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Epididymis cholesterol homeostasis and sperm fertilizing
ability
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Cholesterol, being the starting point of steroid hormone synthesis, is a long known modulator of both female and male reproductive

physiology especially at the level of the gonads and the impact cholesterol has on gametogenesis. Less is known about the effects

cholesterol homeostasis may have on postgonadic reproductive functions. Lately, several data have been reported showing how

imbalanced cholesterol levels may particularly affect the post-testicular events of sperm maturation that lead to fully fertile male

gametes. This review will focus on that aspect and essentially centers on how cholesterol is important for the physiology of the

mammalian epididymis and spermatozoa.
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INTRODUCTION

Cholesterol is a central molecule in animal physiology owing to its

importance in the maintenance of cell structure, bile salt metabolism

and steroid hormone synthesis. When its homeostasis is deregulated,

cholesterol may become a deleterious molecule associated with severe

pathological situations, such as atherosclerosis and cardiovascular dis-

eases. As the precursor of all sexual steroid hormones, cholesterol has a

pivotal function in all areas of male and female reproductive physi-

ology, from sex differentiation to gamete production. This review will

focus on the cholesterol functions in a particular aspect of male repro-

ductive physiology that is post-testicular sperm maturation. It has

been known for years that maturational events occurring in the female

genital tract (that can be grouped under the term ‘capacitation’) are

highly dependent upon sperm plasma membrane cholesterol.1,2 We

will emphasize here how cholesterol is also crucial during epididymal

preparation of spermatozoa that will then be ready to capacitate.

CHOLESTEROL SYNTHESIS IN THE EPIDIDYMIS

Although the ability of the epididymal epithelium to produce choles-

terol by the process of de novo synthesis has been investigated from the

late 1960s and thereafter, data are scarce. Briefly, it was demonstrated

that mouse epididymal tissues from caput, corpus and cauda could

incorporate [1-14C] acetate into cholesterol in an androgen-depend-

ent manner.3 The ability to synthesize cholesterol from [1-14C] acetate

was confirmed a few years later in bovine epididymis.4 These authors

also showed that the epididymis has an active cholesterol metabolism

as cholesterol esters (CEs) were synthesized from either [1-14C] acetate

or [4-14C] cholesterol. Completing these data, it was more recently

demonstrated using DNA chips that the key enzymes of the cholesterol

synthesis pathway were expressed in the mouse epididymis, includ-

ing 3-hydroxy-3-methylglutaryl-coenzyme A synthase 1, 3-hydroxy-

3-methylglutaryl-coenzyme A synthase 2 and 3-hydroxy-3-methylglu-

taryl-coenzyme A reductase5 (http://mrg.genetics.washington.edu/).

The question raised about the ability of epididymal epithelium to

produce de novo synthesized cholesterol is whether it is a precursor for

steroid hormone production. This question still does not have a clear

answer to date, and epididymal steroid production has been

addressed, on the one side, as the capacity to metabolize circulating

or testicular steroids and, on the other side, as local steroid synthesis

from cholesterol. Androgen metabolism in the epididymis has been

demonstrated as early as 19696 using in vitro metabolic conversion of

androgens to 5a-reduced metabolites by cell-free homogenates.

Among different tissues, the rat epididymis was described as a major

site of this enzymatic activity,7 and in vivo injection of tritiated tes-

tosterone was shown to lead to the efficient production of dihydro-

testosterone (DHT).8 Other studies using different strategies have

confirmed this function in the rat9,10 as well as in other species includ-

ing ram,11 macaque12 and mouse.13 More recently, the epididymis was

shown to be a putative target of the gonadotropic axis, as luteinizing

hormone/human chorionic gonadotropin receptors and follicle-

stimulating hormone receptors were detected in rat epididymal prim-

ary cultures.14,15 These receptors are, however, involved in estrogens

rather than androgen synthesis as these authors showed their roles in

the regulation of 17b-estradiol synthesis. Estrogens have a structural

role in the epididymis as morphological changes have been reported in

estrogen receptor-a knockout mice.16

A particular feature of the epididymal epithelium is that its andro-

gen dependence is related to both circulating androgens and the ones

present in the testicular fluid. The active androgen in the epididymal

fluid seems to be DHT, coming from the metabolic activity of the

epithelium, as its concentration is higher in cauda epididymidis than

in rete testis of rat17 and bull18, and also higher than it is in plasma.
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However, as spermatozoa do not possess the androgen receptor,19 the

physiological relevance of a high luminal androgen concentration is not

elucidated. The first segment of the caput epididymidis is highly sens-

itive to the luminal content, and it was shown that efferent duct ligation

provoked a selective regression of the mouse initial segment. This

regression expanded to the proximal caput following castration but

then could be reversed by DHT injection.20 This study revealed that

DHT coming from the testicular fluid was necessary for the murine

epididymal initial segment, whereas the other segments were more

under the influence of circulating androgens.

Overall, even if the relative functional importance of epididymal

cholesterol synthesis versus metabolism is not clear, one can assume

that a normal epididymal function, and therefore a normal fertility,

relies at least in part on these two parameters.

CHOLESTEROL TRANSPORT AND TRAFFICKING IN THE

EPIDIDYMIS

The ability of the epididymal epithelium to metabolize cholesterol

implies that transport mechanisms exist between the blood compart-

ment and the epithelium. The main cholesterol supply for tissues is

circulating low-density lipoproteins (LDLs), which are bound in tis-

sues by LDL receptor located in coated pits of the plasma membrane.

LDLs are then endocytosed and enter the complex network of endo-

somal trafficking, a topic that has been reviewed lately by several

authors.21,22 The intracellular equilibrium between de novo synthe-

sized cholesterol and cholesterol uptake from lipoproteins is ensured

in part by cholesterol efflux pathways to extracellular acceptors, usu-

ally high-density lipoproteins (HDLs), in a process called reverse cho-

lesterol transport. The efficiency of reverse cholesterol transport relies

on the presence of active cholesterol transporters of the ATP-binding

cassette (ABC) superfamily in the cell plasma membrane. The physio-

logical importance of these molecules in cholesterol homeostasis has

also been reviewed quite recently.23–26 The scavenger receptor class B

type I (SR-BI) is also present in the cell plasma membrane and is

involved in cholesterol transfer from the intracellular compartment

to phospholipid-containing acceptors such as HDLs and lipidated

apolipoproteins. Cholesterol flux through SR-BI can be bidirectional

depending on the concentration gradient. For instance, SR-BI can be

used for selective CE uptake from HDLs in steroidogenic tissues such

as the adrenal gland27 or testicular Leydig cells.28 The intracellular

concentration of cholesterol is also regulated by an esterification pro-

cess, and to avoid its toxicity, the produced cholesteryl esters are stored

in cytoplasmic lipid droplets.

The importance of these different actors is extensively studied in

pathological situations such as atherosclerosis, as reverse cholesterol

transport is an atheroprotective process, whereas intracellular CE

accumulation is a pathological sign of the arterial wall. The male

reproductive function is sensitive to cholesterol homeostasis pertur-

bations, and testicular phenotypes were previously described in

knockout mice for nuclear receptors involved in cellular cholesterol

homeostasis such as retinoid X receptor-b (RXRb)29 or liver X recep-

tor-b (LXRb)30, and also in ABCA1 knockout mice.31 In these three

mice models, Sertoli cells’ CE accumulations lead to several severities

of infertility, ranging from a 21% decrease in ABCA12/2 mice to

complete infertility in RXRb-null mice. The CE accumulations were

shown to be due to an ABCA1-dependent decrease in cholesterol

efflux from Sertoli cells in LXRb-null mice, ABCA1 being a well-

known LXR target gene.32

Data are scarce concerning cholesterol homeostasis regulation in

the epididymis, but the work by our group on the double-knockout

mice for the two liver X receptors’ isoforms (lxra/b2/2 mice) has

allowed a better understanding of the situation. The lxra/b2/2 males

presented an infertility starting at the age of 5 months and a complete

sterility when the animals reached the age of 9 months and older. The

reproductive failure comes from the association of a testicular pheno-

type33 with an epididymal phenotype.34 Out of the five segments con-

stituting the mouse caput epididymidis, the epididymal phenotype

observed in lxra/b2/2 males was specifically located to the first two

segments. It was characterized by an enlargement of the tubule lumen,

the accumulation of an amorphous substance in the lumen and

shrinkage of the epithelial height. This phenotype was not secondary

to the decrease in plasma testosterone, as a 15-day supplementation

did not restore the normal epididymis in 7.5- and 10.5-month-old

animals. The epithelial function was also altered, as decreases in spe-

cific epididymal gene expression were noticed (glutathione peroxi-

dase-5 and Ets-like polyoma-enhancer activator 3 trans-acting

factor). Lipid accumulations, revealed by oil red O staining, were

present in the peritubular and interstitial tissues as well as in the

epithelium of lxra/b2/2 male mice. The amorphous substance in

the tubule lumen was not stained, it was thus not of lipidic origin.

Spermatozoa were also shown to be fragile as many isolated heads and

flagella were observed when sperms were retrieved from the cauda

epididymidis, which might be the result of both testicular and epidi-

dymal dysfunctions. This phenotype was further characterized in a

more recent study35 showing that neutral lipids revealed by oil red

O staining were cholesteryl esters. More precisely, cholesterol traffick-

ing was shown to be an LXR-regulated mechanism in mice caput

epididymidis in a segment- and cell-specific manner.36 In lxra/b2/2

animals, only a particular cell type of the first two caput segments, the

apical cells, showed CE accumulations in their cytoplasm, associated

with a loss of the membrane cholesterol transporter ABCA1 and the

triggering of the apoptotic pathway (as shown via terminal deoxynu-

cleotidyl transferase dUTP nick end labeling detection assay). These

data confirmed the important role of ABCA1 in the male reproductive

tract, as it was shown elsewhere that male mice invalidated for this

gene had a 21% decrease in their fertility over their lifespan. Indeed,

when crossed with wild-type females, ABCA12/2 males aged 4–5, 7–8

and 11–13 months gave fewer litters (taking into account females with

copulatory plugs) compared with wild-type males.31 This phenotype

was associated with a decrease in intratesticular testosterone levels and

sperm counts.

Our work also showed that the expression and location of another

ABC cholesterol transporter, ABCG1, was different from ABCA1, and

was not altered in the epididymides of lxra/b2/2 male mice. More

precisely, ABCG1 was present at the apical pole of all epithelial cells in

the proximal caput epididymal segments,36 suggesting complement-

ary functions for these two cholesterol transporters in the epididymal

epithelium, as previously shown in vitro.37 These locations also favor

the hypothesis of cholesterol efflux from the epithelium to the lumen,

to interact with and mature the transiting sperm. This raises the ques-

tion of which acceptors are present in the epididymal fluid, a delicate

point to address in the mouse model. Interesting data have been pub-

lished of late showing the presence of several ABC transporters

(ABCA1, ABCA7 and ABCG1) on mouse sperm cells collected from

the caput epididymidis.38 ABCA17 had also previously been detected

in the anterior head of sperm and elongated spermatids of the mouse

and rat.39 These ABC transporters present on the sperm plasma mem-

brane may be involved in the cholesterol fluxes occurring during

sperm epididymal maturation, and their role could also be important

in the regulation of the capacitation process, two points that will be
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developed later. The putative function of ABCA17, as shown in

HEK293 cell cultures, is to efflux CEs, triacylglycerols and fatty acid

esters. It may thus be more active during sperm production in the

testis if it has the same functional properties.39

Cholesterol homeostasis defects were also shown in male mice defi-

cient in the acid sphingomyelinase, a lysosomal hydrolase for which

mutations are at the origin of types A and B Niemann–Pick diseases.

Niemann–Pick diseases are neurodegenerative diseases (the type A

being severe) characterized by lipid storage disorders, mainly owing

to the accumulation of sphingomyelin (SM) and cholesterol, in the

cells and tissues of the patients. In this model, the caput and cauda

epididymal epithelial cells presented lipid-filled vacuoles and cauda-

retrieved spermatozoa had elevated levels of SM and cholesterol, lead-

ing to disrupted plasma and acrosome membrane, morphology and

motility defects as well as abnormal capacitation.40 This model estab-

lished a link between cholesterol homeostasis defects and post-testicu-

lar maturation defects as the phenotype was partly because of testicular

defects and partly of epididymal alterations.

The importance of lipoproteins in fertility was demonstrated as

knockout mice for type 2 apolipoprotein E receptor (apoER2), a mem-

ber of the LDL receptor gene family, showed a phenotype of male

infertility.41 ApoER2 is highly expressed in the epithelium of the initial

segment of the epididymis and males were infertile owing to the inab-

ility of sperms to regulate their cell volume, leading to abnormal sperm

morphology and immotility. Clusterin was identified as an endogen-

ous ligand for apoER2 by the same authors; however, the invalidation

of the clusterin gene has only a slight effect on fertility.42 The molecular

pathways involved thus need further investigation but could yield new

insights into the concept of lipid-related sperm maturation.

The presence of SR-BI in the mouse epididymidis was published by

our group,36 and we showed, using immunohistochemical detection,

that SR-BI is strongly present at the apical pole of the epididymal

epithelium in the proximal caput. The staining intensity revealed

strong differences among the different segments, suggesting a regu-

lation along the duct. We could also observe a peritubular location of

SR-BI in the smooth muscle cells that was constant along the tubule.

More peculiar was the observation of a redistribution of SR-BI from an

apical location to intercellular lateral membranes, from the end of the

caput down to the cauda epididymidis (data not shown). The signifi-

cance of this precise distribution is not known yet, but the presence of

lipoprotein receptors once again in the proximal epididymis (as

noticed for apoER2) suggests that cholesterol movements are func-

tionally important in this part of the organ. Mouse model invalidated

for SR-BI have been generated, and only female infertility was reported

by the authors.43 This may suggest a functional redundancy between the

different cholesterol transporters seen in the epididymal epithelium.

Another model, the male mice heterozygous for a targeted mutation

of the apolipoprotein B (apoB) gene, confirmed the role of apolipo-

proteins in male fertility. Indeed, these males exhibited severely com-

promised fertility, mainly because of failure of the sperm cells to

fertilize eggs both in vivo and in vitro.44,45 This was accompanied by

reduced sperm motility, survival time and sperm count, also contrib-

uting to the infertility phenotype. The specific role of apoB in this

phenotype was confirmed by the fact that the introduction of the

genomic sequence encoding human apoB into these animals restored

normal fertility. The authors did not observe an epididymal origin to

explain the observed abnormalities. However, without knowing the

site of apoB expression, they could not conclude on whether the

phenotype was a consequence of a systemic perturbation or was

related to testis and/or epididymis-restricted alterations.

Overall, these data show that apolipoproteins and their receptors

are key players for male fertility both in the testis during gametogenesis

and also in the epididymis. Cholesterol homeostasis thus needs to be

highly regulated in the male epididymal duct, probably to ensure a

proper post-testicular maturation of the male gametes. Clearly, more

research in this field is needed to better understand the precise roles

played by the apolipoproteins and the underlying mechanisms related

to sperm cell maturation.

Considering the role played by cholesterol homeostasis in the male

reproductive organs, one can wonder whether dietary cholesterol

overload could have negative consequences on male fertility.

Hypercholesterolemic rats show decreases in fertility index, testicular

weight, sperm cell count, sperm motility and viability, and an increase

in sperm cell abnormalities.46 These parameters were attributed

mainly to testicular degeneration that could be overcome by simvas-

tatin treatment. Another study on hypercholesterolemic rats revealed

that epithelial cell height was reduced in caput and cauda epididy-

mides, along with an alteration of the seminiferous tubules in the

testes.47 Metabolic syndrome is a highly prevalent pathology in

Western countries, with, for example, 47 million US residents affected.

One of the criteria characterizing this pathology is dyslipidemia and it

was shown that among 106 male partners from infertile couples, there

was a 65% incidence of dyslipidemia as defined by isolated hyperch-

olesterolemia, hypertriglyceridemia or both.48 Metabolic syndrome is

a multifaceted pathology with obesity, dyslipidemia, hypertension and

insulin resistance. The incidence of these parameters on male fertility

was reviewed lately.49 The importance of epididymal sperm matura-

tion is often considered as secondary compared with testicular defects

and endocrine perturbations associated with dyslipidemia, obesity or

hypercholesterolemia. We, very recently, observed that 3-month-old

lxra/b2/2 male mice, which are totally fertile at this young age, once

fed for 4 weeks with a 1.25% cholesterol-containing diet became tot-

ally infertile without showing any testicular alteration. The infertility

was because of proximal epididymis destructuration in an atheroscler-

osis-like manner, leading to sperm morphological abnormalities,

decreased motility and viability, and premature acrosome reaction

(Ouvrier et al., unpublished). This study revealed that the epididymis

is an early target of cholesterol toxicity in this dyslipidemic mouse

model, and raised the question of the importance of post-testicular

sperm alterations in dyslipidemia-associated male infertility, a topic

largely uncovered in many studies.

EPIDIDYMAL SPERM MATURATION AND CHOLESTEROL

HOMEOSTASIS

As a consequence of gamete production and maturation, sperm cells

stored in the cauda epididymidis must possess the biochemical, struc-

tural and functional properties to fulfill the last steps of the fertiliza-

tion process in the female genital tract, that is, the capacitation, the

binding of the zona pellucida and the acrosome reaction to finally fuse

with the oocyte.

The modification of the sperm cholesterol content during epididy-

mal maturation has been investigated in several mammals, and a sig-

nificant decrease of about 50% has been reported in ram,50 rat,51

hamster52 and mouse.53 This cholesterol loss is usually accompanied

by a decrease in the cholesterol/phospholipids ratio, an indicator of

membrane fluidity, thus suggesting that sperm cells increase their

membrane fluidity when descending the epididymis, probably to be

able to undergo the fusion steps in the female genital tract. In one

species, the goat, however, the sperm cholesterol content increases

during epididymal maturation,54 whereas in boar, no significant
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changes were noticed.55 In human spermatozoa, using membrane

anisotropy measurement by fluorescence polarization, the fluidity of

cauda epididymal sperm was shown to be higher than the one from

caput epididymal sperm.56

A particularity of the sperm cells in their sterol composition is the

high proportion of desmosterol that was first reported in hamster

spermatozoa.57 Desmosterol is a cholesterol precursor, usually present

in certain tissues such as brain as a transitory cholesterol form.

Desmosterol has a double bond at C24, which is reduced by a desmos-

terol reductase (DHCR24, 3b-hydroxysteroid-D24-reductase) to form

cholesterol. Surprisingly, mice invalidated for this enzyme showed no

important morphological defects and survived to full term. However,

they showed strong disturbances in sterol homeostasis, with 99% of

plasma and tissue sterols being desmosterol.58,59 The functional

importance of cholesterol in reproductive physiology is sustained by

the fact that these mice are unable to reproduce, the males showing

degenerated testes, comparable to what is obtained following a treat-

ment with a chemical inhibitor of DHCR24.60 Unfortunately, to our

knowledge, no data are available regarding the epididymal structure of

these mice. The relative proportion of sperm desmosterol among total

sterols is high in several species and also changes during epididymal

transit, with an increase in desmosterol proportions reported in

boar.55 The ratio to cholesterol was further investigated and was

shown to increase from trace amounts in hamster caput epididymal

sperm to 0.45 in cauda epididymal sperm,52 and from 0.11 to 0.76 in

rat sperm.61 Desmosterol represents 59% of total sterols in rhesus

monkey sperm62 and 25% in ejaculated human sperm.63

The physiological significance of this high proportion of desmos-

terol in mammalian sperm cells is largely unknown. Some works have

reported the selective presence of desmosterol in primate sperm fla-

gella, thus putatively involving it in the regulation of sperm move-

ment.64 Others have shown that desmosterol was involved, like

cholesterol, in the regulation of the human sperm capacitation pro-

cess.65,66 The loss of these molecules from the sperm plasma membrane

in the female genital tract is an early event of the capacitation process

that we will discuss thereafter. On a clinical point of view, the choles-

terol/phospholipids ratio was found to be higher in sperm cells from

patients with idiopathic infertility67 and it was also demonstrated that

the cholesterol/desmosterol ratio could be related to male fertility. A

recent report showed a positive correlation between cholesterol/des-

mosterol values and sperm concentrations, sperm motility, linear velo-

city, normal sperm morphology and acrosome reaction percentage in

human sperm fractions separated by density gradient centrifugation.68

Furthermore, these authors showed that the above-cited parameters

are negatively correlated with the cholesterol/phospholipids ratio, thus

emphasizing that human sperm functions are dependent at least in part

on their sterol composition. Other sterols such as cholesterol sulfate or

cholesta-7,24-dien-3b-ol have also been described in mammalian

sperm, but their functional relevance has always remained obscure.

Even if this is not the topic of this review, it is important to mention

here that the fatty acid composition of the sperm cells is also highly

modified during the epididymal transit, with an increase in the relative

proportion of polyunsaturated fatty acids, another important factor

contributing to the membrane fluidity of these cells. The importance

of these fatty acids in the female and male reproductive function has

been reviewed of late69 and there is a link between dietary intake and

sperm properties. The molecular mechanisms underlying sperm fatty

acid maturation in the epididymis are largely unknown, as the ones

regulating cholesterol maturation. Future studies will have to be con-

ducted to better understand these mechanisms and whether they are

related or independent, as human fertility is highly challenged by the

perturbations coming from the dietary intakes. An emerging idea in

the last few years is that the testis may not be the sole target for

metabolic perturbations. Altered post-testicular maturation steps

may have strong consequences on the fertility outcome, for natural

conception as well as medically assisted reproduction.70,71

Biochemical modifications of sterols and fatty acids occurring in the

epididymis have a direct influence on the sperm plasma membrane

architecture and dynamics72. Different biophysical methods can be

used to investigate the membrane dynamics of sperm plasma mem-

branes, all presenting limits in their accuracy and discrimination

capacity between the subdomains of this particular cell. The aim

of this review is not to make a state-of-the-art concerning these

methods, but to outline the relation between cholesterol epididymal

sperm maturation and sperm function. We will thus focus on the

functional links existing between sperm structure and fertilizing

power in the following section. The regionalization of membrane

cholesterol was shown in mouse sperm using filipin staining, with

more cholesterol/filipin complexes present in the acrosomal region,

whereas the post-acrosomal region was weakly labeled.73 The changes

in membrane structure were verified in ram spermatozoa for which

fluidity increased between testis and cauda epididymidis, whereas

no significant changes were measured in boar, a species known for

showing only few lipid maturations during epididymal passage.74 It

was confirmed that the diffusion coefficient of fluorescent lipid

reporter probes, indicating the fluidity of the membrane, was three

to four times superior in the acrosome than in other parts of the

cells (principal piece of the tail) and it increased during epididymal

maturation in mouse sperm. Cholesterol diffusion was higher in the

sperm head than in the tail, and showed heterogeneous distribution

when detected with filipin.75 These authors also confirmed the above

data in ram, goat, dog and monkey sperms.76 The particular structure

of the plasma membrane overlying the acrosome was confirmed in live

mouse sperm, where ganglioside M1, a marker of lipid rafts, that is

membrane subdomains enriched in sterols and sphingolipids,

appeared selectively located in this sperm structure, as detected by

fluorescent-labeled cholera toxin subunit B.77 These data were con-

firmed in human sperm by the same group,78 and they also showed

that the subacrosomal ring (a dense cytoskeletal structure at the base of

the plasma membrane over the acrosome) could be considered as a

specialized diffusion barrier in the sperm head plasma membrane of

living cells only, this barrier becoming non-functional upon cell death.

This statement has its importance when studying sperm cells, suggest-

ing that structural approaches should only be undertaken on living

cells and not on fixed sperm. Mouse sperm membrane micro-

architecture is composed of three different types of membrane

domains, or rafts, obtained by separation on a density gradient

without the use of detergent.79 Their characterization has revealed

that one subtype is enriched in sterols, one is enriched in ganglioside

M1 and the third one is enriched in both.79 These recent data set

new bases for the analysis of sperm membrane dynamics during the

last steps of fertilization, but also raise the question of whether epidi-

dymal maturation has a role in the settings of these properties, given

the known changes occurring when spermatozoa descend the epidi-

dymal tubule.

The particular membrane composition and architecture acquired

by sperm cells between their production in the testis and their storage

in the cauda epididymidis finds its high relevance in the maturational

events occurring in the female genital tract. It has been clearly shown

that cholesterol efflux from the sperm plasma membrane triggers
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signal transduction pathways regulating the capacitation process

(reviewed in Ref. 80). This efflux is associated with changes in sperm

membrane dynamics and structure, allowing the last fertilization step

to occur.81,82 The reader is referred to the above-cited articles for a

complete covering of this topic.

MECHANISMS OF SPERM PLASMA MEMBRANE

CHOLESTEROL MATURATION: HYPOTHESES AND MODELS

Even if it is well admitted that sperm plasma membrane cholesterol

content changes during epididymal maturation of most mammalian

males, influencing the structure and dynamics of this membrane, the

molecular events by which these changes occur are still largely

unknown. It has been demonstrated that modifying the fatty acid

dietary intake modifies the fatty acid composition of the sperm plasma

membrane in rabbit,83 boar84,85 and also in chicken,86 but such

demonstration remains to be done for cholesterol. However, these

results clearly suggest that transport mechanisms are active between

circulating lipids and epididymal lumen. The presence of different

lipoprotein receptors and cholesterol transmembrane transporters

in different epididymal cellular subtypes also strengthens this hypo-

thesis. An interesting point is that the epididymal epithelium uses a

particular secretion pathway that is the apocrine secretion.82,87 It con-

sists of the secretion of small membranous vesicles by the principal

cells in the epididymal lumen, called epididymosomes, and this mode

has been shown in several species including human,88 mouse,53

sheep,89 rat,90 hamster91 and bull.92 Epididymosomes have a particu-

lar lipid composition with a high proportion of SM in the mouse53 and

a cholesterol/phospholipids ratio varying among species from 0.5 in

the mouse53 to around 2 in bovine.93 Mouse epididymosomes were

shown to contain high proportions of SM and arachidonic acid.

During epididymal transit, the proportion of SM and the choles-

terol/phospholipids ratio increased markedly, associated with a

decrease in their fluidity measured by fluorescence anisotropy.53

These changes are the opposite of the ones described for maturing

sperm cells, thus suggesting that epididymosomes could have an

important role in the lipid maturation process of epididymal sper-

matozoa. Furthermore, the transfer of glycosylphosphatidylinositol-

anchored proteins was demonstrated between lipid rafts of bovine

epididymosomes and lipid rafts on sperm plasma membrane.94

P25b, one of the transferred proteins, is the bovine ortholog of

P34H, which was shown to be a male fertility marker in humans.95,96

The complete mammalian sperm epididymal maturation thus

results from mechanisms for lipid and protein changes that are very

likely interdependent. The exact role(s) of epididymosomes in the

lipid maturation still remains to be investigated and does not exclude

the participation of other lipid vesicles subtypes, but will be a challen-

ging research topic.

CONCLUSION

The regulation of cholesterol homeostasis in the epididymis is a critical

point to ensure the normal function of the male gametes in the last

steps of the fertilization process. This subject needs further investi-

gations, in complement of the research made on the testis, and this

field of research will without any doubt bring new insights in the

understanding of the complex outcome of male infertility, a point

emphasized by the growing proportion of males in their reproductive

age, with dyslipidemia, having difficulties to conceive.
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