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BACKGROUND: Compounds with estrogenic activity can affect reproductive function in mammals. This study

investigated possible effects of 17b-estradiol (E2) and three weakly estrogenic environmental estrogens on mamma-

lian sperm capacitation and fertilizing ability in vitro. METHODS: Uncapacitated and capacitated mouse sperm sus-

pensions were incubated for 30 min in the presence of E2, genistein (Gen), 8-prenylnaringenin (8-PN) and

nonylphenol (NP), and then assessed using chlortetracycline (CTC) ¯uorescence analysis. In addition, treated unca-

pacitated sperm suspensions were tested for changes in fertilizing ability. RESULTS: In uncapacitated cells, E2 at

>1 mmol/l and Gen, 8-PN and NP at >0.001 mmol/l, signi®cantly stimulated capacitation and acrosome reactions.

Hydroxytamoxifen (an estrogen antagonist) did not inhibit responses to any of these compounds. In capacitated

cells, E2 had no effect, but the other three compounds signi®cantly stimulated acrosome reactions. Added to uncapa-

citated suspensions, 10 mmol/l E2, 0.1 mmol/l Gen and 0.1 mmol/l 8-PN all signi®cantly stimulated sperm fertilizing

ability (~76% oocytes fertilized) compared with untreated control sperm (~36%). CONCLUSIONS: This study pro-

vides the ®rst evidence that E2 and environmental estrogens can signi®cantly stimulate mammalian sperm capacita-

tion, acrosome reactions and fertilizing ability, with the environmental estrogens being much more potent than E2.

The inability of hydroxytamoxifen to block these responses suggests that classical estrogen receptors may not be

involved. Whether these responses have effects on fertility in vivo remains to be determined, along with the mechan-

isms of action involved.
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Introduction

For many decades, estrogens have been considered to be

primarily female hormones, contributing to female health and

fertility. However, more recently estrogens have also been

shown to play important roles in males (Korach et al., 1996;

Hess et al., 1997; Luconi et al., 2002). Estrogen receptors are

present throughout the male reproductive tract, and estrogen-

receptor a knockout (ERa±/±) males become infertile primarily

due to malfunctioning of the efferent ductules of the

epididymis, with consequent gross disruption of the semi-

niferous tubules (Hess et al., 1997). Aromatase activity (critical

for the conversion of androgens to estrogens) occurs in both

Leydig and Sertoli cells (Carreau et al., 1999), and mice

de®cient in aromatase show an arrest of early spermiogenesis

(Robertson et al., 1999). Sperm are exposed to estrogens within

the male tract, and P450 aromatase has also been identi®ed in

rat sperm cytoplasmic droplets (Hess, 2000) and human sperm

¯agella (Aquila et al., 2002). This raises the possibility that

sperm can provide a continuing local source of estrogens in the

epididymis and in the female tract. In the latter, sperm would

also be exposed to estrogens, particularly in tubal ¯uid

following follicle rupture and when in close vicinity to

ovulated oocytes.

The most potent estrogen is 17b-estradiol (E2), and until

recently responses to E2 were thought to be genomic, with

mediation via the nuclear estrogen receptors a and b (ERa,

ERb; Levin, 2001). However, `non-genomic' effects of

estrogens have also been characterized in several cell types

(Kelly and Levin, 2001), including those from the reproductive

system (Revelli et al.., 1998) and possibly sperm (Luconi et al.,

1999, 2001). These effects are mediated via either membrane-

bound receptors or interaction with other proteins and/or

membrane lipids (Levin, 2001). Earlier studies using [3H]-E2

showed that E2 binds to the sperm surface (Hernandez-Perez

et al., 1979; Cheng et al., 1981b) and suggested that human

sperm lack cytosolic and nuclear estrogen receptors (Cheng

et al., 1981a). Immunohistochemical detection of estrogen

receptors has been reported for human (Misao et al., 1997;

Durkee et al., 1998) and rat sperm (Saberwal et al., 2002), with

distribution in both the head and ¯agellum. Recently, a putative

novel estrogen receptor in human sperm membranes has been
*Presented in part at the 18th Annual Meeting of the European Society
of Human Reproduction and Embryology 2002, Vienna, Austria

Human Reproduction Vol.18, No.1 pp. 100±107, 2003 DOI: 10.1093/humrep/deg037

100 ã European Society of Human Reproduction and Embryology

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article/18/1/100/880418 by guest on 21 August 2022



partially characterized (Luconi et al, 1999), although others

(Saberwal et al., 2002) presented Western blotting data for the

presence of ERa in rat sperm.

The estrogen receptor appears to be quite promiscuous in

ligand binding (Anstead et al., 1997; Blair et al., 2000), and

many non-steroidal compounds in the environment have been

found to possess estrogenic activity (Sohoni and Sumpter,

1998; Akingbemi and Hardy, 2001). Humans are exposed to

natural phytoestrogens such as genistein (Gen; found in soy

and legumes) (Mazur and Adlercreutz, 2000) and 8-prenylnar-

ingenin [8-PN; found in hops (Humulus lupulus) and beer

(Milligan et al., 1999, 2002)] in the diet. Synthetic chemicals

with estrogenic activity include alkylphenol polyethoxylates,

such as nonylphenol (NP), that are used in cleaning products,

paints, herbicides, pesticides, industrial aids in pulp, paper

production and textile manufacturing (Sonnenschein and Soto,

1998). The surfactant nonoxynol is used as an intravaginal

spermicide and condom lubricant, and can be metabolized to

free NP. Environmental estrogens have the potential to act as

endocrine disruptors and so exert negative developmental and

reproductive effects in wildlife. Moreover, it has also been

suggested that these compounds may be responsible for a

variety of reproductive disturbances in men, including possible

declines in sperm concentration (Sharpe, 2001; Skakkebaek

et al., 2001). However, because of their great structural

diversity, the modes of action of environmental estrogens are

controversial (Cassidy and Milligan, 1998; Ashby, 2001).

In view of the role of endogenous estrogens in the male, and

the ability of environmental estrogensÐwhen used at relatively

high concentrationsÐto disrupt spermatogenesis and hence

reduce male fertility, it is important to determine whether any of

these compounds can have more subtle, direct effects on

function in mature sperm, e.g., fertilizing ability. At the time of

ejaculation or release into culture medium in vitro, sperm are

unable to fertilize (Yanagimachi, 1994). However, after a

species-dependent time in an appropriate environment either

in vivo or in vitro, sperm acquire the capacity to fertilize and are

said to be `capacitated' (Austin, 1951, 1952; Chang, 1951).

Capacitated sperm are able to express hyperactivated motility,

to undergo the acrosome reaction, and to fertilize an oocyte

(Yanagimachi, 1994). If estrogens are able to affect these events,

there could be important consequences for fertility in vivo.

Therefore, the present study examined the effects of E2 and

three compounds of proven estrogenic activity, namely Gen, 8-

PN and NP, on both uncapacitated and capacitated mouse

sperm, looking for any signi®cant effects on the rate of

capacitation per se, the acrosome reaction and fertilizing

ability. [A short abstract of this study was published in the

abstract book of the 18th Annual Meeting of the European

Society of Human Reproduction and Embryology (Adeoya-

Osiguwa et al., 2002).]

Materials and methods

Media and reagents

Throughout this study, sperm were suspended in a modi®ed Tyrode's

medium containing 1.8 mmol/l calcium chloride (Fraser, 1993) with 4

mg/ml bovine serum albumin (BSA, crystalline; Sigma Chemical Co.

Ltd, Poole, Dorset, UK). All chemicals were purchased from Sigma

unless otherwise speci®ed. A stock solution of 100 mmol/l E2 was

prepared in dimethyl sulphoxide (DMSO) and stored at ±20°C.

Working stock solutions were prepared daily by ®rst diluting the

initial stock 1 in 10 with DMSO:0.9% NaCl (1:1); subsequent

dilutions used standard medium. Stock solutions (10 mmol/l) of Gen,

8-PN and NP were prepared in absolute ethanol (AnalaR grade; Merck

Ltd, Poole, Dorset, UK) and stored at ±20° C; working stock solutions

were prepared daily using standard medium as diluent.

Preparation of sperm suspensions

The contents of cauda epididymides from mature TO male mice

(Harlan OLAC, Bicester, UK) were released into 30 mm sterile culture

dishes (Nunc, Roskilde, Denmark) containing standard medium (1 ml

per two epididymides). For experiments using uncapacitated sperm,

suspensions were left for 5 min on a warming tray to allow sperm

dispersal, then passed through short columns containing medium-

grade G-25 Sephadex beads (Pharmacia, Uppsala, Sweden) to separate

motile from non-motile cells. The resulting ®ltrates, consisting of

motile uncapacitated sperm, were used immediately. When capaci-

tated sperm suspensions were used, un®ltered suspensions were

allowed to disperse and then incubated for 90 min under autoclaved

liquid paraf®n (Boots, Nottingham, UK) at 37°C in an atmosphere of

5% CO2, 5% O2 and 90% N2. The suspension was then ®ltered

immediately prior to use.

Although a dye such as Hoechst 33258 may be used to determine

the live/dead status of human sperm (Green et al., 1996), important

physiological reasons preclude its use with mouse sperm. The

technique involves incubation of suspensions with dye for a few

minutes, then centrifugation through polyvinylpyrrolidone to remove

free dye. Such a centrifugation step removes decapacitation factor

molecules from the surface of mouse sperm, so stimulating

capacitation and hence changing the physiological state of the cells

(Fraser, 1984), irrespective of the experimental treatment being

investigated. For this reason, mouse sperm suspensions were ®ltered

to remove non-motile, possibly dead, cells prior to the short

experimental incubation and assessment.

Chlortetracycline ¯uorescence assay

The chlortetracycline (CTC) ¯uorescence assay was carried out as

described previously (Green et al., 1994). In brief, after experimental

treatment, sperm suspensions were mixed well and 45 ml of each

suspension was added to an equal amount of CTC (750 mmol/l CTC in

130 mmol/l NaCl, 5 mmol/l cysteine, 20 mmol/l Tris-HCl, pH 7.8) and

mixed well. Cells were then ®xed by adding 8 ml of 12.5% (w/v)

paraformaldehyde in 0.5 mol/l Tris-HCl (pH 7.4). CTC was

prepared fresh daily and kept at 4° C, wrapped in foil to exclude

light, until needed; aliquots were allowed to warm up before

use. Under yellow sodium illumination to minimize fading of CTC,

slides were prepared by placing 10 ml of ®xed suspension on a clean

slide and mixing thoroughly with one drop of 0.22 mol/l 1,4-

diazabicyclo [2.2.2] octane (DABCO) dissolved in glycerol: phos-

phate-buffered saline (PBS) (9:1) to prevent fading of the ¯uores-

cence. After adding a coverslip, the slide was compressed ®rmly

between tissues to remove excess ¯uid and ¯atten the cells to allow

accurate evaluation. To avoid evaporation, the slides were sealed with

colourless nail varnish and stored, wrapped in foil, in the cold until

evaluation was carried out.

The assessment of sperm was performed using an Olympus BX40

microscope equipped with phase-contrast and BX-FLA epi¯uores-

cence optics. The ultraviolet excitation cube was used, with the

excitation beam passing through a 400±440 nm band pass ®lter; CTC

was observed through a DM 455 dichroic mirror. In each treatment,
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100 sperm cells were assessed and classi®ed as having of one of three

staining patterns: (a) F, with bright ¯uorescence over the entire sperm

head; characteristic of uncapacitated, acrosome intact sperm; (b) B,

with a ¯uorescence-free (dark) band in the post-acrosomal region,

characteristic of capacitated, acrosome-intact sperm; (c) AR, with dull

or absent ¯uorescence throughout the sperm head; characteristic of

capacitated, acrosome-reacted sperm. The presence or absence of the

acrosomal cap was con®rmed using phase-contrast microscopy.

In-vitro fertilization

Mature female TO mice were induced to superovulate by

intraperitoneal injections of 7.5 IU pregnant mare's serum gonado-

trophin (PMSG) (FolligonÒ; Intervet, Cambridge, UK) followed

48±54 h later by 5 IU hCG (ChorulonÒ; Intervet). Approximately

14±15 h post-hCG, cumulus masses were released from oviducts into

standard medium covered with liquid paraf®n. Sperm suspensions

were prepared as described previously (but were not ®ltered); after

allowing 5 min for dispersal, they were divided into four aliquots and

treated as follows: (1) control (untreated); (2) 10 mmol/l E2; (3) 0.1

mmol/l Gen; (4) 0.1 mmol/l 8-PN. All suspensions were pre-incubated

for 15 min, then diluted 1 in 10 into either standard medium or the

medium used for pre-incubation; 400 ml droplets from each sample

were prepared under liquid paraf®n and cumulus masses were added.

Dishes were gassed and then incubated at 37°C for 60 min. Oocytes

were transferred to fresh droplets of standard medium and then ®xed

15 min later with buffered formalin (4% formaldehyde in PBS). After

30 min ®xation, oocytes were stained with 0.75% aceto-orcein,

mounted on clean slides, and then assessed. Oocytes were considered

to be fertilized if they had resumed the second meiotic division and

contained a decondensing sperm head (Fraser, 1993).

Statistical analysis

The data were analysed using Cochran's modi®cation of the c2-test

(Snedecor and Cochran, 1980) using a Microsoft Excel program for

Windows 98. This test compares responses within replicates; for a

signi®cant difference to be obtained, a consistent and reasonable

magnitude is required between control and treated sample.

Results

Series I: E2 promotes capacitation in uncapacitated sperm

Uncapacitated sperm were incubated in the absence or
presence of 0.01±100 mmol/l E2 for 30 min at 37°C (n = 5
for all treatments). A concentration-dependent stimulation of
capacitation was observed, with signi®cantly more B pattern
cells (capacitated, acrosome-intact) being observed in suspen-
sions incubated with E2 at 1±100 mmol/l, compared with
untreated controls; maximal responses were obtained with 10
and 100 mmol/l (Figure 1). Furthermore, E2 at 1±100 mmol/l
also signi®cantly stimulated acrosome loss, compared with
untreated control cells.

Although motility was not evaluated using objective meas-
urements, E2 had a positive effect on motility, as determined
subjectively: more sperm incubated in the presence of E2 were
motile and they exhibited more vigorous motility than cells in
untreated control suspensions.

Series II: Environmental estrogens promote capacitation in
uncapacitated sperm

Aliquots of uncapacitated sperm suspensions were incubated in
the absence or presence of 0.001±1 mmol/l Gen, 8-PN and NP.
Since it was not possible to examine all concentrations of all

compounds in a single experiment, each concentration was
tested in at least three separate replicates (n = 6 for controls; n =
3±6 for experimental treatments). Each compound signi®cantly
stimulated capacitation and the acrosome reaction over the
whole range of concentrations evaluated. Of the three
compounds evaluated, Gen and 8-PN appeared to be more
potent than NP, with strong responses being seen with
concentrations >0.01 mmol/l Gen (Figure 2) and 8-PN
(Figure 3) compared with >0.1 mmol/l for NP (Figure 4).
Like E2, these compounds had a stimulatory effect on sperm
motility, with more motile cells and more vigorous motility
than in control suspensions.

Figure 1. 17b-Estradiol (1±100 mmol/l) signi®cantly stimulated
capacitation and the acrosome reaction in uncapacitated mouse
sperm suspensions treated for 30 min, then analysed using
chlortetracycline (CTC). Data presented as % cells (mean 6 SEM;
n = 5) expressing F pattern (open bar), B pattern (grey bar) and AR
pattern (black bar) of CTC ¯uorescence. *P < 0.05, **P < 0.025,
***P < 0.01, ****P < 0.001 versus untreated control suspensions
(Con).

Figure 2. Genistein (0.001±1 mmol/l) signi®cantly stimulated
capacitation and the acrosome reaction in uncapacitated mouse
sperm suspensions treated for 30 min, then analysed using
chlortetracycline (CTC). Data presented as % cells (mean 6 SEM;
n = 3±6) expressing F pattern (open bar), B pattern (grey bar) and
AR pattern (black bar) of CTC ¯uorescence. *P < 0.05, **P <
0.025, ***P < 0.01 versus untreated control suspensions (Con).
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Series III: E2 has no signi®cant effect on capacitated
sperm

In these experiments, sperm were capacitated as described
previously and then incubated in the absence or presence of
0.01±10 mmol/l E2 (n = 4 for all treatments). Although E2 had
very signi®cant effects on uncapacitated sperm (see Figure 1),
there were no striking responses in capacitated cells (Figure 5).
There was a slight increase in the proportion of sperm
expressing the capacitated B pattern, and a slight decrease in
the proportion of acrosome-reacted cells in suspensions treated
with 1 and 10 mmol/l E2, compared with the untreated controls,
but these differences were not statistically signi®cant.

Series IV: Environmental estrogens stimulate acrosome
reactions in capacitated sperm

Capacitated suspensions were prepared and aliquots from the
same suspensions were incubated in the absence or presence of
0.01±0.1 mmol/l of Gen, 8-PN and NP (n = 4 for all treatments).
There were no signi®cant differences in the proportion of
uncapacitated F-pattern cells among untreated control and
treated suspensions. However, all three estrogenic compounds
stimulated the acrosome reaction, leading to signi®cantly more
AR pattern cells, compared with controls, and a corresponding
signi®cant decrease in the proportion of capacitated, acrosome-
intact B pattern cells. Gen and 8-PN had a signi®cant effect at
both concentrations tested; although NP appeared to elicit a
response when used at both concentrations, this was only
signi®cant with 0.1 mmol/l NP (Figure 6).

Figure 3. 8-Prenylnarigenin (0.001±1 mmol/l) signi®cantly
stimulated capacitation and the acrosome reaction uncapacitated
mouse sperm suspensions treated for 30 min, then analysed using
chlortetracycline (CTC). Data presented as % cells (mean 6 SEM;
n = 3±6) expressing F pattern (open bar), B pattern (grey bar) and
AR pattern (black bar) of CTC ¯uorescence. *P < 0.05, **P <
0.025, ***P < 0.01 versus untreated control suspensions (Con).

Figure 4. Nonylphenol (0.001±1 mmol/l) signi®cantly stimulated
capacitation and the acrosome reaction in uncapacitated mouse
sperm suspensions treated for 30 min, then analysed using
chlortetracycline (CTC). Data presented as % cells (mean 6 SEM;
n = 3±6) expressing F pattern (open bar), B pattern (grey bar) and
AR pattern (black bar) of CTC ¯uorescence. *P < 0.05, **P <
0.025, ***P < 0.01 versus untreated control suspensions (Con).

Figure 5. 17b-Estradiol (0.01±10 mmol/l) had no signi®cant effect
on capacitated mouse sperm suspensions treated for 30 min, then
analysed using chlortetracycline (CTC). Data presented as % cells
(mean 6 SEM; n = 4) expressing F pattern (open bar), B pattern
(grey bar) and AR pattern (black bar) of CTC ¯uorescence.

Figure 6. Genistein (Gen) and 8-prenylnaringenin (8-PN) (0.01 and
0.1 mmol/l respectively) and nonylphenol (NP) (0.1 mmol/l)
signi®cantly stimulated the acrosome reaction in capacitated mouse
sperm suspensions treated for 30 min, then analysed using
chlortetracycline (CTC). Data presented as % cells (mean 6 SEM;
n = 4) expressing F pattern (open bar), B pattern (grey bar) and AR
pattern (black bar) of CTC ¯uorescence. *P < 0.05, **P < 0.025
versus untreated control suspensions (Con).
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Series V: Hydroxytamoxifen does not inhibit responses to
E2 and environmental estrogens in uncapacitated sperm

To determine whether E2 and the environmental estrogens
might be acting via different pathways, hydroxytamoxifen (an
estrogen antagonist) was used. Aliquots of uncapacitated sperm
suspensions were treated with an estrogenic compound with or
without 5 mmol/l hydroxytamoxifen (n = 3 for all treatments).
Hydroxytamoxifen failed to inhibit responses to 10 mmol/l E2,

0.1 mmol/l Gen, 0.1 mmol/l 8-PN and 0.1 mmol/l NP (Figure 7);
indeed, hydroxytamoxifen appeared slightly to enhance
responses to E2 by promoting the F-to-B transition, though
this was not statistically signi®cant.

Series VI: E2 and environmental estrogens stimulate in-
vitro fertilizing ability

The CTC results obtained in Series I and II, indicating a
signi®cant stimulation of capacitation, suggested that all four
estrogenic compounds would stimulate fertilizing ability
in vitro. This hypothesis was tested by undertaking in-vitro
fertilization experiments using sperm suspensions that had
been pre-incubated for ~15 min with no additions (control), 10
mmol/l E2, 0.1 mmol/l Gen and 0.1 mmol/l 8-PN. In a pilot
experiment, it appeared that dilution of sperm suspensions into
medium without the test compound just before addition of
oocytes had no detectable effect on E2-treated suspensions, but
it did appear to have an effect on 8-PN-treated suspensions.
Therefore, in subsequent experiments (n = 3), suspensions
treated with 8-PN and Gen were diluted into medium with and
without the test compound in order to determine whether a

reduction in their concentration had any detectable effect on
sperm function; this resulted in there being more oocytes in the
8-PN and Gen test groups than in the controls and E2-treated
groups.

All three compounds signi®cantly (P < 0.01) stimulated
fertilizing ability, compared with untreated controls (Table I).
The fertilization rate (proportion of oocytes penetrated) was
similar whether sperm suspensions were diluted into medium
with or without test compound, and so only combined data are
shown. However, although there were no obvious differences
in the two treatments with Gen, with 8-PN it was consistently
observed that sperm penetration was faster when the 8-PN
concentration was maintained at 0.1 mmol/l. In that group, there
were more fully decondensed sperm heads within oocytes than
in the group where suspensions were simply diluted into
normal culture medium; in the latter, the sperm heads were at
various earlier stages of decondensation. This may indicate that
hyperactivated motility is supported more effectively by the
presence of the higher concentration of 8-PN.

To ensure that there were enough oocytes in each replicate to
obtain meaningful data, it was decided to test E2 and two of the
three environmental estrogens. Consequently NP was not
tested, but since CTC results with NP were similar to those
seen with the other environmental estrogens, enhanced
fertilizing ability of NP-treated suspensions would be pre-
dicted.

Discussion

The present study addressed the question of whether naturally

occurring estrogens and environmental estrogenic compounds

have any effect on mammalian sperm function. Uncapacitated

epididymal mouse sperm were treated with increasing con-

centrations of E2 and the environmental estrogens Gen, 8-PN

and NP for 30 min, then assessed using CTC analysis. E2 used

at 1±100 mmol/l and Gen, 8-PN and NP used at 0.001±1 mmol/l

signi®cantly stimulated capacitation and the acrosome reac-

tion, compared with untreated controls (Figures 1±4). Thus,

although all compounds had an effect, the environmental

estrogens were considerably more potent than E2. In capaci-

tated sperm, E2 used at 0.01±10 mmol/l had no signi®cant effect

(Figure 5), but Gen, 8-PN and NP all signi®cantly stimulated

the acrosome reaction, compared with untreated controls

(Figure 6). Of the environmental estrogens, Gen and 8-PN

were more potent, having maximal effect at 0.01 mmol/l and

above, while NP was maximally effective at 1 mmol/l. In

Figure 7. Hydroxytamoxifen (Tx), used at 5 mmol/l, did not inhibit
responses to 10 mmol/l 17b-estradiol (E2) or 0.1 mmol/l genistein
(Gen), 8-prenylnaringenin (8-PN) and nonylphenol (NP) in
uncapacitated mouse sperm suspensions treated for 30 min, then
analysed using chlortetracycline (CTC). Data presented as % cells
(mean 6 SEM; n = 3) expressing F pattern (open bar), B pattern
(grey bar) and AR pattern (black bar) of CTC ¯uorescence. *P <
0.05, **P < 0.025, ***P < 0.01 versus untreated control
suspensions (Con). To allow easy comparison, the values for the
control suspensions are shown in both upper and lower graphs.

Table I. 17b-Estradiol (E2), genistein (Gen) and 8-prenylnaringenin (8-PN)
signi®cantly stimulate fertilizing ability in uncapacitated mouse sperm
suspensions

Treatment Oocytes fertilized/ Range (%)
total oocytes

None (control) 45/127 (35.4) 23±53
10 mmol/l E2 104/136 (76.5)*** 68±83
0.1 mmol/l Gen 178/224 (79.5)*** 65±83
0.1 mmol/l 8-PN 197/268 (73.5)*** 70±80

***P < 0.01 compared with untreated controls (n = 3)
Values in parentheses are percentages.
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addition to CTC analysis, which is an indirect method,

assessment of treated sperm using IVF con®rmed and extended

the CTC results, namely that E2 at 10 mmol/l and Gen and 8-

PN, each at 0.1 mmol/l, signi®cantly stimulated capacitation

and demonstrable fertilizing ability (Table I).

The results obtained in this study contrast with those

published in some recent studies. Others (Luconi et al., 1999,

2001) reported that E2 inhibited the progesterone-induced

acrosome reaction in human sperm, but that the environmental

estrogens bisphenol A and octylphenol polyethoxylate had no

detectable effect. It was also reported (Hinsch et al., 2000) that

genistein signi®cantly inhibited the progesterone-induced

acrosome reaction in cryopreserved bull sperm, but the

concentration used (2 mg/ml, ~7.4 mmol/l) was considerably

higher than the highest concentration used in the present study

(1 mmol/l). Therefore, the present study has provided the ®rst

evidence that E2 and environmental estrogens can signi®cantly

stimulate sperm function. Interestingly, E2 was able to elicit

signi®cant responses in uncapacitated but not in capacitated

cells, while the environmental estrogens were able to act on

both categories of sperm.

Gen, 8-PN and NP are able to bind to both estrogen

receptors, ERa and ERb, but with lower af®nity than E2

(Kuiper et al., 1998; Milligan et al., 1999, 2000). The

estrogenic activity of these compounds is also considerably

less than that of E2 when assessed by bioassays. For example,

in an in-vitro yeast screen employing the human ERa, the

relative potencies of 8-PN, Gen and NP were <1/100, 1/1000

and <1/10 000 respectively that of E2 (Routledge and Sumpter,

1996; Milligan et al., 1999). Since the environmental estrogens

in the present study were very effective at low (nanomolar)

concentrations, the results obtained in this study would appear

to be positive physiological responses rather than negative,

toxic responses. Much higher concentrations have been used on

other cell types with no apparent ill effects, either in vitro

(above) or in vivo. For example, one group (Kwack et al., 2002)

obtained a positive in-vivo uterotrophic response to NP, but

needed 200±400 mg/kg per day NP compared with only 1 mg/

kg per day E2.

The fact that the environmental estrogens proved to be

markedly more potent than E2 in stimulating sperm function

was surprising, given their generally low potency in estrogenic

bioassays (above). The inability of hydroxytamoxifen to inhibit

responses to either E2 or the environmental estrogens (Figure 7)

suggests that the responses observed in the present study do not

involve classic ERs. Nanomolar concentrations of Gen, 8-PN

and NP stimulated capacitation in uncapacitated cells, com-

pared with the micromolar concentrations required for E2,

raising the possibility that E2 and the environmental com-

pounds might be binding either to different receptors or to a

non-classical ER with different properties from ERa and b.

The rapidity of response seen in transcriptionally inactive

sperm suggests that it is likely that E2 and the other compounds

are acting via a non-genomic route (Luconi et al., 2002),

perhaps by binding to some surface membrane receptor or

entering the cell and then binding to an intracellular receptor.

The presence of an intracellular receptor for E2, distinct from

the one used by Gen, 8-PN and NP, could explain how all four

had a signi®cant effect on uncapacitated sperm, yet E2 had no

effect on capacitated cells. During capacitation, the compos-

ition and structural arrangement of the sperm plasma mem-

brane components change (de Lamirande et al., 1997), perhaps

rendering the E2 binding site inaccessible.

At present there is no conclusive evidence as to how either

E2 or environmental estrogens might exert non-genomic effects

in sperm. Investigation of ERa and ERb expression in the

mouse testis during fetal and post-natal development detected

mRNA for both ERs in the fetal testis. ERa protein was

localized primarily in interstitial regions, while ERb protein

was detected in germ cells from day 16 of gestation; by 26 days

post partum, no ERb protein could be detected (Jefferson et al.,

2000). Although these data suggest that mouse sperm do not

have ERs, other studies have reported immunocytochemical

and other evidence for the presence of ERs in both human

(Misao et al., 1997; Durkee et al., 1998) and rat sperm

(Saberwal et al., 2002). A surface membrane protein has been

partially puri®ed and characterized as the putative non-

genomic receptor for E2 in human sperm (Luconi et al.,

1999), but this remains to be substantiated, especially as the

size (~29 kDa) is considerably smaller than that of ERa and

ERb. Using Western blotting, one group (Durkee et al., 1998)

reported detecting a single band of ~65 kDa (appropriate size

for ER) in human sperm, while very recently an ERa of ~66

kDa was reported in rat sperm (Saberwal et al., 2002).

In addition to uncertainty about the molecules with which E2

and other estrogenic compounds initially interact, there appear

to be a number of different mechanisms/pathways that could be

involved in the responses. Even if the estrogenic compounds

evaluated in the present study are acting via receptors that

differ from the classic ERs, it is possible that the responses may

involve the same signal transduction pathway(s). In various

somatic cell systems, E2 has been reported to modulate Ca2+

¯uxes, generate cyclic nucleotides, activate various kinases,

and modulate ion channels (Kelly and Levin, 2001). Recent

studies have shown that the adenylyl cyclase (AC)/cAMP

pathway is very important in mammalian sperm, with a rise in

cAMP signi®cantly stimulating capacitation (Fraser and

Adeoya-Osiguwa, 2001). In human sperm, it has been reported

that E2 initiated rapid increases in both intracellular Ca2+

([Ca2+]i; the response being biphasic in the presence of 10

mmol/l E2) and protein tyrosine phosphorylation (Luconi et al.,

1999, 2001). Such a rise in [Ca2+]i might stimulate the AC/

cAMP signal transduction pathway, resulting in increased

tyrosine phosphorylation (Visconti et al.., 1995; Adeoya-

Osiguwa and Fraser, 2000). In a recent study, male rats were

given 400 mg/kg per day of tamoxifen citrate for 60 days, and

various sperm parameters were then evaluated. Calcium and

cAMP levels were signi®cantly higher in sperm from treated

rats than in those from untreated controls; unfortunately, no

evaluation of their fertility was undertaken, but the authors

suggested that these changes resulted from tamoxifen binding

to ERs and acting as an agonist (Saberwal et al., 2002).

In contrast to the above positive responses to E2, genistein at

fairly high concentrations (>2 mmol/l) was reported to inhibit

tyrosine phosphorylation of several proteins thought to play a

role in capacitation (Carrera et al., 1996). In the present study,
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both E2 and genistein had a similar, stimulatory effect on

uncapacitated cells and capacitation is associated with an

increase, not a decrease, in protein phosphorylation (Visconti

et al., 1995; Adeoya-Osiguwa and Fraser, 2000). This makes it

unlikely that the observed stimulation of sperm function

involves inhibition of tyrosine phosphorylation, but a mech-

anism that involved stimulation of AC/cAMP is plausible.

The regulation of capacitation is very important in mam-

malian fertilization as evidence now suggests that once

capacitation has been initiated it will usually continue

unchecked, frequently resulting in sperm undergoing spontan-

eous acrosome reactions and thus becoming non-fertilizing

(Fraser and Adeoya-Osiguwa, 2001). Recent in-vitro studies

have indicated that a number of peptides, found in seminal

plasma and known to have speci®c receptors on mammalian

sperm, can regulate capacitation, initially stimulating capacita-

tion and then inhibiting spontaneous acrosome loss (Fraser and

Adeoya-Osiguwa, 2001). Responses to fertilization promoting

peptide (FPP), adenosine and calcitonin all involve G protein-

mediated regulation of AC/cAMP, initially stimulating the

production of cAMP and then inhibiting it. Because sperm

always contact these molecules in vivo at the time of

ejaculation, it has been proposed that they may provide an

important mechanism for maximizing the number of poten-

tially fertilizing capacitated, acrosome-intact sperm available

within the female reproductive tract.

In contrast to those regulated responses, E2 and the

environmental estrogens appear primarily to stimulate sperm,

accelerating the rate of capacitation and then promoting `over-

capacitation' in at least some of the cells, resulting in the

acrosome reaction. Since already acrosome-reacted sperm are

non-fertilizing (Yanagimachi, 1994), similar responses occur-

ring in vivo could reduce the number of potentially fertilizing

cells and so have an undesirable effect on fertility. On the other

hand, it is possible that sperm exposed to both the seminal

plasma peptides and various estrogenic compounds may have

the best of both worlds, with the initial stimulatory responses to

all molecules subsequently being regulated by FPP and the

others, thus ensuring that most of the sperm retain fertilizing

potential. As capacitation and fertilization occur in the female

reproductive tract, it is likely that any effects of environmental

estrogens on sperm function would be more pronounced in the

female, but effects on mature sperm awaiting ejaculation

cannot be ruled out.

In conclusion, this study has provided the ®rst direct

evidence that E2 and environmental estrogens signi®cantly

affect the function of mature sperm by stimulating capacitation

and fertilizing ability, compared with untreated controls. Given

the much greater potency of environmental estrogens than E2

on sperm, and the likelihood that many individuals will be

exposed to more than one of these compounds at any given

time (albeit at low concentrations of each), these results clearly

indicate that further investigation is very important. The

implications that these results may have for in-vivo fertility in

humans and domestic animals cannot be deduced until the

mechanism(s) by which these compounds act are identi®ed and

fully understood, making it vitally important to extend these

investigations.
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