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SUMMARY
AMP-activated kinase (AMPK) plays a key function in maintaining cellular energy homeostasis. We recently identified and local-

ized AMPK protein in human spermatozoa and showed that inhibition of AMPK activity significantly modified human sperm motil-

ity. Recently, AMPK has gained great relevance as prime target for pharmacological approaches in several energy-related pathologies

and therefore pharmacological research is aimed to develop direct AMPK-activating compounds such as A769662. Our aim was to

investigate the effect of A769662 in essential functional processes of human spermatozoa. Human spermatozoa were incubated in

the presence or absence of the AMPK activator A769662 for different incubation times (0–20 h) and motility was evaluated by CASA

system whereas other functional parameters were evaluated by flow cytometry. A769662 treatment significantly reduces the percent-

ages of motile, progressive, and rapid spermatozoa starting at 2 h. Moreover, AMPK activator in human spermatozoa causes a signifi-

cant reduction in any velocity measured, which is concomitant to a significant decrease in the percentage of rapid spermatozoa,

both at short- (2–3 h) and long-time treatment (20 h). Treatment of human spermatozoa with A769662 does not significantly alter

any of the following functional parameters: sperm viability, mitochondrial membrane potential, phosphatidylserine translocation to

the outer leaf of plasma membrane, acrosome membrane integrity, or mitochondrial superoxide anion production. In summary, our

results suggest that AMPK in human spermatozoa contributes to the regulation of sperm motility, without affecting basic physiologi-

cal parameters of human spermatozoa (viability, mitochondrial membrane potential or reactive oxygen species production, acro-

some membrane integrity, phosphatidylserine exposure at plasma membrane). As sperm motility is required in the female

reproductive tract to achieve fertilization, we conclude that AMPK is an essential regulatory kinase of the human spermatozoa func-

tion. This conclusion needs to be taken into account when AMPK is elected as prime target in pharmacological approaches for

several energy-related pathologies.

INTRODUCTION
Fertilization is achieved once spermatozoa have acquired a

fertilizing competent status conferred by different processes

occurring within female reproductive tract, including motility,

hyperactivation, and capacitation. Achieving of these functional

competences in spermatozoa is primary due to phosphorylation

of proteins present in mature sperm cells and is greatly depen-

dent on the cellular energy charge, that is, the ratio between cel-

lular ATP and AMP levels (Garrett et al., 2008). The AMP-

activated protein kinase AMPK has emerged as a major regulator

of cellular energy homeostasis (Carling et al., 2012; Hardie et al.,

2016). AMPK is an evolutionary conserved serine/threonine

kinase that becomes activated under ATP-limiting conditions to

coordinate a wide array of energy-sparing responses by inhibit-

ing ATP-consuming anabolic pathways and stimulating ATP-

generating pathways (Carling et al., 2012; Hardie et al., 2016).

AMPK is a heterotrimeric protein composed by three subunits:

catalytic a, scaffolding b, and regulatory c. This last subunit
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contains two Bateman domains that bind its positive allosteric

effector AMP (Scott et al., 2004). AMPK is highly sensitive to

AMP, as any increase in the ratio AMP/ATP caused by a decrease

in cellular energy state, stimulates AMPK enzymatic activity by

increasing AMPK phosphorylation at Thr-172 located in the acti-

vation loop of a subunit (Suter et al., 2006). Among the kinases

described to phosphorylate AMPK at Thr172 in somatic cells are

as follows: (i) the tumor suppressor kinase accountable for the

inherited cancer disorder Peutz–Jeghers syndrome, LKB1

(Woods et al., 2003), (ii) the two Ca2+/calmodulin-dependent

protein kinase kinases CaMKKa and CaMKKb (Hawley et al.,

2005), and (iii) the transforming growth factor TGF-b-activated
kinase-1, TAK1 (Xie et al., 2006). Overall, AMPK by integrating

multiple extra- and intracellular stimuli including different types

of cellular and metabolic stresses (Evans et al., 2005; Long &

Zierath, 2006) can regulate cell processes outside metabolism

(Carling et al., 2012; Hardie et al., 2016).

The first evidence of AMPK protein expression in mature

mammalian spermatozoa was described by our group in 2012

(Hurtado de Llera et al., 2012). AMPK is mainly localized in the

acrosome region of sperm head and in the flagellum midpiece of

porcine spermatozoa (Hurtado de Llera et al., 2013). Detailed

study of the AMPK function demonstrated that is essentially

involved in the regulation of one of the most important sperm

functions, motility (Hurtado de Llera et al., 2012), as well as in

regulatory adjustments in the mitochondrial membrane poten-

tial, sperm plasma membrane fluidity and organization, and

acrosome integrity at 37 °C (Hurtado de Llera et al., 2013) and

also during boar semen preservation at 17 °C (Martin-Hidalgo

et al., 2013).

Our group has recently identified the AMPK protein in human

spermatozoa where is localized at the sperm head, particularly

at the acrosome, the midpiece and along the sperm tail (Calle-

Guisado et al., 2016). Supporting an important function of AMPK

in the sperm physiology (Tartarin et al., 2012) showed that mice

lacking the AMPK catalytic subunit a1 gene [a1AMPKa1knockout
(KO)] exhibit a reduced fertility accompanied by an alteration in

sperm morphology, decreased mitochondrial membrane poten-

tial, lower basal oxygen consumption as well as decreased sperm

motility. Among stimuli leading to AMPK activity in boar sper-

matozoa are external Ca2+ and HCO3
� that through the activa-

tion of soluble adenylyl cyclase produce an increase in

intracellular cAMP, and also different types of sperm stresses

(Hurtado de Llera et al., 2014). Boar sperm kinases involved in

AMPK signaling pathway are protein kinase A (PKA) that results

an essential protein for sperm AMPK activity, CaMKKa/b, and
PKC (Hurtado de Llera et al., 2015, 2016).

On account of its key function in maintaining cellular energy

homeostasis, AMPK has recently achieved great relevance as

prime target in pharmacological approaches for several cell

energy-related pathologies such as type 2 diabetes, insulin resis-

tance, cardiovascular diseases, and/or cancer. Moreover, AMPK

has also been proposed as a promising therapeutic target to treat

neurodegenerative diseases such as Huntington disease (Walter

et al., 2016) or to treat neuropathic pain (Price & Dussor, 2013).

The number of increasing studies in which AMPK is pointed as a

key kinase in the course of different disorders has led to focus

clinical research on the development of direct AMPK-activating

compounds. The first reported small-molecule direct-specific

activator of AMPK was the thienopyridone drug A769662 (Cool

et al., 2006) that activates AMPK both allosterically and by

inhibiting the dephosphorylation of AMPK in Thr172 (Cool et al.,

2006; Sanders et al., 2007). Several studies have fairly established

that A769662 selectively binds and activates AMPK (Goransson

et al., 2007; Sanders et al., 2007; Scott et al., 2008; Rajamohan

et al., 2016) independently of the upstream kinase involved

(Goransson et al., 2007). A769662 effects have been studied in

different somatic cell types, such as STHdh immortalized striatal

progenitor cells (Walter et al., 2016), heart and lung cells

(Rameshrad et al., 2016). As mentioned, spermatozoa need to

adapt to external changing conditions as well as metabolic or

environmental stresses that might physiologically occur during

their transit through the female reproductive tract. Our hypothe-

sis is that these necessary adaptations of human spermatozoa

metabolism to environmental changes would definitely be con-

trolled by AMPK activity fluctuations, either up or down, as it

occurs in boar spermatozoa (Hurtado de Llera et al., 2015). As

the unique study of AMPK in human spermatozoa has been per-

formed by studying down fluctuation—inhibition—of AMPK

(Calle-Guisado et al., 2016), this work aims to study the role of

the AMPK activator A769662 in those main functional processes

of human spermatozoa that are required to successfully accom-

plish the oocyte fertilization. The functional consequences of an

enhanced AMPK activity in human spermatozoa would be

essential for the understanding of those sperm processes in

which the energy sensor AMPK is likely involved and therefore

should be taken into account when AMPK activators (i.e., by

A769662) are selected as a key target for pharmacological

approaches in different cell energy-related pathologies.

MATERIALS ANDMETHODS

Chemicals and sources

The sperm density gradient Spermfilter� was from Gynotec

(The Netherlands, EU) and SWM was from IrvineScientific

(Daimler, St. Santa Ana, CA, USA). A769662 was from Tocris

Bioscience (Bristol, UK); live/dead spermatozoa viability kit

(including both propidium iodide (PI) and SYBR-14 probes),

MitoSOXTM Red, and YoPro-1 probes were from Molecular

Probes (Leiden, The Netherlands); PNA-FITC was from Sigma-

Aldrich� (St Louis, MO, USA); annexin-V–FITC from Immunos-

tep (Salamanca, Spain); JC-1 probes from Life Technologies Ltd

(Grand Island, NY, USA); coulter isotone II diluent from

Beckman Coulter Inc. (Brea, CA, USA).

Ethical approval

The study was conducted in accordance with ethical guideli-

nes, and informed and written consent was obtained from all

individuals included in the study. Human semen was obtained

from healthy donors, prepared, and evaluated in line with the

recommendations and current values of the World Health Orga-

nization (WHO). The University of Extremadura Ethical Commit-

tee approved all protocols.

Human semen samples

Semen samples from nine healthy donors were obtained by

masturbation into a sterile plastic container after 2–3 days of

sexual abstinence, in line with the recommendations of the

World Health Organization (WHO), and analyzed following it.

After complete liquefaction (between 10 min and 1 h at 37 °C),
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samples were examined and processed. The semen parameters

(total fluid volume, sperm concentration, motility, and morphol-

ogy) of all the samples fell within the WHO normality criteria.

Two different fractions of spermatozoa (high and low motility)

were separated by Spermfilter�, a silane-silica based 40–80%

density gradient medium used in artificial reproduction tech-

niques for the separation and purification of highly motile

human spermatozoa. Briefly, aliquots of semen (1 mL) from

nine donors (n = 9) were layered over the upper layer of the den-

sity gradient and centrifuged at room temperature for 20 min at

300 g. Two sperm fractions were collected: high- and low-moti-

lity fractions that were diluted in sperm-washing medium SWM,

that includes sodium chloride, potassium chloride, magnesium

sulfate anhydrous, potassium phosphate monobasic, calcium

chloride anhydrous, glucose, sodium pyruvate, sodium lactate,

phenol red (a pH indicator), sodium bicarbonate, 4-(2- hydrox-

yethyl)-1-piperazineethanesulfonic acid (HEPES), and human

serum albumin (HSA). Sperm concentration and motility param-

eters were evaluated in each sperm fraction.

Human sperm motility analysis

High-motility human sperm fractions from nine individuals

donors with normal sperm parameters according to WHO were

incubated at 20 9 106 cells/mL in SWM with an equal volume of

the AMPK activator A769662 (100 lM) or the solvent dimethyl

sulfoxide (DMSO) (0.024%) for different times (0, 1, 2, 3, and

20 h) in a humidified atmosphere of 5% CO2 in air at 37 °C.

Then, 6 lL of sample was placed in a pre-warmed Spermtrack

sperm-counting chamber where following motility parameters

were evaluated using the ISAS system (PROISER, Paterna, Valen-

cia, Spain): percentage of total motile, rapid and progressive

spermatozoa, curvilinear velocity (VCL), straight-line velocity

(VSL), average path velocity (VAP), amplitude of lateral head

movement (ALH), linearity (LIN), and beat cross of flagellum fre-

quency (BCF). The settings of the system analyzer were as fol-

lows: frame rate, 60 Hz; frame acquired, 25; straightness

threshold, 80%; temperature 37 °C. The total number of sperma-

tozoa evaluated in each semen sample was at least 300.

Analysis of human spermatozoa viability by flow cytometry

Fluorescent staining using the live/dead sperm viability kit

was performed to measure sperm viability. Briefly, 200 lL of

semen sample (2 9 106 cells per mL) were incubated in SWM for

20 min at room temperature in darkness with 2.5 lL of SYBR-

14� dye (2 lM) and 5 lL of propidium iodide (PI) (480 lM), fol-
lowed by an analysis in the flow cytometer ACEA NovoCyte TM

(ACEA Biosciences, Inc., San Diego, CA, USA) using ACEA NOVOEX-

PRESS TM software. The fluorescence values of SYBR-14 were col-

lected in the laser-excited fluorescence channel (BL1) using a

525-nm band-pass filter, whereas PI fluorescence was collected

in the BL3 channel using a 620-nm band-pass filter. The results

of viable spermatozoa were expressed as the average of the per-

centage of SYBR-14+ and PI� labeled cells � standard error of

the mean.

Analysis of human spermatozoa acrosome integrity by flow

cytometry

The population of spermatozoa with reacted or damaged acro-

some was assessed after staining these germ cells with fluores-

cein isothiocyanate-conjugated peanut agglutinin (PNA-FITC)

as a specific marker for acrosome membrane status and PI as a

marker for cell death. Aliquots of 100 lL of each semen sample

(2 9 106 cells/mL) were incubated at RT in darkness for not

more than 5 min with 5 lL of PNA-FITC (25 lg/mL) and 5 lL of

PI (240 lM). Then, 150 lL of SWM was added to each sample

and mixed before flow cytometry analysis. The fluorescence

value of probe PNA-FITC was collected in the channel BL1 using

a 525-nm band-pass filter. Results are expressed as the average

of the percentage of PNA+ and PI� spermatozoa � standard error

of the mean.

Analysis of human sperm mitochondrial membrane potential

(DΨm) by flow cytometry

Mitochondrial membrane potential variations (DΨm) were

evaluated using the specific probe JC-1 (5,50,6,60–tetrachloro-
1,10,3,30 tetraethylbenzymidazolyl carbocyanine iodine). This

lipophilic cationic fluorochrome is present as protomeric aggre-

gates in mitochondria with high membrane potential that emit

in orange (590 nm), whereas in mitochondria with low mem-

brane potential, JC-1 is present as monomers that emit in green

(525 nm), when is excited at 488 nm.

Briefly, an aliquot of 200 lL from each sperm sample (2 9 106

cells/mL) was incubated with 20 lL of JC-1 (60 lM) and then

mixed and incubated at 37 °C for 1 h. The samples were mixed

again before flow cytometry analysis. The fluorescence values of

probe JC-1 were collected in the channel BL1 using a 525-nm

band-pass filter and in the channel BL2 using a 585-nm band-

pass filter. The percentage of orange-stained cells was recorded

and considered the population of spermatozoa with a high mito-

chondrial membrane potential. There is a third population that

can be called medium mitochondrial membrane potential.

Results are expressed as the average percentage of orange-

stained (high DΨm) spermatozoa � standard error of the mean.

Analysis of human sperm phosphatidylserine externalization at

the outer leaflet plasma membrane by flow cytometry

The study of phosphatidylserine (PS) externalization in plasma

membrane spermatozoa was performed using annexin-V–FITC to

specifically detect PS translocation from the inner to the outer

leaflet of the human sperm plasma membrane. Briefly, 15 lL
(20 9 106 cells/mL) sperm cells were diluted in 100 lL of the fol-

lowing buffer: 96 mmol/L NaCl, 4.7 mmol/L KCl, 0.4 mmol/L

MgSO4, 0.3 mmol/L NaH2PO4, 5.5 mmol/L glucose, 1 mmol/L

sodium pyruvate, 21.6 mmol/L sodium lactate, 20 mmol/L HEPES

(pH 7.45), and 2.5 mmol/L CaCl2, followed by incubation at 37 °C
with 5 lL of annexin-V-FITC and 5 lL of IP (480 lM). Finally,

100 lL of SWM was added to each sample and mixed before flow

cytometry analysis. The fluorescence values of probes annexin V-

FITC and PI were collected in the BL1 channel and BL3 channel

using a 520- and 620-nm band-pass filter, respectively. The results

are expressed as the average of the percentage of annexin V+/PI�

spermatozoa � standard error of the mean.

Analysis of mitochondrial reactive oxygen species production

in human sperm by flow cytometry

MitoSOX™ Red was used to measure mitochondrial reactive

oxygen species (ROS) production. MitoSOX™ Red reagent enters

the mitochondria and is oxidized by the superoxide anion. The

resulting oxidation product becomes highly fluorescent upon

binding to nucleic acids. Briefly, an aliquot of 250 lL from each
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sperm sample (2 9 106 cells/mL) was incubated with 0.5 lL of

MitoSOX™ (2 lM), mixed, and incubated at 37 °C for 15 min.

The samples were mixed again before flow cytometry analysis,

and the fluorescence values of MitoSOX™ were collected in the

BL2 channel using a 585-nm band-pass filter. Results are

expressed as the mean percentage of MitoSOX-positive sperm �
standard error of the mean.

Statistical analysis

The program IBM SPSS 19 (Armonk, NY, USA) has been used to

perform the statistical analysis. Two-way repeated measures ANO-

VAs have been used to compare the mean differences between

groups that have been split into two within-subject factors

(treatment and time). Interactions and principal effects were

analyzed. Applicability conditions were directly met or, in the

cases where any assumption was violated, alternative solutions

were obtained to overcome this problem. Results were consid-

ered significant when p values were lower than 0.05.

RESULTS

The AMPK activator A769662 causes a reduction in human

sperm motility

We have recently demonstrated that A769662 also works as a

potent activator of AMPK in mammalian sperm cells (Hurtado

de Llera et al., 2015) in a time and concentration dependent

manner, being 100 lM the concentration with clear effect. To

evaluate the effect of an increase in the physiological levels of

AMPK activity in human sperm motility, cells were incubated in

the absence (DMSO) or presence of A769662 (100 lM) for differ-
ent times (1, 2, 3, and 20 h) at physiological temperature, 37 °C.
As observed in Fig. 1A, enhanced AMPK activity leads to a time-

dependent reduction in the percentage of motile spermatozoa,

being statistically significant at 2 h and remaining until 20 h.

Among motile spermatozoa, those with progressive motility play

special relevance. As observed in Fig. 1B, an increase in AMPK

activity leads to a clear and rapid reduction in this parameter,

which is statistically significant at 2 h and 3 h and maximal at

20 h (by 50% reduction). Regarding the percentage of rapid sper-

matozoa, defined as those motile spermatozoa with average

velocity VAP higher than 35 lm/sec (Fig. 1C), an enhanced

AMPK activity causes a significant reduction in this motility

parameter, expressed as the percentage of motile spermatozoa.

This effect of A769662 is maximal at 20-h incubation where the

percentage of rapid spermatozoa decreased by 50%. It is worth

to notice that the longest incubation time studied (20 h) is not

the optimal experimental condition to study rapid human sper-

matozoa, as there is a 50% decrease in this parameter (from 63

to 31% of motile spermatozoa) in control conditions (in the

absence of A769662, Fig. 1C, white histograms).

The analysis of human sperm velocities reveals that the curvi-

linear velocity VCL (Fig. 2A), the straight-line velocity VSL

(Fig. 2B), and the average velocity VAP (Fig. 2C) are always sig-

nificantly reduced in the presence of the AMPK activator at any

time studied, reaching a maximal effect at 20 h. Moreover,

enhanced AMPK activity induced by A769662 in human sperma-

tozoa leads to a significantly reduction in other spermatozoa

motility parameters analyzed the following: LIN, STR, WOB,

ALH, and BCF (Table 1). LIN and STR parameters present a sig-

nificant reduction at 2 and 3 h and maximal at 20 h, WOB at 3

and 20 h, and BCF and ALH parameters at any time studied. Fur-

thermore, the interaction between incubation time and treat-

ment is statistically significant.

Effect of A769662 in human sperm viability

The effect of A769662 in human sperm viability has been ana-

lyzed to correlate it with motility and other functional studies,

Figure 1 Time-course effect of AMPK activator A769662 in the percentages

of motile (A), rapid (B), and progressive (C) human spermatozoa. After isola-

tion by density gradient, human spermatozoa were incubated at 37 °C in

the absence (DMSO, white histograms) or presence (black histograms) of

AMPK activator A769662 (100 lM) for indicated times (0–20 h). Following

sperm motility parameters were evaluated by ISAS system: percentages of

motile spermatozoa (Fig. 1A), those motile spermatozoa with progressive

motility, that is, a+b (1B) and rapid spermatozoa (1C). This experiment was

performed at least nine times, and results express the mean of the percent-

ages of total sperm � standard error of the mean. Statistical differences

were considered when p < 0.05 and showed with an asterisk.
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and in addition to know whether an increase over the physiolog-

ical AMPK activity induced by A769662 might cause human

sperm side effects that compromise cell viability. Results in

Fig. 3 show that human sperm viability, measured as percentage

of SYBR-14+/IP� spermatozoa, remains constant at any short

time analyzed, about 82% of total spermatozoa are viable (Fig. 3,

white histograms), and is not affected by an enhanced AMPK

activity due to A769662 (Fig. 3). Longer incubation time in con-

trol conditions (absence of A769662) causes about 25% reduc-

tion in human sperm viability (Fig. 3, white histograms 20 h),

which is not affected by A769662.

Effect of A769662 in the mitochondrial membrane potential of

human spermatozoa

The effect of enhanced AMPK activity in the sperm mitochon-

drial membrane potential, ΔΨm, was evaluated after incubation

of human spermatozoa in the presence or absence of A769662

(100 lM) for different times at 37 °C (Fig. 4). An increased activ-

ity of AMPK induced by A769662 does not modify the population

of human spermatozoa presenting high ΔΨm at any time studied

except at 3 h where a slight increase but no significant A769662

effect of this parameter is observed (Fig. 4).

Effect of A769662 in the mitochondrial superoxide anion

production of human spermatozoa

The effect of A769662 in the mitochondrial ROS was evaluated

after incubation of human spermatozoa in the presence or

absence of A769662 (100 lM) for different times at 37 °C (Fig. 5).

Treatment with A769662 does not modify the population of

human spermatozoa with high mitochondrial ROS levels at any

time studied (Fig. 5).

Effect of A769662 in the phosphatidylserine externalization in

human sperm plasma membrane

We investigated the effect of an increased AMPK activity in the

phosphatidylserine (PS) translocation to the outer leaf of human

sperm plasma membrane, process that might indicate plasma

membrane scrambling (Gadella & Harrison, 2000), which physio-

logically occurs in relevant sperm functional processes. As

observed in Fig. 6, the levels of phosphatidylserine externalized in

human sperm plasma membrane in the absence of A769662

(white histograms) are very low (between 4–7% of total sperm)

during short times at physiological temperature 37 °C and slightly

increases at 20 h (11% of total). Under these experimental condi-

tions, a sustained increase in AMPK activity does not significantly

modify the degree of phosphatidylserine externalization.

Effect of A769662 in the acrosome membrane integrity of

human spermatozoa

We next analyzed the effect of an increase in AMPK activity on

the acrosome membrane integrity of human spermatozoa. Sper-

matozoa labeling with PNA is indicative of the integrity of acro-

some membrane and might reflect both damaged as reacted

acrosome. Acrosome membrane integrity is generally main-

tained in human spermatozoa under control conditions over the

time, as observed in Fig. 7, where it is observed that more than

99% of live spermatozoa PI� are PNA� (white histograms). The

human sperm acrosome integrity is not significantly affected by

enhanced AMPK activity, although A769662 causes a slight

increase in the population of human spermatozoa PNA+ at time

0 (from 0.66 to 1.52% in the absence and presence A769662,

respectively) and at 20 h (from 0.62 to 1.63% spermatozoa in the

absence and presence of A769662, respectively).

DISCUSSION
Sperm cells achieve a fine regulation of metabolism by

dynamic molecular mechanisms that effectively manage their

Figure 2 Time-course effect of A769662 in human spermatozoa velocities:

curvilinear VCL (A), straight-line VSL (B), and average path VAP (C). After

isolation by density gradient, human spermatozoa were incubated at 37 °C
in the absence (DMSO, white histograms) or presence (black histograms) of

AMPK activator A769662 (100 lM) for indicated times (0–20 h). Following

sperm motility parameters were evaluated by ISAS system: curvilinear veloc-

ity VCL (Fig. 2A), straight-line velocity VSL (2B), and average velocity VAP

(2C), expressed as lm/sec. This experiment was performed at least nine

times, and results express the mean of the percentages of total sperm �
standard error of the mean. Statistical differences were considered when

p < 0.05 and showed with an asterisk.
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adjustment to those changes in extracellular medium that physi-

ologically occur in the female reproductive tract. The control of

energy status during fluctuating extracellular conditions that

accompany fertilization is fundamental for the knowledge of

sperm function. Among the molecular mechanisms that sense

cell energy and redox status is AMP-activating kinase, AMPK, a

relevant kinase that has recently emerged as a key regulator of

mammalian spermatozoa function in response to different stim-

uli including (Hurtado de Llera et al., 2012, 2013, 2014, 2015,

2016). We have recently demonstrated that A769662 effectively

enhances AMPK activity by increasing phosphorylation at

Thr172 in boar spermatozoa in a time and concentration depen-

dent manner (Hurtado de Llera et al., 2015). Based on these

experiments, we have selected 100 lM as the concentration of

Figure 3 Time-course effect of A769662 in human sperm viability. After isolation by density gradient, human spermatozoa were incubated at 37 °C in the

absence (DMSO, white histograms) or presence (black histograms) of AMPK activator A769662 (100 lM) for indicated times (0–20 h). Sperm viability was

measured by flow cytometry using SYBR-14 and IP as probes. Representative two-dimensional SYBR14 fluorescence vs. PI fluorescence dot plots for sperm

samples incubated in the presence or absence of A769662 for the maximum time (20 h) are shown at the right side. This experiment was performed five

times and results, which are expressed as percentage of total sperm cells analyzed, are shown as mean � standard error of the mean. Statistically significant

differences were not found with p < 0.05. [Colour figure can be viewed at wileyonlinelibrary.com].

Figure 4 Time-course effect of A769662 in the mitochondrial membrane potential of human spermatozoa. After isolation by density gradient, human sper-

matozoa were incubated at 37 °C in the absence (DMSO, white histograms) or presence (black histograms) of AMPK activator A769662 (100 lM) for indi-
cated times (0–20 h). Mitochondrial membrane potential was measured by flow cytometry using JC-1 as a probe. Sperm population exhibiting high DΨm
are expressed as percentage of total sperm cells analyzed. Representative two-dimensional fluorescence dot plots for sperm samples incubated in the pres-

ence or absence of A769662 for the maximum time (20 h) are shown at the right side. Each experiment was performed at least five times, and results

express the mean � standard error of the mean. Statistically significant differences were not found with p < 0.05. [Colour figure can be viewed at

wileyonlinelibrary.com].
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A769662 to be used in human spermatozoa, which agrees with

the concentration range that has also been described in different

types of somatic cells (Ikematsu et al., 2011; Walter et al., 2016).

In the present study, we show that treatment of human sperma-

tozoa with AMPK activator A769662 causes a marked decrease in

the number of motile spermatozoa along with a clear reduction

in sperm velocities, in agreement with the inhibitory effect of

A769662 in sperm motility from other mammalian species (Hur-

tado de Llera et al., 2015). Importantly, under A769662 treat-

ment, those remnant human spermatozoa that are still motile

present a clearly less progressive movement together with a less

efficient or competent motility. Thus, these data demonstrate

Figure 5 Time-course effect of A769662 in the mitochondrial superoxide anion production of human spermatozoa. After isolation by density gradient,

human spermatozoa were incubated at 37 °C in the absence (DMSO, white histograms) or presence (black histograms) of AMPK activator A769662

(100 lM) for indicated times (0–20 h). Mitochondrial ROS production was measured by flow cytometry using MitoSOX™ Red as a probe. MitoSOX-positive

sperm population is expressed as percentage of total sperm cells analyzed. Representative two-dimensional fluorescence dot plots for sperm samples incu-

bated in the presence or absence of A769662 for the maximum time (20 h) are shown at the right side. This experiment was performed at least five times,

and results express the mean � standard error of the mean. Statistically significant differences were not found with p < 0.05. [Colour figure can be viewed

at wileyonlinelibrary.com].

Figure 6 Time-course effect of A769662 in plasma membrane phosphatidylserine externalization of human spermatozoa. After isolation by density gradi-

ent, human spermatozoa were incubated at 37 °C in the absence (DMSO, white histograms) or presence (black histograms) of AMPK activator A769662

(100 lM) for indicated times (0–20 h). The level of phosphatidylserine (PS) externalization at the sperm plasma membrane was measured by flow cytometry

using annexin V-FITC as probe. Sperm population exhibiting outward translocation of phosphatidylserine at the plasma membrane (annexin V+) is

expressed as the percentage of total live spermatozoa (PI�) analyzed. Representative two-dimensional annexin-V fluorescence vs. PI fluorescence dot plots

for sperm samples incubated in the presence or absence of A769662 for the maximum time (20 h) are shown at the right side. Each experiment was per-

formed at least five times and the results express the mean � standard error of the mean. Statistically significant differences were not found with p < 0.05.

[Colour figure can be viewed at wileyonlinelibrary.com].
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that the AMPK activator leads to a drastic reduction in human

spermatozoa motility. However, we have recently described that

AMPK inhibition in human spermatozoa for 20 h also causes an

adverse effect in motility (Calle-Guisado et al., 2016). Currently,

with the existing data about AMPK and spermatozoa, we do not

know the scientific explanation of these apparently conflicting

data in human spermatozoa (either down or up-AMPK activity

negatively affects motility) that, on the other hand, are in total

agreement with the AMPK effects in boar sperm motility (Hur-

tado de Llera et al., 2015). Keeping in mind its cellular energy-

regulating role, it is logical that AMPK signaling is effectively

involved in the regulation of motility, sperm function that is par-

ticularly dependent on the energy levels. In fact, this and our

previous works allow us to propose that a proper level of AMPK

activity (i.e., basal or situated within the sperm physiological

range) and kept for an opportune physiological time is essential

to maintain correct human sperm motility, which is adapted to

the changing extracellular environment. This conclusion is sup-

ported by several studies in sperm cells where AMPK activity

was experimentally modified out of physiological range in sperm

cells for prolonged time. Thus, our group and others have

demonstrated that permanent downregulation of AMPK activity

below physiological levels using AMPK inhibitor compound C

plays a negative role in sperm motility in human (Calle-Guisado

et al., 2016), boar (Hurtado de Llera et al., 2012; Martin-Hidalgo

et al., 2013), chicken (Nguyen et al., 2014), and mice

(Tartarin et al., 2012), this later work used a different approach

with a1AMPK knockout mice. By contrary, the unique work

studying an upregulation of AMPK activity above physiological

levels for prolonged time in spermatozoa also describes an

adverse effect in boar sperm motility (Hurtado de Llera et al.,

2015). A possible explanation for the fact that treatment with

AMPK activator for prolonged time negatively affects human

sperm motility is based on the previous proposal that a perma-

nent increase in AMPK activity above physiological levels would

lead to a chronic deregulation of sperm metabolism caused by a

prolonged stimulation of ATP-generating catabolic pathways

and by a permanent inhibition of ATP-consuming anabolic

pathways (Hurtado de Llera et al., 2015, 2016). This chronic dis-

arrangement of human sperm metabolic homeostasis is not ade-

quate at all for the maintenance of a correct sperm motility

adapted to any extracellular conditions.

The above-discussed AMPK role in human sperm motility

occurs without changes in the following human sperm processes

analyzed in the present study: sperm viability, mitochondrial

membrane potential, mitochondrial reactive oxygen species pro-

duction, phosphatidylserine translocation, or acrosome mem-

brane integrity. The lack of A769662 effect in these function-

related processes in human spermatozoa contrasts with results

previously described in boar spermatozoa (Hurtado de Llera

et al., 2015). In this later species, A769662 treatment caused

some effects in sperm viability, ΔΨm, plasma membrane organi-

zation, and acrosome membrane integrity, which are always

related or dependent on extracellular medium stimuli. The lack

of effect of A769662 in mitochondrial reactive oxygen species

production in human spermatozoa cannot be compared with

other species, as this is the first work that addresses this point.

In somatic cells, A769662 increased the expression of manganese

superoxide dismutase, an essential antioxidant mitochondrial

enzyme (Dang et al., 2015). Accordingly, AMPK activation by

metformin decreases ROS production in cardiomyocytes (Bar-

reto-Torres et al., 2015), confirming a beneficial action of AMPK

activity against mitochondrial oxidative stress in somatic cells.

In human spermatozoa, we have not found an effect of A769662

Figure 7 Time-course effect of A769662 in the acrosome membrane integrity of human spermatozoa. After isolation by density gradient, human spermato-

zoa were incubated at 37 °C in the absence (DMSO, white histograms) or presence (black histograms) of AMPK activator A769662 (100 lM) for indicated
times (0–20 h). Destabilization of human acrosome membrane was measured by flow cytometry using PNA-FITC as a probe. Sperm population with unsta-

ble acrosomes (lower acrosome integrity) exhibiting PNA+ labeling is expressed as percentage of total live (PI�) spermatozoa analyzed. Representative two-

dimensional PNA-FITC fluorescence vs. PI fluorescence dot plots for sperm samples incubated in the presence or absence of A769662 for the maximum time

(20 h) are shown at the right side. Each experiment was performed at least five times and the results express the mean � standard error of the mean. Statis-

tically significant differences were not found with p < 0.05. [Colour figure can be viewed at wileyonlinelibrary.com].
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in the mitochondrial ROS levels, which can be explained by dif-

ferent reasons: (i) we have studied a completely different cell

type which is no-somatic cell: spermatozoa; (ii) the described

effect of AMPK on mitochondrial ROS production (Barreto-

Torres et al., 2015) was evaluated when AMPK was activated by

metformin, which is an indirect AMPK activator exerting its

action through the mitochondria, whereas A769662 is a specific,

reversible, and direct AMPK activator that displays selectivity

toward its b1 subunit-containing heterotrimers; (iii) the

described action of AMPK in the increased expression of an

antioxidant enzyme can be scientifically argued in somatic cells

(Dang et al., 2015) but not in spermatozoa, cell type that when

mature lacks of transcription and translation.

Despite it has been described a toxic effect of 300 lM of

A769662 increasing the number of non-viable MEF cells (Mor-

eno et al., 2008), we do not observe any toxic or deleterious

effect of 100 lM A769662 in human spermatozoa. Moreover, our

study clearly shows that there are no side effects in human sper-

matozoa caused by a sustained treatment with a pharmacologi-

cal compound at 100 lM concentration and points to a specific

action of A769662 on human sperm motility.

Considerable evidence shows that AMPK is deregulated in ani-

mals and humans with metabolic syndrome, type 2 diabetes,

and other metabolic pathologies, as well as in cancer, and that

AMPK activation can improve insulin sensitivity and metabolic

health and exerts anti-cancer properties (Hardie & Alessi, 2013;

Coughlan et al., 2014; Pernicova & Korbonits, 2014; Rosilio et al.,

2014). Pharmacological agents such as metformin that are

known to indirectly activate AMPK through mitochondria action

are currently used to treat type 2 diabetes (Hardie & Alessi, 2013;

Coughlan et al., 2014; Pernicova & Korbonits, 2014; Rosilio et al.,

2014) and possess anti-cancer properties (Hardie & Alessi, 2013;

Pernicova & Korbonits, 2014; Rosilio et al., 2014). Recently, it has

been also validated AMPK as a promising therapeutic target in

neuron-related pathologies to treat Huntington disease (Walter

et al., 2016) or to treat neuropathic pain (Price & Dussor, 2013).

Moreover, in a rat experimental model of inflammation,

A769662 exerts anti-inflammatory effect in heart and lung tis-

sues (Rameshrad et al., 2016). In this scientific or clinical con-

text, the present work demonstrating the specific effect of an

activator of AMPK in human sperm motility might be very rele-

vant in terms of human fertility in those patients that potentially

could be treated with A769662 or other AMPK activators in the

future.

Summarizing our previous (Calle-Guisado et al., 2016) and

present results about the role of AMPK signaling cascade in

human sperm motility, we might conclude that either down

fluctuation of sperm AMPK activity level below the physiological

range or the treatment with AMPK activator for prolonged time

plays a negative role in human sperm motility. Therefore, we

propose that a specific AMPK activity (within physiological

range) and kept for a proper physiological time likely plays an

important and necessary regulatory role in the maintenance of

the proper motility in human spermatozoa, with subsequent

implications for human fertility. Moreover, the present study is

important to the understanding of how human sperm motility is

regulated by the AMPK activator A769662. In this regard, two

facts must be considered. First, as mentioned AMPK has impor-

tantly emerged as prime target for pharmacological investigation

in some cell energy-based pathologies. Secondly, this drug is

currently being the most used as specific and direct AMPK acti-

vator. These two considerations and the present study point to

AMPK as a key protein to be further investigated in the human

sperm physiology. Future investigations, along with our current

ongoing research, will determine whether physiological stimuli

that clearly trigger AMPK activity in boar spermatozoa (Hurtado

de Llera et al., 2012, 2015; Martin-Hidalgo et al., 2013) such as

those leading to sperm capacitation (extracellular Ca2+, bicar-

bonate, serum albumin) or representing sperm stresses, and

probably different growth factors present in the male or female

reproductive tracts, are also able to activate AMPK. Additionally,

it will be relevant to elucidate which are the intracellular signal-

ing pathways that modulate AMPK activity with the ultimate

goal of elucidating the relevance of the AMPK activity assess-

ment in human sperm for male fertility.
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