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ABSTRACT: Glucose has been reported to be beneficial to human
sperm for optimal capacitation and fertilization, although it is unclear
whether glucose is required for providing extra metabolic energy
through glycolysis, or for generating some other metabolic product.
In this study, the effects of sugars on human sperm capacitation,
motility, and energy production were investigated. The glucose con-
centration that supported the greatest number of acrosome reactions
was 5.56 mmol L�1. Compared with incubations with no added sug-
ar, this concentration of glucose, fructose, mannose, or galactose
appeared to slightly increase the number of acrosome reactions oc-
curring after 18 hours of capacitation, or following induction by 2
�mol A23187 � 3.6 mmol pentoxifylline L�1, but only glucose had a
statistically significant effect. Glucose supported increased penetra-
tion of zona-free hamster oocytes, but its advantage was not statis-
tically significant. The addition of 5.56 mmol glucose or fructose
L�1 to sugar-free medium immediately increased the adenosine tri-

phosphate (ATP) concentration and motility of sperm. These pa-
rameters were then stable for 3 hours, but declined markedly after
18 hours. In the absence of a glycolysable sugar, motility began to
decline in the first hour and only 2% or 3% of sperm remained
motile after 18 hours. Glucose or fructose was required to support
hyperactivated motility. 2-Deoxyglucose was detrimental to the ATP
concentration and motility of sperm, and supported fewer sponta-
neous or progesterone-stimulated acrosome reactions than were ob-
served in the absence of a sugar. We conclude that glycolytic ATP
production is required for vigorous motility and hyperactivation in
human sperm. Other products of glucose metabolism are not es-
sential to support capacitation, but they may have a small, enhanc-
ing effect.
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Mammalian sperm require metabolic energy for a va-
riety of functions, most notably to support motility.

The principal sources of adenosine triphosphate (ATP) pro-
duction are mitochondrial oxidative phosphorylation and
glycolysis, but the balance between these 2 pathways varies
greatly between sperm of different species. Human sperm
obtain an unusually high proportion of their ATP from gly-
colysis (Ford and Rees, 1990) and respond to changes in
energy demand by adjusting glycolytic flux rather than by
mitochondrial respiration (Rees et al, 1990). Nevertheless,
human sperm can remain motile in media lacking a glyco-
lysable sugar (Suter et al, 1979; Ford and Harrison, 1981),
although it is unclear whether such motility can be sustained
for prolonged periods of time, or is sufficiently vigorous to
achieve optimal fertilization.

The effect of glucose on capacitation also varies between
species. Glucose is required for successful fertilization by
epididymal mouse sperm (Hoppe, 1976; Fraser and Quinn,
1981; Urner and Sakkas, 1996a,b, 1999) but needs to be
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present for only a short period of time at the end of capac-
itation, and the requirement is restricted to the later stages
of fertilization. The specific steps for which it is necessary
may include hyperactivated motility (Fraser and Quinn,
1981; Urner and Sakkas, 1996a) and sperm-oocyte fusion
(Urner and Sakkas, 1996b), which is dependent upon the
provision of NADPH by glucose metabolism via the pentose
phosphate pathway (Urner and Sakkas, 1999). Glucose is
also required for fertilization in the rat (Niwa and Iritani,
1978) and hamster (Dravland and Meizel, 1981), and is ben-
eficial but not essential for the optimal in vitro capacitation
of Macaque sperm (VandeVoort and Overstreet, 1995). By
contrast, fertilization by guinea pig (Hyne and Edwards,
1985) and bovine sperm (Parrish et al, 1989) is inhibited by
the presence of glucose.

A number of studies have suggested that human sperm
may require glucose for optimal capacitation and fertiliza-
tion. Following an initial preincubation period of at least 6
hours, glucose significantly enhanced the ability of human
sperm to penetrate zona-free hamster oocytes, in comparison
with the glycolysable sugars, fructose or mannose, or with
the nonglycolysable sugar, galactose (Rogers and Perreault,
1990). By contrast, Hoshi et al (1982) reported that human
sperm could penetrate zona-free hamster eggs in the absence
of glucose but later observed that glucose was needed for
optimal penetration of the zona pellucida, and suggested that
glucose was required to support hyperactivated motility
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Figure 1. Effect of glucose concentration on the viable acrosome reaction rate in human sperm. Sperm were incubated overnight (18 hours) at 37�C
under 95% air/5% CO2 in BWW medium modified to contain glucose at various concentrations, and stimulated to acrosome react by further incubation
for 1 hour with 2 �mol A23187 L�1 or 2 �mol A23187 � 3.6 mmol pentoxifylline L�1 or a buffer blank (spontaneous). Columns show means � SEM,
n � 4. Significant differences (P � .05, one-way ANOVA with Scheffé post-hoc test) between glucose concentrations within each acrosome reaction
stimulation regime are indicated by absence of a shared superscript.

(Hoshi et al, 1991). Finally, human in vitro fertilization rates
were lower for sperm incubated in glucose-free media than
for those incubated in media containing either 0.50 or 5.56
mmol glucose L�1 (Mahadevan et al, 1997). A recent meta-
analysis has recommended that glucose should be included
in in vitro fertilization (IVF) media used for sperm culture
and fertilization but omitted for the culture of the early em-
bryo (Coates et al, 1999). However, it remains unclear
whether the beneficial effects of glucose derive from the
provision of extra metabolic energy from glycolysis or
whether capacitation requires some other product of glucose
metabolism. It has recently been proposed that glucose may
be needed to produce NADPH, to allow a putative NADPH
oxidase to generate superoxide, to promote protein tyrosine
phosphorylation as part of the regulatory systems that con-
trol capacitation (Aitken et al, 1997, 1998; de Lamirande et
al, 1997). Paradoxically, NADPH may also be required to
protect sperm against oxidative stress (Ford et al, 1997; Sto-
rey, 1997).

We examined the effect of glucose on the acrosome re-
action, hyperactivated motility, and the penetration of zona-
free hamster oocytes by human sperm and its effect on their
ATP concentration and motility in culture. Our aim was to

investigate the role of glucose in the optimal capacitation of
human sperm and to determine to what extent its effects can
be explained by the provision of ATP.

Materials and Methods

Sperm Preparation Procedure
Ejaculates were collected from donors whose semen exceeded
World Health Organization (1992) criteria for normal semen vari-
ables, and who had previously participated in the University of
Bristol’s donor insemination program. Sperm were purified by cen-
trifugation through 40%/80% discontinuous Percoll gradients (Ford
et al, 1992). The resultant pellet was washed twice (350 g, 10
minutes) in modified Biggers, Whitten, and Whittingham (BWW)
buffer (Aitken, 1983) containing 3 mg/mL bovine serum albumin
(Fraction V, Sigma Chemical Co, Poole, United Kingdom) but lack-
ing glucose. Sperm were then resuspended as appropriate for each
experiment.

Effects of Different Sugars on the Acrosome Reaction
Sperm prepared in sugar-free BWW were resuspended at a concen-
tration of 10 � 106/mL (motile concentration of approximately 8
� 106/mL) in BWW containing 0–100 mmol glucose L�1; 5.56
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Figure 2. Effect of various sugars on the spontaneous and A23187 � pentoxifylline-stimulated acrosome reaction rate in human sperm, following
incubation for 2 or 18 hours at 37�C under 95% air/5% CO2. Sperm were incubated in BWW containing 5.56 mmol glucose, fructose, mannose, or
galactose L�1, or no sugar. At the end of the incubation period, acrosome reactions were induced by a further 1-hour incubation with 2 �mol A23187
� 3.6 mmol pentoxifylline L�1 or with a buffer blank. Columns show means � SEM, n � 3. Significant differences (P � .05, one-way ANOVA with
Scheffé post-hoc test) between sugars are represented by the absence of a shared superscript.

mmol fructose, 5.56 mmol galactose, 5.56 mmol glucose, 5.56
mmol mannose L�1, or no sugar; or 5.56 mmol glucose, 5.56 mmol
2-deoxyglucose L�1, 5.56 mmol glucose � 5.56 mmol 2-deoxyglu-
cose L�1, or no added sugar, as appropriate for each experiment.
The samples were incubated for either 2 or 18 hours at 37�C under
95% air/5% CO2. Following the initial incubation sperm were stim-
ulated to acrosome react by a further 1 hour of incubation under
95% air/5% CO2 at 37�C by the addition of 2 �mol A23187 L�1,
2 �mol A23187 � 3.6 mmol pentoxifylline L�1, 3.18 �mol pro-
gesterone L�1, or a buffer blank, as appropriate. A23187 and pro-
gesterone were prepared immediately prior to use from stock so-
lutions in dimethyl sulfoxide (DMSO) that were stored at �20�C.

The proportion of viable acrosome-reacted sperm was measured by
the combined use of the hypo-osmotic swelling test (HOST; Jey-
endran et al, 1984) and the fluorescein isothiocyanate (FITC)-con-
jugated lectin agglutinin, Pisum sativum (PSA; Cross et al, 1986),
as recently described by Whittington and Ford (1998). This tech-
nique differentiates, successfully, between physiological and degen-
erative acrosome reactions.

Effect of Different Sugars on the Penetration of Zona-
Free Hamster Oocytes
Sperm were suspended at a concentration of 10 � 106/mL (ap-
proximately 8 � 106/mL motile) in BWW medium that contained
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5.56 mmol fructose, 5.56 mmol galactose, 5.56 mmol glucose, or
5.56 mmol mannose L�1; or in BWW that contained no added
sugar. All incubations were carried out at 37�C under 95% air/5%
CO2. Three different capacitation protocols were used: 1) incubation
in the appropriate buffer for 1 hour, 2) incubation in the appropriate
buffer containing 2 �mol A23187 � 3.6 mmol pentoxifylline L�1

for 1 hour, or 3) incubation of sperm in the appropriate buffer for
18 hours, followed by resuspension in fresh media. For capacitation
protocol 3, 2 tubes containing sperm in sugar-free medium were
prepared. After 18 hours, sperm in one of these tubes were resus-
pended in medium that contained 5.56 mmol glucose L�1. Sperm
in all the other tubes were resuspended in media containing the
same sugar as before. Incubation was continued for a further 3
hours. At the end of the incubation, sperm were washed twice and
resuspended in sugar-free BWW at a concentration of 10 � 106/
mL prior to the transfer of 100 �L of sperm to a plastic LP4 tube
(Luckham, Burgess Hill, West Sussex, United Kingdom). The ham-
ster oocyte penetration test (HOPT) was performed as described by
Ford et al (1991) with 8–12 eggs being added to each tube.

Effects of Different Sugars on Motility and ATP
Concentration in Sperm

Sperm were prepared in sugar-free BWW and resuspended at a
concentration of between 5 and 10 � 106/mL (approximately
4–8 � 106/mL motile). All incubations were carried out at 37�C
under 95% air/5% CO2. Two experimental protocols were used.
In the first, sperm were incubated for 18 hours with 5.56 mmol
fructose, 5.56 mmol galactose, 5.56 mmol glucose, or 5.56 mmol
mannose L�1; or in medium containing no added sugar. Dupli-
cate tubes were prepared containing no added sugar. After 18
hours, sperm in one of these were resuspended in fresh medium
containing 5.56 mmol glucose L�1, and at the same time, sperm
in all other tubes were resuspended in fresh medium containing
the same sugar as before. The sperm were then incubated for a
further 30 minutes. Samples for motility assessment and the
measurement of ATP and adenosine diphosphate (ADP) were
taken after the initial resuspension in sugar-free BWW approx-
imately 1 minute after the addition of sugar or buffer blank, after
1 and 18 hours incubation, and finally, 30 minutes after resus-
pension in fresh medium. In the second protocol, sperm were
incubated for 18 hours with 5.56 mmol glucose, 5.56 mmol 2-
deoxyglucose L�1, or with no added sugar. Two tubes with no
added sugar were set up as in protocol 1, and sperm in all tubes
were resuspended after 18 hours in the same way as before.
Sperm samples for motility assessment and the assay of ATP
and ADP concentrations were removed at the following stages:
after their initial resuspension in sugar-free BWW; 1 minute after
the addition of sugar or buffer blank; after 1, 3, and 18 hours of
incubation; and finally, 2 and 30 minutes after sperm resuspen-
sion in fresh medium. Sperm viability was monitored at each
time point using the HOST technique.

Motility was assessed at 37�C by computer-aided sperm anal-
ysis (CASA) using a Hamilton Thorne sperm motility analyzer
(version 7) as described previously (McLaughlin and Ford,
1992), except that measurements were made in 20-�m-deep
‘‘microcells’’ and the nonmotile head size was set at 8. We en-
deavored to analyze at least 200 motile sperm per sample, but
occasionally, this was impossible in samples taken after over-

night incubation particularly in the sugar-free medium or in the
presence of 2-deoxyglucose, and for this reason, values at these
times are interpreted with caution.

Hyperactivated sperm were identified using the ‘‘sort frac-
tion’’ facility of the Hamilton Thorne motility analyzer. The cri-
teria upon which this was based were those of Burkman (1991);
that is, linearity (LIN) �65%, curvilinear velocity (VCL) �100
�m/s, and amplitude of lateral head displacement (ALH) �7.5
�m.

To measure ATP and ADP, 200-�L samples of sperm sus-
pension were added to 100 �L of ice-cold 1 mol perchloric
acid L�1 and mixed thoroughly. Denatured protein was re-
moved by centrifugation and the supernatant was neutralized
to pH 7.0–7.5 using 2.3 mol K2CO3 � 0.7 mol 2-[N-Mor-
pholino]ethanesulphonic acid (MES) L�1. Constant mixing
avoided local alkalinization. Potassium perchlorate was re-
moved by centrifugation (10 000 � g, 30 seconds) and the
supernatant was stored at �20�C until analyzed. Both ATP
and ADP were analyzed luminometrically as described pre-
viously (Rees et al, 1990).

Statistical Analysis of Results
All analyses were conducted using personal computer-based
Statistical Packages for the Social Sciences software, release
8. Data were tested for normality with the Kolmogorov-Smir-
nov test. Normal data were analyzed using one-way and two-
way repeated measures analysis of variance (ANOVA) mod-
els, as appropriate. When significance was established (in the
absence of a significant time � sugar interaction), one-way
ANOVA models were used to examine the effect of individual
sugars on motility and adenine nucleotides. Post hoc testing
was carried out using the Scheffé test, with P � .05, to reveal
specific differences between sugars. Correlations between
sperm motility and ATP concentration or the ATP:ADP ratio
were made using Pearson’s product moment correlation. The
HOPT data could not be transformed to conform to a normal
distribution and were therefore analyzed using the nonpara-
metric Kruskal-Wallis ANOVA on ranks and Friedman’s test.
Despite these data being nonnormally distributed, they are
presented as means (� range) because the number of obser-
vations was considered too small for medians and interquar-
tile ranges to give a realistic impression of the data.

Results

Acrosome Reaction
First we determined the glucose concentration that sup-
ported the highest acrosome reaction rate following an
overnight incubation. Both spontaneous and ionophore-
stimulated rates were examined. The spontaneous ac-
rosome reaction rate (mean � SEM, n � 4) was low
but increased significantly, albeit slightly, from 5% �
0.4% in the absence of glucose to 8% � 0.6% in the
presence of 5.56 mmol glucose L�1 (Figure 1). The rate
then decreased at higher glucose concentrations. The
acrosome reaction rate induced by 2 �mol A23187 L�1
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Figure 3. Effect of 2-deoxyglucose on the spontaneous and stimulated acrosome reaction rate in human sperm, following incubation for 2 or 18 hours
at 37�C under 95% air/5% CO2. Sperm were incubated in BWW containing 5.56 mmol glucose, 2-deoxyglucose, or glucose � 2-deoxyglucose L�1,
or no sugar. At the end of the incubation period, acrosome reactions were stimulated by further incubation with 2 �mol A23187 � 3.6 mmol pentoxifylline
L�1, 3.18 �mol progesterone L�1, or with a buffer blank (spontaneous). Columns show means � SEM, n � 4. Significant differences (P � .05, one-
way ANOVA with Scheffé post-hoc test) between sugars are indicated by the absence of a shared superscript.

was much higher than the spontaneous rate. Using this
ionophore, there were no statistically significant effects
of glucose concentration, although once again, the rate
appeared maximal in the presence of 5.56 mmol glu-
cose L�1. Additional stimulation of the acrosome re-
action with 3.6 mmol pentoxifylline in addition to 2
�mol A23187 L�1 produced a further increase in the
number of acrosome reactions detected. The proportion
of sperm that exhibited viable acrosome reactions in-
creased significantly from 43% � 3.4% in the absence

of glucose to 60% � 3.1% in the presence of 5.56 mmol
glucose L�1, declining to 40% � 1.8% with 100 mmol
glucose L�1 (Figure 1). Glucose concentration had no
statistically significant effect on sperm viability or the
number of dead, acrosome-reacted sperm during the
overnight incubation.

Next we compared the number of spontaneous and
A23187 � pentoxifylline-stimulated acrosome reac-
tions occurring after incubation for 2 or 18 hours in the
presence of 5.56 mmol glucose L�1, with the numbers
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The effect of different sugars on the penetration of zona-free hamster oocytes by human sperm*

Oocytes penetrated (%)
Capacitation period (hours)

1 18 � 1

Decondensed sperm heads/oocyte
Capacitation period (hours)

1 18 � 1

Stimulation regime Stimulation regime

Sugar Spontaneous
A23187

� pentoxifylline Spontaneous Spontaneous
A23187

� pentoxifylline Spontaneous

Fructose
Galactose
Glucose
Mannose
No sugar
No sugar � glucose

at 18 h

10 (8–17)
8 (0–17)

12 (0–25)
5 (0–17)

10 (0–38)

—

80 (0–100)
75 (0–85)
91 (55–100)
65 (0–100)
60 (0–100)

—

25 (0–75)
25 (0–63)
50 (0–100)
18 (0–72)
15 (0–43)

20 (0–38)

0.14 (0.1–0.2)
0.12 (0–0.3)
0.13 (0–0.3)
0.08 (0–0.3)
0.12 (0–0.3)

—

4.5 (0–10)
3.7 (0–9)
5.6 (2–9)
3.9 (0–10)
3.5 (0–8)

—

0.38 (0–1.3)
0.41 (0–0.7)
0.80 (0–1.9)
0.45 (0–1.9)
0.48 (0–1.3)

0.47 (0–1.5)

* Sperm were resuspended in BWW medium containing the sugars indicated at a concentration of 5.56 mmol L�1 or in medium containing no added
sugar, and incubated for 1 hour. Acrosome reactions were spontaneous or were stimulated by the addition of 2 �mol A23187 � 3.6 mmol pentoxifylline
L�1 (A23187 � pentox) to the incubation medium. The penetration rate with spontaneous acrosome reactions was also measured in sperm that had
been incubated overnight (18 hours) in similar medium before they were washed, resuspended in fresh, but otherwise identical, medium and incubated
for a further 1 hour as above. Duplicate tubes containing no sugar were included in the overnight incubations, to which 5.56 mmol glucose L�1 was
added to just one for the final hour incubation. At the end of the incubations sperm were washed and resuspended in sugar-free medium and incubated
with 8–12 zona-free hamster oocytes for a further 3 hours. Data are means (range). n � 5 for 1 hour incubations and n � 11 for 18 hour incubations.

occurring after incubation with the same concentration
of other sugars. Under all conditions there were more
acrosome reactions after 18 hours than after 2, and
A23187 � pentoxifylline always produced a large in-
crease in acrosome reactions above the spontaneous
rate (Figure 2). After 18 hours all of the sugars sup-
ported a significantly higher spontaneous acrosome re-
action rate than in the absence of an added sugar but
there were no significant differences between the dif-
ferent sugars. After only 2 hours of incubation there
was no significant difference between the number of
spontaneous acrosome reactions occurring in the pres-
ence or absence of sugar, although fructose supported
significantly more acrosome reactions than mannose
did (Figure 2). After both 2 and 18 hours, the A23187
� pentoxifylline-stimulated acrosome reaction rate,
supported by each of the sugars, appeared to be higher
than in the absence of sugar, although at both time
points this difference was only statistically significant
in the case of glucose (Figure 2).

It is possible that the acrosome reaction could be sup-
ported by the metabolism of endogenous sugars and,
therefore, that the previous experiments may have
failed to reveal the full importance of glucose. For this
reason, we examined the effect of 5.56 mmol 2-deox-
yglucose L�1 (a nonglycolysable glucose derivative that
competitively inhibits both hexokinase and glucose 6-
phosphate dehydrogenase) on the ability of sperm to
acrosome react after capacitation for 2 or 18 hours, ei-
ther spontaneously or after stimulation by 2 �mol
A23187 � 3.6 mmol pentoxifylline L�1. These experi-
ments also provided an opportunity to examine the ef-
fect of glucose on the number of acrosome reactions

induced by a more physiological agonist, 3.18 �mol
progesterone L�1. After both 2 and 18 hours, 2-deox-
yglucose appeared to decrease the number of sponta-
neous and progesterone-stimulated acrosome reactions
below the rate observed with no added sugar, although
only the difference in the progesterone-stimulated rate
proved to be statistically significant. 2-Deoxyglucose
had no significant effect on the acrosome reaction rate
stimulated by 2 �mol A23187 � 3.6 mmol pentoxifyl-
line L�1. Glucose exerted similar effects to those seen
in the previous experiments and seemed to support
slightly higher spontaneous and A23187 � pentoxifyl-
line-stimulated acrosome reaction rates than were seen
in the absence of sugar, although this was statistically
significant only for the stimulated rate after 18 hours.
It also increased the number of acrosome reactions ob-
served after progesterone stimulation, although again,
statistically significantly only after an 18-hour incuba-
tion. The addition of 2-deoxyglucose together with glu-
cose did not change significantly the responses seen
with glucose alone (Figure 3).

Hamster Oocyte Penetration Test
The results of the HOPT varied greatly between sperm
from different individuals. However, incubating sperm
overnight consistently increased both the number of zona-
free hamster oocytes penetrated as well as the number of
decondensed sperm heads per egg in comparison with
sperm that had been incubated for just 1 hour. Much larg-
er increases were achieved by stimulating the acrosome
reaction with A23187 � pentoxifylline (Table). Compar-
ing the various sugars, glucose appeared to give the best
performance overall, particularly after an overnight in-
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Figure 4. The effect of different sugars on the ATP and ADP concentrations, and viability, of human sperm during incubation in BWW medium at 37�C
under 95% air/5% CO2. Sperm were prepared in sugar-free BWW and a sample (Initial) for nucleotide analysis and viability assessment was taken
immediately before the addition of 5.56 mmol fructose, galactose, or glucose L�1 or a buffer blank (No sugar). After 18 hours, the sperm were
resuspended in fresh medium and incubated for a further 30 minutes. Samples for analysis were taken at the times shown. Duplicate tubes containing
no sugar were prepared, to which 5.56 mmol glucose L�1 was added to just one tube after 18 hours. Sperm viability was assessed by HOST. Data
are means � SEM, n � 11. Significant differences between sugars at each time point (P � .05, one-way ANOVA with Scheffé post-hoc test) are
signified by the absence of a common superscript.

cubation. However, there was no consistent pattern in the
relative penetration rates supported by the different sugars
and no significant differences were detected between the
penetration rates supported by the individual sugars after

either capacitation time, whether spontaneous or after
stimulation with A23187 � pentoxifylline (Table).
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Figure 5. The effect of different sugars on the percentage of sperm motile (% Motile), VAP, and ALH during incubation in BWW medium at 37�C under
95% air/5% CO2. Sperm were prepared in sugar-free BWW and a sample (Initial) for CASA was taken immediately before the addition of 5.56 mmol
fructose, galactose, or glucose L�1 or a buffer blank (No sugar). After 18 hours the sperm were resuspended in fresh medium and incubated for a
further 30 minutes. Samples for CASA were taken at the times shown. Two tubes containing no sugar were prepared, one of which received 5.56
mmol glucose L�1 after 18 hours. Data are means � SEM, n � 11. Significant differences between sugars at each time point (P � .05, one-way
ANOVA with Scheffé post-hoc test) are signified by the absence of a common superscript.
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Adenine Nucleotide Concentration and Sperm Motility
The addition of either of the glycolysable sugars, glucose
or fructose, to human sperm suspended in sugar-free BWW
medium produced a rapid (�1 minute) increase in ATP
concentration and a decrease in ADP, whereas addition of
the nonglycolysable sugar, galactose, had no effect. What-
ever sugar was present, the nucleotide concentrations re-
mained stable for 1 hour, but after 18 hours the concentra-
tion of ATP had fallen dramatically, as too had the con-
centration of ADP, although to a much lesser extent. Sperm
incubated with glucose or fructose appeared to maintain
higher ATP and lower ADP concentrations than sperm in-
cubated without a glycolysable sugar, but this effect was
not statistically significant. Only slight changes occurred
after the sperm had been resuspended in fresh medium and
incubated for a further 30 minutes, but at this time the
higher ATP concentration in the presence of glucose or
fructose achieved statistical significance. The addition of
glucose, at 18 hours, to sperm previously incubated with-
out sugar increased their ATP concentration to a value sim-
ilar to that observed in sperm incubated continuously with
glucose (Figure 4).

The effects of the different sugars on motility (Figure
5) reflected their effects on ATP. The addition of a gly-
colysable sugar produced an immediate, albeit nonsignif-
icant, increase in the percentage of sperm that were motile
with significant improvements in path velocity (VAP), the
percentage of sperm rapidly motile (ie, with a VAP 	25
�m/s) and in progressive velocity (not shown) as well as
a smaller increase in lateral head displacement. Motility
was sustained for an hour but decreased dramatically after
incubation overnight. At this time, most motility param-
eters appeared somewhat higher in the presence of a gly-
colysable sugar but the effect was not statistically signif-
icant (Figure 5). Resuspending the sperm in fresh medium
had little effect on motility but the addition of glucose to
sperm previously incubated with no sugar appeared to
increase their motility to similar values to those incubated
in glucose all along (Figure 5).

Sperm viability remained largely unchanged through-
out the time course of the experiments, with no significant
differences seen between sperm incubated with any of the
sugars (Figure 4).

A second experiment was carried out to examine the
effect of 2-deoxyglucose on sperm motility and adenine
nucleotides. Extra time points were included to study ATP
and ADP concentrations and motility 3 hours after the
start of the experiment and immediately (�2 minutes) af-
ter resuspension following an overnight incubation (Fig-
ures 6 and 7). Glucose produced a rapid increase in ATP
concentration together with an accompanying decrease in
ADP. These adenine nucleotide concentrations were main-
tained at a stable level for a further 3 hours. However,

following an overnight incubation the concentration of
ATP fell, although to a lesser extent than was observed
in the absence of added sugar. The addition of glucose to
sperm previously incubated overnight without sugar in-
creased the ATP concentration. In the absence of sugar
ATP decreased in the first hour, whereas ADP increased
very slightly, with both observations becoming more
marked after 3 hours. The concentration of both ATP and
ADP decreased to very low values after the sperm had
been incubated overnight. In the presence of 2-deoxyglu-
cose the worsening of the sperms’ energy status was
markedly accelerated, with the ATP concentration reach-
ing a very low value after just 3 hours (Figure 6).

Consistent with its effect upon the energy status of sperm,
glucose maintained a high level of motility for 3 hours and
although all the motility parameters decreased after an over-
night incubation they remained higher than those observed
in the absence of sugar. In the absence of sugar the per-
centage of sperm that were motile or swimming rapidly be-
gan to decline during the first hour, had decreased further
by 3 hours, and by 18 hours had reached very low levels.
By contrast, VAP and ALH changed relatively little during
the first 3 hours of incubation, but had declined markedly
after 18 hours. In the presence of 2-deoxyglucose, motility
declined steeply after the first hour, with only 14% of sperm
remaining motile after 3 hours and very few motile follow-
ing an overnight incubation (Figure 7).

As was the case in the first experiment, viability remained
unaffected by time, or by the type of sugar present during
the incubation (Figure 6).

Hyperactivated motility was also monitored during these
experiments and the results are illustrated in Figure 8. In the
presence of glucose or fructose approximately 8% of sperm
exhibited hyperactivated motility 10 minutes to 3 hours after
the addition of the sugar, but this proportion fell to �2%
after 18 hours (not shown). In the presence of galactose or
with no sugar, the mean proportion of sperm hyperactivated
never exceeded 2%, and no hyperactivated sperm were de-
tected after 18 hours (Figure 8a). In the second series of
experiments the proportion of sperm that were hyperacti-
vated in the presence of glucose was slightly higher than in
the first (
12% vs 
8%, respectively). Once again this
prevalence of hyperactivation was maintained for only the
first 3 hours; by 18 hours �2% of sperm were hyperacti-
vated (not shown). Very few sperm (�3%) incubated in
either 2-deoxyglucose or no sugar exhibited hyperactivation
(Figure 8b).

Discussion

Glucose, or another glycolysable sugar, was required to
sustain an optimal ATP concentration in human sperm
and to support optimum motility, even when sperm were
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Figure 6. The effect of 2-deoxyglucose on the ATP and ADP concentration, and viability, of human sperm during incubation in BWW medium at 37�C
under 95% air/5% CO2. Sperm were prepared in sugar-free BWW and a sample (Initial) for nucleotide analysis and viability assessment was taken
immediately before the addition of 5.56 mmol 2-deoxyglucose, or glucose L�1, or a buffer blank (No sugar). After 18 hours, the sperm were resuspended
in fresh medium and incubated for a further 30 minutes. Samples for analysis were taken at the times shown. Two tubes containing no sugar were
prepared, to which 5.56 mmol glucose L�1 was added to just one tube after 18 hours. Sperm viability was assessed by HOST. Data are means �
SEM, n � 4. Significant differences between sugars at each time point (P � .05, one-way ANOVA with Scheffé post-hoc test) are signified by the
absence of a common superscript.
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Figure 7. The effect of 2-deoxyglucose on the percentage of sperm motile (% Motile), VAP, and ALH during incubation in BWW medium at 37�C under
95% air/5% CO2. Sperm were prepared in sugar-free BWW and a sample (Initial) for CASA was taken immediately before the addition of 5.56 mmol
2-deoxyglucose, or glucose L�1, or a buffer blank (No sugar). After 18 hours the sperm were resuspended in fresh medium and incubated for a further
30 minutes. Samples for CASA were taken at the times shown. Two tubes containing no sugar were prepared, one of which received 5.56 mmol
glucose L�1 after 18 hours. Data are means � SEM, n � 4. Significant differences between sugars at each time point (P � .05, one-way ANOVA
with Scheffé post-hoc test) are signified by the absence of a common superscript.

supplied with adequate lactate and pyruvate to support
mitochondrial respiration. By contrast, the ability of the
sperm to acrosome react or to penetrate zona-free hamster
oocytes was affected only slightly by the presence of glu-
cose, if at all. Glucose was required to support significant

levels of hyperactivated motility, but could be substituted
by fructose, and the extent of hyperactivation did not in-
crease with time as might have been expected had the
degree of capacitation increased during the incubation.
These data emphasize the importance of glycolysis for
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Figure 8. Effect of (a) various sugars or (b) 2-deoxyglucose on the percentage of human sperm exhibiting hyperactivated motility during incubation in
BWW medium at 37�C under 95% air/5% CO2. Sperm were prepared in sugar-free BWW, and 5.56 mmol glucose, fructose, galactose, or 2-deoxy-
glucose L�1 or a buffer blank was added at time zero. Samples for CASA were taken at the times indicated and hyperactivation was defined according
to the method of Burkman (1991). Columns show means � SEM, n � 11 (a) or n � 4 (b). Significant differences (P � .05, one-way ANOVA with
Scheffé post-hoc test) between sugars are indicated by the absence of a shared superscript.

energy production in human sperm (Ford and Rees, 1990)
but cast doubt on glucose having any significant role in
supporting human sperm capacitation, aside from the pro-
vision of ATP. If such a role exists, it must be a subtle
one or one that can easily be substituted by other mech-
anisms.

Effect of Glucose on ATP Concentration and Motility
As discussed above, in comparison to sperm from other
species, human sperm obtain an unusually high propor-
tion of their energy from the glycolysis of glucose to lac-
tate, and the effect of glucose or fructose on motility can
be explained by their effect on ATP concentration. Ac-
cordingly, there is a highly significant correlation between

the percentage of sperm that were motile (r � .84, P �
.001) or path velocity (VAP; r � .65 P � .001) and their
ATP concentration (Figure 9a and b). Sperm in these ex-
periments sustained vigorous motility for 3 hours but mo-
tility declined markedly after incubation overnight. The
stress of prolonged incubation was accompanied by a de-
crease in the concentration of both ATP and ADP. Be-
cause sperm viability remained high throughout the ex-
periments this was not due to leakage of adenine nucle-
otides from dead and dying cells. The loss of ATP and
ADP is likely due to the conversion of ADP to ATP and
adenosine monophosphate (AMP) by adenylate kinase to
maintain the reaction, ATP ↔ ADP � Pi, away from
equilibrium and the subsequent removal of AMP by de-
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Figure 9. The relationship between ATP concentration in sperm incubated for 0–3 or 	18 hours in the presence of 5.56 mmol glucose, fructose,
galactose, or 2-deoxyglucose L�1 or no added sugar, and (a) the percentage motile, and (b) their mean VAP.

amination or dephosphorylation to allow the process to
continue (Chulavatnatol and Harsungcharern, 1977). In
these circumstances, given that we were unable to mea-
sure Pi or AMP, the ATP:ADP ratio is possibly the best
available index of the cell’s energy status. There was a
quantitatively different relationship between the ATP:
ADP ratio and motility after short- and long-term incu-
bations. At both times, there was a hyperbolic relationship

between ATP:ADP and motility. However, for a given
ATP:ADP ratio the percentage of sperm motile or their
mean path velocity was considerably less after an over-
night incubation (Figure 10a and b). This could be a con-
sequence of the decreased concentration of adenine nu-
cleotides, but alternatively, it might reflect changes in pro-
tein phosphorylation within the axoneme. The latter prop-
osition would be consistent with the view that motility is
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Figure 10. The relationship between the ATP:ADP ratio in sperm incubated for 0–3 or 	18 hours in the presence of 5.56 mmol glucose, fructose,
galactose, or 2-deoxyglucose L�1 or no added sugar, and (a) the percentage motile, and (b) their mean VAP.

not limited by the availability of metabolic energy unless
ATP synthesis is constrained by a lack of substrate or the
presence of a metabolic inhibitor (Ford and Rees, 1990).
Depriving sperm of a glycolysable sugar did not perma-
nently damage the energy status of the sperm because the
subsequent addition of glucose after 18 hours restored
ATP and motility to values similar to those expected had
glucose been present all along.

2-Deoxyglucose had an extremely adverse effect on the

energy status of sperm. This is probably due to 2 factors.
First, the consumption of ATP during the phosphorylation
of 2-deoxyglucose to 2-deoxyglucose 6-phosphate; and
second, the sequestration of the sperm’s limited pool of
inorganic phosphate, thus limiting the amount of phos-
phate available to rephosphorylate ADP or AMP. Consis-
tent with its effect on ATP concentration, 2-deoxyglucose
substantially decreased the motility of human sperm after
just 3 hours. In view of its marked effect on the energy
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status of sperm, 2-deoxyglucose is not a suitable inhibitor
with which to investigate the role of other products of
glucose metabolism in capacitation, such as NADPH (Ait-
ken et al, 1998).

Effects of Glucose on Capacitation
Our data demonstrate that there is no absolute require-
ment for glucose for human sperm to acrosome react or
to fuse with zona-free hamster oocytes. A similar conclu-
sion was reached by Hoshi et al (1982) who also found
that human sperm incubated in glucose-free medium
could penetrate zona-free hamster oocytes. The slight en-
hancement by glucose of the acrosome reaction rate and
penetration of zona-free hamster oocytes, observed by us,
often lacked statistical significance. By contrast, Rogers
and Perreault (1990) reported much higher penetration
rates in the presence of glucose and found that glucose
could only be partially substituted by mannose or fruc-
tose. It is, however, important to note that these authors
performed both the fertilization and capacitation incuba-
tions in the presence of sugars, whereas the fertilization
stage, in our experiments, was conducted in the same
common sugar-free medium, whatever sugar was present
during capacitation. If glucose or other sugars are present
during the fertilization step it is possible that they may
affect the eggs rather than the sperm or, alternatively, that
enhanced sperm motility in the presence of sugars may
promote a higher penetration rate through a higher colli-
sion frequency. A second difference from our data is that
Rogers and Perreault (1990) observed that glucose sup-
ported better progressive motility than fructose, whereas
we found both sugars to be equally effective. Rogers and
Perreault assessed motility subjectively and were unable
to relate their observations to the adenine nucleotide con-
centrations in the sperm.

Glucose increases the number of sperm that bind to the
egg and the proportion of eggs fertilized in human in vitro
fertilization (Hoshi et al, 1991; Mahadevan et al, 1997)
but we are not aware of any attempts to compare it with
other sugars in this system. The effect of glucose on IVF
was ascribed to the sperm having more vigorous motility
and to a greater proportion of the sperm exhibiting hy-
peractivated motility. This is consistent with our obser-
vation that hyperactivated motility was the only capaci-
tation-related phenomenon that clearly depended on the
presence of a glycolysable sugar. Our data are consistent
with a requirement for glycolytic ATP production to sup-
ply sufficient metabolic energy to support the very vig-
orous motility needed to achieve the high VCL and ALH
inherent to hyperactivation. It was surprising that the pro-
portion of hyperactivated sperm failed to increase over
time as more capacitated. We think this is unlikely to be
due to our definition of hyperactivation because although
the Burkman (1991) criteria gave a lower estimate of per-

centage activation than some other definitions, the results
were significantly correlated (Sukcharoen et al, 1995).

Sperm were able to acrosome react and fuse with zona-
free hamster oocytes after an overnight incubation or in
the presence of 2-deoxyglucose, despite a significant de-
cline in their ATP concentration. It is unlikely that a sig-
nificant number of the acrosome reactions were degen-
erative because the viability of the sperm was confirmed
using the HOST test. Although many sperm became im-
motile, few died. This implies that the acrosome reaction
and subsequent fusion with the zona-free oocyte require
very little metabolic energy, or that a separate pool of
ATP exists in the acrosome or elsewhere in the sperm
head, to support it.

The small beneficial effect of glucose on the acrosome
reaction may simply be due to the increased production
of ATP through glycolysis. As well as supporting more
vigorous motility this can have more subtle effects. The
addition of glucose or fructose but, interestingly, not 2-
deoxyglucose, to human sperm suspended in sugar-free
medium caused the transient hyperpolarization of the
plasma membrane, as a result of the augmented ATP
available to the Na�, K�-ATPase (Guzmán-Grenfell et al,
2000). It has been proposed that hyperpolarization is a
key element in capacitation (Florman et al, 1998), and
that enhancement of it could explain the small stimulatory
effects of the glycolysable sugars on the acrosome reac-
tion. It is also possible that the higher ATP concentrations
found in the presence of glucose might favor protein
phosphorylation. Capacitation is characterized by the ty-
rosine phosphorylation of key proteins subsequent to an
activation of protein kinase A (Visconti and Kopf, 1998).
Although the ATP turnover involved in protein phos-
phorylation is trivial compared with the amounts used to
support motility, it is possible that a restricted supply of
ATP could retard it. Alternatively, there could be some
regulatory feedback from the energy status of the sperm
to the protein kinase/phosphatase system.

To conclude, these data demonstrate that the presence
of glucose, or another glycolysable sugar, enhances ATP
production and motility in human sperm. This is adequate
to explain why a glycolysable sugar was required for sub-
stantial numbers of sperm to exhibit hyperactivated mo-
tility. We found no evidence of an essential requirement
for any other product of glucose metabolism, such as
NADPH, to support capacitation or the acrosome reac-
tion.
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