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REPRODUCTION-DEVELOPMENT

Inactivation of AMPKa1 Induces Asthenozoospermia
and Alters Spermatozoa Morphology

Pauline Tartarin, Edith Guibert, Aminata Touré, Claire Ouiste, Jocelyne Leclerc,
Nieves Sanz, Sylvain Briere, Jean-Louis Dacheux, Bernadette Delaleu,

Judith R. McNeilly, Alan S. McNeilly, Jean-Pierre Brillard, Joélle Dupont,

Marc Foretz, Benoit Viollet, and Pascal Froment

Unité Mixte de Recherche (UMR) 6175 (P.T,, E.G., C.O0., S.B., J.-L.D., B.D., J.P.B., J.D., P.F.), Physiologie de la
Reproduction et des Comportements (Institut National dela Recherche Agronomique/Centre National dela
Recherche Scientifique/Université Tours/Haras Nationaux), 37380 Nouzilly, France; Institut National de la
Santé et de la Recherche Médicale Unité 1016, Institut Cochin (A.T., J.L., N.S., M.F., B.V.); and CNRS, UMR
8104 (AT, J.L, N.S., M.F.,, B.V.); and Université Paris Descartes (A.T., J.L., N.S., M.F., B.V.), Sorbonne Paris
Cité, 75014 Paris, France; and Medical Research Council Human Reproductive Sciences Unit (J.R.M., A.S.M.),
University of Edinburgh, Queen’s Medical Research Institute, Edinburgh EH16 4TJ, Scotland, United Kingdom

AMP-activated protein kinase (AMPK), a key regulator of cellular energy homeostasis, is present
in metabolic tissues (muscle and liver) and has been identified as a modulator of the female
reproductive functions. However, its function in the testis has not yet been clearly defined. We have
investigated the potential role of AMPK in male reproduction by using transgenic mice lacking the
activity of AMPK catalytic subunit a1 gene [a1AMPK knockout (KO)]. In the testis, the a«1AMPK
subunit is expressed in germ cells and also in somatic cells (Sertoli and Leydig cells). «1AMPK KO
male mice show a decrease in fertility, despite no clear alteration in the testis morphology or sperm
production. However, in «1AMPK ™/~ mice, we demonstrate that spermatozoa have structural
abnormalities and are less motile than in control mice. These spermatozoa alterations are associ-
ated with a 50% decrease in mitochondrial activity, a 60% decrease in basal oxygen consumption,
and morphological defects. The «1AMPK KO male mice had high androgen levels associated with a 5-
and 3-fold increase in intratesticular cholesterol and testosterone concentrations, respectively. High
concentrations of proteins involved in steroid production (33-hydroxysteroid dehydrogenase, cyto-
chrome steroid 17 alpha-hydroxylase/17,20 lysate, and steroidogenic acute regulatory protein) were
also detected in « 1AMPK ™~ testes. In the pituitary, the LH and FSH concentrations tended to be lower
in «1AMPK ™~ male mice, probably due to the negative feedback of the high testosterone levels. These
results suggest that total «1AMPK deficiency in male mice affects androgen production and quality of
spermatozoa, leading to a decrease in fertility. (Endocrinology 153: 3468-3481, 2012)

nteraction between energy balance and reproductive sta-
I tus has been investigated for several decades. In humans,
anorexia and obesity can harm ovarian function and sper-
matogenesis (for review see Refs. 1 and 2). A modification
in quantity and/or quality of nutrition in female mammals
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could influence ovarian cycles and the weaning-estrus in-
terval (for review, see Ref. 3).

During the last 15 yr, several messengers of the fuel
gauge have been identified to regulate fertility. Mice, de-
ficient or overexpressing hormones produced by adipose

Abbreviations: ACC, Acetyl coenzyme A carboxylase; AMPK, AMP-activated protein
kinase; CREB, cCAMP response element-binding protein; GATA4, transcription factor GATA-4;
3BHSD, 3B-hydroxysteroid dehydrogenase; JO,, oxygen consumption; KO, knockout; LKB1,
liver kinase B1; LXR, liver X receptor; MARK, microtubule affinity-regulating kinase; P450c17,
cytochrome P450c17, 17 alpha-hydroxylase/17,20 lysate; PCNA, proliferation cell nuclear an-
tigen; PGC-1q, peroxisome-proliferator-activated receptor y coactivator 1e; RXR, retinoid X
receptor; SER, smooth endoplasmic reticulum; SNRK, sucrose nonfermenting related kinase;
TSSK, testis specific serine kinase; TUNEL, terminal deoxynucleotidyl transferase-mediated de-
oxy-UTP nick end labeling; VASA, mouse homolog Drosophila Vasa; X-gal, 5-
bromo-4-chloro-3-indoyl-B-o0-galactopyranoside.
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tissue such as leptin, adiponectin (4, 5), or insulin signaling
molecules (6, 7) show a decrease in fertility. At the cellular
level, several proteins have been described as key factors
involved in the relations between the energy homeostasis
and reproductive functions. These proteins are nuclear
receptors, kinases sensitive to the ATP to ADP ratio, or
transcription factors. They are involved in the control of
lipid and glucose metabolism. Several knockout (KO)
mice models have shown a relationship between lipid/cho-
lesterol metabolism and male fertility. For example, the
nuclear oxysterol receptor [liver X receptor (LXR)] forms
a heterodimer with the retinoid X receptor (RXR) and
activates gene transcription involved in cholesterol trans-
port such as the ATP-binding cassette transporters (8).
The double knockout of a-LXR /B-LXR subunits in mice
leads to a disrupted spermatogenesis and a vacuolization
of seminiferous tubules growing with age. Spermatozoa
present structure disturbance such as hairpin flagella and
testes with high levels of intratesticular cholesterol asso-
ciated with low testosterone levels (9-11). RXRB is a nu-
clear receptor that interacts as a heterodimer with differ-
ent nuclear receptors such as retinoic acid receptor, LXR,
peroxisome proliferator-activated receptor, and modulate
cholesterol transport (12). KO mice lacking RXRB have a
progressive testicular degeneration, an accumulation of
lipid droplets in Sertoli cells, and altered spermatozoa due
to malformations of acrosome and mitochondrial sheaths
(13). Similarly, the hormone-sensitive lipase disruption, a
cholesterol esterase (14), results in a marked reduction in
spermatid number and severe acrosome disturbances lead-
ing to sterility (15). Thus, control of the lipid metabolism
is closely connected to male gametogenesis. A key regu-
lator of cellular energy and cholesterol homeostasis, the
5’-AMP-activated protein kinase (AMPK), has also been de-
tected in reproductive tissue (16). AMPK plays an important
role in the fatty acid and cholesterol homeostasis (17-19).
Indeed, activation of AMPK inhibits expression of acetyl-
coenzyme A carboxylase (ACC), fatty acid synthase (FAS),
and 3-hydroxy-3-methylglutaryl (HMG)-coenzyme A re-
ductase (HMGR), which are rate-limiting enzymes for cho-
lesterol and fatty acid biosynthesis. AMPK also activates glu-
cose transporter 4 (GLUT4) translocation, leading to an
increase in glucose intake (for review, see Ref. 20).

This serine threonine kinase, also named protein kinase
AMP-activated (PRKA) or sucrose nonfermenting 1
(SNF1), is ubiquitous, being present in plants (21), yeast
(22), and the animal kingdom [fish (23), birds (24), and
mammals (25)]. AMPK is a heterotrimeric complex com-
posed of a catalytic subunit « and two regulatory subunits
B and y. The a-subunit is present in two isoforms, a1 and
a2, and two and three isoforms for 8- and y-subunits,
respectively. AMPK is sensitive to the AMP to ATP ratio,
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and its activation allows turning off of ATP-consuming
processes and stimulation of catabolic pathways. Activa-
tion of AMPK requires the phosphorylation of a-subunit
in threonine 172. The binding of AMP in regulatory sub-
units could activate AMPK directly by allosteric activation
(16, 26). Upstream kinases such as liver kinase B1 (LKB1)
and Ca** calmodulin-dependent protein kinase kinase 1
or 2 (CaMKK1 or CaMKK2) are clearly identified to phos-
phorylate AMPK (27, 28), but other upstream kinases like
TGF-B-activated kinase (TAK1) (29) or kinase suppressor
of Ras (KSR2) (30) could up-regulate AMPK activity. Fur-
thermore, AMPK is activated by metabolic hormones lep-
tin (31) and adiponectin (32), two adipokines involved in
energy homeostasis and whose receptors are also ex-
pressed in the ovary and testis.

By homology analysis of the catalytic domain of the
AMPK sequence, Manning et al. (33) identified 12 AMPK-
related kinases [brain-specific kinase 1, brain-specific ki-
nase 2, nuclear AMPK-related kinase 1, nuclear AMPK-
related kinase 2, Qin-induced kinase, salt inducible
kinase, QSK (also named salt-inducible kinase 3, salt-in-
ducible kinase, microtubule affinity-regulating kinase
(MARK)1, MARK2, MARK3, MARK4, and maternal
embryonic leucine zipper kinase| and eight other kinases
less related to AMPK [noninducible immunity 1, sucrose
nonfermenting related kinase (SNRK), testis specific ser-
ine kinase (TSSK)1, TSSK2, TSSK3, TSSK4, small serine/
threonine kinase, and hormonally upregulated neu-tumor
associated kinase]. Most of them are activated by LKB1
(33-35) and four of these AMPK-related-kinases are
found in the testis (MARK2, NIM1, SNRK, and TSSK1)
(35) (36). However, the role of these AMPK-related ki-
nases has not been clearly defined (37).

Activation of AMPK, by two synthetic drugs,
5-aminoimidazole-4-carboxamide-1-B-d-ribofuranoside
(AICA riboside) or metformin (an insulin sensitizer drug),
decreases steroid production in ovarian granulosa cells
(38). In human granulosa cells, stimulation of adiponectin
receptors (39-42) increases the IGF-I-induced steroid
production (43, 44). In mouse oocytes, phosphorylation
of AMPK provides a meiotic maturation signal that im-
proves meiotic resumption (45). Overall, these studies sug-
gest that AMPK is closely linked to female fertility.

AMPK may have a role in the control of male fertility.
Indeed, all AMPK subunits are found in the rat testis; how-
ever, the a1 AMPK complexes account for most (about
75%) of the total AMPK activity in the testis (16). In ad-
dition, in vitro incubation of Sertoli cells (the nurse cells of
male germ cell lineage) with synthetic AMPK activators
leads to an increase in the production of lactate, the energy
substrate for germ cells (46). Moreover, in mice, the loss
of activity of AMPK kinase LKB1 (47) or the AMPK-re-
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lated kinase MARK2 (36) induces alteration of sperm pro-
duction and morphology leading to a reduction in fertility
or even sterility, suggesting possible involvement of
AMPK activity in male fertility.

To test this hypothesis, we studied a transgenic mouse
model inactivated for the a1 AMPK subunit gene and an-
alyzed sperm parameters and Sertoli and Leydig cell
functions.

Materials and Methods

Animals

The generation and characterization of the transgenic mice
have been previously described by Jorgensen et al. (48). Briefly,
an IRES-Bgeo cassette (internal ribosomal entry site-B-galacto-
sidase and neomycin phosphotransferase fusion gene) was in-
serted to delete a part of the catalytic domain of a1 AMPK sub-
unit from amino acids 97-157. The genotype of the offspring was
first determined by PCR as described previously (48). Mice were
maintained under standard conditions of light (12 h light, 12 h
darkness) and temperature with ad libitum access to food and
water. Animal studies described herein were reviewed and ap-
proved (agreement no. 75-886) by the Directeur Départemental
des Services Vétérinaires of the Préfecture de Police de Paris. The
fertility assessment was estimated by counting the number of
pups per litter of the following breeding: male a1 AMPK™/~
mated with female «1AMPK "/~ male «1AMPK /™ mated with
female a1 AMPK*/~, and male a1 AMPK ~/~ mated with female
alAMPK /",

Blood collection and tissue removal

Blood samples were recovered by intraorbital puncture in
EDTA, centrifuged for 15 min at 3000 X g, and plasma was
stored at —20 C. For both genotypes, animals were killed by
cervical dislocation, and liver, pituitary, epididymis, testes, and
spermatozoa were immediately recovered and fixed in Bouin
solution for histological studies or stored at —80 C. Total body
weight was averaged before killing, and testes were weighed im-
mediately after recovery.

Morphometry of testis

The testis volume was obtained using the formula: 0.71 X
length X width? (49). Testes, once fixed, were processed in par-
affin and serially sectioned at 7 pm slice thickness. Round trans-
verse sections of seminiferous tubules diameters (n = 20 mea-
surements per animal, with five «lAMPK™* and six
alAMPK ™~ mice) were measured for each testis using an ocular
measuring device (50).

Leydig cell morphometry

The percent volume occupied by the Leydig cell nuclei was
counted in 25 randomly selected areas per animal, using a 441-
point square lattice at X400 magnification. Because the Leydig
cell nucleus is spherical, the volume of the nucleus of a single
Leydig cell was estimated from the equation for the volume of a
sphere (4/3 X @ X r?, where r is the radius of the nucleus of the
cell). The total number of Leydig cells per testis was deter-
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mined from the volume occupied by all Leydig cell nuclei in the
testis volume and divided by the mean Leydig cell nucleus
volume. Individual Leydig cell volume was obtained from the
nucleus volume and the nucleus to cytoplasm ratio. For each
animal, 45-85 Leydig cells per testis section were measured.
The mean volume of the Leydig cells was calculated as de-
scribed previously (51).

Isolation of testicular cells

The preparation of spermatogonia, spermatocytes, sperma-
tids, and peritubular and Leydig cells used in Fig. 1 was described
by Toure et al. (52), and Sertoli cells were prepared from 20-d-
old mice as described previously by Froment et al. (53). Mouse
Sertoli cells were cultured at 2 X 10° cells per well in six-well
dishes in HEPES-buffered F12/DMEM (Sigma Chemical Co., St.
Louis, MO) added to 1% fetal calf serum (PAA Laboratories
GmbH, Pasching, Austria) at 33 Cin a humidified atmosphere of
5% CO2 in air. The medium was changed every 48 h. Cells were
stimulated for 15 min with 100 ng/ml ovine FSH (Sigma) or for
48 h with 5 mM metformin (Sigma).

Histochemical staining for B-galactosidase activity

Testes were fixed in 4% paraformaldehyde in PBS for 1 h and
then embedded in Tissue-Tek O.C.T., frozen at —80 C, and cut
into 10-wm sections with a cryostat. The sections were washed
with PBS, incubated in PBS containing 2 mm MgCl,, 5 mm
K;Fe(CN),, 5 mm K, Fe(CN),, and 1 mg/ml 5-bromo-4-chloro-
3-indoyl-B-p-galactopyranoside (X-gal) at 30 C for 24 h. The
procedure for X-gal staining has been previously described by
Papaioannou and Johnson (54). Negative controls took the form
of al AMPK ™" mice.

Immunohistochemistry

Testes embedded in paraffin were serially sectioned at 7 um
slice thickness. Deparaffinized sections were hydrated, micro-
waved for 5 min in an antigen unmasking solution (Vector Lab-
oratories, Inc., AbCys, Paris, France), and left to cool to room
temperature. The sections were then washed in a PBS bath for 5
min, and to quench endogenous peroxidase activity, they were
immersed in peroxidase blocking reagent for 10 min at room
temperature (Dako Cytomation, Dako, Ely, UK). After two PBS
baths for 5 min, nonspecific background was prevented by in-
cubation in 5% lamb serum/PBS for 30 min. Finally, sections
were incubated overnight at 4 C with PBS containing primary
antibody against phospho-ACC (Ser79) (1:200; Upstate Biotech-
nology Inc., Lake, Placid, NY), mouse homolog Drosophila Vasa
(VASA) (1:200; AbCam, Cambridge, MA), transcription factor
GATA-4 (GATA4) (1:200; Santa Cruz Biotechnology, Santa
Cruz, CA), proliferation cell nuclear antigen (PCNA) (1:500;
Santa Cruz), and phospho-cAMP response element-binding pro-
tein (CREB) (Ser 133) (1:100; Cell Signaling Technologies, Bev-
erly, MA). The next day, after two PBS baths for 5 min, sections
were incubated with a ready-to-use labeled polymer-horseradish
peroxidase antirabbit or antimouse for 30 min at room temper-
ature (Dako Cytomation Envision Plus HRP system; Dako, Ely,
UK). Finally, after two baths in PBS, staining was revealed by
incubation with 3,3'-diaminobenzidine at room temperature
(Sigma Fast diaminobenzidine tablet dissolved in deionized wa-
ter; Sigma). Negative controls were incubated with rabbit or
mouse IgG (data not shown).
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FIG. 1. Expression of «1AMPK in testis. AT and A2, Analysis of the B-galactosidase activity
and expression in the testis (gene reporter inserted in a1AMPK gene) (48) (black arrowheads
localized peritubular cells); A2, negative controls were analyzed in «1TAMPK wild-type mice
(absence of the gene reporter). Scale bar, 20 um. B, Western blot analysis of «1AMPK and
a2 AMPK subunits in the whole testis and different testicular cells in wild-type mice or
alAMPK ™", a2 AMPK ™"~ mice (testis «1AMPK ™", testis a2 AMPK ™), respectively. Liver
was used as positive control (lane 1). C, Immunohistochemical staining of phospho-ACC in
aTAMPK wild-type testis section (1 and 2) and in «TAMPK KO testis section (3 and 4). Scale
bar, =20 uwm. D, Quantification of the phospho-ACC staining intensity. Data are represented

as means * seM (n = 3). ***, P < 0.001.

The intensity of phospho-ACC and phospho-CREB staining
was estimated by using the software Scion Image version 4.02
(Scion Corp., Frederick, MD). At least 50 measurements of a
25-um? area from different sections per animal (three animals
per genotype) were made, and the mean result is expressed in
arbitrary units.

Detection of apoptosis

Deparaffinized sections were hydrated, permeabilized with
proteinase K, and the i situ end labeling of nuclear DNA frag-
mentation was performed as described in the instruction manual
(FragEL kit; Calbiochem, VWR, West Chester PA). Negative
controls were terminal deoxynucleotidyl transferase free.

Sperm head counts

Testes and epididymis were thawed and cut into 2-mm pieces.
To isolate spermatozoa and elongated spermatid heads from the
other cells, samples were then suspended in 1 ml 0.15 M NaCl,
0.05% Triton X-100 buffer. Samples were homogenized and

*k%k
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sonicated for 30 sec. Sperm heads were
counted with a hemocytometer, and after
correction for sample volume and tissue
weight, the concentration was determined
as previously described by Jégou et al. (55).

Sperm morphology and motility
analysis
The cauda epididymis was cut into small
pieces in M2 medium (Sigma) supple-
mented with 1% BSA; the sperm released
into the medium were incubated 10-15 min
at37 Cin 5% CO, to allow sperm diffusion.
At least 120 spermatozoa per animal were
analyzed and classified as normal or atypi-
cal (microcephalic, curved spermatozoa, ir-
regular head, or thinned head). The sperm
suspension was also diluted for quantitative
assessment of motility using a Hamilton-
v Thorne motility analyzer (Hamilton-Thorne
Biosciences, Beverly, MA). For each sample,
sperm curvilinear velocity and sperm
straight-line velocity parameters were mea-
sured as indicators of sperm movement. For
each mouse (n = 6), 1000 spermatozoa
were analyzed at 37 C in 100-um standard
counting chambers (Leja, IMV Technolo-
gies, Aigle, France).

O a1AMPK +/-
B 01AMPK -/-

Mitochondrial activity

Mitochondrial activity was determined
by JC-1 staining (Invitrogen, Cergy-Pon-
toise, France). Fresh epididymal semen was
incubated with 2 uM JC-1-M2 medium for
15 min at 37 C, and then spermatozoa were
washed and examined using standard im-
munofluorescence microscopy (at least 150
spermatozoa per animal were analyzed). A
green fluorescence emission was detected in
the presence of low mitochondrial mem-
brane potential, and an orange/red fluores-
cence was emitted in mitochondria with
high membrane potential.

Determination of sperm mitochondrial oxygen
consumption (JO,)

Spermatozoa were collected in M2 medium supplemented
with 5 mM sodium pyruvate according to the method previously
described by Mukai and Okuno (56) and were resuspended at a
density of 2 X 10 spermatozoa/ml. The JO, (picomoles O, per
second per 10° cells) of the cell suspension was recorded at 37 C
with an Oroboros Oxygraph-2k (Oroboros, Innsbruck, Aus-
tria), and data were acquired with DatLab4 software. Basal cell
respiration was determined, and then oligomycin (0.5 ug/ml)
and increasing concentrations of carbonyl cyanide m-chlorophe-
nylhydrazone (1-2 uMm) were subsequently added to determine
the oligomycin-sensitive JO, (basal JO, minus oligomycin-in-
sensitive JO,), which represents the cellular oxygen consump-
tion related to ATP synthesis and the maximal (uncoupled) re-
spiratory rate, respectively.
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Transmission electron microscopy

Testes (n = 4 mice in each genotype) and spermatozoa (n =
6 mice in each genotype) were fixed in 4% glutaraldehyde, 0.1
M sodium cacodylate buffer (Sigma) (pH 7.4) for 24 h at 4 C,
postfixed in 1% osmium tetroxide, and embedded in Eponar-
aldite resin. For ultrastructure analysis, samples were serially
sectioned at 70 nm slice thickness, placed on 200-mesh copper
grids, and stained with uranyl acetate followed by lead citrate.
Finally, sections were examined on a CM10 electron micro-
scope (CM 10; Philips, Eindhoven, The Netherlands). Anal-
ysis software was used for image acquisition (Soft Imaging
System, Olympus, Miinster, Germany), and 40 and 80 sper-
matozoa in a1 AMPK ™" and a1 AMPK ~/~ mice, respectively,
and more than 2000 mitochondria per genotype were ana-
lyzed and classified as normal or exhibiting partial/total
cristolysis.

Oxidative stress

The total antioxidant capacity of testicular cell lysates was
evaluated by using the Cayman’s antioxidant assay kit according
to the instruction manual (Cayman, Interchim, Montlugon,
France). This assay is based on the ability of antioxidants (vita-
mins, proteins, lipids, glutathione, uric acid, etc.) to inhibit the
oxidation of 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic
acid. Total antioxidant capacity was expressed as Trolox equiv-
alent antioxidant capacity per milligram of testis.

Western immunoblotting

Lysates of liver, testis, epididymis, or isolated testicular cells
(described above), and the protein analysis by immunoblot assay
were described previously (50). Protein concentration was mea-
sured by a colorimetric assay (DC assay kit; Uptima Interchim,
Montlugon, France).

Primary antibodies against «1AMPK and a2AMPK were a
kind gift from G. Hardie (University of Dundee, Dundee, UK),
3B-hydroxysteroid dehydrogenase (3BHSD) and cytochrome
P450c17 (P450c17, 17 alpha-hydroxylase/17,20 lysate) were
purchased from Santa Cruz Biotechnology, phospho-CREB (Ser
133) from Cell Signaling Technologies, and tubulin and vinculin
from Sigma. The anti-steroidogenic acute regulatory protein
(StAR) and anti-p450scc (cholesterol side-chain cleavage
enzyme) antibodies were generously provided by Dr. Dale Bu-
chanan Hales (Department of Physiology and Biophysics, Uni-
versity of Illinois at Chicago, Chicago, IL). All antibodies were
used at 1/1000 dilution in Western blotting, except 3BHSD and
phospho-CREB antibodies diluted at 1:500. The signal was de-
tected with horseradish peroxidase conjugated with specific sec-
ondary antibody followed by an enhanced chemiluminescence
reaction.
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The band densities were estimated by using the software Scion
Image version 4.0.2. The results are expressed as the signal in-
tensity in arbitrary units and correspond to the average of three
cell lysate signals per genotype after normalization by an internal
standard (tubulin or vinculin).

Hormone assay

Testosterone and cortisol concentrations were assessed by
RIA in duplicate as previously described (57, 58). For testoster-
one assay, a sensitivity test was 15 pg/tube and intraassay coef-
ficients of variation of 5.3%. The sensitivity of the cortisol assay
was 0.25 ng/ml, and the intraassay of variation was 6.6% at 4
ng/ml. Concentrations of LH and FSH in plasma and pituitary
extracts were determined by RIA using reagents supplied by the
National Institute of Diabetes and Digestive and Kidney Diseases
(Bethesda, MD) (rLH: rLH-RP-3; rFSH: rFSH-RP-2) as de-
scribed by McNeilly and colleagues (59, 60). The sensitivity was
0.1 ng/ml (LH) and 1 ng/ml (FSH), and the intraassay coefficients
of variation were less than 5%.

Lactate, cholesterol, and cAMP assay

Lactate and cholesterol concentrations were determined accord-
ing to commercial spectrophotometric assays (Sigma Diagnostics
procedure no. SELACTO02 from Sigma, I’Isle d’Abeau Chesnes,
France; cholesterol RTU, TG PAP 150 from BioMerieux, Marcy
’Etoile, France). cAMP concentration was measured by cAMP-Glo
Assay (Promega, Madison, WI). Each standard and sample was
assessed in duplicate.

Statistical analysis

All data are presented as the mean = sem. Student’s 7 test was
used to compare means between a1 AMPK KO samples and their
corresponding control. In the case of multiple comparisons of
means, statistical analysis was performed by ANOVA followed
by the Newman-Keuls test. Probability values =0.05 were con-
sidered significant.

Results

Alteration of fertility in male «1AMPK™/~ mice
Adult males lacking the activity of «1AMPK have
shown a significant decrease in fertility, as attested by the
number of pups per litter when a1 AMPK KO males were
crossed with «1AMPK "'~ females in comparison with
alAMPK ™"~ males (5.1 = 0.5 vs. 6.7 = 0.5 pups per litter,
respectively, Table 1). «lAMPK '~ males crossed with

TABLE 1. «1AMPK ™/~ male mice present a reduced fertility
Genotype Males (n) Females (n) Litter Pups Pups per litter
Male aTAMPK™~ X female aTAMPK ™/~ 10 19 36 240 6.7 = 0.5
Male aTAMPK ™/~ X female a1AMPK ™/~ 14 28 21 107 5.1 £ 0.5
Male aTAMPK /= X female aTAMPK 7~ 21 22 29 133 46+ 0.4°

Results are means of pups per litter of the following breeding: male aTAMPK*/~ mated with female aTAMPK™~ (line 1), male a1AMPK ™/~ mated
with female «TAMPK™*~ (line 2), and male «TAMPK ~/~ mated with female a1AMPK ™~ (line 3). Data are represented as mean =+ Sem.

2 P < 0.05 for line 1 vs. line 2.
b p < 0.001 for line 1 vs. line 3.
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N ey (Supplemental Table 1). Morphologi-
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il (Fig. 2A and Supplemental Fig. 1) has
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FIG. 2. Histological analysis of «1AMPK ™~ testis. A, Testicular sections immunostained
against VASA (1 and 2), GATA4 (3 and 4), PCNA (5 and 6), and apoptotic DNA fragmentation
(7 and 8) from a1AMPK** mice (1, 3, 5, and 7) and a1AMPK ™'~ mice (2, 4, 6, and 8). Scale
bar, 50 wm. All stages of spermatogenesis were visible, and no clear alteration was observed.
Few germ cells sloughing were observed in both genotypes (arrows in A1 and A2). B,
Quantification of GATA4-immunoreactive cells in seminiferous tubule (20 tubules per animal,
n = 4 mice). C, Percentage of seminiferous tubules with at least one TUNEL-positive nuclei

(n = 4 mice). D, Lactate concentration, an energy substrate for spermatozoa, in a1 AMPK*/*
and a1AMPK ™/~ testis (n = 5). E, Lactate secretion measured in culture medium conditioned
by aTAMPK™* and a1AMPK ™~ Sertoli cells for 48 h in the presence or absence of 5 mm
metformin (percentage of control normalized per 200,000 cells/wells). Data are represented

as means * sem (n = 3 in triplicate). a and b, Significant differences.

alAMPK '~ females presented a stronger decrease in fer-
tility (4.6 = 0.4 pups per litter). The «1AMPK gene in
transgenic mice (48) was disrupted by insertion of the re-
porter gene B-galactosidase, allowing us to localize the
expression of a1 AMPK in the testis by X-gal staining (Fig.
1A). «1AMPK is expressed in Leydig cells, Sertoli cells,
and in germ cells (Fig. 1). a1 AMPK was also detected in
epithelium of the epididymal ducts (Supplemental Fig. 1,
published on The Endocrine Society’s Journals Online
web site at http://endo.endojournals.org). Absence of
a1AMPK expression in the testis of «1AMPK ™/~ mice
was confirmed by Western blot using a1 antibody (Fig.
1B); consistent with this, we observed a reduction of the
phospho-ACC-immunoreactive cells in seminiferous tu-

nucleotidyl transferase-mediated deoxy-
UTP nick end labeling (TUNEL). No
clear difference in proliferation (includ-
ing mono- and multilayer of PCNA-pos-
itive cells in seminiferous tubules),
and apoptosis was noticed (Fig. 2,
A5-A8 and C). The lactate concen-
tration produced by the Sertoli cells
representing the main energetic sub-
strate for spermatozoa was also mea-
sured. No difference was observed in
testicular extract between each geno-
type (Fig. 2D) in 48 h culture medium conditioned by
alAMPK ™" and a1AMPK /'~ Sertoli cells, even after
metformin stimulation (Fig. 2E).

Our finding of a1 AMPK expression in spermatozoa (Fig.
3A) led us to investigate the production and quality of
a1AMPK ™/~ sperm. The numbers of spermatids and sper-
matozoa heads in testes and in cauda epididymis of wild-type
and mutant mice were compared and did not show alteration
(Fig. 3, Band C). However, a1 AMPK KO spermatozoa had
twice as many head abnormalities as a1AMPK wild-type
counterparts (¢l AMPK ™"~ mice, 48% of abnormal sperm
heads; «1AMPK """ mice, 26%; P < 0.01; Fig. 3D), but
flagellum length was not altered (data not shown). Only ab-



3474 Tartarin et al. Fertility in AMPKa1™/~ Male Mice Endocrinology, July 2012, 153(7):3468-3481
A s 3+ % Mitochondrial defect reduces
x § i motility of «1AMPK ™/~
T %3 spermatozoa

5 8 % Sperm analysis performed with an
L 1AMPK ﬁ integrated visual optical system (IVOS)
c D 2 araur analyzer showed a 1.7-fold increase in
2 08 . " static spermatozoa and a 2.4-fold re-
gg g oo '5§ - duction in rapid spermatozoa in
gigj ;‘é’ Z’j $E alAMPK KO mice compared with
£ " g; o §§'20 D wild-type mice (Fig. 4A, P < 0.05). In
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E ® exhibited a decrease in velocity (Fig.
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FIG. 3. Alteration of spermatozoa morphology in male «1AMPK ™/~ mice. A, Expression of
a1AMPK subunits protein in spermatozoa extract purified from a1 AMPK*'* and a1AMPK ™/~
epididymis. Liver was used as positive control. B and C, Number of sperm head per milligram
of testis (B) and per milligram of cauda epididymis (C) from a1AMPK™"* mice (n = 4) and
alTAMPK ™'~ mice (n = 4). D, Percentage of atypical sperm head in both genotypes. **, P <
0.01. E, Classification of sperm head abnormalities in «TAMPK™* mice (n = 5) and
alAMPK ™"~ mice (n = 5) in microcephalic, curved spermatozoa, irregular head, and thin
head. Representative micrographs are presented under the bar graph. Data are represented as
mean or percentage =+ sem. F, Transmission electron micrographs of spermatozoa (1-4) and
spermatid head (5-8); head and sheath morphology (1 and 2) and acrosome (3 and 4) (white
arrows) from aTAMPK*"* (1 and 3) and a1AMPK ™/~ mice (2 and 4). Irregular nuclei of
spermatids were observed in «TAMPK™~ mice (6 and 8) (white arrows) compared with

alAMPK*"* mice (5 and 7). Scale bar, 2 um.

normal spermatozoa with curved sheaths tended to be higher
in homozygous alAMPK KO mice compared with
alAMPK wild-type mice (P = 0.05) (Fig. 3E). Transmission
electron microscopy analysis confirmed the neck abnormal-
ity without acrosome alteration (Fig. 3, F1-F4) and has
shown disturbances during head formation (Fig. 3, F5-F8).
These results indicate a decrease in the quality but not in the
production of spermatozoa in a1 AMPK KO mice.

4B) (a1AMPK KO mice, 186 um/sec;
a1AMPK wild-type mice, 252 um/sec;
P < 0.05).

Because spermatozoa motility is
strongly associated with activity of mito-
chondria localized in the midpiece (62),
sperm mitochondria were evaluated by
testing mitochondrial membrane poten-
tial, measurement of the mitochondrial
respiration, and microscopic ultrastruc-
tural analysis. The percentage of active
mitochondria with a high polarization
tended to be reduced to about half in se-
men from a1AMPK KO mice (P = 0.07,
Fig. 4C). In addition, the measurement of
the mitochondrial respiration validated
our preliminary results because we found
a reduction of the oxygen consumption
in a1 AMPK KO spermatozoa compared
with a1 AMPK wild-type spermatozoa in
all the conditions tested. «1 AMPK KO
spermatozoa presented  significantly
lower basal JO, rates of 60% (a1AMPK
wild-type spermatozoa, 2.19 pmol O,/
sec - 10° cells; a1l AMPK KO spermato-
z0a,0.81 pmol O/sec- 10 cells cells, P <
0.05) (Fig. 4D). In addition, oligomycin-
sensitive and maximal JO, were also di-
minished by 50 and 30% but without
reaching statistical significance. Further-
more, ultrastructural  studies  of
alAMPK KO sperm have shown a de-
crease in the number of mitochondria as illustrated in trans-
verse sections of the midpiece region of spermatozoa (Fig. 4E,
P < 0.001) and a 3-fold increase in the percentage of mito-
chondria exhibiting dilated intermembrane space (black ar-
rows) in contrast to wild-type sperm (Fig. 4F, P < 0.05).
During spermiogenesis, abnormal arrangement of mito-

chondria along microtubules in the midpiece was also ob-
served in a1 AMPK KO mice (Fig. 4G). In addition, the total
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FIG. 4. Analysis of spermatozoa mobility and characterization of mitochondria. Sperm
mobility parameters, percentage of motile spermatozoa (A) and sperm kinematics (B) of
alAMPK*"* mice (n = 6) and a1AMPK ™~ mice (n = 6), were performed by computer-
assisted sperm analysis. VCL, Sperm curvilinear velocity; VSL, sperm straight-line velocity.

*, P < 0.05. C, Mitochondrial activity was determined by JC-1 staining and represented by
percentage of high mitochondrial polarization spermatozoa (orange/red fluorescence) in
aTAMPK** mice (n = 5) and a1AMPK /™ mice (n = 5). Low mitochondrial membrane
potential was observed in green fluorescence. D, Spermatozoa suspension (2 X 10° cells/ml)
in M2 medium supplemented with 5 mm sodium pyruvate was transferred immediately, after
isolation, into a stirrer 2-ml oxygraph vessel where JO, was recorded before and after the
successive addition of 0.5 ug/ml oligomycin and 1-2 um carbonyl cyanide m-
chlorophenylhydrazone. Data are represented as means = sem of n = 3 different
spermatozoa isolations in which measurements were performed in duplicate. *, P < 0.05.

E, The number of mitochondria per section of spermatozoa in the midpiece from a1 AMPK*/*
mice (n = 5) and a1AMPK ™"~ mice (n = 5). Scale bar, 500 nm. F, Percentage of mitochondria
exhibiting partial or total cristolysis was measured on transmission electron micrographs. Black
arrows indicate crystolysis in mitochondria. Scale bar, 1 um. G, Testis micrographs from
alAMPK ™'~ mice (3-5) exhibited abnormal arrangement of mitochondria (arrowhead) during
midpiece formation in the testis compared with «1TAMPK wild-type mice (1 and 2). Scale bar,
5 wm. H, Intratesticular antioxidant activity measured in units called Trolox equivalent
antioxidant capacity (TEAC) per milligram of testis. Data are represented as mean or
percentage * sem. *, P < 0.05; ***, P < 0.001.
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antioxidant capacity in the whole testis
was lower in a1 AMPK ~'~ mice (Fig. 4H,
P < 0.05).

Hyperandrogenism in male
«1AMPK ™'~ mice

Plasma testosterone levels were about
twice as high in «1AMPK KO mice
(Fig. SA, P < 0.05) and more than
3-fold higher in testicular extract (Fig.
5C,P<0.01) compared with «1AMPK
wild-type mice. Hyperandrogenism
was not associated with an alteration of
the plasma cortisol level (Fig. 5B) or an
increase in the number of Leydig cells in
the a1 AMPK KO mice (Fig. 5D). How-
ever, the mean volume of the Leydig cell
was significantly increased (Fig. SE). At
the ultrastructural level, Leydig cells
from a1AMPK KO mice exhibited an
alteration of the surface occupied by
smooth endoplasmic reticulum (SER),
involved in synthesis of lipids and ste-
roids, and the presence of larger struc-
tures of membranous whorls of SER
compared with wild-type mice (Fig.
5F). Additionally, a1 AMPK KO mice
presented a 5-fold increase in intrates-
ticular cholesterol concentration, a pre-
cursor for steroid synthesis (Fig. 6A,
P < 0.01). The protein level of a cho-
lesterol carrier (StAR) and two enzymes
involved in steroid production (P450c17
and 3BHSD) was higher in «1AMPK
KO testicular extract (1.9-, 3.1-, and
1.8-fold increase in alAMPK '~
compared with wild-type mice, respec-
tively) (Fig. 6B). This result was asso-
ciated with an increase in phosphory-
lation of the CREB transcription factor
in Leydig cells (Fig. 6C, P < 0.001).
Phosphorylation of serine 133 is
known to activate CREB and induce
transcription of target genes such as
StAR and 3BHSD. Hyperphosphoryla-
tion of CREB was also observed on
a basal level in purified cultured
a1AMPK KO Sertoli cells (1.5-fold in-
crease, Fig. 6D).

To test whether the higher CREB
activity is due to stimulation of the
gonadotropin receptor pathway (a G
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Discussion

These data show that inactivation of
the AMPKa1 gene reduces male fertil-
ity. Indeed, «1 AMPK '~ males present
a 20% decrease in litter size per preg-
nancy associated with hyperandro-
genism and alteration in morphology
and motility of the spermatozoa.

In our study, localization of the
alAMPK expression has been found
in germ cells and in Leydig and Sertoli
cells in the testis. A previous study has
identified AMPK expression in the rat
testis (16), and the authors have
demonstrated by immunoprecipita-
tion that 75% of the AMPK activity is
associated with a1 catalytic subunit

FIG. 5. A-C, Hyperandrogenism in a1AMPK ™~ male. Plasma concentrations of and 25% with the o2 AMPK subunit in
testosterone (A), cortisol (B), and intratesticular concentrations of testosterone (C) in
alAMPK** mice (n = 5) and «1AMPK ™/~ mice (n = 5) were analyzed. *, P < 0.05;
** P < 0.01. D and E, The number of Leydig cells (D) and their mean cell volume (E) nase of AMPK, LKB1 (27, 47) and two
were estimated in aTAMPK** (n = 3) and aTAMPK '~ testis (n = 5). ***, P < 0.001. AMPK-related kinases (37), SNRK
Data are represented as mean or percentage = sem. F, Transmission electron micrographs

of Leydig cells; 1 and 3, altered surface occupied by SER (black arrows) in a1AMPK ™/~ (35) and MARK2 (36) are also ex-

a1AMPK +/+

a1AMPK -/-

the whole testis. Furthermore, the ki-

Leydig cells; 2 and 4, increase in size of membranous whorls of SER (white arrows) in pressed in the testis. Inactivation of

a1AMPK ™/~ Leydig cells. Scale bar, 1 um. these genes induced alterations of fer-
tility and in some case sterility, suggest-

protein-coupled receptor, cAMP-dependent pathway), ing that AMPK/AMPK-related activity

the cAMP concentration was measured in the freshly  is involved in testicular function.

recovered testis (Fig. 6E) and in a culture medium re- The high testosterone level measured in a1 AMPK ™/~

leased by purified Sertoli cells (Fig. 6F). In both cases,  mice could affect spermatogenesis. That disturbance can-
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FIG. 6. Molecular alteration in steroidogenesis. A, Intratesticular concentrations of cholesterol in
al AMPK** (n = 5) and aTAMPK™~ mice (n = 5). **, P < 0.01. B, Western blot analysis of
StAR, 3B-HSD, P450c17, and P450scc expression in aTAMPK*/* (lanes 1-3, three different
animals) and a1AMPK ™~ testis (lanes 46, three different animals), normalized to vinculin. C,
Quantification of phospho-CREB immunostaining intensity localized in Leydig cells. Bright-field
photomicrographs are shown below the bar graph. Scale bar, 20 um; n = 3 per genotype.

**% P < 0.001. D, Western blot analysis of phospho-CREB expression in purified Sertoli cells
culture of @1AMPK** and a1 AMPK ™~ mice. Tubulin served as a loading control. Results are
representative of three independent experiments. E, Intratesticular CAMP concentration from
alAMPK™*"* mice (n = 5) and aTAMPK~/~ mice (n = 6). *, P < 0.05. F, cAMP concentration in
culture medium of Sertoli cells stimulated for 15 min with or without ovine FSH (oFSH) (100 ng/ml)
(percentage of control normalized per 200,000 cells/wells; n = 4 independent experiments). **,
P < 0.01. Data are represented as mean or percentage =+ SEMm.
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intratesticular cholesterol concentra-
tion, and the strong expression of pro-
teins involved in steroid production.
These results could be linked to studies
that have described the activation of
AMPK complexes by natural activators
like curcumin (63, 64) or resveratrol
(65, 66) that inhibit androgen produc-
tion by Leydig cells. In the rat ovary,
activation of AMPK reduces progester-
one secretion in granulosa cells by in-
hibition of expression of the 3BHSD en-
zyme (67) but not p450scc as observed
in our model. Furthermore, high intra-
testicular cAMP concentrations associ-
ated with high phosphorylation of
CREB suggested that gonadotropin re-
ceptors and/or a downstream signaling
pathway could be activated at a basal
level, despite recent work that de-
scribed expression of AMPK in rat go-
nadotrope pituitary cells (60). In our
model, LH and FSH pituitary concen-
trations appeared lower than in wild-
type mice (1.6- to 2-fold), suggesting
that androgen levels induced negative
feedback on gonadotropin synthesis
rather than absence of AMPK affecting
gonadotropin secretion. Indeed, Tosca
etal. (60) have shown that inhibition of
AMPK by a synthetic inhibitor, com-
pound C, did not affect LH and FSH
secretions in gonadotrope cell lines.

Additionally, different models with
high testosterone levels indicate altera-
tion of sperm quality (68, 69). Condi-
tional deletion of a1AMPK in Leydig
cells or administration of antiandrogen
treatment should be helpful to clarify
the role of testosterone in sperm quality
in these transgenic mice.

In various cells, AMPK has been
shown to be involved in mitochondrial
function. In their work, Nakada et al.
(70) showed that spermatogenesis is
closely linked to mitochondrial respira-
tion, and in a recent publication, Pellic-
cione et al. (71) associated asthenozoo-

not be attributed to adrenal gland disorders or to gluco-  spermia with abnormal mitochondrial ultrastructure. Thus,
corticoid resistance (Fig. 5B) but was associated with hy-  we hypothesize that the motility disturbance observed in
peractive Leydig cells as attested by the increased mean  our a1 AMPK KO model and in the LKB1 KO model (an
volume, the altered endoplasmic reticulum area, the high ~ AMPK kinase) showing a strong spermatozoa abnormal-
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FIG. 7. a1AMPK deletion: schematic summary of the consequences on male fertility.

ity (motility and head morphology) (47) was directly
linked to mitochondrial dysgenesis. Our hypothesis seems
to be confirmed, because investigation of mitochondrial
integrity in «1AMPK KO sperm mice has demonstrated a
50% reduction in mitochondrial activity, a decrease in
their number per sheath section, and a 3-fold rise in ab-
normal mitochondria with dilated intermembrane space
structure. Moreover, in his work, Jager et al. (72) noted
that AMPK activation is required for peroxisome-prolif-
erator-activated receptor y coactivator la (PGC-1a) ac-
tivation, a key regulator of mitochondrial biogenesis (73),
and a study of Rodriguez-Cuenca et al. (74) showed that
testosterone reduces PGC-1a mRNA levels. Therefore, in
our model, the substantial rise in testosteronemia and ab-
sence of «1AMPK in spermatozoa could hardly reduce
PGC-1a expression and mitochondrial biogenesis. A dys-
function of mitochondria that could also induce a high
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Sertoli cell

Peritubular cell
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oxidative stress has been described in
red blood cells from a1 AMPK KO mice

_______________ . (75). Similarly, we have measured a

% lower total antioxidant capacity in the
alAMPK ™/~ testis. Strangely, a mouse
model inactivated for an oxidative-
stress sensor proteins like glutathione
peroxidase 4 (76, 77) is described with
structural abnormalities in spermato-

i zoaclosely similar to those observed in
/" alAMPK KO. Furthermore, these mi-
tochondrial malfunctions were not due
to a decline in available energy as lac-
tate substrate, produced by Sertoli cells
(78), because as shown in Fig. 2, lactate
production in vivo and in vitro (even
after metformin induction) by Sertoli
cells was similar in «1AMPK KO and
wild-type mice.

The Sertoli cells, closely linked to
germ cells, have an essential role in the
shaping of the spermatid head (79). Al-
though a1AMPK KO Sertoli cells did
not present abnormalities in structure
and nucleus polarization (Supplemen-
tal Fig. 2), observations of abnormali-
ties in sperm maturation (mitochondria
organization and head shape formation
at the spermatid stage) suggest a role of
AMPK in the cytoskeletal dynamics.
Observations from transmission elec-
tron microscopy of elongated sperma-
tids have confirmed the presence of
some disrupted Sertoli cell/germ cell
junctions in a1l AMPK-defective testis
(Supplemental Fig. 3). In a recent study, Galardo et al. (80)
demonstrated that AMPK affects some adhesion molecule
expression and influences junction complex integrity in rat
Sertoli cells. Moreover, mice deleted for adhesion mole-
cules present in Sertoli/germ cell junctions, like nectin-2
(81) or tumor suppressor in lung cancer 1 (82) confirmed
the essential role of these molecules for sperm head co-
nfiguration, midpiece formation, and sperm motility.
Thus, we can think that AMPK has a potential role in the
cytoskeletal interaction between Sertoli and germ cells,
leading to an abnormal head shape and mitochondrial
organization around microtubules.

In conclusion, inactivation of the «1AMPK predomi-
nant isoform in somatic and germ cells has shown a major
malfunction of mitochondrial activity, leading mainly to a
decrease in sperm quality (morphology and mobility) and
alteration of steroid production as described in Fig. 7.

Germ cell
AMPKa1 KO
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Hence, the use of an AMPK activator such as metformin,
an insulin sensitizer used in the therapeutic management
of type 2 diabetes mellitus, raises the question of its po-
tential consequences in human male fertility.
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