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Insulin and leptin enhance human sperm motility, acrosome
reaction and nitric oxide production
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Abstract

Aim: To investigate the in vitro effects of insulin and leptin on human sperm motility, viability, acrosome reaction and
nitric oxide (NO) production. Methods: Washed human spermatozoa from normozoospermic donors were treated
with insulin (10 pIU) and leptin (10 nmol). Insulin and leptin effects were blocked by inhibition of their intracellular
effector, phosphotidylinositol 3-kinase (PI3K), by wortmannin (10 pmol) 30 min prior to insulin and leptin being
given. Computer-assisted semen analysis was used to assess motility after 1, 2 and 3 h of incubation. Viability was
assessed by fluorescence-activated cell sorting using propidium iodide as a fluorescent probe. Acrosome-reacted
cells were observed under a fluorescent microscope using fluorescein-isothiocyanate—Pisum sativum agglutinin as a
probe. NO was measured after treating the sperm with 4,5-diaminofluorescein-2/diacetate (DAF-2/DA) and analyzed
by fluorescence-activated cell sorting. Results: Insulin and leptin significantly increased total motility, progressive
motility and acrosome reaction, as well as NO production. Conclusion: This study showed the in vitro beneficial
effects of insulin and Ieptin on human sperm function. These hormones could play a role in enhancing the fertilization
capacity of human spermatozoa. (Asian J Androl 2008 Sep; 10: 799-807)
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1 Introduction fulfils many other functions, such as the regulation of
neuroendocrine systems, hematopoieses, angiogenesis,

The discovery that human ejaculated spermatozoa puberty and reproduction [5-8]. Studies have shown
secrete insulin [1] and leptin [2] has opened a new field the presence of leptin receptors on human spermatozoa
of study in reproductive biology. Leptin, a hormone se- as well as soluble leptin receptors in seminal plasma [9].
creted mainly by adipose tissue [3] is known as a regula- Insulin is mainly produced by the B cells of the pan-
tor of food intake and energy expenditure [4]. It also creas and is important for the promotion of growth,
differentiation, and metabolism in somatic cells [10]. It

has also been shown to play a role in the regulation of
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In other cell types, leptin and insulin play a central
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Insulin and leptin effects on sperm function

Similarly, in uncapacitated sperm, both insulin and leptin
increased PI3K activity as well as AktS473 and GSK-
3S9 phosphorylation [1, 2], thereby possibly modulating
the availability of the spermatozoa’s energetic substrates
during capacitation. However, the significance of these
hormones in male fertility is not properly elucidated.

Recent studies have confirmed the role of nitric oxide
(NO) in modulating sexual and reproductive function
[13]. The production of NO is catalysed by a family of
NO synthase (NOS) enzymes [14]. NOS is responsible
for the conversion of L-arginine to NO and L-citrulline
[15] and has been shown to be expressed in spermato-
zoa [16]. The ability of human spermatozoa to synthe-
size NO has been shown indirectly by measuring nitrite
accumulation [16], as well as L-[*H]citrulline generation
[17] or directly by means of an isolated NO meter with
sensor [18] and flow cytometry [19].

The aim of this study was to investigate the in vitro
effects of leptin and insulin on human sperm motility,
viability, acrosome reaction, and NO production.

2 Materials and methods

2.1 Chemicals

Wortmannin, Ham’s F10, leptin, N-nitro-L-arginine
methyl ester (L-NAME), propidium iodide (PI), fluorescein
isothiocyanate—Pisum sativum agglutinin, and progesterone
were obtained from Sigma Chemical (St. Louis, MO, USA).
Human insulin was purchased from Lilly France
(Fegersheim, France). 4,5-Diaminofluorescein-2/diacetate
(DAF-2/DA) was from Calbiochem (San Diego, CA, USA).

2.2 Preparation of sperm samples

The 25 donors recruited in this study provided in-
formed consent for a research protocol approved by the
University of Stellenbosch Ethics Committee (Tygerberg,
South Africa). Fresh semen samples were obtained by
masturbation from healthy volunteers after a minimum
of 2 days of sexual abstinence according to World Health
Organization guidelines [20]. Samples were left to liquefy
for 30 min before processing. Motile sperm fractions
were retrieved from the samples using a double wash
(400 x g, 5 min) swim-up technique in Hams medium
containing 3% bovine serum albumin (37°C, 5% CO»).
After 1 h, the supernatant containing motile sperm was
collected and divided into aliquots (5 x 10%mL).

2.3 Experimental procedure

-800-

Insulin and leptin effects were blocked by inhibition
of their intracellular effector, PI3K, by wortmannin
(10 pmol) given 30 min prior to the addition of 10 uIU
insulin and 10 nmol leptin to the samples according to
the concentrations described by Aquila ef al. [1, 2].

2.4 Motility parameters

Motility was measured by means of computer-assisted
semen analysis using an Ivos motility analyzer (Hamilton
Thorne Biosciences, Beverley, MA, USA) after 1 h, 2 h
and 3 h of incubation (37°C, 5% CO,).

2.5 Cell viability

Sperm cells that had received different treatments
were incubated (37°C, 5% CO,, 120 min) and subse-
quently loaded with propidium iodide (PI) (1 pmol,
15 min). Living cells with an intact cell membrane and
active metabolism will exclude PI, whereas cells with
damaged membranes or impaired metabolism allow PI
to enter the cell and stain the DNA. PI fluorescence was
analyzed by fluorescence-activated cell sorting (FACS).

2.6 Acrosome reaction

Spermatozoa that received different treatments were
left to capacitate for 3 h, after which they were induced
to undergo the acrosome reaction by means of a physi-
ological trigger, progesterone (1 ug/mL, 30 min), or left
to undergo the spontaneous acrosome reaction (30 min).

The extent of the acrosome reaction was assessed by
placing samples on spotted slides and leaving them to air
dry, then fixing them in cold ethanol [20]. Fluorescein
isothiocyanate—Pisum sativum agglutinin (125 pg/mL)
was layered on the slides and they were incubated for
30 min in a dark humid atmosphere. Slides were subse-
quently rinsed with distilled water in order to eliminate
excess probe, then observed under a fluorescence
microscope. At least 200 cells were evaluated per spot.

2.7 NO production

NO production was measured as previously described
[19]. Briefly, samples that had received different treat-
ments were loaded with DAF-2/DA (10 pmol/L) and in-
cubated (120 min, 37°C) in the dark. Some of the
samples were loaded with the NOS inhibitor, L-NAME
(0.7 mmol), 30 min prior to DAF-2/DA loading. Care
was taken to prevent exposure to light throughout the
rest of the experiment as the probe is light-sensitive. After
incubation with DAF-2/DA the cells were analyzed by
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FACS.

2.8 Flow cytometry

A FACSCalibur analyzer (Becton Dickinson, San
Jose, CA, USA) was used to quantify fluorescence
(excitation wavelength 488 nm and emission wavelength
530 nm) at a single-cell level and data were analyzed
using CellQuest version 3.3 (Becton Dickinson) software.
The mean fluorescence intensity of the analyzed sperm
cells was determined after gating the cell population by
forward and side scatter signals. In total, 100 000 events
were acquired, but non-sperm particles and debris were
excluded by prior gating, thereby limiting undesired ef-
fects on overall fluorescence. The final gated popula-
tions usually consisted of 15 000-20 000 sperm cells.

2.9 Statistical analysis

The results were analyzed on the Prism 4 statistical
program (GraphPad, San Diego, CA, USA). All data are
expressed as mean £ SEM. Data were tested for nor-
mality with the Kolmogorov—Smirnov test. One-way
ANOVA (with Bonferroni post hoc test if P < 0.05) was
used for statistical analysis. DAF-2/DA fluorescence data
are expressed as mean fluorescence (percentage of
control, control adjusted to 100%). Differences were
regarded statistically significant if P < 0.05.

3 Results

3.1 Motility

Total sperm motility, progressive motility, curvilin-
ear velocity (VCL), and amplitude of lateral head dis-
placement (ALH) were assessed after 1, 2 and 3 h of
incubation (Figures 14, respectively). Leptin as well as
insulin + leptin significantly increased total motility com-
pared to the control (75.30 £0.57% and 76.10 £ 2.53%
vs. 64.80 + 2.74%, respectively; P < 0.05) after 1 h of
incubation. Similarly, progressive motility was signifi-
cantly increased in the leptin and insulin + leptin groups
compared to the control (51.60 + 1.98% and 52.30 + 3.08%
vs. 42.30 + 2.84%, respectively; P < 0.05). The increase
in total motility and progressive motility in the insulin
only treated group did not reach significant levels when
compared to the control after 1 h of incubation. VCL
was significantly increased in the leptin and leptin + insulin
groups compared to the control (93.15 = 2.26 pum/s and
97.40 + 1.88 pm/s vs. 78.51 + 3.48 pumy/s, respectively;
P <0.05), whereas ALH was significantly increased in
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Figure 1. Effects of insulin and leptin on human sperm total motility
after 1 (A), 2 (B) and 3 h (C) of incubation. Washed sperm samples were
treated with insulin, leptin, insulin + leptin (Ins/Lep), insulin + leptin +
wortmannin (Ins/Lep/Wort), or wortmannin (Wort). Values are
mean + SEM of 10 replicates. *P < 0.05 vs. control.
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Figure 2. Effects of insulin and leptin on human sperm progressive
motility after 1 (A), 2 (B) and 3 h (C) of incubation. Washed sperm
samples were treated with insulin, leptin, insulin + leptin (Ins/Lep),
insulin + leptin + wortmannin (Ins/Lep/Wort), or wortmannin
(Wort). Values are mean = SEM of 10 replicates. *P < 0.05 vs.
control.
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Figure 3. Effects of insulin and leptin on human sperm curvilinear
velocity (VCL) after 1 (A), 2 (B) and 3 h (C) of incubation. Washed
sperm samples were treated with insulin, leptin, insulin + leptin
(Ins/Lep), insulin + leptin + wortmannin (Ins/Lep/Wort), or
wortmannin (Wort). Values are mean = SEM of 10 replicates. *P
< 0.05 vs. control.
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Figure 4. Effects of insulin and leptin on human sperm amplitude
of lateral head displacement (ALH) after 1 (A), 2 (B) and 3 h (C) of
incubation. Washed sperm samples were treated with insulin, leptin,
insulin + leptin (Ins/Lep), insulin + leptin + wortmannin (Ins/Lep/
Wort), or wortmannin (Wort). Values are mean + SEM of 10
replicates. *P < 0.05 vs. control.
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the insulin + leptin group when compared to the control
after 1 h of incubation (3.89 + 0.11 umvs. 3.36 £ 0.13 um;
P <0.05).

After 2 h of incubation, sperm cells incubated with
insulin, leptin, or insulin + leptin had significantly increased
total motility compared to the control (69.00 + 2.22%,
72.20 £ 2.02%, and 73.80 + 2.81% vs. 54.30 £ 2.43%,
respectively; P < 0.05). Similar results were observed
with progressive motility. Insulin, leptin, and insulin +
leptin groups significantly increased progressive motility
compared to the control (47.30 &+ 3.81%, 53.20 + 3.00%,
and 54.80 + 3.13% vs. 32.90 + 3.83%, respectively;
P <0.05). The main characteristics of hyperactivation
(VCL and ALH) were also significantly increased after
2 h of incubation. VCL was significantly increased in
the insulin, leptin, and insulin + leptin groups compared
to the control (99.78 =2.07 um/s, 105.2 + 1.87 um/s, and
106.6 = 1.59 pm/s vs. 84.97 + 5.39 pumy/s, respectively;
P <0.05). However, ALH was significantly increased in
the leptin and insulin + leptin groups when compared to
the control (5.20 £ 0.24 pm and 5.40 = 0.26 pm vs.
4.23 £0.13 pm, respectively; P < 0.05).

A similar trend of events was observed after 3 h of
incubation. The insulin, leptin, and insulin + leptin
groups had significantly increased total motility, progres-
sive motility, and VCL, as well as ALH, when compared
to the control.

At all time points the addition of wortmannin did not
affect motility, however, it was able to attenuate the ef-
fects of insulin/leptin on motility, progressive motility,
VCL, and ALH when used as a cotreatment.

3.2 Sperm cell viability

We observed a trend of decreased PI fluorescence,
interpreted as an increase in viability, for cells treated
with insulin, leptin, and insulin + leptin, but it did not
attain statistical significance (Figure 5).

3.3 Acrosome reaction

Progesterone-stimulated samples had significantly
more acrosome-reacted cells compared to spontaneous
acrosome-reacted cells in all the groups (Figure 6). The
addition of insulin, leptin, and insulin + leptin signifi-
cantly increased spontaneous acrosome-reacted cells com-
pared to the control (35.33 +1.73%, 36.56 + 1.93%, and
41.78 £ 1.31% vs. 14.56 £ 0.64%, respectively; P < 0.05).
Similarly, insulin, leptin, and insulin + leptin significantly
increased acrosome reaction in cells stimulated with proges-
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Figure 5. Effects of insulin and leptin on propidium iodide (PI)
fluorescence. PI was used as a probe for non-viable cells.
Spermatozoa were treated with insulin, leptin, insulin + leptin (Ins/
Lep), insulin + leptin + wortmannin (Ins/Lep/Wort), or wortmannin
(Wort). Data is expressed as the percentage of PI fluorescence.
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Figure 6. Effects of insulin and leptin on sperm acrosome reaction.
Spermatozoa were treated with insulin, leptin, insulin + leptin (Ins/
Lep), insulin + leptin + wortmannin (Ins/Lep/Wort), or wortmannin
(Wort). Cells were simulated to acrosome react with progesterone
or left to undergo spontaneous acrosome reaction. *P < 0.05 vs.
spontaneous control; °P < 0.05 vs. spontaneous; °P < 0.05 vs.
progesterone control.

terone when compared to the control (42.11 £ 2.05%,
42.89 +1.26%, and 49.11 +1.18% vs. 20.00 + 1.35%,
respectively; P < 0.05). The inhibition of PI3K with
wortmannin did not affect the percentage of acrosome-
reacted cells compared to the control in either spontane-
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Figure 7. Effects of insulin and leptin on 4,5-diaminofluorescein-2/
diacetate (DAF-2/DA) fluorescence. Spermatozoa were treated with
N-nitro-L-arginine methyl ester (L-NAME), wortmannin, insulin,
leptin, insulin + leptin (Ins/Lep), insulin + leptin + L-NAME (Ins/
Lep/L-N), insulin + leptin + wortmannin (Ins/Lep/Wort). Values
are expressed as mean DAF-2/DA fluorescence percentage of the
control (control adjusted to 100%) of 10 replicates. *P < 0.05 vs.
control.

ous or progesterone-stimulated groups. Wortmannin,
however, attenuated the stimulatory effects of insulin/
leptin on acrosome reaction when used as a cotreatment.

3.4 NO generation

Figure 7 shows the effects of insulin and leptin on
DAF-2/DA fluorescence. The NOS inhibitor, L-NAME,
significantly reduced DAF-2/DA fluorescence compared
to the control (81.01 £ 1.48% vs. 100%; P < 0.05).
Wortmannin, a PI3K inhibitor, also significantly reduced
DAF-2/DA fluorescence compared to the control (91.58 +
2.35% vs. 100%; P < 0.05). Insulin, leptin, and
insulin + Ieptin groups significantly increased DAF-2/DA
fluorescence compared to the control (113.10 &+ 1.25%,
115.30 £ 3.24%, and 120.80 £2.70% vs. 100%,
respectively; P < 0.05). The addition of insulin + leptin
to the L-NAME and wortmannin treated groups did not
reverse the situation.

4 Discussion

The existence of insulin and leptin in human ejacu-
lated spermatozoa was shown through their transcripts
evaluated by reverse transcription—polymerase chain
reaction, their protein content evidenced by Western blot
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analysis and through their localization by immunostaining
analysis [1, 2]. The significance of leptin in influencing
reproduction was evidenced by leptin-deficient female
mice (ob mice) that are infertile [21]. However, treat-
ment with leptin restores fertility in ob male mice, sug-
gesting its role in reproduction [22]. The role of leptin in
human spermatozoa function is not clearly elucidated.
Most studies have indicated both positive and negative ef-
fects of leptin in gonadal function [23, 24]. Glander et al.
[25] reported that seminal plasma leptin levels were sig-
nificantly lower in patients with normal spermiogram
parameters, compared with pathological semen samples,
and showed a negative correlation with motility of hu-
man spermatozoa, suggesting that higher leptin concen-
tration has negative effects on sperm function. However,
Zorn et al. [26] found no correlation between leptin levels
and sperm motility or morphology.

The importance of insulin in spermatozoa physiol-
ogy is indicated by men affected by diabetes mellitus type
1 who have sperm with severe structural defects, signifi-
cantly lower motility [27] and lower ability to penetrate
hamster eggs [28]. Our data has shown that insulin and
leptin might play a role in enhancing human sperm mo-
tility parameters, as evidenced by increased total and pro-
gressive motility as well as the sperm hyperactivation
characteristics, VCL and ALH (Figures 1-4).

Insulin and leptin secretion was reported to be sig-
nificantly increased in capacitated sperm than in non-ca-
pacitated sperm, suggesting the involvement of these
hormones in capacitation. Capacitated sperm released
up to approximately 18 plIU insulin and 4 ng/mL leptin
[1, 2]. Lackey et al. [29] reported leptin concentration
levels of approximately 1 ng/mL in human seminal
plasma, whereas in female follicular fluid, leptin levels
of approximately 16 ng/mL have been reported [30].

Studies have shown that capacitated sperm display
an increase in metabolic rate, overall energy expenditure,
intracellular ion concentrations, plasma membrane
fluidity, intracellular pH, and reactive oxygen species,
presumably to affect the changes in sperm signaling and
function during capacitation [31, 32]. Sperm capacita-
tion is a prerequisite step for sperm to undergo the
acrosome reaction [33, 34]. This possibly explains why
insulin and leptin increased the percentage of spontane-
ous and progesterone acrosome-reacted cells in our study.
It is not clear whether this increase is due to the ago-
nists’ effect on capacitation or acrosome reaction itself.
Further studies are recommended. However, the block-
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age of PI3K with wortmannin had no effect on the
acrosome reaction status of the cells when compared to
the control. This finding is consistent with results ob-
served by Fisher et al. [35], in which wortmannin was
found not to inhibit the acrosome reaction induced by
A23187 or progesterone, as well as by du Plessis ef al.
[36], where LY294002, another PI3K inhibitor, also did
not inhibit the acrosome reaction induced by A23187,
progesterone, and solubilized zona pellucida. We specu-
late that the cellular pathways involved in the acrosome
reaction induced by this agonist do not involve PI3K, or,
alternatively, that the need for PI3K in the pathway is
somehow by-passed. It has been reported that the sig-
naling of insulin is a complex process that involves mul-
tiple signaling pathways that diverge at or near the acti-
vation of its tyrosine kinase receptor [37].

Studies have reported that insulin and leptin enhance
NO production in other cell types [38, 39]. Our study
has, for the first time, shown that both insulin and leptin
enhance NO production in human spermatozoa and that
this increase is possibly through the PI3K signaling
pathway, as evidenced by reduction of NO production
when the PI3K inhibitor, wortmannin, was given.
However, it is still too early to make significant conclu-
sions about the mechanism of action of insulin and leptin
on NO production, as wortmannin has also been shown
to inhibit phosphotidylinositol 4-kinase [40]. The attenua-
tion of NO production when the NOS inhibitor, L-NAME,
was given confirms that the NO was derived from NOS
(Figure 7).

In conclusion, our study has shown that insulin and
leptin might play a role in enhancing the fertilization ca-
pacity of human spermatozoa by increasing motility,
acrosome reaction, and NO production.
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