunostainings were carried out,

after blocking with normal goat serum (10%), using anti-

Ins (1 : 100) and anti-IRb (1 : 100) as primary antibod-

ies, followed by anti-rabbit IgG FITC conjugated and

anti-mouse IgG Texas Red conjugated antibodies

(1 : 200) respectively. Sperm cells incubated without the

primary antibodies were utilized as negative controls. The

slides were immediately examined under an epifluores-

cence microscope (Olympus BX41) observing a minimum

of 200 spermatozoa per slide (100· objective). The exper-

iments were repeated three times for each sample.

Western blot analysis of sperm proteins

Western blot (WB) analysis was used to identify Ins and

IRb in pig spermatozoa. Sperm samples were washed

twice with unsupplemented Earle’s medium (uncapacitat-

ing medium) and then centrifuged for 5 min at 5000 g.

The pellets were resuspended in lysis buffer as previously

described (Kuster et al., 2004). Equal amounts of proteins

(80 lg) were boiled for 5 min, separated by 10% poly-

acrylamide gel electrophoresis, transferred to nitrocellu-

lose sheets and probed with a dilution of 1 : 500 for the

anti-Ins Ab or with a dilution of 1 : 1000 for the anti-IRb
Ab. The binding of the secondary antibody was revealed

with the ECL Plus WB detection system according to the

manufacturer’s instructions. The negative control was

performed using a sperm lysate that was immunodepleted

of Ins or IRb (i.e. pre-incubate lysate with anti-Ins Ab or

anti-IRb Ab for 1:00 h at room temperature and immu-

noprecipitate with Protein A ⁄ G-agarose). b-actin served

as a control for equal loading. The experiments were

repeated at least four times for each sample.

RNA isolation and Reverse Transcriptase-Polymerase

Chain Reaction (RT-PCR)

Total RNA was isolated from pig spermatozoa purified as

previously described (Aquila et al., 2002). Before RT-

PCR, RNA was incubated with ribonuclease-free deoxyri-

bonuclease (DNAse) I in single-strength reaction buffer at

37 �C for 15 min. This was followed by heat inactivation

of DNAse I at 65 �C for 10 min. Two micrograms of

DNAse-treated RNA samples were reverse transcribed by

200 IU M-MLV reverse transcriptase in a reaction volume

of 20 lL (0.4 lg oligo-dT, 0.5 mm deoxy-NTP and 24 IU

RNasin) for 30 min at 37 �C, followed by heat denatur-

ation for 5 min at 95 �C. PCR amplification of comple-

mentary DNA (cDNA) was performed with 2 U of Taq

DNA polymerase, 50 pmol primer pair for both Lep and

Ob-R in 10 mm Tris-HCL (pH 9.0) containing 0.1% Tri-

ton X-100, 50 mm KCl, 1.5 mm MgCl2 and 0.25 mm each

dNTP. The applied PCR primers and the expected lengths

of the resulting PCR products are the following: forward,

5¢-GCC TTT GTG AAC CAA CAC CTG-3¢; reverse, 5¢-
GTT GCA GTA GTT CTC CAG CTG-3¢. For Ins with a

product size of 261 bp; 5¢-TTTCCATGTTCTGTGTAC-

GTGCG-3¢ and 5¢-AGTCTCCGTGAGCCATCAATTCA-3¢
for IR with a product size of 215 bp. Cycling conditions

were: 95 �C ⁄ 1 min, 62 �C ⁄ 1 min, 72 �C ⁄ 2 min for Ins;

95 �C ⁄ 1 min, 65 �C ⁄ 1 min, 72 �C ⁄ 2 min for IR. For all

PCR amplifications, negative controls (reverse transcrip-

tion-PCR performed without M-MLV reverse transcrip-

tase) were performed. The PCR-amplified products were

subjected to electrophoresis in 2% agarose gels stained

with ethidium bromide and visualized under UV transil-

lumination.

Measurement of Ins secreted by pig spermatozoa

A competitive radioimmunoassay was applied to measure

Ins in the pig sperm culture medium. Sperm cultures

were incubated under uncapacitating (unsupplemented

Earle’s medium alone) or capacitating conditions (Earle’s

balanced salt solution medium supplemented with 600

mg BSA ⁄ 100 mL and 200 mg sodium bicarbonate ⁄ 100

mL) for 30 min in a 39 �C water bath at a final concen-

tration of 10 · 106 sperm ⁄ 500 lL. Each group was treated

with 1, 4.5 and 8.3 mm glucose. At the end of the sperm

incubations, the culture media were recovered by centri-

fugation. Ins concentrations were determined in duplicate

using an Ins RIA kit according to manufacturer’s instruc-

tions. Ins standards ranged from 0–300 lIU ⁄ mL. The

limit of sensitivity for the assay was 0.01 lIU ⁄ mL.

Inter- and intra- assay variations were 5.8% and 4.7%

respectively. Ins results are presented as the original con-

centrations of the supernatants and are expressed as

lIU ⁄ ml. The experiments were repeated at least six times

for each sample.

Measurement of the cholesterol efflux in the sperm

culture medium

Cholesterol was measured (in duplicate) in the incubation

medium from pig spermatozoa by a CHOD–POD
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enzymatic colorimetric method according to manufac-

turer’s instructions as previously reported (Aquila et al.,

2008). Sperm samples (10 · 106) were washed twice with

uncapacitating medium and incubated in the presence of

0.01, 0.1 and 1 nm Ins concentrations for 30 min at

39 �C and 5% CO2. Control samples (NC) were incu-

bated only in the same medium, while other samples were

incubated with anti-IRb Ab combined with 0.1 nm Ins.

A further control has been carried out by using pig sper-

matozoa incubated in capacitating medium (Cap). At the

same time, spermatozoa were also incubated with 4.5 nm

glucose and 25 lm nifedipine. At the end of the sperm

incubation, the culture media were recovered by centrifu-

gation, lyophilized and subsequently dissolved in 1 mL of

working reagent. The samples were incubated for 10 min

at room temperature, then the cholesterol content was

measured with the spectrophotometer at 505 nm. The

cholesterol standard used was 200 mg ⁄ dL. The limit of

sensitivity for the assay was 0.05 mg ⁄ dL. Inter and intra

assay variations were 0.71% and 0.57% respectively. The

experiments were repeated at least six times for each

sample.

Acrosome reaction

Spermatozoa incubated with 0.01, 0.1 and 1 nm Ins con-

centrations, spermatozoa incubated with anti-IRb Ab

combined with 0.1 nM Ins and spermatozoa incubated

only with buffer (NC) were re-suspended in unsupple-

mented Earle’s medium (5 · 106 sperm ⁄ mL), placed in a

conical tube and cultured for 2 h in an atmosphere of

5% CO2 in air at 39 �C. A further control has been car-

ried out incubating sperm samples in capacitating med-

ium (Cap). At the same time, spermatozoa were also

incubated with 4.5 nm glucose and 25 lm nifedipine.

Then acrosomal status was monitored using the

acrosome-specific fluorochrome fluorescein isothiocya-

nate-labelled peanut (Arachis hypogaea) agglutinin

(FITC–PNA) in conjunction with DNA-specific fluoro-

chrome propidium iodide (PI) as a viability test (Funah-

ashi, 2002). Briefly, sperm suspension (1 · 106 mL) was

exposed to FITC–PNA (10 lg ⁄ mL) and propidium iodide

(12 lm) for 5 min at 39 �C and then fixed by adding

1 mL of 12.5% (w ⁄ v) paraformaldehyde on 0.5 mol

Tris ⁄ L (pH 7.4). The slides were immediately examined

with an epifluorescence microscope (Olympus BX41) with

a multiple fluorescence filter (U-DM-DA ⁄ FI ⁄ TX2)

observing a minimum of 200 spermatozoa per slide (100·
objective). Acrosomal status was assessed according to the

staining patterns.

Staining patterns

Spermatozoa with a nuclear red PI staining were consid-

ered as dead cells while sperm cells without PI staining

were considered as live cells. Live spermatozoa were clas-

sified into two main categories on the basis of the FITC–

PNA staining as follows: (i) acrosome-reacted cells with

uniform green FITC–PNA fluorescence of acrosome cap

(ii) acrosome-intact cells without any fluorescence. Values

were expressed as percentage. Three replicate experiments

were performed for each semen sample.

Statistical analysis

Data, presented as mean ± SEM, were evaluated using the

one-way anova. The differences in mean values were cal-

culated at a significance level of p £ 0.05.

Results

Immunolocalization of Ins and IRb in pig spermatozoa

A brilliant green light revealed the Ins presence in the

acrosome and midpiece of pig sperm cells (Fig. 1a). An

intense red fluorescence showed IRb confined in the

sperm midpiece while the other cellular regions were

unlabelled (Fig. 1b). In addition, no fluorescent signal

was obtained when primary antibodies (anti-Ins Ab or

anti- IRb Ab) were omitted, thus confirming the specific-

ity of the antibody binding.

Ins and IRb expression in pig spermatozoa

Our anti-Ins antibody revealed one immunoreactive band

at 36 kDa in different lysates from pig sperm samples

(a) (b)

Figure 1 Representative immunofluorescence

labelling of insulin and IRb in pig spermato-

zoa: (a) A green brilliant light showed insulin

in the acrosoma and in the midpiece of the

spermatozoa. (b) A red intense fluorescence

localized IRb only in the sperm midpiece.

Inserts: negative controls and transmitted light

pictures of sperm cells. Scale bars: 5 lM,

insert: 12.5 lM.
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(Fig. 2a), at the same mobility of the human sperm

extract used as positive control, while no bands were

observed in the negative control. The 36 kDa protein

probably corresponds to the Ins hexameric form.

Western blot of pig sperm extracts evidenced one band

at 95 kDa (Fig. 2b), such as in the MCF7 (breast cancer

cell line) used as positive control. The band was not

detected in the negative control.

Pig spermatozoa express mRNA for Ins and IR

To determine whether mRNA for Ins is present in pig sper-

matozoa, RNA isolated from percoll-purified spermatozoa

was subjected to reverse PCR. The primer sequences were

based on the pig gene sequence and the RT-PCR amplifica-

tion revealed the expected PCR product size of 261 bp

(Fig. 3a). To evaluate mRNA for IR in pig spermatozoa,

RNA isolated from percoll-purified spermatozoa was sub-

jected to reverse PCR. The primer sequences were based on

the IR pig gene sequence and the RT-PCR amplification

revealed the expected PCR product size of 215 bp (Fig. 3b).

These products were sequenced and found identical to the

pig gene sequences considered.

Measurement of Ins secretion by pig spermatozoa

Ins secretion from 10 · 106 spermatozoa incubated in

uncapacitating medium was significantly lower than one

measured from spermatozoa incubated under capacitating

conditions (p < 0.05) (Fig. 4). Furthermore, a dose-

response curve for Ins secretion in response to glucose

stimulation was recorded for both uncapacitated and

capacitated spermatozoa. As shown in Fig. 4, glucose signif-

icantly stimulated Ins secretion in a dose-dependent way.

(a) (b)

Figure 2 Insulin and insulin receptor expres-

sion in pig spermatozoa. (a): Western blot of

insulin protein. Human spermatozoa (lane +),

representative pig spermatozoa (lane 1), neg-

ative control (lane -). (b): Immunoblot of insu-

lin receptor in pig spermatozoa. MCF7 cells

(lane +), representative pig spermatozoa

(lane 1), negative control (lane -).

(a)

(b)

Figure 3 RT-PCR analysis of insulin (a) and insulin receptor (b) in one

representative pig sperm sample (lane 1), negative control (lane-), and

markers (lane M). The arrow indicates the expected size of the PCR

product.

Figure 4 Effects of glucose on insulin secretion from pig ejaculated

spermatozoa in uncapacitating ( ) or capacitating (h) conditions.

Control spermatozoa (C). Each group was treated with 1, 4.5 and

8.3 mM glucose (Gluc). The results are given as mean ± SEM.

*, p < 0.05 vs. control. Statistical difference between capacitated and

uncapacitated spermatozoa within the same treatment group was

p < 0.01.
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Ins modulates pig sperm capacitation influencing choles-

terol efflux through its receptor

Sperm membrane cholesterol efflux represents one of the

early events associated with capacitation in mammalian

spermatozoa. Our results showed a significant increase in

cholesterol efflux upon 0.01 and 0.1 nm Ins treatment in

uncapacitated spermatozoa which reached the levels of

capacitated spermatzoa (Fig. 5). Furthermore, the 1 nm

Ins was ineffective and the anti-IRb Ab was able to abol-

ish the 0.1 nm Ins effect (Fig. 5). At the same time,

4.5 nm glucose significantly increased the cholesterol

efflux from uncapacitated spermatozoa while 25 lm

nifedipine was able to decrease it.

Ins affects pig spermatozoa acrosome reaction

Acrosome reaction is the end-point of fully capacitated

spermatozoa. Fig. 6 shows a representative fluorescence

pattern of pig spermatozoa, stained with FITC–PNA + PI

for the assessment of acrosome status and sperm viability,

after Ins treatment (A1) and in control samples (A).

A similar incidence of dead spermatzoa (PI positive

cells) was observed in spermatozoa incubated in uncapac-

itating medium with 0.01, 0.1 and 1 nm Ins (16 ± 4%)

and in control (15 ± 4%) as well as in capacitated sper-

matozoa (14 ± 5%).

Furthermore, in uncapacitaing conditions, a higher per-

centage of acrosome-reacted cells (FITC–PNA positive

cells) was detected in spermatozoa incubated with both

0.01 nm Ins (16 ± 4%) and 0.1 nm Ins (21 ± 5%) with

respect to the control spermatozoa (NC) (10 ± 3%), so

reaching the value of capacitated control spermatozoa

(Cap) (20 ± 5%) (Fig. 6b). Conversely, the percentage of

acrosome-reacted cells which was detected in 1 nm Ins

spermatozoa (11 ± 2%) and in spermatozoa incubated

with Anti-IRb Ab ⁄ 0.1 nm Ins (9 ± 2%) was similar to

that of the control spermatozoa (NC) (Fig. 6b). At the

same time, 4.5 nm glucose significantly increased acro-

some reaction extent (18 ± 4%) of uncapacitated sperma-

tozoa while 25 lm nifedipine was able to decrease it

(5 ± 2%).

Discussion

Insulin and its signalling systems are implicated in both

central and peripheral mechanisms governing the inges-

tion, distribution, metabolism and storage of nutrients in

organisms ranging from worms to humans. New data

have also shown that Ins signalling is a determinant of

lifespan and reproductive function, broadening the

importance of Ins to diverse areas of physiology and bio-

medicine.

Reproductive function is affected by metabolic factors

in addition to gonadotropins (Adashi et al., 1985). Partic-

ularly, involvement of Ins in ovarian follicular function in

swine was suggested by increased ovulation rate (Cox

et al., 1987) and reduced follicular atresia (Matamoros

et al., 1990, 1991) when exogenous Ins was given during

the pre-ovulatory period in cyclic gilts. Furthermore,

exogenous Ins restored follicular growth in nutritionally

anoestrous females (Britt et al., 1988) and Ins increased

the developmental potential of porcine oocytes and

embryos (Lee et al., 2005). However, the Ins effect on

male reproduction is scarcely known.

Recently, we have discovered that human ejaculated

spermatozoa express Ins and they have the autonomous

capability to manage their energy status according to the

metabolic needs, independently of the systemic regulation

(Aquila et al., 2005).

In this study, we have demonstrated the presence of

Ins and IRb in pig spermatozoa at different levels: mRNA

expression, protein expression and immunolocalization,

Figure 5 Insulin affects cholesterol efflux from pig spermatozoa.

Capacitated spermatozoa as control(Cap). Uncapacitated spermatozoa

were incubated in the absence (NC: uncapacitated control spermato-

zoa) or in the presence of insulin (0.01, 0.1 and 1 nM) as well as in

presence of anti IRb antibody + 0.1 nM insulin. Furthermore, 4.5 nM

glucose increased the cholesterol efflux from uncapacitated spermato-

zoa while 25 lM nifedipine was able to decrease it. Results are pre-

sented as cholesterol amount (mg ⁄ dl) in culture medium from

10 · 106 sperm and are given as mean ± SEM. *, p < 0.05 vs. control

(NC).
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thereby evidencing for the first time IRb in the male gam-

ete. Using WB analysis, we detected the two proteins at

molecular level at the same molecular weight as they were

reported in somatic cells. Particularly, Ins was evidenced

at 36 kDa, similarly as in b-pancreatic cells (Coore et al.,

1969) and in human spermatozoa (Aquila et al., 2005),

very probably corresponding to the Ins hexameric form

of storage granules. In addition, we also detected Ins and

IRb mRNAs in pig spermatozoa. The presence of different

mRNAs has been previously reported in mammalian ejac-

ulated spermatozoa; however, the significance of mRNA

in these cells is currently under investigation (Miller,

2000; Ostermeier et al., 2002; Andò & Aquila, 2005;

Aquila et al., 2005, 2008). Current dogma holds that sper-

matozoa deliver to the oocyte the paternal haploid gen-

ome, activation signals and the sperm centrosome.

However, new data suggest that spermatozoa also provide

a unique set of paternal mRNAs. With respect to the

role(s) of sperm RNA, it has been suggested that it is not

residual to spermatogenesis. Possible functions include

de-novo translational replacement of degraded proteins,

repackaging of chromatin, post-fertilization (delivering

some essential RNAs to the oocyte) (Miller & Ostermeier,

2006).

The immunofluorescence assay localized Ins in the

acrosome and in the midpiece of all the spermatozoa

observed, while IRb was compartmentalized only at the

midpiece level, with an overlap of the two proteins in the

midpiece.

Mammalian spermatozoa are highly differentiated cells

that display extreme polarization of cellular architecture

and function. The mature sperm cell has three highly spe-

cialized regions: the sperm head, involved in sperm

oocyte interaction; the midpiece with mitochondria

involved in energy management; the flagellum, involved

in motility. With regard to this polarization of function,

it was hypothesized that spermatozoa possess compart-

mentalized metabolic and signalling pathways in the

regions where they are necessary. Additionally, the specific

functionality of spermatozoa from a single mammalian

species may be strongly related to its metabolic character-

istics. In fact, parameters like the life-span inside the

female genital tract (ranging from the long life-span

of the human to the short survival time of the boar)

(a) (a1)

(b)

Figure 6 Effect of insulin on acrosome reac-

tion of pig spermatozoa. Representative fluo-

rescence pattern of pig spermatozoa

incubated in absence of insulin (a) and in

presence of 0.1 nM of insulin (a1) Scale bars:

5 lM. (b) Uncapacitated spermatozoa were

incubated in the absence (NC) or in the pres-

ence of insulin (0.01, 0.1 and 1 nM) as well as

in presence of anti IRb antibody + 0.1 nM

insulin. Capacitated spermatozoa as control

(Cap). Furthermore, 4.5 nM glucose increased

the acrosome reaction from uncapacitated

spermatozoa while 25 lM nifedipine was able

to decrease it. Values are mean percent-

age ± SD. *p < 0.05 vs. control (NC).
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(Zinamam et al., 1989; Gordon, 2004) are strongly linked

to the energy-management mechanisms. On the basis of

these observations, we can hypothesize that Ins localiza-

tion may imply its role in the acquisition of fertilizing

ability and in metabolism of pig spermatozoa. Besides,

the co-localization of the two proteins in the sperm mid-

piece intriguingly suggests that Ins, through an autocrine

short loop, acts on its own receptor to induce sperm

energy regulation.

Interestingly, physiological role of Ins and IRb was

studied on both capacitation and acrosome reaction. To

fertilize the oocyte, mammalian spermatozoa must

undergo a maturation process in the female uterus and

oviduct, including the capacitation process and the acro-

some reaction. Capacitation, which involves a number of

biochemical and functional sperm changes, is mediated

by the modification of the ion channels in the sperm

plasmalemma, which triggers a cholesterol efflux (Travis

& Kopf, 2002). Our results evidenced that Ins has the

ability to modulate, through its receptor, this important

process. Particularly, a biphasic effect of different Ins con-

centration was observed, as low Ins induced the choles-

terol efflux, while high Ins seemed to be ineffective.

A similar effect was detected in human and pig spermato-

zoa after leptin treatment and it has been explained by a

receptor down-regulation under high doses of the hor-

mone (Aquila et al., 2008). Capacitation prepares the

spermatozoon to a process of specialized exocytosis

known as acrosome reaction (Bedford & Cross, 1999),

which enables it to penetrate the zona pellucida of the

ovum. Our results demonstrated that Ins has the ability

to modulate the acrosome reaction in a biphasic fashion,

such as observed for capacitation. Interestingly, when

uncapacitated spermatozoa are stimulated by Ins

(0.1 nm), they reach capacitation and acrosome reaction

extents similar to the spontaneous capacitated spermato-

zoa. The enhancement of acrosome reaction, in response

to Ins, has been recently evidenced also in human sper-

matozoa (Lampiao & Du Plessis, 2008).

The potential for an autocrine Ins loop in pig sperma-

tozoa is supported by the co-expression of Ins and IRb in

the midpiece, as well as by the modular effect of the hor-

mone through its own receptor on both capacitation and

acrosome reaction. With the aim to better address this

issue, we evidenced that pig spermatozoa are able to

secrete Ins as it was demonstrated in human spermatozoa

(Aquila et al., 2005). In addition, our results revealed that

Ins secretion from pig spermatozoa is also responsive to

glucose, the main secretagogue of Ins in pancreatic b-cells

(Aspinwall et al., 1999), showing a similar behaviour

between pig and human spermatozoa. Further findings

support our hypothesis; in fact, glucose has stimulated

spontaneous capacitation and acrosome reaction of pig

spermatozoa, whereas the blockage of insulin release, by

nifedipine, has inhibited both the functional properties,

as previously demonstrated in human spermatozoa

(Aquila et al., 2005).

Conclusions

The present investigation has identified, for the first time,

insulin and insulin receptor in ejaculated pig spermato-

zoa. In addition, the ability of Ins to modulate the acqui-

sition of fertilizing ability in the male gamete has been

evidenced, perhaps beyond the classical role of the hor-

mone in the energy homeostasis regulation. Therefore,

this study evidences an important role of Ins and IR in

pig sperm biology, even if their physiological action on

the male gamete is just at the beginning of the

knowledge.
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The endocannabinoid system and the presence of CB1 receptor (CB1-R) target of the anandamide were identified in human sperm,
however the anandamide action in this context needs to be further elucidated. At this purpose we analyzed the effects of anandamide on
human sperm capacitation and motility. Afterwards, we focused on lipid and glucose sperm metabolism and also investigated the
interrelationship between anandamide and insulin secretion by sperm. By intracellular free Ca2þ content assay and proteins tyrosine
phosphorylation, we evidenced that anandamide did not induce capacitation process and a negative effect was obtained on sperm motility.
The blockage of CB1-R by the specific antagonist SR141716 increased both capacitation and sperm motility suggesting an involvement of
the CB1-R in the acquisition of sperm fertilizing activity. The evaluation of the triglycerides content, lipase and acyl-CoA dehydrogenase
activities, suggest that anandamide exerts a lipogenetic effect on human sperm lipid metabolism. Concerning the glucose metabolism,
anandamide increases GSK3 phosphorylation indicating that it is involved in the accumulation of energy substrates. G6PDH activity was
not affected by anandamide. Interestingly, AEA is involved in insulin secretion by sperm. As insulin had been demonstrated to be an
autocrine factor that triggers capacitation, the endocannabinoid might be inserted in the signaling cascade that induces this process.
Altogether these findings highlight a pivotal involvement of the CB1-R in the control of sperm energy homeostasis and propose a new site
of action for endocannabinoids in the control of energy metabolism.

J. Cell. Physiol. 221: 147–153, 2009. � 2009 Wiley-Liss, Inc.

Cannabinoids are the main constituents of the marijuana plant
(Cannabis sativa), and it is well known that
delta-9-tetrahydrocannabinol, the primary psychoactive
substance in marijuana, has marked adverse effects on male and
female reproductive systems (Habayeb et al., 2002; Wang et al.,
2006). Beside cannabinoids, a family of unsaturated fatty acid
derivatives, have been identified and are known as
endocannabinoids (ECs); the main ones are anandamide
(N-arachidonoylethanolamine, AEA), 2-arachidonoylglycerol
(2-AG), and 2-arachidonoylglycerylether (noladin ether)
(Hanus et al., 1993; Sugiura et al., 1995; Di Marzo et al., 1998,
2004). Cannabinoids and ECs exert their effects through the
activation of specific cannabinoid receptors (CB-Rs), the
brain-type CB1-R and the spleen-type CB2-R (Devane et al.,
1988; Matsuda et al., 1990; Galiegue et al., 1995). CB-Rs are
linked to inhibitory and stimulatory guanine nucleotide binding
proteins (Gi and Gs proteins) and are widely distributed in many
other tissues including placenta, uterus and testis (Schuel et al.,
2002; Wang et al., 2006). They regulate several
signal-transduction pathways in cells, by modulating ionic
currents, activating focal adhesion kinase and mitogen-activated
protein kinase (Mackie and Hille, 1992; Bouaboula et al., 1996;
Glass and Felder, 1997).

Studies demonstrating the expression of functional CB-Rs in
sea urchin sperm, provided the first evidence that cannabinoids
could directly affect fertilization (Schuel et al., 1987; Wang et al.,
2006). In sea urchin, it has been shown that sperm synthesizes
AEA (Bisogno et al., 1997), AEA binds to CB-Rs and reduces
fertilizing capacity of sperm (Schuel et al., 1994; Schuel and
Burkman, 2005). Human seminal plasma contains nanomolar

concentrations of AEA and human sperm expresses CB1-R
(Wang et al., 2006). It has been shown that AEA reduces human
sperm motility by reducing mitochondrial activity (Rossato
et al., 2005). In addition, AEA inhibits acrosome reaction and its
effects are prevented by the CB1 antagonist SR141716
(rimonabant, SR) (Rossato et al., 2005; Bifulco et al. 2007).
Altogether, these findings suggest that the control of
endogenous tone of ECs and its interaction with the CB-Rs are
checkpoints in reproduction (Wang et al., 2006). To date the
effects of ECs and the role of EC system in male fertility are still
largely unexplored.

Abbreviations: 2-AG, 2-arachidonoyl glycerol; AEA, anandamide,
N-arachidonoylethanolamine; CB-R, cannabinoid receptor; EC,
endocannabinoid, Met-F-AEA, 2-methylarachidonyl-20-fluoro-
ethylamide; SR, SR141716, N-(piperidino-1-yl)-5-(4-chlorophenyl)-
1-(2,4dichlorophenyl)-4-methyl-pyrazole-3-carboxamide; PPP,
pentose phasphate pathway.
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In the present study we evaluated the effects of a stable
analogue of AEA, Met-F-anandamide
(2-methylarachidonyl-20-fluoro-ethylamide, Met-F-AEA) on
different aspects of human sperm biology, such as capacitation
and motility. Sperm capacitation, a complex and not
well-elucidated series of physiological changes, induces an
increase of metabolism and energy expenditure, however the
mechanisms through which these events occur are poorly
understood (Andò and Aquila, 2005). Interestingly, we focused
on lipid and glucose sperm metabolism since it was never
investigated, in order to shed light on the possible
pathophysiological role of the EC system in male fertility and to
correlate the energy metabolism profile of human sperm
with EC-induced events. With this respect we also investigated
the interrelationship between AEA and insulin secretion by
sperm.

Materials and Methods
Chemicals

BSA protein standard, Laemmli sample buffer, prestained
molecular weight markers, Percoll (colloidal PVP coated silica
for cell separation), Sodium bicarbonate, Sodium lactate,
Sodium pyruvate, Earle’s balanced salt solution
(uncapacitating medium), stable analogue of anandamide,
2-methylarachidonyl-20-fluoro-ethylamide (Met-F-AEA) and all
other chemicals were purchased from Sigma Chemical
(Milan, Italy). Acrylamide bisacrylamide was from Labtek Eurobio
(Milan, Italy). Triton X-100, Eosin Y was from Farmitalia Carlo
Erba (Milan, Italy). ECL Plus Western blotting detection system,
HybondTM ECLTM, Hepes Sodium Salt were purchased from
Amersham Pharmacia Biotech (Buckinghamshire, UK).
Triglycerides assay kit, lipase activity kit, calcium (Ca2þ) assay kit,
Glucose-6-phosphate dehydrogenase (G6PDH) activity assay and
insulin RIA kit were from Inter-Medical (Biogemina Italia Srl,
Catania, Italy). Goat polyclonal actin antibody (Ab), monoclonal
mouse anti-p-Tyr Ab, rabbit anti-insulin Ab, peroxidase-coupled
anti-mouse, anti-rabbit and anti-goat IgG secondary Abs were from
Santa Cruz Biotechnology (Heidelberg, Germany). CB1-R
antagonist SR141716 (rimonabant, SR) was kindly provided by
Sanofi-Aventis (Montpellier, France).

Semen samples and spermatozoa preparations

Human semen was collected, according to the World Health
Organization (WHO) recommended procedure by masturbation
from semen samples from healthy volunteer donors of proven
fertility undergoing semen analysis in our laboratory.
Spermatozoa preparations were performed as previously
described (Aquila et al., 2006). Briefly, sperm samples with normal
parameters of semen volume, sperm count, motility, vitality and
morphology, according to the WHO Laboratory Manual
(World Health Organization, 1999), were included in this study.
For each experiment three normal samples were pooled. Washed
pooled sperm were subjected to the indicated treatments and
incubated for 30 min (min) at 378C and 5% CO2. Then, samples
were centrifuged and the upper phase was used to determinate
the insulin levels, while the pellet containing sperm was lysed to
perform western blots, triglycerides assay, Ca2þ assay, acyl-CoA
dehydrogenase assay, G6PDH activity, lipase activity. Prior the
centrifugation several aliquots were used to perform sperm
motility. The study was approved by the local medical-ethical
committees and all participants gave their informed consent.
MET-F-AEA was dissolved in ethanol (EtOH), while SR in
dimethylsulfoxide (DMSO). EtOH (0.02% final concentration in
culture) and DMSO (0.1% final concentration in culture) used as
solvent controls did not induce any positive result in all in vitro
assays.

Processing of ejaculated sperm

After liquefaction, normal semen samples were pooled and
subjected to centrifugation (800 g) on a discontinuous Percoll
density gradient (80:40%, v:v) (World Health Organization, 1999).
The 80% Percoll fraction was examined using an optical microscope
equipped with a 100� oil objective to ensure that a pure sample of
sperm was obtained. An independent observer, who observed
several fields for each slide, inspected the cells. Percoll-purified
sperm was washed with unsupplemented Earle’s medium
(uncapacitating medium, Earle’s balanced salt solution medium
without supplementation with BSA sodium bicarbonate or
calcium) and were incubated for 30 min at 378C and 5% CO2,
without (control, NC) or with increasing MET-F-AEA (10 nM,
100 nM, and 1mM). When the cells were treated with the CB1-R
antagonist SR (1mM), a pre-treatment of 15 min was performed,
and then 100 nM MET-F-AEA were added.

Evaluation of Ca2R in sperm

Intracellular Ca2þ concentration has been estimated
spectrophotometrically with the indicator Arsenazo III using
disrupted spermatozoa (Thomson and Wishart, 1989), according
to the manufacturer instructions. At a neutral pH, the Ca2þ forms
with arsenazo III a complex, the color intensity of which is directly
proportional to the concentration of Ca2R in the sample. Ca2R

content was measured at 600 nm. The Ca2þ standard used was
2.5 mM (100 mg/L). Inter- and intra-assay variation were 0.24% and
0.37%. Ca2þ results are presented as mM per 10� 106 number of
spermatozoa.

Western blot analysis of sperm proteins

Sperm samples, washed twice with Earle’s balanced salt solution
(uncapacitating medium), were incubated in the presence and
absence of the test substances and then centrifuged for 5 min at
5,000g. The pellet was resuspended in lysis buffer as previously
described (Aquila et al., 2002). An equal amount of protein (80mg)
were boiled for 5 min, separated on a 10% polyacrylamide gel
electrophoresis, transferred to nitrocellulose membranes and
probed with an appropriate dilution of the indicated primary
antibody. The bound of the secondary antibody was revealed with
the ECL Plus Western blotting detection system according to the
manufacturer’s instructions. As internal control, all membranes
were subsequently stripped (glycine 0.2 M, pH 2.6 for 30 min at
room temperature) and reprobed with anti-b actin antibody. The
protein bands were quantified by scanning densitometry (Imaging
Densitometer GS-700 Bio-Rad, Milan, Italy).

Evaluation of sperm motility

Sperm motility was assessed by means of light microscopy
examining aliquots of each sperm sample in absence (NC) or in the
presence of increasing concentrations of MET-F-AEA (10 nM,
100 nM, and 1mM). Some samples were treated with 1mM SR
alone or combined with 100 nM MET-F-AEA. A blinded observer
scored at least 200 cells. Sperm motility was expressed as
percentage of total motile sperm.

Triglycerides assay

Triglycerides were measured in duplicate by a GPO-POD
enzymatic colorimetric method according to manufacturer’s
instructions in sperm lysates and as previously described (Aquila
et al., 2006). Sperm samples, washed twice by centrifugation with
uncapacitating medium, were incubated in the same medium
(control) for 30 min at 378C and 5% CO2. Other samples were
incubated in the presence of the indicated treatments. At the end of
the sperm incubation 10ml of lysate were added to the 1 ml of
buffer reaction and incubated for 10 min at room temperature.
Then the triglycerides content was measured at 505 nm by using a
spectrophotometer. Data are presented as mg/106 sperms.
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Assay of acyl-CoA dehydrogenase activity

Assay of acyl-CoA dehydrogenase was performed on sperm, using
a modification of the method described by Lehman et al. (1990). In
brief, after protein lysis, 70mg of sperm proteins were added to the
buffer containing 20 mM Mops, 0.5 mM EDTA, and 100mM FADþ

at pH 7.2. Reduction of FADþ to FADH was read at 340 nm upon
addition of octanoyl-CoA (100mM) every 20 sec for 1.5 min. Data
are expressed as nmol/min/mg protein. The enzymatic activity was
determined with three control media: one without octanoyl-CoA
as substrate, one without the coenzyme (FADþ), and the third
without either substrate or coenzyme (data not shown).

Lipase activity assay

Lipase activity was evaluated, by the method of
Panteghini (Panteghini et al., 2001) based on the use of
1,2-o-dilauryl-rac-glycero-3-glutaric acid-(60-methylresorufin)
ester (DGGR) as substrate. Fifty micrograms of sperm extracts
were loaded into individual cuvettes containing buffer for
spectrophotometric determination. DGGR is cleaved by lipase,
resulting in an unstable dicarbonic acid ester which is
spontaneously hydrolyzed to yield glutaric acid and
methylresorufin, a bluish-purple chromophore with peak
absorption at 580 nm. The absorbance of samples was read every
20 sec for 1.5 min. The rate of methylresorufin formation is directly
proportional to the lipase activity in the sample. Analysis of total
imprecision gave a coefficient of variation of between 0.01% and
0.03%. The estimated reference interval was 6-38 U/L
(mmol/min/mg protein). The enzymatic activity was determined
with three control media: one without the substrate, one without
the co-enzyme (colipase) and the third without either substrate or
co-enzyme (data not shown).

G6PDH activity

The conversion of NADPþ to NADPH, catalyzed by G6PDH, was
measured by the increase of absorbance at 340 nm. Sperm samples,
washed twice with uncapacitating medium, were incubated in the
same medium (control) for 30 min at 378C and 5% CO2. Sperm
samples, washed twice with uncapacitating medium, were
incubated in the same medium (control) or in capacitating medium
for 30 min at 378C and 5% CO2. Other samples were incubated in
the presence of the indicated treatments. After incubation, 50ml of
sperm extracts were loaded into individual cuvettes containing
buffer (100 mM triethanolamine, 100 mM MgCl2, 10 mg/ml
glucose-6-phosphate, 10 mg/ml NADPþ, pH 7.6) for
spectrophotometric determination. The absorbance of samples
was read at 340 nm every 20 sec for 1.5 min. Data are expressed in
nmol/min/106 sperms. The enzymatic activity was determined with
three control media: one without glucose-6-phosphate as
substrate, one without the coenzyme (NADPþ), and the third
without either substrate or coenzyme (data not shown).

Measurement of insulin secreted by human spermatozoa

A competitive RIA was applied to measure insulin in the sperm
culture medium. Spermatozoa were washed twice with
unsupplemented Earle’s medium and incubated in the same
medium for 30 min at 378C in 5% CO2. A final concentration of
10� 106 sperm/500 ml was used. Sperm were treated with 10 nM,
100 nM, and 1mM MET-F-AEA. Some samples treated with 1mM
SR alone or combined with 100 nM MET-F-AEA.

At the end of the sperm incubations, the culture media were
recovered by centrifugation. Human insulin concentrations were
determined in duplicate using an insulin RIA kit according to
manufacturer’s instructions. Insulin standards ranged from 0 to
300mIU/ml. The limit of sensitivity for the assay was 0.01mIU/ml.
Inter- and intraassay variations were 4.4% and 5.1%, respectively.

Insulin results are presented as the original concentrations of
the supernatants and are expressed as micro international units per
milliliter.

Statistical analysis

The experiments for Western blot analysis were performed in at
least four independent experiments. The data obtained from Ca2þ

assay, Triglycerides Assay, G6PDH activity, acyl-CoA
dehydrogenase activity, lipase activity, insulin assay, acrosin activity
and motility (six replicate experiments using duplicate
determinations), were presented as the mean� SEM. The
differences in mean values were calculated using analysis of variance
(ANOVA) with a significance level of P� 0.05.

Results
MET-F-AEA effects on intracellular free Ca2R content
and on tyrosine phosphorylation of the proteins in
human sperm

A first functional assessment of the sperm biological activities
under increasing MET-F-AEA concentrations was performed
on the capacitation process. To evaluate whether AEA was able
to influence the sperm extratesticular maturation, we studied
its potential action on intracellular free Ca2þ content and
proteins tyrosine phosphorylation. Recently, it was
demonstrated that internal sperm Ca2þ stores provide
sufficient Ca2þ for the induction of hyperactivated motility
(Kong et al., 2007), which is indicative of the capacitation status.
It appears that 100 nM MET-F-AEA were able to produce an
increase in the intracellular free Ca2þ while 10 nM and 1mM did
not (Fig. 1A). Surprisingly, the combined treatment of
MET-F-AEA with 1mM of the CB1-R antagonist SR, significantly
increased the Ca2þ content.

Human sperm capacitation is correlated with an augment in
intracellular cAMP levels that in turn induces an increase in
tyrosine phosphorylation of a variety of substrates, while the
AEA generally inhibits adenylate cyclase activity (Bifulco and Di
Marzo, 2002). In order to assess this issue, the status of the
proteins phosphorylation was investigated in human sperm
after the treatment with increasing MET-F-AEA. A significant
decrease in the sperm proteins phosphorylation (Fig. 1B) was
observed by using different MET-F-AEA doses, while the
treatment with 100 nM MET-F-AEA plus 1mM SR induced a
significant increase of tyrosine phosphorylated proteins.

MET-F-AEA has the ability to modulate human
sperm motility

Motility is a critical sperm biological function that at the time of
fertilization allows or at least facilitates passage of the sperm
through the zona pellucida. A non-motile or abnormally motile
sperm is not going to fertilize. Hence, assessing the fraction of a
sperm population that is motile is perhaps the most widely used
measure of semen quality. In our experiments, sperm motility
decreased from 10 to 100 nM MET-F-AEA in a dose-dependent
manner (Fig. 2), while it was enhanced by using 1mM SR plus
100 nM MET-F-AEA.

MET-F-AEA effects on the triglycerides content in
human sperm

During sperm extra-testicular maturation an overall increase in
sperm metabolism occurs, however, the mechanisms that
govern this event are still poorly understood. MET-F-AEA in
somatic cells is an important lipid metabolism regulator (Wang
et al., 2006) and in sperm its role in this issue was never
evaluated. We first investigated triglycerides intracellular
content. As shown in Figure 3, MET-F-AEA was able to
significantly increase the triglycerides content and the
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combination with SR was able to attenuate the effect of
MET-F-AEA.

MET-F-AEA effects on acyl-CoA dehydrogenase and
lipase activities

To further investigate the role of AEA in sperm lipid
metabolism, we evaluated both acyl-CoA dehydrogenase and
lipase activities. It appears that MET-F-AEA treatment alone did
not produce effects on lipase activity (Fig. 4A) as well as on
b-oxidation of the fatty acids (Fig. 4B). Interestingly, the
combined treatment of 100 nM MET-F-AEA plus 1mM SR
increased both fatty acids-b oxidation and lipase activity.

MET-F-AEA effects on sperm glucose metabolism

It was recently demonstrated that human sperm express the
GSK-3 and that the enzymatic activity is higher in uncapacitated
than in capacitated sperm (Aquila et al., 2005a). In the present
study, MET-F-AEA induced a dose-dependent increase in the
GSK3 phosphorylation (Fig. 5A).

To gain insight into the MET-F-AEA regulation of sperm
glucose metabolism we evaluated the G6PDH activity upon
increasing MET-F-AEA concentrations. G6PDH, the rate-
limiting enzyme in the pentose phosphate pathway (PPP), has
been shown to be crucial in the acquisition of fertilizing
capability as well as to mediate gamete fusion (Aquila et al.,
2005b). From our results it emerges that MET-F-AEA was
unable to significantly induce G6PDH activity (Fig. 5B).

MET-F-AEA effects on insulin secretion by sperm

In mouse pancreatic b-cells, cannabinoids inhibit insulin
secretion via CB1-R (Nakata and Yada, 2008). In our recent
study, we had shown that insulin is expressed in and secreted
from human ejaculated spermatozoa, leading us to suppose an
autocrine regulation of glucose metabolism according to the
sperm energetic needs independently of the systemic insulin
(Aquila et al., 2005b). In our cellular type, MET-F-AEA induced a
very weak dose-dependent increase in insulin secretion
reaching a maximal level of 0.6mIU/ml of the hormone

Fig. 2. MET-F-AEA effects on sperm motility. Washed
spermatozoa were incubated in the unsupplemented Earle’s medium
for 30 min at 37-C and 5% CO2, in the absence (NC) or in the presence
of increasing MET-F-AEA concentrations (10 nM, 100 nM, and 1mM).
Some samples were treated with 1mM SR alone or combined with
100 nM MET-F-AEA. Sperm motility was assessed as reported in
Materials and Methods Section. Columns represent mean W SEM.
Data are expressed as % of sperm motility MP < 0.05 versus control;
MMP < 0.02 versus control.

Fig. 3. MET-F-AEA effects on the triglycerides content in human
sperm. Washed spermatozoa were incubated in the unsupplemented
Earle’s medium for 30 min at 37-C and 5% CO2, in the absence (NC) or
in the presence of increasing MET-F-AEA concentrations (10 nM,
100 nM, and 1mM). Some samples were treated with 1mM SR alone or
combined with 100 nM MET-F-AEA. Triglycerides content was
measured as reported in Materials and Methods Section. Columns
represent mean W SEM. MP < 0.05 versus control, MMP < 0.02 versus
control.Fig. 1. MET-F-AEA influences free intracellular Ca2R and protein

tyrosine phosphorylations in sperm. Washed spermatozoa were
incubated in the unsupplemented Earle’s medium for 30 min at 37-C
and 5% CO2, in the absence (NC) or in the presence of increasing
MET-F-AEA concentrations (10 nM, 100 nM, and 1mM). Some
samples were treated with 1mM SR alone or combined with 100 nM
MET-F-AEA. A: Free intracellular calcium was measured as reported
in Materials and Methods Section. Columns represent mean W SEM
MP < 0.05 versus control, MMP < 0.02 versus control. B: Eighty
micrograms of sperm lysates were used for Western blot analysis
performed to determine protein tyrosine phosphorylations. Actin
was used as a loading control. On the right, quantitative
representation after densitometry evaluation of the 95-kDa band.
Autoradiograph presented is a representative example of
experiments that were performed at least four times with repetitive
results. MP < 0.05 versus control, MMP < 0.01 versus control.
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concentration (Fig. 6A). These results indicate that in sperm,
similarly to the endocrine pancreatic cells, CB1-R is involved in
modulating insulin secretion. We also performed insulin
western blot on sperm lysates to evidence that the increase in
insulin secretion is related to a decrease in insulin sperm
content (Fig. 6B).

Discussion

The EC system first emerged as a major neuromodulatory
system in the brain, however, it has also been shown to play an
important role in various peripheral organs, including testis.
Recently, EC system was identified in boar sperm and CB1-R
was demonstrated in human sperm (Rossato et al., 2005),
suggesting a possible physiological role of the AEA in controlling
male fertility. In our study, we evidenced the AEA role in
different aspects of sperm biology, such as capacitation and
motility. Particularly, we focused our researches on lipid and
glucose metabolism and we also evaluated AEA action on insulin
secretion by sperm.

The physiological changes that confer to the sperm the ability
to fertilize a metaphase II-arrested egg are collectively called
‘‘capacitation.’’ This extratesticular maturation is a complex
process and a functional change that involves different sperm
activities. During capacitation, spermatozoa become

responsive to the stimuli that induce the acrosome reaction and
prepare the male gamete to the penetration of the egg
investments prior fertilization. Many gaps exist in our
knowledge on the capacitation at molecular levels. It appears
that the process involves modifications of intracellular Ca2þ,
lipid remodeling in sperm plasma membrane as well as changes
in proteins phosphorylation. Therefore, we first aimed to
evaluate AEA action in some events that characterize the
capacitation process, such as intracellular Ca2þ levels and
tyrosine phosphorylation of sperm proteins.

Ca2þ signaling in sperm is critical for fertilization and recently
it was demonstrated that internal Ca2þ stores provide
sufficient Ca2þ for the induction of motility hyperactivation,
whereas Ca2þ influx is required to maintain intracellular Ca2þ

levels to sustain hyperactivation (Florman et al., 1998; Suarez
and Ho, 2003). From our results it emerges that MET-F-AEA is
able to slightly increase free intracellular Ca2þ levels and the
inactivation of the CB1-R significantly enhanced this effect
suggesting that the CB1-R status is implicated in the regulation
of intracellular free Ca2þ and then in the induction of
hyperactivated motility. Our data are not in agreement with
previous studies concerning the AEA effects on Ca2þ levels in
sperm (Rossato et al., 2005), however we may to take into
account that different method and medium were used.

It has been demonstrated that proteins tyrosine
phosphorylation is tightly associated to the initial stage the
capacitation process (Visconti et al., 1995a,b). In somatic cells a
major CB1-R-dependent signaling pathway involves the
down-regulation of adenylate cyclase activity (Bifulco and Di
Marzo, 2002). In our study, MET-F-AEA decreases sperm
proteins tyrosine phosphorylation, while this effect was
prevented by the CB1-R antagonist SR, leading to the

Fig. 5. MET-F-AEA effects on sperm glucose metabolism. Sperm
samples, washed twice with uncapacitating medium, were incubated
in the same medium (control) for 30 min at 37-C and 5% CO2.
A: Western blotting evaluating GSK3 phosphorylation. Actin was
used as a loading control. Autoradiograph presented is a
representative example of experiments that were performed at least
four times with repetitive results. B: G6PDH activity was performed
as reported in Materials and Methods Section. Columns represent
mean W SEM. MMMP < 0.01 versus control.

Fig. 4. MET-F-AEA effects on acyl-CoA dehydrogenase and lipase
activities. Washed spermatozoa were incubated in the
unsupplemented Earle’s medium for 30 min at 37-C and 5% CO2, in
the absence (NC) or in the presence of increasing MET-F-AEA
concentrations (10 nM, 100 nM, and 1mM). Some samples were
treated with 1mM SR alone or combined with 100 nM MET-F-AEA.
A: Lipase activity and (B) octanoyl-CoA dehydrogenase activity were
performed as reported in Materials and Methods Section. Columns
represent mean W SEM. MMP < 0.01 versus control.
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suggestion that this receptor is involved in the modulation of an
important early event of the capacitation process. These results
are in keeping with previous data demonstrating that the
inhibitory effect of AEA on capacitation depends on its ability to
reduce intracellular levels of cAMP (Bifulco and Di Marzo,
2002).

Sperm cell features comprise a high polarization of structure
and functions, including motility that is a crucial requisite for the
male gamete to reach the oocyte. In our study we observed that
AEA induces a dose-dependent reduction of sperm motility and
that SR was able to significantly enhance this effect addressing an
important role of CB1-R in this sperm function. Our results
confirm those of previous studies reporting that AEA negatively
affects human sperm motility (Rossato et al., 2005). However, it
deserves to be mentioned that different concentrations were
used in our finding, in fact we have chosen the nanomalar doses
of 10 nM to mimic the AEA levels observed in human seminal
plasma (12.3 nM) and in mid-cycle oviductal fluid (10.5 nM)
(Schuel et al., 2002), while 100 nM and 1mM are
supraphysiological levels. Particularly, we would like to point
out that the spermatozoa used in our experiments are
washed from seminal plasma and then they are deprived of
the decapacitating factors, reproducing in some manner the
sperm physiological conditions as they have in the female genital
tract.

The mechanisms controlling the interaction between energy
balance and reproduction are the subject of intensive
investigations. Capacitated sperm display an increased
metabolic rate and overall energy expenditure, presumably to
affect the changes in sperm signaling and function during
capacitation process. The EC system has been recognized as a
new crucial player in energy balance control. In general the net
effect at diverse sites in the brain and throughout the body is
anabolic, facilitating increased energy intake, decreased energy
expenditure and increased accumulation of body fat. An
increase of the EC tone has been reported in the hypothalamus
of obese animals and the administration of ECs has been shown
to increase food intake and to promote weight gain (Després,
2007). In white adipocytes, CB1-R activation stimulates
lipogenesis, while in contrast, CB1-R antagonists in vitro and in
vivo reduce the expression of enzymes involved in lipogenesis
(Pagotto et al., 2005). Similarly, MET-F-AEA seems to exert a
lipogenetic effect on human sperm lipid metabolism, since the
augment in the triglycerides content is compatible with the
behavior of both lipase and acyl-CoA dehydrogenase activities.
Our data clearly evidenced that the blockage of CB1-R induces
an increase in the energy expenditure, corroborating the idea
that the receptor activation in sperm is related to the
uncapacitated status.

In the majority of the experiments performed, the 1mM SR
alone displayed a neutral antagonism, while in combination with
MET-F-AEA it behaves as inverse agonist. SR has been shown to
act as neutral antagonism, competitive antagonist and inverse
agonist in host cells transfected with exogenous CB1 receptor,
as well as in biological preparations endogenously expressing
CB1 (Hurst et al., 2005; Pertwee, 2005). As inverse agonist, SR
produces effects in some CB1 containing bioassay systems that
are opposite in direction from those produced by agonists for
these receptors. It was proposed that inverse agonism at the
CB1 receptor may be explained in terms of a three-state model
in which the receptor can switch between two receptor
conformational states, a ground or inactive R state and an active
R� state, which are in equilibrium with each other (Leff, 1995).
An agonist has higher affinity for R� and agonist binding is
thought to shift the equilibrium toward R�, resulting in G
protein activation with an increase in GDP/GTP exchange. An
inverse agonist has higher affinity for R and its binding shifts the
equilibrium toward R, resulting in a decrease in the activation of
the signaling pathway. The binding of a neutral/null antagonist is
thought not to alter the equilibrium between R and R� because
the neutral antagonist has equal affinity for both states. It is likely
that the efficacy for the production of inverse cannabimimetic
effects will be governed by the degree of ongoing
endocannabinoid release onto CB1 receptors.

In our previous study, we demonstrated that sperm express
and secrete insulin, the classical hormone involved in the body
energy homeostasis (Aquila et al., 2005b). Moreover in
uncapacitated sperm, insulin increased GSK-3 S9
phosphorylation, while during capacitation the kinase is not
phosphorylated. These results suggested that the hormone
modulates sperm energetic substrates availability on the basis of
sperm energy needs (Ballester et al., 2000). We observed that
under MET-F-AEA, GSK3 phosphorylation increases indicating
that the endocannabinoid in uncapacitated sperm is involved in
the accumulation of energy substrates, which would be spent
during capacitation and thus mirroring the insulin behavior in
this context. In fact, in uncapacitated sperm the GSK3 is tightly
blocked, whereas during capacitation there is an activation of
the enzyme. Intriguingly, glycogen deposits and GSK3 enzyme
are present in the head and midpiece of spermatozoa where
CB1-R is also localized and this support a physiological
relevance of our finding. Although glycolysis is important for
sperm functions this metabolic pathway does not appear to be
responsible for successful gamete fusion (Urner and Sakkas,

Fig. 6. MET-F-AEA effects on insulin secretion by sperm.
Spermatozoa were washed twice with unsupplemented Earle’s
medium and incubated in the same medium for 30 min at 37 C in
5%CO2. A final concentration of 10 T 106 sperm/500 ml was used.
Sperm were treated with 10 nM, 100 nM, and 1mM MET-F-AEA. At
the end of the sperm incubations, the culture media were recovered
by centrifugation. A: Human insulin concentrations were determined
in duplicate using an insulin RIA kit according to manufacturer’s
instructions. Columns represent mean W SEM, MP < 0.05 versus
control, MMMP < 0.01 versus control. B: Western blotting to evaluate
insulin inside sperm after the indicated treatment. Actin was used as a
loading control. Autoradiograph presented is a representative
example of experiments that were performed at least four times with
repetitive results.
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1996; Travis et al., 2001). Instead, the beneficial effect of glucose
on the acquisition of fertilizing ability as well as on gamete fusion
is mediated by glucose metabolism through the PPP (Urner and
Sakkas, 1999a; Urner et al., 2001) where G6PDH is the key rate
limiting enzyme that regulates the production of NADPH
(Urner and Sakkas, 1999b). Accordingly, with the above-
mentioned results on GSK3, MET-F-AEA was unable to
significantly increase the G6PDH activity.

In our previous study we have showed that sperm express
and secrete insulin and we have demonstrated that a great
difference in insulin secretion between incapacitated and
capacitated sperm exists, therefore relating the hormone
concentration to the different gamete physiological conditions.
In mouse pancreatic islets it was shown that cannabinoids
inhibit insulin secretion via CB1-R (Nakata and Yada, 2008).
From the present work it emerges that MET-F-AEA induce an
increase in insulin secretion, although the concentrations
obtained are comprised in the typical range showed by sperm
during uncapacitated status (0.1–0.73mIU/ml). Insulin
secretion is significantly higher in sperm during capacitation
(4–12mIU/ml), Our previous data lead us to speculate that
insulin might be considered an endogenous factor involved in
the autocrine induction of the capacitation, here we found that
MET-F-AEA is able to modulate insulin secretion, therefore the
EC could be considered a regulator of the capacitation process.
On the other hand, the presence of AEA at higher
concentration in seminal plasma prevents premature
capacitation activating CB1-R, instead in the female genital tract
spermatozoa are exposed to a progressively reduced
concentration of AEA (Schuel et al., 2002) and sperm
capacitation might occur as a consequence of reduced action of
AEA on CB1-R. These observations, together with our findings,
raise the possibility that defective AEA-signaling may likewise
impair sperm acquisition of fertilizing ability and thus male
fertility.

Apart from classical hormones like leptin and insulin, the
AEA ability to modulate both lipid and glucose metabolism
highlights also a pivotal involvement of this EC in the control of
sperm energy homeostasis. Concluding, the present finding
discovered a new site of action for ECs in the control of energy
metabolism.
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ABSTRACT
Recent studies indicated that leptin, a 16 kDa hormone, is a regula-

tory signal in human and rodent male reproduction. This work was
designed to investigate the expression of leptin and its receptor in testes
and epididymides from immature and mature pigs. Immunolocalization
revealed that leptin and its receptor were confined only in the interstitial
compartment of immature testes, whereas both proteins were detected in
Leydig cells and within seminiferous tubules of mature gonads. The im-
munostaining of epididymal tissues showed that leptin was absent in the
epithelial cells of immature pigs but it was present in all the three
regions of mature epididymides, although with a minor signal in the
cauda. Conversely, leptin receptor was observed in all the epithelial cells
of both immature and mature epididymides. Western blot analysis of tis-
sue extracts detected a 16 kDa band for leptin and five/six isoforms, rang-
ing from 120 to 40 kDa, for leptin receptor. In conclusion, this work has
identified, for the first time, leptin and leptin receptor in the testis and in
the epididymis of the pig showing a differential cell-type expression pat-
tern of the two proteins in young and adult animals. Therefore, our find-
ings suggest a possible involvement of leptin in endocrine or autocrine/
paracrine control of porcine male reproductive structures. Anat Rec,
292:736–745, 2009. VVC 2009 Wiley-Liss, Inc.

Keywords: epididymis; leptin; leptin receptor; pig; testis

Leptin (Lep) is a 16 KDa hormone which plays a key
role in the regulation of energy homeostasis via the
control on food intake, energy expenditure, and meta-
bolic rate (Kamohara et al., 1997; Rossetti et al.,
1997; Bouloumie et al., 1998). Furthermore, leptin,
reflecting the nutrition state, can act as a metabolic
signal to the neurendocrine reproductive system
which is sensitive to the energy stores. In fact, in dif-
ferent species, a regulatory role of Lep in the female
and male reproductive processes has been reported
through the control of the hypothalamic-pituitary-go-
nadal axis activity (Barb, 1999; Foster and Nagatani,
1999; Ahima and Flier, 2000; Amstalden et al., 2000;
Budak et al., 2006).
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The effects of Lep are mediated by its specific receptor
(Ob-R) in target tissues. The Ob-R, a single membrane-
spanning glycoprotein, belongs to the class I cytokine re-
ceptor superfamily. Several leptin receptor isoforms have
been detected in target tissues, particularly a long form
(Ob-Rb) and truncated short isoforms (Ob-Ra, Ob-Rc,
Ob-Rd, Ob-Rf, and Ob-Re) (Takaya et al., 1996; Loll-
mann et al., 1997; Murakami et al., 1997; Bjorbaek
et al., 1998; Dieterich and Lehnert, 1998). The full
length isoform Ob-Rb contains intracellular motifs
required for activation of the JAK/STAT (Jasus kinases/
signal transducers and activators of transcription) path-
way and it is considered to be a fully functional receptor
(Thomas, 2004). The MAPK (mitogen activated protein
kinase) patway can also be stimulated by Ob-Rb and Ob-
Ra, although to lesser extent by the latter (Fruhbeck,
2006). In addition, Ob-Ra is thought to mediate leptin
transport across anatomical barriers, such as the blood–
brain barrier (Kastin et al., 1999) and the placenta
(Smith and Waddell, 2002). Both Ob-Rb and Ob-Ra
mediate also leptin internalization and its lysosomal
degradation (Uotani et al., 1999) Ob-Re, which lacks the
transmembrane and intracellular domain, serves as
soluble receptor and represents the leptin bioavailability,
being the hormone binding protein in plasma (Zastrow
et al., 2003). However, the different target tissues have
revealed variable expression levels of the Ob-R isoforms
(Cioffi et al., 1996; Tartaglia, 1997; Glasow et al., 1998;
Breidert et al., 1999; Margetic et al., 2002).

In both male and female rodents, it has been shown
that leptin has direct effects on fertility since the hor-
mone is able to reverse the infertility of ob/ob mice,
lacking of the leptin gene (Cunningham et al., 1999).
Compelling evidences support the role of leptin in the
physiology of female reproductive system in a paracrine
and/or endocrine fashion (Casanueva and Dieguez, 1999;
Ahima and Flier, 2000; Wauters et al., 2000; Moschos
et al., 2002). In contrast, leptin involvement in the con-
trol of male reproduction is still not well defined.

Some studies demonstrated the Lep regulation of male
reproduction via the central nervous system (Tena-Sem-
pere and Barreiro, 2002), but recently a peripheral
direct action of the hormone on target reproductive
structures has been hypothesized. In fact, Lep and/or
Ob-R were detected in rodent testes (Caprio et al., 2003;
El-Hefnawy et al., 2000; Herrid et al., 2008), in human
testes and seminal plasma (Glander et al., 2002; Soyu-
pek et al., 2005; Ishikawa et al., 2007), in human sperm
(Aquila et al., 2005), in boar sperm (De Ambrogi et al.,
2007), and in pig sperm (Aquila et al., 2008). Further-
more, a recent paper reported the effects of leptin treat-
ment, alone or in combination with dietary energy
restriction, on different reproductive parameters of male
rats (Sirotkin et al., 2008).

In the pig, the hormone has been identified as a
metabolic signal to the hypothalamus and pituitary
gland modulating the GnRH/LH secretory axis (Barb
et al., 2005). However, our recent work detected leptin
and Ob-R in pig sperm showing a role of the hormone
on the male gamete biology (Aquila et al., 2008).
Therefore, aim of this work was to provide some evi-
dence of leptin involvement in the control of male
reproductive structures by investigating Lep and Ob-R
in testicular and epididymal cells of immature and
mature pigs.

MATERIALS AND METHODS
Chemicals

BSA (bovine serum albumin) protein standard,
Laemmli sample buffer, prestained molecular weight
marker, Haematoxylin, Eosin, Bradford reagent, and all
other chemicals were purchased from Sigma Chemical
(Milan, Italy). Acrylamide bisacrylamide was from Lab-
tek Eurobio (Milan, Italy). Triton X-100, ECL Plus West-
ern blotting detection system, HybondTM ECLTM, were
purchased from Amersham Pharmacia Biotech (Little
Chalfont, UK). Polyclonal rabbit anti-leptin (A-20), poly-
clonal rabbit anti-Ob-R mapping within the Ob-R inter-
nal domain (H-300), peroxidase-coupled anti-rabbit, b-
actin antibodies (Abs), Ob, and OB-R blocking peptides
(sc842P and sc1834P) were from Santa Cruz Biotechnol-
ogy (Heidelberg, Germany). Biotinylated goat anti-rabbit
IgG, avidin-biotin-horseradish peroxidase (ABC) com-
plex, and diaminobenzidine (DAB) were from Vector
Laboratories (Santa Cruz, CA). Total RNA Isolation Sys-
tem Kit, enzymes, buffers, nucleotides 100 bp ladder
used for RT-PCR were purchased from Promega. Molo-
ney murine leukemia virus (M-MLV) was from Gibco-
Life Technologies Italia. Oligonucleotide primers were
made by Invitrogen.

Animals

The investigation has been conducted on testicular
and epididymal tissues from five fertile adult pigs and
five infertile young animals (Sus scrofa domestica, Large
White) kept at ‘‘Swine Artificial Insemination Centre’’
(Rende, Cosenza, Italy). Immature pigs were 2–3 month
old and their weights were from 25 to 35 kg, whereas
mature animals were 18–24 month-old and their weights
were from 280 to 320 kg. Testes and epididymides were
removed during routine castrations at the local animal
hospital. All surgical procedures followed approved
guidelines for the ethical treatment of animals. Immedi-
ately after castration, the epididymides were carefully
dissected in caput, corpus, and cauda.

Morphological analysis was carried out by standard
haematoxylin-eosin staining.

Immunohistochemistry

Removed tissues were immediately fixed in neutral
buffered formalin (4%), dehydrated in a series of ethanol
concentrations, and paraffin-embedded. Then the (5 lm)
sections were cut (8–9 serial sections, randomly selected,
for each sample), mounted on polylysine-precoated
slides, deparaffinized, and dehydrated. Immunochemis-
try was performed after heat-mediated antigen retrieval
(sections microwaved in a 0.01 M citrate buffer solution,
pH 6, for 18 min). Hydrogen peroxide (3% in distilled
water for 30 min) was used to inhibit endogenous peroxi-
dase activity. Normal goat serum (10% for 30 min) was
used to block nonspecific binding sites. Anti-leptin
(1:100) and anti-Ob-R (1:100) were used as primary Abs
(overnight at 4�C), whereas biotinylated goat anti-rabbit
IgG was utilized as secondary antibody (1 hr at RT).
ABC complex amplification was then performed (30 min
at RT) and the peroxidase reaction was developed with
DAB. All the sections were counterstained with haema-
toxilyn. The primary antibodies were replaced by normal
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rabbit serum in the ordinary controls (data not shown).
In addition, absorption controls were assessed by using
primary antibodies preabsorbed with an excess of Ob
and Ob-R blocking peptides for 48 hr at 4�C.

Western Blot Analysis

Frozen testicular and epididymal tissues from imma-
ture and mature pigs were homogenized (GLAS-COL,
Terre Haute) and lysed in buffer containing 20 mM
HEPES, pH 7.9, 420 mM NaCl, 1.5 mM MgCl2, 0.1 mM
EGTA, 0.2 mM EDTA, 25% glycerol,1 mM 1,4-dithio-
threitol, 0.5 mM, Na3VO4, 0.2% Nonidet P-40, and a
mixture of protease inhibitors (aprotinin, leupeptin, phe-
nylmethylsulfonylfluoride, pepstatin). Lysates were
quantified using Bradford protein assay reagent and
equal amounts of proteins (40 lg) were resolved on a
10% sodium dodecyl-sulphate polyacrylamide gel electro-
phoresis (SDS-PAGE) in glycine buffer (0.02 mM Tris,
0.2 mM glycine, 1% SDS). Proteins were then
transferred to a nitrocellulose membrane and probed
overnight at 4�C with antibodies against Lep, Ob-R, and
b-actin (loading control). Finally, the bound of the

secondary antibody was revealed with the ECL Plus WB
detection system according to the manufacturer’s
instructions.

Pig adipocyte and pig sperm extracts were used as
positive controls for leptin and Ob-R, respectively. The
negative controls were performed using tissue lysates
previously immunodepleted of leptin or Ob-R (i.e.,
lysates preincubated with anti-leptin Ab or anti-Ob-R Ab
for 1 hr at room temperature and immunoprecipitated
with Protein A/G-agarose).

To further validate the results for Ob-R, as negative
control, the nonimmune rabbit serum replaced the pri-
mary antibody at the same dilution ratio (1:1,000).

The experiments were repeated at least four times for
each sample.

RNA isolation, Reverse Transcriptase-
Polymerase Chain Reaction (RT-PCR)

RT-PCR analysis of epidydimal and testicular tissue
extracts has been performed to confirm Ob and Ob-R
expression in young and adult pigs. Concerning Ob-R,
the authors have performed the RT-PCR by using

Fig. 1. Representative leptin and leptin receptor immunostainings of immature and mature pig testes: (A)
leptin immunoreactivity in the immature testis. (B) Leptin receptor immunostaining in the immature pig. (C)
Leptin immunoreactivity in the mature testis. (D) Leptin receptor immunodetection in the mature animal.
Inserts: immunonegative absorption controls. L, Leydig cells; eS, elongating spermatids. Scale bars: 12.5 lm.
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primers designed on the basis of the published sequence
of the transmembrane leptin receptor (Gene bank, acces-
sion number AF090422). Different Ob-R isoforms of Sus
Scrofa have not been cloned yet. The only complete
sequences published are relative to Leptin receptor
mRNA (Long form) and to Leptin transmembrane recep-
tor mRNA (included in the first one). Therefore, we
amplified the last sequence that is potentially present in
all the Ob-R isoforms.

Testes and epididymides, removed from immature and
mature pigs, were dissected and immediately frozen in
liquid nitrogen. Subsequently, total RNA extraction was
performed by tissue homogenization followed by guanidi-
nium/chloroform purification, according to Freije (Freije
et al., 1997).

Before RT-PCR, RNA was incubated with ribonucle-
ase-free deoxyribonuclease (Dnase) I in single-strength
reaction buffer at 37�C for 15 min. This was followed by
heat inactivation of Dnase I at 65�C for 10 min. Purity
and integrity of RNA extracted was checked spectro-
scopically and by gel electrophoresis before use. Ten
micrograms of total RNA was reverse transcribed using
200 IU M-MLV reverse transcriptase in a reaction vol-
ume of 20 lL (0.4 lg oligo-dT, 0.5 mM deoxy-NTP, and
24 IU Rnasin) for 30 min at 37�C, followed by heat dena-
turation for 5 min at 95�C and stored at �20�C. PCR
amplification of complementary DNA (cDNA) was per-
formed with 2 U of Taq DNA polymerase, 50 pmol
primer pair for both Lep and Ob-R in 10 mM Tris-HCL
(pH 9.0) containing 0.1% Triton X-100, 50 mM KCl,
1.5 mM MgCl2, and 0.25 mM each dNTP. The applied PCR
primers and the expected lengths of the resulting PCR
products are the following: 50 ATTCCTGGCTTGGCCC 30
and 50 AAGGCAGACTGGTGAGGATCTGTT 30 for Lep
with a product size of 248 bp; 50 ACTTCCTCTTG
CCTGCTGGAATCT 30 and 50 GACACAGGCACATGG-
CATTCACAA 30 for Ob-R with a product size of 460 bp.
Cycling conditions were: 95�C/1 min, 55�C/1 min, 72�C/2
min for Lep; 95�C/1 min, 52�C/1 min, 72�C/2 min for Ob-
R. For all PCR primer amplifications, negative RT-PCR
was performed without M-MLV reverse transcriptase.
The PCR-amplified products were subjected to electro-

phoresis in 2% agarose gels stained with ethidium bro-
mide and visualized under UV transillumination.

RESULTS
Leptin and Ob-R Immunolocalization

Testis. Immature testes showed a strong immuno-
staining of leptin and Ob-R in the cytoplasm of intersti-
tial cells, whereas no immunoreactivity was observed in
myoid peritubular cells and inside the small closed semi-
niferous tubules (Fig. 1A,B) (Table 1). Conversely, in the
mature gonads both the hormone and its receptor were
strongly evidenced in the Leydig cell clusters and, inside
the active seminiferous tubules, mainly in elongating
spermatids (Fig. 1C,D) (Table 1). No immunoreactivity
was observed in the negative (data not shown) and
absorption controls (inserts).

Epididymis. The epithelial cells of the immature
genital duct were immunonegative for leptin (Fig.
2A,C,E), whereas a strong cytoplasmic immunostaining
was observed in the caput and corpus of mature epididy-
mis together with a moderate immunoreactivity in the
cauda (Fig. 2B,D,F) (Table 1).

A moderate Ob-R signal was evidenced in the epithe-
lial cells of caput, corpus, and cauda of young pigs (Fig.
3A,C,E), whereas the immunoreactivity was strong in
the three regions of adult epididymides (Fig. 3B,D,F)
(Table 1). No Ob-R immunostaining was observed in the
negative (data not shown) and absorption controls
(inserts).

In addition, connective tissue of all epididymal sam-
ples showed a moderate leptin and Ob-R immunoreactiv-
ity (Fig. 3).

WB Analysis

Leptin. One immunoreactive band was observed at
16 kDa for leptin in the lysates from immature and
mature testes (Fig. 4A,B, lane 1) showing the same mo-
bility of the adipocyte extract used as positive control
(Fig. 4A,B, lane Cþ).

TABLE 1. Leptin and Ob-R immunostaninga in testis and epididymis of young and adult pigs

Leptin Ob-R

young adult young adult

Testis Leydig cell þþþ þþþ þþþ þþþ
Peritubular myoid cell � � � �
Sertoli cell � � � �
Spermatogonia � � � �
Spermatocytes / � / þ/�
Elongating spermatids / þþþ / þþþ

Epididymis Caput
Epithelial cells � þþþ þþ þþþ
Stromal cells þþ þþ þþ þþ

Corpus
Epithelial cells � þþþ þþ þþþ
Stromal cells þþ þþ þþ þþ

Cauda
Epithelial cells � þþþ þþ þþþ
Stromal cells þþ þþ þþ þþ

aStaining intensity scores as follows: � negative; þ/� very weak; þþ moderate; þþþ strong; / cell type absence.
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A very thin16 kDa band was observed in the extracts
from the three regions of the immature epididymides,
probably corresponding to the positive immunostaining of
the connective tissues (Fig. 4A, lanes: 2, 3, 4). Conversely,

a high expression of leptin was detected with a 16 kDa
band in the lysates from caput, corpus, and cauda of the
mature ducts (Fig. 4B, lanes: 2, 3, 4). No band has been
detected in the negative controls (data not shown).

Fig. 2. Representative leptin immunodetection of caput, corpus, and cauda epididymis in immature (A,
C, E) and mature (B, D, F) pigs. Inserts: immunonegative absorption controls. Scale bars: 12.5 lm.
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Ob-R. In agreement with the specificity of the anti-
body used in this study, WB analysis evidenced multiple
immunoreactive bands corresponding to long and short
Ob-R isoforms. Six different immunoreactive Ob-R iso-
forms (120, 90, 80, 65, 60, and 40 kDa) were detected in

testicular extracts from both mature and immature pigs
(Fig. 5A,B, lane 1) such as in the lysate of ejaculated pig
sperm used as positive control (Fig. 5A,B, lane Cþ). The
same bands were observed in epididymal extracts from
the mature pigs (Fig. 5B, lanes: 2, 3, 4), whereas the

Fig. 3. Representative leptin receptor immunoreactivity of caput, corpus, and cauda epididymis in
immature (A, C, E) and mature (B, D, F) pigs. Inserts: immunonegative absorption controls. Scale bars:
12.5 lm.
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40 kDa band was absent in the lysates from the imma-
ture ducts (Fig. 5A, lanes: 2, 3, 4).

The immunoreactive bands were not detected by non-
immune rabbit serum indicating that these proteins are
specific for Ob-R in pig (data not shown).

RT-PCR Analysis

Expression of leptin and Ob-R mRNA was examined in
testicular and epidydimal tissues from immature and
mature pigs. RNA isolated from testicular and epidydi-
mal tissues was subjected to reverse PCR. Concerning
leptin, the primer sequences were based on the leptin
pig gene sequence and the RT-PCR amplification
revealed the expected PCR product size of 280 bp
(Fig. 6).

Concerning Ob-R, the primer sequences were based on
the OB-R pig gene sequence of the transmembrane
region and the RT-PCR amplification revealed the
expected PCR product size of 460 bp (Fig. 7).

DISCUSSION

Leptin represents a metabolic signal affecting central
regulation of reproduction in the pig. In fact, Lep is
detected by the central nervous system and, by means of
the neuroendocrine axis, regulates hypothalamic gonado-
tropin-releasing hormone (GnRH) release and subse-
quent luteinizing hormone (LH) secretion (Barb et al.,
2005). However, our recent work demonstrated a role of

leptin in pig sperm acquisition of fertilizing ability
(Aquila et al., 2008) suggesting a possible peripheral
effect of the hormone in porcine male reproduction.

This study has identified leptin and its receptor in
testis and epididymis of young and adult pigs demon-
strating the presence of the two proteins at different
levels: mRNA expression, protein expression, and
immunolocalization.

Immunohistochemical analysis has shown a differen-
tial cell-type expression of leptin and leptin receptor in
immature and mature pig testes. In fact, the hormone
and its receptor have been detected in Leydig cells of
young and adult animals, whereas the two proteins were
identified only inside seminiferous tubules of mature
gonads. The expression of leptin and Ob-R in both
immature and mature pig Leydig cells suggests that the
hormone may be directly involved in regulation of Ley-
dig cell development and in steroidogenesis by paracrine
and/or autocrine mechanisms. Previous studies could
support this hypothesis, in fact, interstitial tissue is
reduced more than 50% in the leptin deficient ob/ob
mice but leptin treatment induced the Leydig cell regen-
eration (Hellman, 1965; Mounzih et al., 1997). Further-
more, a direct receptor-mediated action of leptin on
androgen production has been demonstrated in cultured
adult rat Leydig cells (Caprio et al., 1999).

Our study has shown leptin and Ob-R inside seminif-
erous tubules of mature testes, mainly in elongating
spermatids, but not in seminiferous tubules of immature
gonads. These findings suggest a role of leptin in the
control of pig sperm cell differentiation. This hypothesis
agrees to previous investigations in rodents and
humans. In fact, the ob/ob mouse testes are character-
ized by hollow seminiferous tubules with aberrant multi-
nucleated spermatids and few spermatozoa, but leptin
treatment can restore the spermatogenetic arrest (Jones
and Ainsworth-Harrisson, 1957; Mounzih et al., 1997).
Furthermore, leptin has been suggested to regulate the
proliferation and differentiation of mouse testicular
germ cells by the activation of STAT3 (El-Hefnawy
et al., 2000) and, in human testis, the dysfunction of
spermatogenesis appears to be associated with an
altered leptin and leptin receptor expression (Ishikawa
et al., 2007; Chen et al., 2008).

In comparison to previous studies on mammals, our
data reveal a species-specificity of leptin and Ob-R
expression in pig testes. In fact, in the rat, leptin was
expressed in seminiferous tubules and in the intersti-
tium of the adult gonads (Chen et al., 2008), whereas
Ob-R was confined only in the Leydig cells of mature
testes (Caprio et al., 2003), but it was absent in imma-
ture gonads. In contrast, in the mouse, leptin and its re-
ceptor were detected exclusively in germ cells of
immature and mature testes (El-Hefnawy et al., 2000;
Herrid et al., 2008). Furthermore, in the human adult
testes, leptin was found in seminiferous tubules,
whereas Ob-R was detected in Leydig cells (Glander
et al., 2002; Soyupek et al., 2005; Ishikawa et al., 2007).

In the present investigation, successful Western blot of
pig testicular samples evidenced the expected 16 kDa
band for leptin and revealed six isoforms for leptin
receptor showing molecular weight consistent with the
Ob-Rb long form (�120 kDa), with the Ob-Ra short form
(�90 kDa), and with shorter isoforms. Therefore, leptin
receptor expression could mediate the hormone effects

Fig. 4. Western blot results of leptin in testicular and epididymal
lysates from representative immature (A) and mature (B) pigs. lane
Cþ: adipocyte cells used as positive control; lane 1: testis; lane 2:
caput; lane 3: corpus: lane 4: cauda. b-actin served as loading con-
trol. Numbers on the right-hand side correspond to molecular weights
of detected proteins. (A1) and (B1): Band intensities were evaluated
in terms of arbritrary densitometric units. Values are as mean � SEM.
*P < 0.05, **P < 0.01 versus control.
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on testes by mediating the direct leptin action, the leptin
transport, and in other still not defined ways.

To our knowledge, the presence of leptin and Ob-R in
the mammalian epididymis has not been demonstrated,
so the present study explored the expression of the two
proteins in the porcine genital duct. Firstly, we have

identified the hormone and its receptor in pig epididy-
mal tissues with an age-specific localization. In fact, lep-
tin was observed in epithelial cells of the adult
epididymis, but not in the young one, leading us to spec-
ulate a possible role of the hormone in the functional ac-
tivity of the genital duct. Epithelial cells of the adult

Fig. 5. Western blot results of leptin receptor in testicular and epi-
didymal lysates from representative immature (A) and mature (B) pigs.
lane Cþ: ejaculated pig sperm used as positive control; lane 1: testis;
lane 2: caput; lane 3: corpus; lane 4: cauda. b-actin served as loading

control. Numbers on the right-hand side correspond to molecular
weights of detected proteins. (A1) and (B1): band intensities were
evaluated in terms of arbritrary densitometric units. Values are as
mean � SEM.
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epididymis are characterized by high secretory activity
which is responsible for the post-testicular sperm matu-
ration, due to complexes and sequential interactions
between luminal proteins and spermatozoa in transit
(Sullivan, 1999; Dacheux et al., 2005). Intriguingly, the
secretory activity of the three epididymal regions over-
laps the pattern of leptin immunostaining, which was
intense in the caput and in the corpus but weak in the
cauda.

Conversely, Ob-R isoforms were evidenced in the three
epididymal regions of both young and adult animals,
suggesting a direct targeting of leptin on the epithelial
cells during the growth and the function of the genital
duct. However, the identification of a 40 kDa Ob-R iso-
form exclusively in the mature epididymis is a new find-
ing which remains to be elucidated.

In addition, epididymal connective tissue has showed
leptin and Ob-R expression in both immature and
mature pigs, so it is reasonable to hypothesize a role of

stromal cells in development and physiology of epididy-
mis through leptin signalling.

In conclusion, our results revealed a differential cell-
type expression of leptin and of its receptor in testis and
epididymis of young and adult pigs, supporting a possi-
ble role of the two proteins in the development and func-
tional activity of these genital structures. Therefore,
taken together our findings suggest a possible involve-
ment of leptin in the control of porcine male
reproduction.
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Abstract

 

Previous studies have suggested that 1

 

α

 

,25-dihydroxyvitamin D

 

3

 

 [1,25(OH)

 

2

 

D

 

3

 

] has a role in reproductive function.
Gonadal insufficiencies were observed as a result of 1,25(OH)

 

2

 

D

 

3

 

 deficiency and in 1,25(OH)

 

2

 

D

 

3

 

 receptor (VDR) null
mutant mice. To study human sperm anatomy at the molecular level, we first evaluated the ultrastructural
localization of VDR by immunogold electron microscopy using a monoclonal antibody against amino acids
344–424 of human VDR, in normozoospermic samples. Intriguingly, VDR was associated predominantly with the
cell nucleus. In fact, it is known that VDR is a transcription factor, and that in vitamin-D-depleted animals, VDR is
largely localized in the cell nucleus. To assess the significance of VDR in the male gamete, we investigated the role
of 1,25(OH)

 

2

 

D

 

3

 

/VDR in sperm survival and capacitation. Our results revealed that the action of 1,25(OH)

 

2

 

D

 

3

 

depended on its concentration because although lower doses induced cholesterol efflux, protein phosphorylation
and sperm survival, a higher concentration seemed to be ineffective or did not show an increased effect. These
results increase our knowledge of human sperm anatomy at the molecular level and suggest that 1,25(OH)

 

2

 

D

 

3

 

/VDR
may have an important role in sperm survival and the acquisition of fertilizing ability.
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Introduction

 

Vitamin D

 

3

 

 is synthesized in the epidermis. The hormone is
then metabolized in the liver and afterwards in the kidney
to give 1

 

α

 

,25-dihydroxyvitamin D

 

3

 

 (1,25(OH)

 

2

 

D

 

3

 

), which is
the most biologically active metabolite of vitamin D
(Kuritzky et al. 2008). The functional activities of 1,25(OH)

 

2

 

D

 

3

 

require a high-affinity receptor, the 1,25(OH)

 

2

 

D

 

3

 

 receptor
(VDR), which is a member of the superfamily of nuclear
steroid hormone receptors. In addition to its well-known
effects on calcium and phosphate homeostasis, 1,25(OH)

 

2

 

D

 

3

 

,
which is also known as calcitriol, acts on a variety of tissues

 

(

 

Johnson & DeLuca, 2001). This may be due to the presence
of VDR in more than 30 tissues, which include the brain,
pancreas, pituitary, skin, muscle, placenta, immune cells,
parathyroid, ovary, prostate, and testis (Habib et al. 1990;
Johnson et al. 1996; Chatterjee, 2001

 

).

 

In the male genital tract of rodents, VDR has been found
in the smooth muscle of the epididymis, spermatogonium
and Sertoli cells. The extensive presence of binding sites
for 1,25(OH)

 

2

 

D

 

3

 

 detected in Sertoli cells and the caput
epididymis at the time of spermiogenesis suggests that
1,25(OH)

 

2

 

D

 

3

 

 is involved in spermatogenesis and in sperm
maturation in rats (Johnson et al. 1996). VDR null mutant
mice demonstrate significant gonadal insufficiency, with
decreased sperm count and motility, and histological
abnormalities of the testis (Kinuta et al. 2000). The testes
of 1,25(OH)

 

2

 

D

 

3

 

-depleted animals show incomplete sper-
matogenesis, impaired development, and degenerative
changes in the seminiferous tubules. These results suggest
that 1,25(OH)

 

2

 

D

 

3

 

 plays a very important role in the matu-
ration of germ cells. Therefore, it can be concluded that
1,25(OH)

 

2

 

D

 

3

 

 is involved in male reproduction, presumably
at the molecular level.

The VDR mediates 1,25(OH)

 

2

 

D

 

3

 

-dependent responses
through both genomic and non-genomic pathways (Norman
et al. 1997, 2004). With regard to the latter, 1,25(OH)

 

2

 

D

 

3

 

can rapidly stimulate phosphoinositide metabolism,
protein kinase C (PKC), and mitogen-activated protein
(MAP) kinases, as well as increase cytosolic calcium and
cGMP levels (Barsony & Marx, 1991; Massheimer et al. 1994;
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Buitrago et al. 2002; Rebsamen et al. 2002). Several nuclear
receptors (El-Hefnawy et al. 2000; Aquila et al. 2004) have
been reported to be expressed in ejaculated human
spermatozoa, and to regulate cellular processes through
non-genomic mechanisms. Recently, it has been shown by
Western blotting and immunohistochemistry that human
sperm express the VDR (Corbett et al. 2006). However, the
significance of 1,25(OH)

 

2

 

D

 

3

 

 and its receptor in male
reproduction needs to be investigated further, and the
ultrastructural localization of VDR in the male gamete has
not yet been reported in the literature.

The subcellular localization of VDR in the sperm nucleus is
reported here. We employed immunogold electron micro-
scopy to gain an improved understanding of sperm anatomy
at the molecular level. In addition, we studied the possible
involvement of 1,25(OH)

 

2

 

D

 

3

 

/VDR in important biological
functions of human sperm, such as capacitation and survival.

 

Materials and methods

 

Chemicals

 

Percoll (PVP-coated colloidal silica particles for cell separation),
sodium bicarbonate, sodium lactate, sodium pyruvate, dimethyl
sulfoxide (DMSO), Earle’s Balanced Salt Solution (EBSS), 1

 

α

 

,25-
dihydroxyvitamin D

 

3

 

 (1,25(OH)

 

2

 

D

 

3

 

), and all other chemicals were
purchased from Sigma Chemical (Milan, Italy). Acrylamide/bisacry-
lamide was purchased from Labtek Eurobio (Milan, Italy). Triton
X-100 and Eosin Y were purchased from Farmitalia Carlo Erba
(Milan, Italy). The ECL Plus Western blotting detection system,
Hybond™ ECL™, and HEPES sodium salt were purchased from
Amersham Pharmacia Biotech (Buckinghamshire, UK). The cholesterol-
oxidase (CHOD)-peroxidase (POD) enzymatic colorimetric kit was
from Inter-Medical (Biogemina Italia Srl, Catania, Italy). The colloi-
dal gold-conjugated goat anti-mouse IgG secondary antibody
(Ab) was purchased from Sigma-Aldrich (Milan, Italy). The goat
polyclonal actin Ab (1–19), mouse monoclonal anti-human VDR
(D-6) Ab, mouse monoclonal anti-phosphotyrosine PY99 Ab,
peroxidase-coupled anti-mouse and anti-goat IgG secondary Abs
were purchased from Santa Cruz Biotechnology (Heidelberg,
Germany). Monoclonal anti-phosphothreonine Ab was purchased
from Calbiochem (Nottingham, UK).

 

Semen samples and spermatozoa preparations

 

Human semen was collected according to the recommended
procedure of the World Health Organization (WHO) by masturba-
tion from healthy volunteer donors of proven fertility, who were
undergoing semen analysis in our laboratory. Spermatozoa
preparations were made as described previously (Aquila et al.
2005). Briefly, semen samples with normal measurements for
volume, sperm count, motility, vitality and morphology, according
to the WHO Laboratory Manual (WHO, 1999), were included in
this study. For each experiment, three normozoospermic samples
were pooled. Pooled sperm were washed, subjected to the indicated
treatments, and incubated at 37 

 

°

 

C and 5% CO

 

2

 

. Prior to centrifuga-
tion to collect sperm, several aliquots were used to analyse sperm
viability. The study had been approved by the local medical ethics
committee and all participants gave their informed consent.

 

Processing of ejaculated sperm

 

After liquefaction, normal semen samples were pooled and
subjected to centrifugation for 7 min at 800 

 

g

 

 on a discontinuous
Percoll density gradient (80 : 40% v : v) (WHO, 1999). The 80%
Percoll fraction was examined using an optical microscope that
was equipped with a 

 

×

 

100 oil immersion objective to ensure that
a pure sample of sperm was obtained. An independent observer
inspected the cells and examined several fields for each slide.
Percoll-purified sperm were washed with non-supplemented EBSS
(incapacitating medium) and were incubated for 30 min at 37 

 

°

 

C
and 5% CO

 

2

 

, either with no additional treatment (control, NC) or
with treatment (experimental). The treatments were as follows:
increasing doses of 1,25(OH)

 

2

 

D

 

3

 

 (0.01, 0.1 and 1 n

 

M

 

), or anti-VDR
Ab (1 

 

μ

 

g mL

 

−

 

1

 

) combined with 0.1 n

 

M

 

 1,25(OH)

 

2

 

D

 

3

 

. When the cells
were treated with the anti-VDR Ab, a pretreatment of 15 min was
performed.

 

Immunogold labelling of VDR

 

Sperm that had been fixed overnight in 4% paraformaldehyde
were washed in phosphate-buffered saline (PBS) to remove excess
fixative, and dehydrated in a graded series of alcohol. They were
then infiltrated with LR white resin, which was polymerized in a
vacuum oven at 45 

 

°

 

C for 48 h. Ultrathin 60-nm sections were cut
and placed on coated nickel grids for post-embedding immunogold
labelling with a mouse anti-human VDR monoclonal Ab VDR
(D-6), which was raised against amino acids 344–424 of human
VDR. Potential non-specific labelling was blocked by incubating
the sections in PBS containing 5% normal goat serum, 5% bovine
serum albumin and 0.1% cold water fish gelatine at room temper-
ature for 1 h. Sections were then incubated overnight at 4 ºC with
the mouse monoclonal anti-VDR primary Ab at a dilution of
1 : 500 in PBS. This was followed by incubation with 10 nm col-
loidal gold-conjugated goat anti-mouse IgG secondary Ab at a
dilution of 1 : 50 for 2 h at room temperature. The sections were
subsequently washed in PBS, fixed in glutaraldehyde, counter-
stained with uranyl acetate and lead acetate, and examined using
a Zeiss EM 900 transmission electron microscope. To assess the spe-
cificity of the immunolabelling, a negative control was performed
in which sperm sections were incubated with the colloidal
gold-conjugated secondary Ab but not the primary Ab.

 

Evaluation of sperm viability

 

Sperm viability was analysed by red-eosin exclusion, using Eosin Y,
to evaluate the potentially toxic effects of the treatments. An
aliquot of each sperm sample, which had been incubated in
the absence (NC) or presence of increasing concentrations of
1,25(OH)

 

2

 

D

 

3 

 

(0.01–1 n

 

M

 

) or 1 

 

μ

 

g mL

 

−

 

1

 

 anti-VDR Ab combined with
0.1 n

 

M

 

 1,25(OH)

 

2

 

D

 

3

 

, was examined by optical microscopy after
incubation with Eosin Y.

An independent observer scored 200 cells for stain uptake (dead
cells) or exclusion (live cells), and sperm viability was expressed as the
percentage of total live sperm.

 

Measurement of cholesterol in sperm culture medium

 

Cholesterol levels in the medium in which the sperm had been
incubated were measured in duplicate by a CHOD-POD enzymatic
colorimetric method according to the manufacturer’s instructions
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(Aquila et al. 2006). Sperm samples that had been washed twice
with incapacitating medium were incubated in the same medium
with or without the above-described treatments for 30 min at
37 

 

°

 

C and 5% CO

 

2

 

. At the end of the incubation period, the culture
media were recovered by centrifugation and lyophilized. The
samples were subsequently dissolved in 1 mL reaction buffer, and
incubated for 10 min at room temperature. The cholesterol
content was measured by spectrophotometry at 505 nm. A choles-
terol standard of 200 mg dL

 

−

 

1

 

 was used. The limit of sensitivity for
the assay was 0.05 mg dL

 

−

 

1

 

. Inter- and intra-assay variations were
0.04 and 0.03%, respectively. The results were presented as mg
cholesterol per 1 

 

×

 

 10

 

7

 

 spermatozoa.

 

Western blot analysis of sperm proteins

 

Sperm samples that had been washed twice with EBSS were
incubated in the absence (NC) or presence of the indicated
treatments, and then centrifuged for 5 min at 5000 

 

g

 

. The pellets
were resuspended in lysis buffer as described previously (Aquila
et al. 2002). Equal amounts of sperm protein (80 

 

μ

 

g) were boiled
for 5 min, separated by electrophoresis on a 10% polyacrylamide
gel, transferred to nitrocellulose sheets, and probed with an
appropriate dilution of Ab. Binding of the secondary Ab was
revealed using the ECL Plus Western blotting detection system (GE
Healthcare), according to the manufacturer’s instructions. For an

internal control, all the membranes were stripped (0.2 

 

M

 

 glycine,
pH 2.6 for 30 min at room temperature) and re-probed with an
anti-

 

β

 

-actin Ab.

 

Statistical analysis

 

The immunogold labelling was repeated on at least three in-
dependent occasions, whereas Western blot analysis was performed
in a further six independent experiments. The data that were
obtained from the CHOD-POD enzymatic colorimetric analysis (six
replicate experiments using duplicate determinations) and the
viability analysis (six replicate experiments using duplicate
determinations) were presented as the mean ± SE. The differences
in mean values were calculated using analysis of variance (

 

ANOVA

 

)
with a significance level of 

 

P 

 

≤

 

 0.05.

 

Results

 

Immunogold localization of VDR in human sperm

 

The general appearance of the human whole sperm
mount revealed good structural preservation (Fig. 1): the
cytoskeletal elements, the neck (segmented columns), and
the outer dense fibres were all well defined. The majority

Fig. 1 Ultrastructural localization of VDR in human ejaculated spermatozoa. Subcellular localization of VDR in human ejaculated spermatozoa by 
immunoelectron microscopy. Electron micrographs of sperm allowed to react with Ab directed against VDR. (A) Region of the head (×50 000, scale 
bar = 0.2 μm). (B) Region of the apical head (×81 000, scale bar = 0.1 μm). (C and D) Region of the neck (×29 000–50 000, scale bar = 0.2 μm). 
(E) Region of the neck in which few isolated gold particles are present (×50 000, scale bar = 0.2 μm). (F) Electron micrograph of control section 
incubated without the primary Ab, in which the sperm are totally without reaction product (×12 000, scale bar = 0.5 μm).



 

VDR and human sperm, S. Aquila et al.

© 2008 The Authors
Journal compilation © 2008 Anatomical Society of Great Britain and Ireland

 

558

 

of the sperm showed normal morphological features and
the general cell ultrastructure corresponded exactly to that
described previously (Friedlaender, 1952). Ultrastructural
immunogold analysis of 60-nm ultrathin sections revealed
that the VDR was associated particularly with the sperm
head. In fact, the gold particles appeared to be clustered
in the sperm nucleus (Fig. 1A–D) and were not present in
the cytoplasm or the membranes in the head. The chromatin
was homogeneous and showed no remarkable changes;
there were some clear areas as described previously (Lung,
1972). All the samples showed an identical staining inten-
sity and localization of the immunoreactive components.
Some particles also decorated the neck (Fig. 1E). In all the
samples, neither the axoneme and outer dense fibres of
the mid-piece, which are covered by the mitochondria, nor
the tail of the sperm were labelled (Figs 1C and 2A–C). This
was observed in transverse and sagittal sections through-
out the end-piece. Simultaneous negative control experi-
ments with the secondary Ab alone did not show any
labelling (Figs 1F and 2D).

 

1,25(OH)

 

2

 

D

 

3 

 

modulates cholesterol efflux in human 
sperm

 

Due to the fact that it had never been investigated pre-
viously, we evaluated whether 1,25(OH)

 

2

 

D

 

3

 

 could influence
extratesticular sperm maturation by examining its effect
on capacitation.

Capacitation is a post-ejaculation process that is asso-
ciated with the acquisition of the ability to fertilize an egg,
and encompasses different features. Cholesterol efflux
across the sperm membrane contributes to one signalling
mechanism that controls sperm capacitation (Aquila et al.
2006 and references therein). To evaluate cholesterol
efflux, the sperm were collected by centrifugation after
they had been treated as described above. Cholesterol
levels in the incubation medium were measured, and the
sperm were lysed to evaluate protein phosphorylation.
Our results showed a significant increase in cholesterol
efflux (Fig. 3) upon treatment with 0.01 and 0.1 n

 

M

 

1,25(OH)

 

2

 

D

 

3

 

, but 1 n

 

M 1,25(OH)2D3 did not induce a further

Fig. 2 VDR is absent in the midpiece and 
along the tail in human spermatozoa. 
Subcellular localization of VDR in human 
ejaculated spermatozoa by immunoelectron 
microscopy. Electron micrographs of sperm 
allowed to react with Ab directed against VDR. 
(A) Electron micrograph of a cross-section of 
the tail probed with anti-VDR Ab, which shows 
a region of the midpiece (×30 000, scale bar = 
0.2 μm). (B) Sagittal section through the tail 
probed with anti-VDR Ab, which shows the 
transition between the middle piece with its 
mitochondria and the principal piece with its 
fibrous sheath (×18 000, scale bar = 0.5 μm). 
(C) Electron micrograph of a cross-section of 
the tail probed with anti-VDR Ab, which shows 
a region of the end piece (×65 000, scale bar = 
0.2 μm). (D) In the negative control section, no 
immunoreaction was present (×4000, scale bar 
= 1 μm).
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increase. This effect was reversed by co-treatment with the
anti-VDR Ab, which suggested that VDR was involved in
the induction of sperm cholesterol efflux.

1,25(OH)2D3 influences the phosphorylation of 
proteins on tyrosine and threonine residues in human 
sperm

Cholesterol efflux across the sperm membrane is a key
priming event in the capacitation process because it initi-
ates signalling events that lead to the phosphorylation of
sperm proteins (Visconti et al. 1995; Osheroff et al. 1999).
Therefore, we investigated whether 1,25(OH)2D3 was also
able to influence this important feature of the capacitation
process. A significant increase in both tyrosine (Fig. 4A)
and threonine phosphorylation (Fig. 4B) was observed
with increasing concentrations of 1,25(OH)2D3 (0.01–0.1 nM),
whereas 1 nM 1,25(OH)2D3 did not induce a significant
increase. In both cases, the anti-VDR Ab abolished the
0.1 nM 1,25(OH)2D3-induced effect. It is important to point
out that, under our experimental conditions, the anti-
phosphoprotein Abs that were used recognized protein
bands that were predominantly within the same size
ranges as those that have been documented previously
(Naz, 1999). For tyrosine phosphorylation we measured the
density of the 95-kDa band; for threonine phosphorylation
we used the 110-kDa band.

To investigate whether the protein phosphorylation in
sperm that was induced by 0.1 nM 1,25(OH)2D3 represented
an early event, we performed a time-course study (0, 5, 10,
30 and 60 min). This experiment revealed that both types
of phosphorylation followed a similar pattern: they were
observed at 5 min, increased at 10 min and were sustained
until 30 min, and then dropped significantly at 1 h
(Fig. 5A,B).

Effect of 1,25(OH)2D3 on sperm survival

As shown in Fig. 6, sperm viability was significantly
increased in the presence of 0.01 and 0.1 nM 1,25(OH)2D3,
whereas 1 nM 1,25(OH)2D3 did not affect sperm viability as
compared to the controls. Interestingly, the effect that
was induced by 0.1 nM 1,25(OH)2D3 was reversed in the
presence of the anti-VDR Ab, which suggested that the
effect was mediated by VDR.

Discussion

The archetypal target tissues of 1,25(OH)2D3 include bone,
intestine and kidney. Recently, it has become clear that
1,25(OH)2D3 has many additional functions that are not
closely linked to its classical role as a skeletal regulator. The
importance of this secosteroid in reproduction has emerged
from studies that have demonstrated that 1,25(OH)2D3

deficiency results in reduced fertility in rats (Kinuta et al.
2000). However, the function of 1,25(OH)2D3 in the geni-
tourinary organs is unknown, even though this has become
a widely researched area. Here, with the aim of studying
human sperm anatomy at the molecular level, we investi-
gated for the first time the ultrastructural compartmentaliza-
tion of VDR in the human male gamete. In addition, we
evaluated the molecular mechanisms through which
1,25(OH)2D3 may affect important sperm functions such as
the acquisition of fertilizing ability and viability.

The intracellular localization of VDR in somatic cells has
been an issue of some controversy because there is not
complete agreement about whether VDR is translocated
to the cell nucleus in response to 1,25(OH)2D3, or whether
it shuttles continuously between the cytosol and nucleus
(Shaffer et al. 2005). In addition, it appears that the classic
VDR is also associated with the caveolae that are present
in the plasma membrane in some cell types, as has been
reported for other steroid receptors (Levin, 2002;
Huhtakangas et al. 2004). The structure of human sper-
matozoa has proved rather difficult to elucidate because
of the opacity of the head to electron penetration. There-
fore, in spite of active interest, our understanding of the
ultrastructural organization of ejaculated human sperm is
still incomplete, and our knowledge of the molecular
anatomy of sperm is very limited.

In our study, immunogold analysis showed that VDR was
localized uniformly in the sperm nucleus, although some

Fig. 3 1,25(OH)2D3 modulates cholesterol efflux in human sperm. 
Washed spermatozoa were incubated in non-supplemented Earle’s 
medium for 30 min at 37 °C and 5% CO2, in the absence (NC) or 
presence of increasing 1,25(OH)2D3 concentrations (0.01, 0.1 and 1 nM) 
or with 0.1 nM 1,25(OH)2D3 combined with anti-VDR Ab. Cholesterol in 
culture medium from human ejaculated spermatozoa was measured by 
enzymatic colorimetric assay. Columns are mean ± SE of six independent 
experiments performed in duplicate. Data are expressed in mg/107 
sperms. *P < 0.05 vs. control, **P < 0.01 vs. control.
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particles also decorated the neck of the sperm. In somatic
cells, the receptor–hormone complex becomes localized to
the nucleus and then interacts with the 1,25(OH)2D3-
responsive element. This binding modifies transcription of
the target genes. In addition to their classic genomic
action, nuclear receptors regulate cellular processes through
a non-genomic mechanism (Losel et al. 2003; Norman
et al. 2004). It is generally accepted that the sperm nucleus
is transcriptionally inactive due to the highly condensed
architecture of its chromatin (Grunewald et al. 2005). In
this study, we investigated the rapid effects of the VDR,
which we have also observed previously for other
nuclear receptors in human sperm (Aquila et al. 2004,
2006, 2007). Indeed, this mode of action seems to be

particularly appropriate in the male gamete because sperm
functions need to be activated rapidly to accommodate
dynamic changes in the surrounding milieu. In addition,
sperm have a highly differentiated architecture, and their
peculiar anatomy compartmentalizes proteins and other
molecules within the areas in which they are needed.

An interesting finding in somatic cells may provide a
possible explanation for the significance of the presence
of VDR in the sperm nucleus. It has been reported that the
VDR is closely related to the nuclear matrix, or part of it,
and has a role in ensuring genomic stability (Nangia et al.
1998). DNA is generally considered to be the most critical
cellular target for the lethal mutagenic effects of drugs,
radiation and environmental chemicals. As Chatterjee has

Fig. 4 1,25(OH)2D3 affects tyrosine and threonine phosphorylation of the human sperm proteins. Washed spermatozoa were incubated in non-
supplemented Earle’s medium for 30 min at 37 °C and 5% CO2, in the absence (NC) or presence of increasing 1,25(OH)2D3 concentrations (0.01, 0.1 
and 1 nM) or with 0.1 nM 1,25(OH)2D3 combined with anti-VDR Ab. Sperm lysates of 80 μg were used for Western blot analysis. Actin was used as a 
loading control. (A) Protein tyrosine phosphorylation. On the right, quantitative representation after densitometric evaluation of the 95-kDa band. 
(B) Protein threonine phosphorylation. On the right, quantitative representation after densitometric evaluation of the 110-kDa band. Autoradiographs 
presented are representative examples of experiments that were performed at least six times with repetitive results. *P < 0.05 vs. control, **P < 0.01 
vs. control.
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reported, vitamin D stabilizes chromosomal structure and
prevents the induction of DNA double-strand breaks by
endogenous or exogenous factors (Chatterjee, 2001).
Recently, it has been suggested that the sperm nuclear
matrix plays a crucial role in the regulation of DNA
fragmentation and degradation, both before and after
fertilization (Shaman et al. 2007). The accurate transferral
of genetic information to progeny is a prerequisite for the
conservation and evolution of a species. Therefore, proper
control of the integrity of sperm DNA is critical for the
maintenance of genome stability, and the speculation that
VDR in the sperm nucleus acts as a protective genomic
factor is very intriguing.

Successful sperm maturation depends on sequential
steps in both the male and female reproductive tracts.
After ejaculation, the male gamete must undergo

capacitation to be capable of fertilizing an egg; this is a
prerequisite for fertilization by mammalian spermatozoa.
Capacitation, which in vivo occurs within the female
reproductive tract, and which can also be accomplished in
defined media in vitro, confers on the sperm the ability to
undergo the acrosome reaction (Yanagimachi, 1994;
Visconti et al. 1995). Capacitation has been associated with
modifications in cholesterol efflux, plasma membrane
fluidity, intracellular ion concentrations, metabolism, and
motility, and with the increased phosphorylation of a
number of proteins. It has been demonstrated that
cholesterol efflux is a priming event that induces changes
in the fluidity of the plasma membrane, and sequentially
stimulates the activation of sperm adenylyl cyclase and
phosphorylation of sperm proteins at tyrosine and
threonine residues (Visconti et al. 1995; Visconti & Kopf,

Fig. 5 Time course of the effect of 1,25(OH)2D3 on tyrosine and threonine phosphorylation of sperm proteins. Time-course study (0, 5, 10, 30 and 
60 min) in sperm treated with 0.1 nM 1,25(OH)2D3. Actin was used as a loading control. On the right side are reported the quantitative representations 
after densitometric evaluation as indicated above. Autoradiographs presented are representative examples of experiments that were performed at least 
six times with repetitive results. *P < 0.05 vs. control, **P < 0.01 vs. control.
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1998; Osheroff et al. 1999; Naz, 1999). Recently, treatment
with 1,25(OH)2D3 has been shown to elevate intracellular
cAMP levels within 10 min in human syncytiotrophoblast
cells (Avila et al. 2007). In sperm, 1,25(OH)2D3 might play a
role in capacitation by inducing firstly an increase in cAMP
levels and then phosphorylation of certain proteins. It is
known that phosphorylation and cholesterol efflux are
early phases of the capacitation process; however, the
molecular mechanisms and signal transduction pathways
that are involved have only been defined partially.

In our study, certain concentrations of 1,25(OH)2D3 were
able to modulate both cholesterol efflux and tyrosine and
threonine phosphorylation. The effects of 1,25(OH)2D3

appeared to be very dependent on the concentration of
the hormone. Intriguingly, the 1,25(OH)2D3-mediated
biphasic rapid response that was obtained for cholesterol
efflux in our study was reminiscent of the 1,25(OH)2D3-
mediated stimulation of the rapid transport of Ca2+

(transcaltachia) in the perfused chick intestine, which
also follows a biphasic dose–response curve (De Boland &
Norman, 1990; Norman, 2006). The outcome of signalling
activation can depend on differences in ligand concentra-
tion, and this effect has also been recently demonstrated
in human sperm (Aquila et al. 2004, 2006, 2007; Andò &
Aquila, 2005).

In different mammalian species, sperm may utilize distinct
survival strategies, which are probably related to the
differing management of energy metabolism. To date,
two distinctive phenotypes have been observed, which are
characterized by sperm survival under laboratory and
in vivo conditions. These can be represented by the boar
sperm phenotype, which corresponds to a short survival

time inside the female vaginal tract (~48 h) (Viring &
Eirnasson, 1981), and by the human sperm phenotype,
which corresponds to a long survival time inside the
female vaginal tract (~ 1 week) (Feldman & Nelson, 1987).
Long-term sperm viability in humans may be an important
evolutionary adaptation because it is necessary for the
sperm to reach the oocyte whilst it occupies the correct
position in the fallopian tubes. As the oocyte may not be
in this specific location when the sperm reach it, the sperm
may have to wait until this event occurs. It emerged from
our study that VDR has the ability to modulate sperm
survival, which suggests that it could play an important
role in this aspect of the physiology of the human male
gamete We observed that low doses of 1,25(OH)2D3

stimulated the effect, whereas a higher concentration
was ineffective.

Most of the classical physiological actions of 1,25(OH)2D3

have been known since the early part of this century,
when dietary vitamin D deficiency was first demonstrated.
However, non-classical roles have emerged from studies
that have probed the mechanism of 1,25(OH)2D3 action at
the molecular level, and from studies of the VDR knockout
mouse. Furthermore, the ubiquitous distribution of VDR
opens the possibility of unforeseen biological functions of
1,25(OH)2D3. From our results, it emerged that VDR was
involved both in the early phases of the functional matura-
tion of ejaculated sperm and in sperm survival. Interestingly,
these effects of the hormone were observed at lower
doses of 1,25(OH)2D3, whereas a higher concentration
was ineffective or did not have a greater effect. It is
important to note that human physiological serum
levels of 1,25(OH)2D3 are between 37.5 and 150 pM (15–
60 pg mL−1) (Masuda & Jones, 2006), which correlates well
with our results.

As concerns the rapid effects that we observed, it is
possible that sperm might respond to 1,25(OH)2D3 by a
VDR-independent mechanism. Schwartz et al. (2002) have
observed, in the growth zone of chondrocytes, that
1,25(OH)2D3 activates PKCα by activating phospholipase
C-β1 and -β3 through the G-protein Gq, and this activation
is not reduced in cells from VDR null mice. A similar mode
of action of 1,25(OH)2D3 is also proposed in sperm, on the
basis of the predominantly nuclear anatomic location of
the VDR.

The discovery that 1,25(OH)2D3 influences sperm
function may be useful for the development of novel
therapeutic approaches to the treatment of male reproduc-
tive disorders. However, the physiological significance and
the specific roles of 1,25(OH)2D3/VDR in the human male
gamete require further investigation.
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Abstract

Several studies have recently investigated the role of leptin, the adipocyte-secreted hormone, in the growth and reproduction of rodents,

humans, and domestic animals. The present study was designed to explore the expression of leptin and its receptor in pig spermatozoa.

Successful Western blot evidenced a 16 kDa band for leptin and six isoforms, ranging from 120 to 40 kDa, for the leptin receptor. Both

leptin and leptin receptor were interestingly located at sperm acrosomal level, suggesting their involvement in the oocyte fertilization

events. In fact, both capacitation indexes and acrosin activity were enhanced by leptin, and these effects were reduced by the anti-leptin

receptor antibody. Afterwards, we investigated the main transduction pathways regulated by the hormone. Our results showed that, in

pig sperm, leptin can trigger the signal transducer and activator of transcription 3, a classical component of cytokine signal transduction

pathways, whose expression has not been previously reported in male gamete; in addition it was found constitutively activated. Besides,

leptin was able to induce the activation of phosphatidylinositol phosphate kinase 3 and MAP kinase pathways as well as of BCL2, a known

antiapoptotic protein. These data address to a role of leptin and its receptor on pig sperm survival. The presence of leptin and its receptor

in pig sperm suggests that they, through an autocrine short loop, may induce signal transduction and molecular changes associated with

sperm capacitation and survival.

Reproduction (2008) 136 23–32

Introduction

Leptin (LEP) is known to be the hormonal link between
energy stores and several vital functions, including food
intake and energy homeostasis. It is a 16 kDa adipocyte-
derived hormone that suppresses food intake, stimulates
energy expenditure, increases metabolic rate, and ulti-
mately causes loss of body fat (Kamohara et al. 1997,
Rossetti et al. 1997, Bouloumie et al. 1998). The effects of
LEPas a central satiety agent have been focused on, and its
involvement in the regulation of fatness via feed intake was
reported. Although LEP was originally thought to act
largely via the central nervous system (CNS), recent studies
have demonstrated that LEP exerts a wide repertoire of
peripheral effects, through direct actions on target tissues.
These effects include the stimulation of fatty acid oxidation
in adipocytes (Muller et al. 1997, Bouloumie et al. 1998,
Lord et al. 1998, Sierra-Honigmann et al. 1998, Zhao et al.
1998) as well as the increase of glucose uptake in skeletal
muscle and brown adipose tissue (Kamohara et al. 1997,
Yaspelkis et al. 1999).

The pig is emerging rapidly as an important biomedi-
cal research model, and whereas genetic influences

may impact the degree of similarity between pig
and human systems, the regulation of some endocrine
and metabolic processes in the pig may be more similar
to humans than to rodents (Tsiaoussis et al. 2001, Vilei
et al. 2001). LEP plays a key role in the regulation of
energy homeostasis and is also linked to the mechanisms
controlling reproductive processes. However, very
limited data have reported the involvement of LEP in
controlling pig reproductive functions at the level
of hypothalamus and pituitary. The relationship between
nutrition and reproduction in swine has been extensively
reviewed (Quesnel & Prunier 1995, Zurek et al. 1995).
Nutrition may influence the reproductive performance
by a number of mechanisms, including central effects
on gonadotropin secretion (Booth et al. 1994) and local
effects on ovarian function (Cosgrove et al. 1992,
Booth et al. 1996). According to Zak et al. (1997), the
different feeding regimens caused differential sow body
weight changes. In pig, nutritional signals, such as LEP,
are detected by the CNS and translated, by the
neuroendocrine system, into signals that regulate
appetite, gonadotropin-releasing hormone release,
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and subsequent luteinizing hormone (LH) secretion.
Changes in body weight or nutritional status are
characterized by altered adipocyte function, by a
reduction of leptin expression in adipose tissue and
a decrease in LH secretion.

In both male and female mice it has been shown that
leptin has direct effects on fertility; in fact the hormone is
able to reverse the infertility of ob/ob mice lacking the
leptin gene (Cunningham et al. 1999). The biological
actions of LEP on body weight homeostasis, neuroendo-
crine function, and fertility are carried out through
interactions with its specific obese receptor (OBR, now
known as leptin receptor, LEPR) in target tissues. The
pattern of leptin receptor expression in the testis is species
specific. There are several isoforms of OBR, which are
different mainly in the cytoplasmic domain length (Lee
et al. 1996, Takaya et al. 1996, Lollmann et al. 1997,
Murakami et al. 1997, Bjorbaek et al. 1998, Dieterich &
Lehnert 1998, Yamashita et al. 1998). The OBR, a single
membrane-spanning glycoprotein, belongs to the class I
cytokine receptor superfamily and shares sequence
homologies for interaction with Janus kinase (JAK) as
well as STATs (Tartaglia 1997). To date, the human OBR is
identified as a full-length OBRb form (Tartaglia et al.
1995) and also as several short forms generated by
alternative splicing, OBRa, OBRc, OBRd, OBRf, and
OBRe (Bennett et al. 1996, Cioffi et al. 1996, Tartaglia
1997). The hypothalamus is considered the only tissue
expressing predominantly the full-length OBR. However,
the long form and several short isoforms are expressed in
an increasing number of peripheral tissues (Cioffi et al.
1996, Tartaglia 1997, Glasow et al. 1998, Breidert et al.
1999), including liver, heart, kidneys, lungs, small
intestine, pituitary cells, testes, ovaries, spleen, pancreas,
adrenal gland, and adipose tissue (Margetic et al. 2002).
Furthermore, studies on different OBR splice variants
indicated that many tissues may contain a heterologous
mix of OBR subtypes. OBR mRNA (long form) has been
detected in a variety of porcine tissues, including adipose
tissue (Lin et al. 2000). Using in situ hybridization
techniques, other groups have shown that leptin receptor
mRNA is expressed in Sertoli cells of adult rats
(Tena-Sempere et al. 2001).

Rodent testis revealed the OBR expression but with a
differential cellular site; in fact, the OBR immuno-
reactivity was confined in Leydig cells of rat but in germ
cells of mouse (El-Hefnawy et al. 2000, Caprio et al.
2003). This discrepancy may be due to interspecies
difference. LEP and OBR were found in human
seminiferous tubules (Soyupek et al. 2005), human
seminal plasma (Jope et al. 2003), human sperm (Aquila
et al. 2005) and, recently, OBR was also identified in
boar sperm (De Ambrogi et al. 2007). In the present
study, we investigated LEP and OBR expression in pig
sperm, evaluating their potential role on sperm capacita-
tion and survival. Besides, we investigated the main
pathways involved in LEP/OBR signaling in pig sperm.

Results

LEP expression in pig sperm

To determine whether mRNA for LEP is present in pig
spermatozoa, RNA isolated from Percoll-purified sperm
was subjected to reverse PCR. The primer sequences
were based on the pig gene sequence and the RT-PCR
amplification revealed the expected PCR product size of
280 bp (Fig. 1A). This product was sequenced and found
to be identical to the classical pig gene sequence.

The presence of LEP protein in pig spermatozoa was also
investigated by Western blotting (WB) using an antibody
raised against the carboxyl terminus of the protein. One
immunoreactive band was observed at 16 kDa in the
lysates from pig sperm samples at the same mobility of the
adipocyte extract used as positive control (Fig. 1B).

OBR expression in pig sperm

To evaluate mRNA for OBR in pig spermatozoa, RNA
isolated from Percoll-purified sperm was subjected to
reverse PCR. The primer sequences were based on the
OBR pig gene sequence of the transmembrane region
and the RT-PCR amplification revealed the expected PCR
product size of 460 bp (Fig. 2A). This product was
sequenced and found to be identical to the pig gene
sequence considered.

WB of pig sperm extracts showed six different
immunoreactive OBR isoforms (120, 90, 80, 65, 60,
and 40 kDa) (Fig. 2B), such as the WB of pig epididymal
tissue used as positive control (Fig. 2B). The bands were
not detected by non-immune rabbit serum indicating
that these proteins are specific for OBR (Fig. 2B1).

Immunolocalization of LEP and OBR in pig sperm

An intense red fluorescence localized leptin in the
acrosome of pig sperm while the other cellular regions
were unlabeled (Fig. 3A). In addition, a brilliant green

Figure 1 Leptin expression in pig sperm. (A) RT-PCR result in one
representative pig sperm sample (lane P1), negative control (laneK),
and markers (lane M). (B) Immunoblot of leptin from representative pig
sperm samples (lanes P1 and P2), adipocyte cells used as positive
(laneC), negative (laneK) controls. b-Actin served as loading control.
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light revealed that OBR was confined in the apical
portion of sperm acrosome (Fig. 3B). No fluorescent
signal was obtained when primary Abs (anti-LEP Ab or
anti-OBR Ab) were omitted (Fig. 3 inserts) thus
confirming the specificity of the Ab binding.

LEP influences pig sperm capacitation enhancing both
cholesterol efflux and protein tyrosine phosphorylation

One of the early events associated with the capacitation
of mammalian spermatozoa is the cholesterol efflux,
followed by protein phosphorylation. Our results
showed a significant increase in cholesterol efflux upon

1 and 10 nM LEP (Fig. 4A). Protein tyrosine phosphoryl-
ation pattern of pig sperm was also induced by 1 and
10 nM LEP treatment (Fig. 4B), but 60 nM LEP did not
produce any effect. Further, anti-OBR Ab was able to
abolish 10 nM LEP effect.

LEP stimulates pig sperm acrosin activity

Acrosin is a sperm representative acrosomal enzyme.
Acrosin activity showed that both 1 and 10 nM LEP were
able to stimulate the enzymatic activity, while no effect
was observed with 60 nM LEP (Fig. 5). Anti-OBR
Ab combined with 10 nM LEP was able to abolish LEP
effect (Fig. 5).

STAT3 is activated by LEP/OBR in pig sperm

STAT3 is a critical mediator of LEP action. Our results
showed the expression of STAT3 (Fig. 6A) in pig sperm

Figure 2 OBR expression in pig sperm. (A) RT-PCR result in one
representative pig sperm sample (lane P1), negative control (laneK),
and markers (lane M). (B) Immunoblot of OBR from two representative
pig sperm samples (lanesKP1, P2), pig epididymis extract (laneC), and
negative control (laneK). (B1) Immunoblot of the negative control
(membrane incubated with normal rabbit serum). b-Actin served as
loading control.

Figure 3 Representative immunofluorescence labelingof leptinand leptin
receptor (OBR) in pig spermatozoa. (A) A red intense fluorescence
localized leptin in the sperm acrosomal region. (B) A green brilliant light
showed OBR in the apical acrosome. Inserts: immunonegative controls.
Scale bars: 5 mm.

Figure 4 Leptin affects cholesterol efflux and protein tyrosine phos-
phorylation of pig sperm. Spermatozoa were incubated in the absence
(NC) or presence of leptin (1, 10, and 60 nM) as well as in the presence of
anti-OBR antibody C10 nM leptin. (A) Cholesterol in culture medium
from pig sperm. Results are presented as meanGS.E.M. and are given per
10!106 spermatozoa. *P!0.05 versus control. (B) Western blot analysis
of protein tyrosine phosphorylation from sperm lysates.
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and that it is constitutively activated (phosphorylated)
(Fig. 6B). Furthermore, 1 and 10 nM LEP treatments
induced a significant increase in STAT3 activation that
was reversed by the anti-OBR Ab (Fig. 6B and C).

ERK1/2 is activated by LEP/OBR in pig sperm

Components of the ERK family of MAPK are involved in
sperm motility and capacitation. Our results showed the
expression of ERK1/2 in pig sperm (Fig. 7A) and
evidenced that LEP, through its receptor, is able to
activate ERK1/2 (Fig. 7B and C). The maximal effect was
observed with 1 and 10 nM LEP, while 60 nM LEP did not
result in further activation (Fig. 7B and C).

LEP/OBR signaling modulates pig sperm survival

Our data revealed that pig sperm express BCL2, a key
protein in sperm survival signaling (Fig. 8A). Furthermore,
leptin induced the Serine 70 phosphorylation of BCL2,
necessary for its full antiapoptotic function, and this effect
was inhibited by the anti-OBR Ab (Fig. 8B and C).

PI3-K plays also an important role in sperm survival, and
its maindownstream effector is the Akt.Our results showed
the expression of Akt (Fig. 8D) and phosphorylated Akt
(S473 and T308 phosphorylations) in pig sperm (Fig. 8E). In
addition, LEP induced an increase in the kinase phos-
phorylation, which was reduced by using anti-OBR Ab
(Fig. 8E and F). The specific PI3-K inhibitor, 10 mM

Figure 5 Leptin affects acrosin activity of pig sperm. Spermatozoa were
incubated in the absence (NC) or presence of leptin (1, 10, and 60 nM)
as well as in the presence of anti-OBR antibodyC10 nM leptin. Values
are meanGS.E.M. *P!0.05 versus control.

Figure 6 Western blot analysis of STAT3 from one representative pig
sperm lysate. (A) Immunoblot of STAT3 in the pig sample (lane P),
MCF7 used as positive (laneC) and negative (laneK) controls.
(B) p-STAT3 band in sperm incubated in the absence (lane NC) or
presence of leptin (1, 10, and 60 nM) as well as in the presence of anti-
OBR antibody C10 nM leptin (Ab OBRCLEP). MCF7 cell lines were
used as positive controls (laneC). b-Actin served as loading control.
(C) Band intensities were evaluated in term of arbitrary densitometric
units. Values are as meanGS.E.M. *P!0.05 versus control.

Figure 7 Western blot analysis of ERK1/2 from one representative pig
sperm lysate. (A) Immunoblot of ERK1/2 in the pig sample (lane P), MCF7
used as positive (laneC) and negative (laneK) controls.
(B) p-ERK1/2 band in spermatozoa incubated in the absence (lane NC) or
presence of leptin (1, 10, and 60 nM) as well as in the presence of anti-
OBR antibodyC10 nM leptin (Ab OBRCLEP). MCF7 cell lines were used
as positive controls (laneC). b-Actin served as loading control.
(C) Band intensities were evaluated in term of arbitrary densitometric
units. Values are as meanGS.E.M. *P!0.05 versus control.
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LY294002, abolished LEP-induced Akt phosphorylations
(Fig. 8E and F), confirming the PI3K/Akt activation. Also in
the PI3K/Akt pathway, the 60 nM LEP did not induce a
significant effect (Fig. 8E and F).

Discussion

In recent years, it has been suggested that LEP is a
metabolic signal to the reproductive system (Barash et al.
1996). To date, the mechanisms by which LEP regulates
reproductive function remain to be determined. LEP and
OBR were recently found in human sperm (Jope et al.
2003, Aquila et al. 2005) and the OBR in boar sperm
(De Ambrogi et al. 2007). However, LEP and its signaling
in the male gamete function are still unknown in non-
human species. In the present study, we have investigated
the presence of LEPand OBR in pig sperm evaluating, for
the first time, their potential action on capacitation, and
sperm survival. The main aim of our study was also to
identify the potential signaling molecules that are set in
motion by LEP in pig sperm.

First, we have demonstrated the presence of LEP and
OBR in pig sperm at different levels: mRNA expression,
protein expression, and immunolocalization. Pig sperm
LEP, as protein, was evidenced at the same size as human
sperm leptin (Aquila et al. 2005). In addition, we detected
the LEP and OBR mRNAs in pig perm. Other authors
reported the presence of different mRNAs in mammalian
ejaculated spermatozoa; however, the significance of
mRNA in these cells is currently under investigation
(Miller 2000, Andò & Aquila 2005). WB analysis revealed
six different OBR isoforms, among these the120 kDa
band is consistent with the OBRb isoform while the other
bands could correspond to short isoforms. A partially
similar pattern of OBR has been detected in the adult

mouse testis (El-Hefnawy et al. 2000), but the pattern of
OBR expression is species specific.

Interestingly, immunofluorescence assays localized
both LEP and OBR exclusively at acrosomal level of pig
sperm. Spermatozoa are highly polarized cells, thus they
compartmentalize specific metabolic and signaling
pathways where they are necessary. Therefore, a role of
LEP/OBR in the events leading to the sperm becoming
able to fertilize the oocyte can be hypothesized. Our data
on OBR agree with the De Ambrogi et al. (2007) findings,
showing the receptor prevalently located on the acro-
some of boar sperm, whereas in human sperm the
receptor was visualized at the tail (Jope et al. 2003).
These differences may be due to sample management or
they could be species specific. Despite the use of the same
antibody, the different leptin localization in human and
pig sperm is particularly intriguing. In fact, the hormone
was specifically compartmentalized in the equatorial
segment and in the mid-piece of human sperm (Aquila
et al. 2005). We can only hypothesize that leptin is
differently involved in the regulation of sperm events in
the two species.

In order to fertilize oocyte in the female genital tract,
the mammalian spermatozoa must undergo the capaci-
tation process that is a prerequisite for the acrosome
reaction. Capacitation induces various biochemical and
biophysical changes in the sperm plasma membrane,
such as the efflux of cholesterol (Visconti et al. 1999a,
1999b, Shadan et al. 2004). Cholesterol efflux from
spermatozoa destabilizes lipid raft structures in the
plasma membrane initiating the protein phosphorylation
and the acquisition of a capacitated status. Tyrosine
phosphorylation of sperm proteins during capacitation
has been reported in mouse, human, bull, hamster
(Visconti et al. 1995, Leclerc et al. 1996, Galantino-
Homer et al. 1997), and also in pig (Kalab et al. 1998,

Figure 8 Western blot analysis of BCL2 and
Akt from one representative pig sperm
lysate. (A and D) Immunoblots of BCL2 and
Akt, in the pig sample (lane P), MCF7 used
as positive (laneC) and negative (laneK)
controls. (B) p-BCL2 band when sperm
cells were incubated in the absence (lane
NC) or presence of leptin (1, 10, and
60 nM) as well as in the presence of anti-
OBR antibody C10 nM leptin (Ab OBRC
LEP). (E) p-AKTS (Akt ser) and p-AKTT (Akt
thr) bands in sperm incubated in the
absence (lane NC) or presence of leptin (1,
10, and 60 nM) as well as in the presence of
anti-OBR antibody C10 nM leptin (Ab
OBRCLEP) or LY294002 (LY). (C and F)
Band intensities were evaluated in terms of
arbitrary densitometric units. Values are as
meanGS.E.M. *P!0.05 versus control.
b-Actin served as loading control.
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Flesch et al. 1999, Tardif et al. 2003). Our data have
shown that, in pig sperm, leptin increased cholesterol
efflux, protein tyrosine phosphorylation, and the acrosin
activity. Therefore, LEP, through its receptor, appears to
affect both capacitation and acrosome reaction,
suggesting its role in the acquisition of fertilizing ability
of pig sperm.

The signaling events, derived from LEP binding to its
receptor, have been recently investigated at biochemical
and molecular level. The JAK/STAT pathway is one of the
main signaling cascades activated by LEP (Thomas 2004).
The OBR, which belongs to the class I cytokine receptor
superfamily, binds cytoplasmic kinases, mainly JAK2
(Ghilardi & Skoda 1997). Activated JAK2 auto-phosphor-
ylates numerous tyrosine residues and, at the same time, it
phosphorylates tyrosine residues on the functional OBR.
Then the phosphorylated intracellular domain of the
receptor provides a binding site for STAT proteins
(particularly STAT3), which are activated and trans-
located to the nucleus where they stimulate transcription
of target genes. In our study, for the first time, we have
demonstrated that STAT3 is expressed in the pig sperm, it
is constitutively activated, and its phosphorylation
increases following LEP binding to its receptor. Therefore,
we provide new information to indicate that LEP can
stimulate the JAK-STAT pathway in pig sperm.

Since capacitation is a crucial step in the acquisition
of sperm fertilizing ability, it is likely controlled by
redundant mechanisms, with cross-talks between
different pathways (de Lamirande et al. 1997, Leclerc
et al. 1998). The components of the extracellular signal-
regulated kinase family of MAPK have been detected in
spermatozoa affecting their motility and capacitation
(Naz et al. 1992, Luconi et al. 1998, de Lamirande &
Gagnon 2002). Our results have shown the expression
of ERK1/2 in pig male gamete and have evidenced that
LEP, through its receptor, was able to positively activate
ERK1/2, suggesting that MAPK-dependent processes are
involved in the hormone action.

Several pathways are also activated by JAKs including
PI3K/Akt. PI3K plays an important role in the survival
and metabolism of somatic and sperm cells (Fisher et al.
1998, Luconi et al. 2001, Aquila et al. 2004, 2005,
Aparicio et al. 2006). The PI3K main downstream
effector is the Akt, identified as a serine/threonine
protein kinase, which was found in human ejaculated
spermatozoa (Aquila et al. 2004) and in boar spermato-
zoa (Aparicio et al. 2006).

From our results it emerges that PI3K and Akt are
implicated in mediating LEP signals in pig sperm,
suggesting that this hormone may be involved in sperm
survival. Concomitantly, BCL2 (Ito et al. 1997), a key
protein in survival signaling, is enhanced upon LEP
exposure and this effect was reduced by the anti-OBR
Ab. Previous works have shown that LEP attenuates
apoptosis of different cell types, such as osteoblasts,
granulosa cells, and pancreatic islet cells (Almong et al.

2001, Okuya et al. 2001, Gordeladze et al. 2002).
Moreover, recently, LEP has been found to inhibit stress-
induced apoptosis of T lymphocytes in vivo (Fujita et al.
2002). Data presented here clearly demonstrate that LEP,
by inducing the phosphorylation of classical key survival
proteins, such as ERK1/2, PI3K, Akt, and BCL2, aids the
pig sperm survival process.

It is important to point out that in all our experiments,
we obtained different responses by using low or high LEP
doses; in fact 1 nM and 10 nM were stimulatory, whereas
the higher LEP concentration seemed to be ineffective
(similar to the control). The outcome of signaling
activation can depend on differences in ligand concen-
tration as it was demonstrated in human sperm (Aquila
et al. 2005). Besides, recently it was hypothesized that
the net effect of LEP upon male reproductive function
may depend on its circulating level (Caprio et al. 2001,
Tena-Sempere & Barreiro 2002). The effect obtained with
the higher LEP dose may be also due to the down-
regulation or internalization of the OBR depending on
the ligand concentration as previously demonstrated
(Uotani et al. 1999).

In addition, it has been demonstrated that pig seminal
plasma contains a significant amount of LEP, which
decreases considerably in the follicular fluid (Lackey et al.
2002). As sperm leave seminal plasma during their transit in
the female reproductive tract, theyare exposed to decreased
LEP concentrations. From our results, it may be speculated
that the high LEP in seminal plasma may contribute to
maintain sperm in a quiescent metabolic condition. Instead,
the low LEP concentrations in the pig female reproductive
tract (Gregoraszczuk et al. 2004) secretions could contrib-
ute to sperm activation, by facilitating their capacitation
and acquisition of fertilizing ability.

Fatness in pigs has economical importance due to
market incentives for the production of lean pork and
also because elevated fatness increases feed costs. LEP
was identified as a metabolic signal affecting central
regulation of reproduction in the pig. Our data have
shown that this hormone affects pig sperm acquisition of
fertilizing ability. Therefore, further studies, addressed to
the knowledge of the balance between local and
systemic leptin, will clarify whether the manipulation
of LEP concentration, as a strategy to alter body
composition, may affect pig reproduction.

Materials and Methods

Chemicals

BSA protein standard, Laemmli sample buffer, pre-stained
molecular weight marker, Percoll (colloidal PVP coated silica
for cell separation), sodium bicarbonate, dimethyl sulfoxide,
Earle’s balanced salt solution, triethanolamine buffer, MgCl2,
propidium iodide, LY294002 (PI3K inhibitor), and all other
chemicals were purchased from Sigma. Recombinant porcine
leptin was purchased from Protein Laboratories Rehovot

28 S Aquila and others

Reproduction (2008) 136 23–32 www.reproduction-online.org



(Rehovot, Israel) and acrylamide bisacrylamide was from
Labtek Eurobio (Milan, Italy). Triton X-100, ECL Plus WB
detection system, Hybond ECL were purchased from
Amersham Pharmacia Biotech. Antibodies (Abs) polyclonal
rabbit anti-leptin (A-20), rabbit anti-OBR (H-300), rabbit anti-p-
Akt1/Akt2/Akt3 (Ser473), rabbit anti-p-Akt1/Akt2/Akt3
(Thr308), rabbit anti-phosphotyrosine (PY99), mouse ant-p-
signal transducer and activator of transcription-3 p-STAT3 (B-7),
peroxidase-coupled anti-rabbit, and FITC/Texas Red conju-
gated anti-rabbit IgG were from Santa Cruz Biotechnology
(Heidelberg, Germany). Rabbit anti-p-BCL2 and p-ERK1/2
(p42/44 kDa) Abs were from Cell Signaling (Milan, Italy).
Cholesterol-oxidase (CHOD)–peroxidase (POD) enzymatic
colorimetric kit was from Inter-Medical (Biogemina Italia Srl,
Catania, Italy). Total RNA Isolation System kit, enzymes,
buffers, nucleotides 100 bp ladder used for RT-PCR were
purchased from Promega. Moloney murine leukemia virus
(M-MLV) was from Gibco-Life Technologies Italia. Oligonu-
cleotide primers were made by Invitrogen.

Animals and semen samples

The investigation has been conducted on semen from seven
fertile male pigs (Sus scrofa domestica, Large White) kept at the
‘Swine Artificial Insemination Centre’ (Rende, Cosenza, Italy).
The animals were 24 to 30-month old and their weights were
from 280 to 320 kg. Individual fresh ejaculates were collected
by the gloved-hand method and filtered immediately by
Universal Semen bags (Minitub, Tiefenbech, Germany).
Semen was transported within half an hour to the laboratory,
diluted 1:10 with TBS buffer, and centrifuged on a discontinu-
ous Percoll density gradient (72%/90%) to remove bacteria and
debris (Kuster et al. 2004). Epididymides were obtained from
two out of the seven animals after castration at local animal
hospitals. All surgical procedures followed approved guide-
lines for the ethical treatment of animals. Epididymides were
brought immediately to the laboratory, then were carefully
dissected, freed from sperm, homogenized, and lysed for WB
analysis.

Evaluation of sperm viability

Viability of pig sperm was assessed using the DNA-specific
fluorochrome PI. Sperm suspension (1!106 ml) was exposed
to PI (12 mmol/l) for 5 min at room temperature. Then
spermatozoa were fixed by adding 1 ml of 12.5% (w/v)
paraformaldehyde in 0.5 mol Tris/l (pH 7.4) and the slides
were immediately examined under an epifluorescence
microscope (Olympus BX41) observing a minimum of 200
spermatozoa!slide (100! objective).

Sample treatments

Percoll-purified sperm were washed with unsupplemented
Earle’s medium (uncapacitating medium) and were incubated
for 30 min at 39 8C and 5% CO2 without (control) or with
increasing concentrations of LEP (1, 10, and 60 nM). These
doses were chosen on the basis of physiological concentrations
to reproduce the environment of the sperm journey. Some cells

were also pretreated (15 min) with the inhibitor, LY294002, or
with the anti-OBR Ab (autocrine blockage). No adverse effects
among the different treatments have been observed on pig
sperm viability.

Then, samples were centrifuged (3000 g!5 min) using the
upper phase for further determinations and sperm pellet for WB
analysis.

Western blot analysis of sperm proteins

WB analysis was used to identify LEPand OBR in sperm samples
obtained from all the seven animals. Sperm samples were
washed twice with Earle’s balanced salt solution (uncapaci-
tating medium) and then centrifuged for 5 min at 5000 g. The
pellet was resuspended in lysis buffer as previously described
(Aquila et al. 2002). Equal amounts of proteins (80 mg) were
boiled for 5 min, separated by 10% PAGE, transferred to
nitrocellulose sheets, and probed with an appropriate dilution
of the (indicated) specific Ab. The bound of the secondary
antibody was revealed with the ECL Plus WB detection system
according to the manufacturer’s instructions. The negative
control was performed using a sperm lysate that was
immunodepleted of LEP or OBR (i.e., lysates pre-incubated
with anti-leptin Ab or anti-OBR Ab for 1 h at room temperature
and immunoprecipitated with Protein A/G-agarose).

To further validate the results for OBR, as negative control,
non-immune rabbit serum, instead of the first Ab, was used at
the same dilution ratio (1:1000). Epididymal extract was used
as pig control tissue.

WB was also performed to identify STAT3, BCL2, ERK1/2,
Akt1/Akt2 in pig sperm extracts and evaluate the cell signaling
induced by LEP (p-Akt1/Akt2/Akt3, p-STAT3, p-BCL2, and
p-ERK1/2). MCF7 cell lines were used as positive controls while
negative controls were performed as indicated above. The blots
were stripped (glycine 0.2 M (pH 2.6) for 30 min at room
temperature) and reprobed with anti-b-actin Ab as loading
control.

The experiments were repeated four times for each sample.

RNA isolation, reverse transcriptase-PCR (RT-PCR)

Total RNA was isolated from pig spermatozoa purified as
previously described (Aquila et al. 2002). Before RT-PCR, RNA
was incubated with RNase-free DNase (DNase) I in single-
strength reaction buffer at 37 8C for 15 min. This was followed by
heat inactivation of DNase I at 65 8C for 10 min. Two micrograms
of DNase-treated RNA samples were reverse transcribed by
200 IU M-MLV reverse transcriptase in a reaction volume of
20 ml (0.4 mg oligo-dT, 0.5 mM deoxy-NTP, and 24 IU RNasin)
for 30 min at 37 8C, followed by heat denaturation for 5 min
at 95 8C. PCR amplification of cDNA was performed with 2 U of
Taq DNA polymerase, 50 pmol primer pair for both LEPand OBR
in 10 mM Tris–Hcl (pH 9.0) containing 0.1% Triton X-100,
50 mM KCl, 1.5 mM MgCl2, and 0.25 mM each dNTP. The
applied PCR primers and the expected lengths of the resulting
PCR products are the following: 50ATTCCTGGCTTGGCCC 30

and 50 AAGGCAGACTGGTGAGGATCTGTT 30 for LEP with a
product size of 248 bp; 50 ACTTCCTCTTGCCTGCTGGAATCT 30

and 50 GACACAGGCACATGGCATTCACAA 30 for OBR with a
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product size 460 bp. Cycling conditions were: 95 8C for 1 min,
55 8C for 1 min, 72 8C for 2 min for LEP; 95 8C for 1 min, 52 8C for
1 min,72 8C for 2 min for OBR.Forall PCR primeramplifications,
negative RT-PCR was performed without M-MLV reverse
transcriptase. The PCR-amplified products were subjected to
electrophoresis in 2% agarose gels stained with ethidium
bromide and visualized under u.v. transillumination.

Immunofluorescence assay

Following Percoll separation, sperm cells were rinsed three
times with 0.5 mM Tris–Hcl buffer (pH 7.5); then 10 ml of
concentrated cell suspension was added to 250 ml drop of
warm (37 8C) TBS and allowed to settle onto slides in a humid
chamber. The overlying solution was carefully pipetted off and
replaced by absolute methanol for 7 min at K20 8C. After
methanol removal, sperm cells were washed in TBS, containing
0.1% Triton X-100 and were treated for immunofluorescence.

Leptin and OBR stainings were carried out, after blocking with
normal goat serum (10%), using anti-leptin (1:100) and anti-OBR
(1:100) as primary Abs, followed by anti-rabbit IgG Texas Red-
conjugated/FITC-conjugated Abs (1:200) respectively. Sperm
cells incubated without the primary Abs were utilized as negative
controls. The slides were immediately examined under an
epifluorescence microscope (Olympus BX41), observing a
minimum of 200 spermatozoa!slide (100!objective).

Measurement of cholesterol in the sperm culture
medium

Cholesterol was measured (in duplicate) in the incubation
medium from pig spermatozoa obtained from all the seven
animals. The CHOD–POD enzymatic colorimetric method was
used according to the manufacturer’s instructions. Sperm
samples, washed twice with uncapacitating medium, were
incubated in the same medium (control, NC) for 30 min at
39 8C and 5% CO2. Other samples were incubated in the
presence of 1, 10, and 60 nM LEP concentrations. Some samples
were incubated with anti-OBR Ab combined with 10 nM LEP.
At the end of the sperm incubation, the culture media were
recovered by centrifugation, lyophilized, and subsequently
dissolved in 1 ml of the buffer reaction. The samples were
incubated for 10 min at room temperature and then the
cholesterol content was measured with the spectrophotometer
at 505 nm. Cholesterol standard used was 200 mg/dl. The limit of
sensitivity for the assay was 0.05 mg/dl. Inter- and intra-assay
variations were 0.71% and 0.57% respectively.

The experiments were repeated four times for each sample.

Acrosin activity assay

Acrosin activity was assessed by the method of Glogowski et al.
(1998). Briefly, sperm samples from all the seven animals
were washed in Earle’s medium and centrifuged at 800 g for
20 min, then they were resuspended (final concentration of
100!103 sperm/ml) in different tubes containing no treatment
(control) or the indicated treatments (experimental). One
milliliter of substrate–detergent mixture (23 mmol/l N alpha-
benzoyl-DL-arginine p-nitroanilide in DMSO and 0.01% Triton

X-100 in 0.055 mol/l NaCl, 0.055 mol/l HEPES (pH 8.0)
respectively) was added for 1 h at room temperature. After
incubation, 0.5 mol/l benzamidine was added (0.1 ml) to each
of the tubes and then they were centrifuged at 1000 g for
30 min. The supernatants were collected and the acrosin
activity measured spectrophotometrically at 410 nm. In this
assay, the total acrosin activity is defined as the amount of the
active (non-zymogen) acrosin associated with sperm plus the
amount of active acrosin that is obtained by pro-acrosin
activable. The acrosin activity was expressed as mIU/106

sperms. The experiments were repeated four times for each
sample.

Statistical analysis

Data, presented as meanGS.E.M., were evaluated by the one-
way ANOVA. The differences in mean values were calculated
at a significance level of P%0.05.
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