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Abstract
Purpose Increasing intracellular energy storage by chemically activating adenosine monophosphate–activated protein kinase
(AMPKα) prior to sperm cryopreservation may improve post-thawed sperm function. Using the domestic cat as a biomedical
model, the objectives were to (1) confirm the expression of AMPKα and its regulatory kinases in epididymal spermatozoa and (2)
assess the influence of AMPK activator, 5′-aminoimidasole-4-carboxamide-1-β-d-ribofuranoside (AICAR) on epididymal
sperm function before and after cryopreservation.
Methods In study I, sperm samples of different qualities were obtained from cauda epididymides of domestic cats and evaluated
for AMPKα expression. In study II, epididymal spermatozoa were equilibrated for either 30 or 60 min in the presence of 0
(control), 0.5, 2.0, and 5.0 mM AICAR and sperm functions were assessed before and after cryopreservation. In study III,
epididymal spermatozoa were treated as in study II and evaluated for AMPKα signaling protein expressions (phospho-AMPKα
Thr172 and GLUT1) as well as ATP levels.
Results AMPKα protein expression was higher in high-motility vs poor-motility samples. Thirty-minute equilibration with
0.5 mM AICAR improved motion characteristics and fertilizing ability of cryopreserved sperm to the control. Increased expres-
sions of phospho-AMPKα Thr172 and GLUT1 as well as intracellular ATP level were confirmed in sperm samples equilibrated
with 0.5 or 2.0 mM AICAR for 30 min.
Conclusions Presence and role of AMPKα protein in cat regulating sperm function were demonstrated before and after cryo-
preservation. Findings could be used to potentially enhance cryopreserved sperm function in sub-fertile men.
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Introduction

Mitochondria play several fundamental roles in cell func-
tions, including providing energy, regulating apoptotic
pathway, and Ca2+ homeostasis [1, 2]. Mitochondria pro-
vide ATP to cells via oxidative phosphorylat ion
(OXPHOS). During this process, high energy electrons de-
rived from oxidation are carried by NADH+, H+, and
FADH2 to the inner mitochondrial membrane and trans-
ferred through cascades of electron transport chain that
convert electrons into ATP [2, 3]. In mammalian sperma-
tozoa, mitochondria are located within the mid-piece and
responsible for ATP production essential for sperm flagella
movement and fertilization process [3, 4]. Dysfunction of
sperm mitochondria has been linked to several pathologies,
including infertility [2].
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Sperm mitochondrial function has been reported to be regu-
lated by several factors including 5′ adenosine monophosphate–
activated protein kinase (AMPK). AMPK is a serine/threonine
heterotrimeric protein kinase composed of three subunits (cata-
lytic α-subunit bound with β- and γ-regulatory subunit) [5].
Activation of AMPK has been reported to enhance glucose up-
take and metabolism in adipocytes leading to increased intracel-
lular energy storage [6, 7] . Studies have shown thatAMPKplays
important roles in the development of male and female gonads
[8]. For examples, α1AMPK-deficient metaphase II mouse oo-
cytes contain high numbers of abnormal mitochondria and gen-
erate less ATP compared with gametes recovered from wild type
individuals [8]. Alteration of αAMPK gene in mouse testes also
has been shown to be associated with impairment of testicular
junctional complex and high incidence of sperm with abnormal
acrosome morphology [9]. In spermatozoa, AMPK is mainly
located in the mid-piece and flagellum in the pig [10], chicken
[11], and human [12]. Activation of AMPK has been shown to
sustain mouse sperm function after long-term storage [8].

AMPK can be activated by its activators such as 5′-
aminoimidasole-4-carboxamide-1-β-d-ribofuranoside
(AICAR), resveratrol, or metformin [6, 9]. The activation
by AICAR has been reported to increase intracellular ATP
concentration while decrease reactive oxygen species
(ROS) and lipid peroxidation reaction (LPO) in post-
thawed chicken spermatozoa [11]. It also has been shown
that AMPK activation decreases ROS levels and apoptotic-
like changes as well as increases mitochondrial membrane
potential but does not impact fertilizing ability of cryopre-
served human spermatozoa [13].

The domestic cat is a highly relevant biomedical model to
research in human fertility [14]. Furthermore, similar to in-
bred mice or infertile patients, epididymal and ejaculated
sperm from domestic and non-domestic felids often contain
high proportions of pleiomorphism and poor motility. Thus,
the domestic cat is a useful model for addressing reproduc-
tive issues in human [14]. We have previously shown that
sperm mitochondrial membrane potential remarkably de-
creases after cryopreservation that likely results in reduced
fertilizing ability of cryopreserved spermatozoa [15].
Furthermore, morphologically abnormal spermatozoa, es-
pecially those with a mid-piece defect, have been shown
to be extremely sensitive to cryo-induced damage [4].
Because activation of AMPK has been shown to enhance
sperm metabolism after cryopreservation in human [13] and
chicken [11], we hypothesize that increasing intracellular
energy storage by chemically activating AMPKα prior to
sperm cryopreservation improves post-thawed sperm func-
tion. Using the domestic cat as a biomedical model, the
objectives were to (1) confirm the expression of this protein
and its regulatory kinases in epididymal spermatozoa and
(2) assess the influence of AICAR on epididymal sperm
function before and after cryopreservation.

Materials and methods

All chemical substances were purchased from Sigma-Aldrich
(Sigma-Aldrich Chemie GmbH, Steinheim, Germany) unless
otherwise indicated.

Research animals

Testes from a total of 53 adult male (1–5 years old) and ovaries
from 49 adult female cats (1–5 years old) were collected op-
portunistically from routine castration at the Small Animal
Hospital, Faculty of Veterinary Science, Chulalongkorn
University, and the Veterinary Public Health Division of the
Bangkok Metropolitan Administration, Thailand. Gonads
were kept after excision in an isotonic normal saline solution
supplemented with 0.5 IU/ml penicillin-streptomycin (Sigma-
Aldrich Chemie GmbH, Steinheim, Germany) and
transported to the laboratory at room temperature within 1–
3 h.

Sperm cryopreservation

Sperm freezing extender and thawing medium were prepared
according to the protocol described by Axnér et al. [16]. For
sample collection and cryopreservation, sperm cells were re-
covered by cutting the cauda epididymides into small pieces
in 0.5 ml of pre-warmed Tris-base buffer and allowed to swim
out for 30 min. Each sample was assessed for concentration,
and a portion containing 10 × 106 sperm cells processed for
cryopreservation as followed: the sample was centrifuged, the
supernatant removed, and the sperm pellet resuspended at
25 °C with 0.65 ml of semen extender I (containing of 3%
glycerol) with or without AICAR (as described in
BExperimental design^) and then cooled (for 30 min or
60 min) to 4 °C after which an equal volume of cooled semen
extender II (containing 7% glycerol) was added to each sperm
sample. For a given treatment, samples were then loaded into
two 0.25-ml straws (approximately 0.125 ml per straw with
final concentration 5% glycerol). Strawswere then placed on a
metal rack above liquid nitrogen vapor at 20 cm (2 min), then
at 13 cm (2min), and finally at 7 cm (1min) [17], before being
plunged into liquid nitrogen where straws were kept until
evaluation. For thawing, each straw was submerged in a water
bath at 37 °C for 15 s and diluted with 0.125 ml of thawing
medium (1/1; v/v).

Expression of AMPKα, phospho-AMPKα Thr 172,
and GLUT1 proteins

Sperm protein was extracted by incubation with protein lysis
buffer (CellLytic™MT) supplemented with protease inhibitor
for 30 min on a shaker at room temperature (25 °C) followed
by centrifugation at 12,000g at 4 °C for 10 min. Sperm pellet
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was discarded, and the supernatant was measured for total
protein amount using NanoDrop 100 (Thermo Fisher
Scientific, Waltham, MA, USA). Final protein concentration
was adjusted to 15 μg/μl by dilution in PBS and stored at −
80 °C until western blot analysis. Western blot analysis was
performed as follows; the protein sample was mixed with SDS
sample loading buffer (4 × Laemmli sample buffer and β-
mercaptoethanol; Bio-Rad, Hercules, CA, USA) and proc-
essed on SDS-PAGE (4–15% Miniprotein® TGX Precast
Gels; Bio-Rad) for 1 h. Precision Plus Protein Dual Color
Standards (Bio-Rad) loaded into the first lane were used as
molecular weight standard. Gels were then transferred to
polyvinylidene difluride membranes (Immobilon-P,
Millipore, Billerica, MA, USA.) and blocked with 2.5% skim
milk (Bio-Rad) diluted in washing buffer (Tris-buffered saline
plus 0.1% (v/v) Tween) for 1 h at room temperature (25 °C)
and incubated on a shaker in the dark at 4 °C overnight with
one of the following primary antibodies (Cell Signaling
Technology, Inc., Danvers, MA, USA; (I) alpha-Tubulin
Rabbit antibody (1:1000); (II) AMPKα Rabbit Antibody
(1:1000); (III) Phospho-AMPKα Thr172 (D76.5E) Rabbit
Antibody (1:2000); and (IV) GLUT1 (D3J3A) Rabbit
Antibody (1:1000). Samples incubated with normal rabbit
IgG (1:1000) served as negative controls. After overnight in-
cubation, the blot membrane was incubated with secondary
antibody (anti-rabbit IgG antibody conjugated with HRP,
1:2000; Cell Signaling Technology) for 1 h at room tempera-
ture (25 °C). Immunoreactivity was detected by colorimetric
method (Opti 4CN™ Substrate Kit, Bio-Rad). Volume inten-
sity of each protein band and background were measured
using Synegen software (Frederick, MD, USA). Relative
quantification volume was normalized by dividing the volume
intensity of AMPKα, phospho-AMPKα Thr172, and GLUT1
antibodies (volume intensity of each protein bandminus back-
ground) by the alpha-Tubulin volume intensity.

Intracellular ATP concentration

Sperm intracellular ATP extraction was performed using the
protocol previously described by Thuwanut at al. [18]. In
brief, sperm samples were washed in ice-cold 0.15 M sodium
chloride by centrifugation at 600g for 6 min. Sperm pellet was
resuspended in ice-cold Triton X and 10% perchloric acid,
centrifuged at 20,000g for 10 min, and supernatant stored at
4 °C. Evaluation of intracellular ATP concentration was per-
formed within 1 h of extraction by high-performance liquid
chromatography (HPLC) (UltiMate HPLC System, Thermo
Fisher Scientific Inc.). Peaks from chromatographic band
were analyzed by absorbance at 254 nm with reverse-phase
HPLC on Ultrasphere 18-mm column. Intracellular ATP con-
centration was identified by comparison with the external
standard method (r2 = 0.90). Each sample was analyzed in
duplicate, and data were present as means of the duplicate.

Sperm motility, motion characteristics,
and morphology

For percent motility and progressivemotility score, 5μl of sperm
sample was placed on a pre-warmed glass slide and assessed
under a phase contrast microscope at × 200 magnification [18].
Sperm motion patterns were evaluated by Sperm Class
Analyzer® CASA system (Microptic S.L, Barcelona, Spain).
Three to five randomly selected optical fields of each sperm
sample were evaluated for sperm motion patterns, including
straight line velocity (VSL), average path velocity (VAP), curve
linear velocity (VCL), and amplitude lateral head displacement
(ALH) as described by Thuwanut et al. [15]. For sperm head
morphology, 5 μl of sperm sample was placed on a pre-
warmed glass slide, air-dried, and stained by William’s staining
method. Two hundred spermatozoa were evaluated under a light
microscope at × 1000 magnification. To assess head morpholo-
gy, spermatozoa were classified as having normal head, narrow
at the base, pear shape, head contour, or varied in size (giant,
board, round shape). For mid-piece and tail morphology, 5 μl of
sperm sample was fixed in 100 μl formal saline, and 5 μl of the
fixed sample was placed on a glass slide. Two hundred sperma-
tozoa were analyzed under the phase contrast microscope at ×
400magnification and classified as having normalmid-piece and
tail morphology, bent tail, coiled tail, abaxial mid-piece, proximal
droplet, or distal droplet.

Integrity of sperm plasma membrane and acrosome,
and mitochondrial membrane potential

Sperm plasma membrane and acrosome integrity was deter-
mined by double-fluorescent labeling techniques (sperm
membrane integrity: EthD-1 and SYBR-14, [Molecular
Probes Inc., OR, USA] and acrosome integrity: FITC-PNA
mixed with propidium iodide [PI; Molecular Probes Inc.])
[16]. Sperm mitochondrial membrane potential was evaluated
using fluorochrome 5,5 ′ ,6,6 ′-tetrachloro-1,1 ′ ,3,3 ′-
tetraethylbenzimidazolyl-carbocyanine iodide (JC-1;
Molecular Probes Inc.) [19]. For all analyses, 200 spermato-
zoa were counted for each sample. For plasma membrane
integrity, spermatozoa fluoresced green of SYBR-14 were
considered Blive,^ cells fluoresced both green and red were
considered moribund, and cells fluoresced red were classified
as Bdead.^ To evaluate acrosome integrity status, spermatozoa
were classified into three categories: intact acrosome (sperma-
tozoa fluoresced green of FITC-PNA at acrosomal cap area),
reacted acrosome (spermatozoa fluoresced green of FITC-
PNA at acrosomal cap area and red from PI from DNA at
equatorial segment), and missing acrosome or acrosomal loss
(spermatozoa fluoresced red from PI at all sperm head region).
For mitochondria potential, 200 spermatozoa were evaluated
and classified into two categories: high (spermatozoa
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fluoresced orange from JC-1) and low mitochondrial mem-
brane potential (spermatozoa fluoresced green from JC-1).

Homologous in vitro fertilization

Oocyte recovery and in vitro culture (IVM) media were pre-
pared as described by Thuwanut et al. [18]. A total of 513
oocytes with more than two layers of compact cumulus cells
and presence of dark homogeneous ooplasm were collected
f rom ovar i e s o f domes t i c ca t s a f t e r a rou t i ne
ovariohysterectomy. Oocytes were gently washed in oocyte
recovery medium (Medium 199 supplemented with
penicillin-streptomycin [0.5 U/ml] and Hepes [0.2 mg/ml])
and then IVM medium (Medium 199 supplemented with bo-
vine serum albumin [4 mg/ml], glutamine [0.29 mg/ml], py-
ruvate [0.026 mg/ml], estradiol [0.001 mg/ml], follicle stimu-
lating hormone [0.05 U/ml], epidermal growth factor
[0.25 mg/ml] and penicillin-streptomycin [0.5 U/ml]).
Approximately 8–10 oocytes were cultured in a drop of
50-μl IVMmedium overlaid with mineral oil at 38.5 °C under
humidified 5% CO2. Cumulus cells were then partially re-
moved at 24 h post-IVM. Oocytes were washed and cultured
in a drop of IVF medium (Origio, Måløv, Denmark) and in-
seminated with cryopreserved spermatozoa (0.5 × 106/ml) for
18 h, and cumulus cells were then completely removed and
oocytes cultured in IVC medium (Origio) for additional 6 h.
Cleavage rate was recorded after 24 h post-insemination.

Experimental design

Experimental design is summarized in Fig. 1.

Study I: expression of AMPKα protein in epididymal cat
spermatozoa

Epididymal spermatozoa were obtained from 17 domestic
cats. Sample from each individual cat was diluted with Tris-
base buffer to reach a final volume containing 10 × 106 cells.
Sperm morphology and subjective motility were evaluated to
classify each sample as either high motility (≥ 70% of motile
sperm cells; n = 11 cats) or poor motility (≤ 50% of motile
sperm cells; n = 6 cats). Proteins from each individual sample
were extracted and kept at − 80 °C until western analysis as
described above.

Study II: influence of AICAR on fertilizing ability of epididymal
spermatozoa

Epididymal spermatozoa were obtained from 10 domestic
cats, and each individual sample was diluted with Tris-base
buffer to reach a final volume containing 10 × 106 cells.
Spermmotility, motion characteristics, integrity of sperm plas-
ma membrane and acrosome, and high mitochondrial mem-
brane potential of each individual sample were immediately
assessed (fresh control). Each individual sample was then di-
luted with Semen extender I and divided into eight treatments:
(1) presence of 0 (control), (2) 0.5, (3) 2.0, or (4) 5.0 mM
AICAR and equilibrated for 30 min; (5) presence of 0 (con-
trol), (6) 0.5, (7) 2.0, or (8) 5.0 mM AICAR and equilibrated
for 60 min to 4 °C. At the end of each equilibration period,
sperms in each treatment were assessed for subjectivemotility,
progressive motility, motion characteristics, integrity of plas-
ma membrane and acrosome as well as mitochondrial mem-
brane potential. The remaining aliquot was then diluted with
Semen extender II (ratio 1:1 with Semen extender I),

Study I Study II Study III

Sperm motility ≥ 70%
(n = 11 cats)

Sperm motility ≤ 50%
(n = 6 cats)

Expression of AMPKα protein

Sperm samples

(n = 10 cats) 

30-min equilibration with 0, 

0.5, 2.0, or 5.0 mM AICAR

60-min equilibration with

0, 0.5, 2.0, or 5.0 mM AICAR

Sperm quality evaluation 

before and cryopreservation  

Post-thawing evaluation of sperm quality and 

fertilizing ability test by conventional IVF*

Sperm samples

(n = 26 cats) 

AMPKα Thr172 expression (n = 6 cats)*
GLUT1 expression (n = 10 cats)*

Intracellular ATP level (n = 10 cats)* 

Followed by sperm cryopreservation

Post-thawing evaluation of intracellular 

ATP level* 

30-min equilibration with 

0, 0.5 and 2.0 mM AICAR

60-min equilibration with

0, 0.5 and 2.0 mM AICAR

* Due to deleterious effect of 5.0 mM AICAR, that treatment group was no included. 

Fig. 1 Summary of experimental design. *Due to deleterious effect of 5.0 mM AICAR, that treatment group was not included
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cryopreserved as described above, and subjected to the same
assessments as the cooled samples. Fertilizing ability (percent-
age of cleavage after IVF) of cryopreserved sperm from each
individual cat was also assessed as described above. Due to
deleterious effects of 5.0 mMAICAR to sperm function, sam-
ples equilibrated in the presence of 5.0 mM AICAR were not
processed for fertilizing ability outcome.

Study III: influence of AICAR on sperm characteristics
before and after cryopreservation and AMPKα signaling
proteins

Epididymal spermatozoa from 26 domestic cats were
placed in Tris-base buffer to reach a final volume contain-
ing 10 × 106 cells. Samples from six cats were used for
phospho-AMPKα Thr172 analysis, 10 cats for GLUT1,
and other ten cats for ATP level measurement. For each
analysis, individual sample was diluted in Semen extender
I and divided into six treatments: (1) exposure to 0 (con-
trol), (2) 0.5, (3) 2.0 mM AICAR and equilibrated for
30 min; (4) exposure to 0 (control), (5) 0.5, (6) 2.0 mM
AICAR and equilibrated for 60 min to 4 °C. Cooled sam-
ples were assessed for either AMPK analysis (10 cats) or
GLUT1 (six cats). For ATP analysis, the cooled samples
were then diluted 1:1 with Semen extender II and cryopre-
served as described above. Cryopreserved samples were
thawed and assessed for intracellular ATP level (n = 10
cats). Due to deleterious effects of 5.0 mM AICAR to
sperm function (detected in studies I and II), samples equil-
ibrated in the presence of 5.0 mM AICAR were not proc-
essed for AMPKα signaling proteins and ATP levels.

Statistical analysis

Data analyses were performed using ANOVAwith SAS (SAS
Institute Inc., Cary, NC, USA). Normal distribution of resid-
uals from statistical models was tested using the
UNIVARIATE procedure option NORMAL. Statistical
models included fixed effects of AICAR concentration and
equilibration duration. Dependent variables (percentage of
motility, motion characteristics, percentages of intact cytoplas-
mic (live) and acrosomal membranes, percentage of sperma-
tozoa with high mitochondrial potential, relative western blot
band intensity and intracellular ATP level) were analyzed
using ANOVA (GLM procedure). Differences between treat-
ments in each evaluation criterion were compared using a
Tukey-Kramer test. The level of progressive motility was
compared using NPAR1WAY procedure and a Kruskal-
Wallis test. The embryo development was analyzed by a bi-
nomial score (1 or 0). Values are presented as mean ± SD. The
level of statistical significance was set at P ≤ 0.05.

Results

Study I: expression of AMPKα protein in epididymal
cat sperm

AMPKα protein expression was detected in both samples
with high and poor motility (Fig. 2). However, relative
AMPKα protein band intensity in samples with ≥ 70% motil-
ity (0.35 ± 0.13) was higher (P ≤ 0.05) than those with ≤ 50%
motility (0.27 ± 0.09; Fig. 2).

Fig. 2 Western blot analysis of
AMPKα protein in fresh
epididymal cat spermatozoa
(sperm sample with ≥ 70%
motility: n = 11 cats; sperm
sample with ≤ 50%motility: n = 6
cats)

J Assist Reprod Genet (2019) 36:1401–1412 1405



The percentage of sperm head normal morphology in all
sperm samples included in this study was 91.3 ± 3.7 whereas
the mid-piece and tail normal morphology was 57.4 ± 8.1.

Study II: AMPKα regulatory kinase effects
on epididymal sperm functions

Equilibrating sperm cells with 0.5 mM AICAR for 30 min
promoted (P ≤ 0.05) post-thawed motility (Table 1) and mo-
tion characteristics (VCL and VSL) (Table 2) compared with
the non-supplemented control and higher concentration treat-
ments. Increase exposure time to 60 min did not enhance
post-thawed motility and motion characteristics in all
AICAR concentrations (Tables 1 and 2). Furthermore, incu-
bating sperm with the highest AICAR concentration
(5.0 mM) significantly decreased (P ≤ 0.05) progressive mo-
tility and motion characteristics of cooled and frozen-thawed
sperm regardless of incubation period (Tables 1 and 2).

Although equilibrating sperm with 0.5 or 2.0 mM AICAR
for either 30 or 60 min did not affect (P > 0.05) plasma mem-
brane integrity of cooled and post-thawed samples compared
with the control, percentages of plasma membrane integrity in

60-min-equilibrated samples were significantly lower than
those of the fresh control (Table 1). In addition, incubating
sperm to 5.0 mM AICAR concentration even for a short peri-
od (30 min) decreased plasma integrity of cooled and cryo-
preserved sperm.

Incubating sperm with AICAR dose-dependently de-
creased (P ≤ 0.05) the percentage of sperm with intact ac-
rosome compared with the non-supplemented control.
However, equilibrating sperm with the low dosage of
AICAR (0.5 mM) for 30 min before freezing sustained
acrosomal integrity post-thawed as the percentage of sperm
with intact acrosome in this treatment tended to be higher
than that in the non-supplemented control and higher
AICAR dosages (Table 3).

The low AICAR concentration did not impact mitochon-
drial membrane potential compared with the non-
supplemented control. However, incubating sperm with one
of the two higher dosages decreased mitochondrial membrane
potential, especially in cooled samples. Spermatozoa equili-
brated for 60 min without AICAR or with 0.5 mM AICAR
reduced mitochondrial membrane potential in cooled samples
(Table 3).

Table 1 Influence of 30-min or 60-min equilibration in 0 (control), 0.5,
2.0, or 5.0 mMof AICAR on the percentage of motile spermatozoa, score
of progressive motility, and percentage of membrane integrity in fresh or

frozen-thawed epididymal cat spermatozoa. Values are expressed asmean
± SD (n = 10 cats)

Metrics Exposure time Fresh Control 0.5 mM AICAR 2.0 mM AICAR 5.0 mM AICAR

Subjective motility (%) Cooled sperm 74.0 ± 5.4A

30 min 68.0 ± 4.5A,B,a 71.0 ± 4.2A,B,a 68.0 ± 4.5A,B,a 63.0 ± 5.0B,a

60 min 67.0 ± 9.7A,a 65.0 ± 7.1A,B,a 57.0 ± 3.3B,b 46.0 ± 5.5C,b

Cryopreserved sperm

59.3 ± 2.1A,a 65.6 ± 3.2B,a 60.2 ± 3.9A,B,a 50.3 ± 2.4C,a

30 min 56.5 ± 4.2A,a 59.7 ± 2.9A,b 50.1 ± 4.5B,b 40.7 ± 4.9C,b

60 min

Score of progressive motility Cooled sperm 3.8 ± 0.4A

30 min 3.9 ± 0.2A,a 3.8 ± 0.3A,a 3.6 ± 0.5A,a 3.4 ± 0.5A,a

60 min 3.5 ± 0.4A,a 3.5 ± 0.4A,a 2.9 ± 0.2B,b 3.0 ± 0.3B,b

Cryopreserved sperm

3.1 ± 0.3A,B,a 3.2 ± 0.2A,a 3.2 ± 0.1A,a 2.8 ± 0.3B,a

30 min 3.0 ± 0.2A,a 3.1 ± 0.1A,a 2.5 ± 0.3B,b 2.4 ± 0.2B,b

60 min

Membrane integrity (%) Cooled sperm 72.2 ± 3.9A

30 min 66.5 ± 1.9A,a 66.4 ± 4.7A,a 64.5 ± 1.8A,a 56.8 ± 9.0B,a

60 min 60.3 ± 2.3B,b 60.1 ± 6.2B,b 59.5 ± 3.7B,b 52.9 ± 2.9C,b

Cryopreserved sperm

57.7 ± 3.3A,a 59.1 ± 5.4A,a 56.6 ± 2.9A,a 49.4 ± 5.6B,a

30 min 52.5 ± 2.8A,b 50.2 ± 3.2A,b 50.2 ± 1.7A,b 44.3 ± 4.3B,a

60 min

Fresh sample data were only compared with cooled samples

Within the same row, values with different uppercase letters between treatment groups are statistically different (P ≤ 0.05)
Within a treatment group, values with lowercase letters between incubation times are statistically different (P ≤ 0.05)
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For embryo development after homologous IVF, percent-
age of cleavage was significantly higher (P ≤ 0.05) after equil-
ibration (30 or 60min) with 0.5 mMAICAR than 0 or 2.0 mM
AICAR (Table 4).

Study III: influence of AICAR on AMPKα signaling
proteins

Equilibrating cat epididymal spermatozoa with 5.0 mM
AICAR compromised sperm motility, motion characteristics,
plasma membrane and acrosome integrity, and mitochondrial
membrane potential (Tables 1, 2, 3, and 4). Thus, samples
exposed to this high AICAR concentration were excluded
from phospho-AMPKα Thr172, GLUT1, and intracellular
ATP analyses. For the remaining treatments, western blot
analysis revealed appreciable levels of phospho-AMPKα

Thr 172 and GLUT1 expression (Fig. 3A and B). However,
the highest level of phospho-AMPKα Thr172 protein was
observed in spermatozoa equilibrated with 0.5 mM AICAR
for 30 min (0.27 ± 0.11) which was significantly higher than
the control group (0.21 ± 0.09) (P ≤ 0.05) (Fig. 3A).
Extending equilibration period to 60 min did not enhance
phospho-AMPKα Thr172 expression, as there were no differ-
ences (P > 0.05) in band intensity among treatments.
Equilibrating samples at 4 °C for 60min decreased the expres-
sion of phospho-AMPKα Thr172 compared with the level
observed after 30-min equilibration in the respective treatment
(Fig. 3A).

Sperm samples equilibrated with 0.5 mM and 2.0 mM
AICAR for 30 min expressed a higher relative GLUT1 level
(0.5 mM AICAR, 0.20 ± 0.17, and 2.0 mM AICAR, 0.21 ±
0.19) than the control group (0.13 ± 0.15) (P ≤ 0.05) (Fig. 3B).

Table 2 Influence of 30-min or 60-min equilibration in 0 (control), 0.5, 2.0, or 5.0 mM ofAICAR on spermmotion (SCA program analysis) in fresh or
frozen-thawed epididymal cat spermatozoa. Values are expressed as mean ± SD (n = 10 cats)

Metrics Fresh Control 0.5 mM AICAR 2.0 mM AICAR 5.0 mM AICAR

VCL (μm/s) Cooled sperm 69.3 ± 5.5 A

30 min 68.1 ± 13.3A,a 70.9 ± 10.7A,a 66.5 ± 9.4A,a 57.3 ± 17.1B,a

60 min 60.3 ± 2.9B,b 71.5 ± 2.1A,a 58.1 ± 0.7B,b 49.5 ± 2.3C,b

Cryopreserved sperm

58.2 ± 2.2A,a 65.7 ± 4.4B,a 61.3 ± 9.1A,B,a 48.7 ± 11.2B,a

30 min 57.4 ± 4.9A,a 64.3 ± 5.1B,a 54.4 ± 8.3A,a 44.1 ± 6.6C,a

60 min

VAP (μm/s) Cooled sperm 36.1 ± 5.1A

30 min 39.1 ± 6.5A,a 40.2 ± 6.1A,a 34.3 ± 3.4A,a 32.5 ± 6.7A,a

60 min 35.9 ± 1.1A,a 34.8 ± 2.8A,a 33.9 ± 1.6A,a 25.2 ± 4.5B,b

Cryopreserved sperm

30.7 ± 7.8A,B,a 32.9 ± 6.2A,a 29.6 ± 4.1A,B,a 27.5 ± 3.8B,a

30 min 31.1 ± 5.8A,a 29.2 ± 4.5A,a 28.4 ± 6.7A,a 22.6 ± 5.9B,a

60 min

VSL (μm/s) Cooled sperm 48.3 ± 2.6 A

30 min 46.3 ± 3.7A,a 47.3 ± 4.0A,a 44.8 ± 2.6A,a 41.2 ± 1.1B,a

60 min 44.9 ± 3.4A,a 48.1 ± 2.2A,a 38.8 ± 3.1B,b 35.4 ± 3.7B,b

Cryopreserved sperm

30 min 38.2 ± 2.2A,a 43.9 ± 2.1B,a 39.3 ± 3.6A,B,a 34.8 ± 5.7B,a

60 min 39.1 ± 3.8A,a 42.9 ± 3.4A,a 34.7 ± 4.4B,a 30.8 ± 6.9B,a

ALH (μm) Cooled sperm 2.3 ± 0.9 A

30 min 2.5 ± 0.7A,a 2.7 ± 0.7A,a 2.8 ± 0.6A,a 3.1 ± 0.7B,a

60 min 3.3 ± 0.4B,a 3.3 ± 0.7B,a 2.9 ± 0.5A,a 3.3 ± 0.5B,a

Cryopreserved sperm

2.6 ± 0.3A,a 2.7 ± 0.9A,a 3.1 ± 0.7A,a 3.3 ± 0.4A,a

30 min 3.5 ± 0.6A,b 3.0 ± 0.8A,a 3.0 ± 0.3A,a 3.7 ± 0.6A,a

60 min

Fresh sample data were only compared with cooled samples

Within the same row, values with different uppercase letters between treatment groups are statistically different (P ≤ 0.05)
Within a treatment group, values with lowercase letters between incubation times are statistically different (P ≤ 0.05)
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However, increase in exposure time to 60 min in either 0.5 mM
or 2.0 mM AICAR treatment decreased GLUT1 expression to
the level that was similar to the control (Fig. 3B) (P > 0.05).

The equilibration time did not affect the intracellular ATP
level of both cooled and cryopreserved samples (P > 0.05)
(Table 5). However, AICAR significantly influenced ATP level
in cooled and post-thawed samples (Table 5). Spermatozoa equil-
ibrated with 0.5 mM (30 min and 60 min) and 2.0 mM AICAR
(60 min) exhibited a higher intracellular ATP level than the con-
trol group (P ≤ 0.05) (Table 5). Similar to the cooled samples, the
intracellular ATP level of post-thawed spermatozoa significantly
increased in 0.5 mM treatment (for both 30-min and 60-min
equilibration) compared with the control (P ≤ 0.05).

Discussion

Regulation of cellular energy homeostasis by AMPK is fun-
damental to cell functions. The present study demonstrated,
for the first time, the expression of AMPK protein in domestic
cat epididymal spermatozoa. We discovered that AMPK ex-
pression level was associated with sperm motility: high sperm
motility samples expressed a higher protein level than the
poor-motility cohorts. We also showed that (1) equilibrating
cat spermatozoa in 0.5 mM AICAR for 30 min increased
motility and motion characteristics (VCL and VSL) and fer-
tilizing ability of cryopreserved spermatozoa; (2) high dosage
of AICAR (5.0 mM) negatively impacted sperm function both

Table 3 Influence of 30-min or 60-min equilibration in 0 (control), 0.5,
2.0, or 5.0 mM of AICAR on percentages of acrosome integrity, acro-
some reaction, and high mitochondrial membrane potential in fresh or

frozen-thawed epididymal cat spermatozoa. Values are expressed asmean
± SD (n = 10 cats)

Metrics Fresh Control 0.5 mM
AICAR

2.0 mM
AICAR

5.0 mM
AICAR

Acrosome integrity (%) Cooled sperm 66.4 ± 7.2A

30 min 54.0 ± 4.6B,C,a 55.6 ± 2.6B,C,a 50.6 ± 6.3C,a 46.6 ± 7.2C,a

60 min 55.7 ± 2.2B,C,a 50.5 ± 4.6C,a 51.1 ± 4.1C,a 41.0 ± 4.8D,b

Cryopreserved
sperm

46.4 ± 3.1A,B,a 49.5 ± 4.4B,a 43.7 ± 5.6A,C,a 40.1 ± 3.8C,a

30 min 43.1 ± 5.2A,a 43.2 ± 2.9A,b 42.9 ± 4.9A,a 37.8 ± 1.5B,a

60 min

Acrosome reaction (%) Cooled sperm 24.2 ± 5.2A

30 min 32.4 ± 3.8A,B,a 38.3 ± 5.1B,a 36.7 ± 6.6A,a 45.4 ± 6.2C,a

60 min 38.2 ± 3.7B,b 40.2 ± 3.9B,a 37.9 ± 3.1B,a 45.6 ± 6.2C,a

Cryopreserved
sperm
30 min 37.5 ± 4.4A,a 41.2 ± 4.9A,B,a 39.6 ± 5.8A,a 45.3 ± 1.5B,a

60 min 45.8 ± 3.7A,b 47.3 ± 5.6A,b 40.4 ± 2.3B,a 49.9 ± 4.7A,a

High mitochondrial membrane potential
(%)

Cooled sperm 67.6 ± 3.9A

30 min 62.8 ± 2.6A,a 63.4 ± 4.5A,a 55.2 ± 4.1B,a 51.6 ± 4.4B,a

60 min 54.1 ± 2.7B,b 55.8 ± 4.0B,b 53.5 ± 4.5B,a 47.3 ± 4.5C,b

Cryopreserved
sperm

53.7 ± 3.7A,a 55.8 ± 5.3A,a 50.1 ± 3.9A,a 44.1 ± 4.2B,a

30 min 49.8 ± 2.2A,a 51.1 ± 4.6A,a 49.5 ± 4.8A,a 41.3 ± 5.1B,a

60 min

Fresh sample data were only compared with cooled samples

Within the same row, values with different uppercase letters between treatment groups are statistically different (P ≤ 0.05)
Within a treatment group, values with lowercase letters between incubation times are statistically different (P ≤ 0.05)

Table 4 Influence of 30-min or 60-min equilibration in 0.5 or 2.0 mMAICAR on percentages of cleavage after homologous in vitro fertilization with
frozen-thawed epididymal cat sperm cells. Values are expressed as mean ± SD (n = 10 replications)

Incubation before freezing Number of oocytes Percentage of cleavage

Control 0.5 mM AICAR 2.0 mM AICAR

30 min 261 61.1 ± 3.1A 68.6 ± 2.2B 60.3 ± 4.4A

60 min 252 58.3 ± 4.2A 67.4 ± 3.2B 58.4 ± 3.7A

Within rows, values with different letters are statistically different (P ≤ 0.05)
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before and after cryopreservation; (3) AICAR dose-
dependently influenced phosphorylation of Thr172 level after
30-min equilibration at 4 °C; and (4) prolonged exposure of
spermatozoa to AICAR decreased expression of AMPK and
GLUT1 as well as intracellular ATP.

AMPK is expressed in male germ cells and plays impor-
tant roles in regulating sperm function in several mammalian
species [8]. In the rat testis, the AMPK activity is associated
with one catalytic subunit (α-subunit) and two regulatory
subunits (γ- and β-subunit) [20]. In spermatozoa, AMPK
(α-subunit) is dominantly expressed in boar [10], human
[12], and chicken [11]. AMPK expression level has been
shown to link to sperm function [10, 11]. In the present study,
we demonstrated that AMPKα protein expression was ele-
vated in high sperm motility samples compared with those
with low percentages of motile cells. Our finding is consistent
with that reported previously in human [12]. Furthermore, it
has been shown that spermatozoa obtained from AMPKα1-
knockout (KO) mice are immotile and exhibit high incidences
of head abnormality [9]. The same authors also demonstrated
mitochondrial dysgenesis in AMPKα-KO mice [9].
Furthermore, incubating boar semen with the AMPK inhibi-
tor, compound C, has been shown to diminish sperm motility
[21]. Collectively, the findings reported in the present study

and those reported previously confirm the roles of AMPKα
in regulating sperm motility.

Our findings demonstrated that AMPKα activation im-
proved post-thawed sperm motility and motion character-
istics (VCL and VSL). It has been shown that ATP is pro-
duced in mammalian sperm via either glycolysis or
OXPHOS pathways at the sperm mid-piece region
(mitochondria) or at the flagellum [3, 22]. In stallion,
OXPHOS pathway has been considered as the main energy
source for sperm flagella sliding and movement [23]. The
same investigators also have shown that inhibition of the
glycolytic pathway by glucose analog (2-deoxy-D-glu-
cose) negatively impacts stallion sperm motility and mo-
tion characteristics (VCL, VSL, and VAP) [23]. Similar to
the stallion, a decrease in human sperm motility has been
observed after glucose deprivation or exposure of sperma-
tozoa to a glycolysis blockage, methanandamide [24].
Furthermore, mouse spermatozoa incubated in glucose-
free medium for 30 min become non-motile indicating that
glycolysis is critical for sperm motility [25]. For the cat, it
has been shown that the ratio of glucose uptake to lactate
production in normospermic individuals (mean of sperm
motility index, 80) is ~ 60% higher than teratospermic
(mean of sperm motil i ty index, 66) counterparts

Fig. 3 Relative band intensity of (A) phospho-AMPKα Thr172 protein
(n = 6 cats) and (B) GLUT1 protein (n = 6 cats) in epididymal cat sper-
matozoa equilibrated with 0.5 or 2.0 mMAICAR for 30 or 60 min before
cryopreservation (values expressed as mean ± SD). Within the same
equilibration time, values with different uppercase letters are statistically

different (P ≤ 0.05). For a given treatment, values with lowercase letters
between equilibration times are statistically different (P ≤ 0.05). Western
blot bands represent AMPKα signaling protein expression from one se-
lected cat
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confirming the crucial role of glucose uptake in sperm fla-
gella movement [26].

In the present study, we reported, for the first time, that
AMPKα activation enhanced fertilizing ability of cat sperma-
tozoa. The correlation between spermmotility and fertility has
been previously established in many mammalian species, in-
cluding human [27]. In human, sperm motion characteristics,
including VCL and VSL, are positively correlated with fertil-
ization rate [27]. A separate study in human has shown that
fertilizing potential of sperm obtained from 26 patients is pos-
itively correlated with sperm motility, motion characteristics,
and mitochondrial membrane potential [28]. Increased ATP
production has been shown to be vital for vigorous flagella
movement, sperm capacitation, hyperactivation, and tyrosine
phosphorylation leading to successful fertilization in human
and mouse [29, 30]. Therefore, we hypothesized that im-
proved cleavage rate observed in the 0.5 mM AICAR expo-
sure group is a resultant of increased ATP production essential
for supporting normal sperm function.

It has been demonstrated that the activation of AMPK is
operated by the phosphorylation of Thr172 of the α-subunit
(phospho-AMPKα Thr 172) that, in turn, stimulates glucose
uptake and increases intracellular energy storage [6, 7, 31].
Our western blot analysis revealed that AMPKα protein in
cat spermatozoa was indeed phosphorylated at Thr172. We
also demonstrated that the impact of AICAR on kinase
phosphorylation level depended on dosages and exposure
time. A previous report in chicken has shown that the most
efficient AICAR concentration for enhancing motility and
viability is 2.0 mM whereas higher dosages of this com-
pound (5.0 mM and 10 mM) significantly decrease sperm
quality [11]. In addition, high AICAR dosages have been
shown to diminish Atp1b1 and Aqp9 gene expression, both
of which play important roles in regulating embryo devel-
opment (blastocyst expansion) in mouse [32]. In the present
study, exposure of cat spermatozoa to AICAR for 60 min
decreased the level of phospho-AMPKα Thr 172 compared
with 30-min equilibration. This finding is similar to that

reported in chicken where equilibrating sperm with AICAR
increases Thr172-phosphorylated AMPK after 10- and 25-
min equilibration while extending equilibration time to
40 min decreases the level of the phosphorylated protein
[11]. However, our finding is in contrast to the study in
pig [10]. In that study, AMPK protein increases during 60-
min period and remains detectable up to 24 h after 38.5 °C
incubation [10]. The discrepancy between the findings from
our study to those in pig may be due to species-specific
differences in the sensitivity to AICAR or the variations in
equilibration temperature between the two studies. The syn-
thesis of intracellular ATP is dependent on temperature [33].
As temperature decreases, cell metabolism decreases, hence,
lowering ATP production. Because AMPK regulates cell
metabolism, it is likely that the function of this protein is
also temperature dependent, thus explaining the low Thr172-
phosphorylated AMPKα in cat spermatozoa observed after
60-min equilibration at 4 °C in AICAR. It has been shown
that the glycolytic pathway and GLUT1 protein activity at
the cell membrane are regulated by the AMPK activation
[8]. In rat, AMPK enhances GLUT1 expression and glucose
uptake in the Sertoli cells that leads to the increase of lactate
production [34]. Furthermore, a study in stallion spermato-
zoa has revealed that the AMPK activation by antidiabetic
compound (rosiglitazone) dramatically increases phospho-
AMPKα signaling as well as ATP content and glucose up-
take [35]. In the present study, equilibrating epididymal sper-
matozoa with AICAR for 30 min increased GLUT1 protein
expression level. However, extending the equilibration peri-
od to 60 min decreased GLLUT1 expression. This finding
was consistent with the result of phospho-AMPKα Thr172
protein expression level which decreased after 60-min equil-
ibration, thus confirming the role of AMPK in regulating
glucose transport and ATP content in cat spermatozoa.
Because upregulation of GLUT1 is a downstream effect of
AMPK activation, it is not surprising that 60-min equilibra-
tion decreased GLUT1 protein expression as decreased
AMPKα activity was also observed in this treatment.

Table 5 Influence of 30-min or
60-min equilibration in 0.5 or
2.0 mM AICAR on intracellular
ATP level extracted from frozen-
thawed epididymal cat sperm
cells. Values are expressed as
mean ± SD (n = 10 cats)

Intracellular ATP level (μg/1 × 106 spermatozoa)

Control 0.5 mM AICAR 2.0 mM AICAR

Cooled sperm

30 min 0.09 ± 0.02A,a 0.18 ± 0.03B,a 0.17 ± 0.05B,a

60 min 0.08 ± 0.03A,a 0.15 ± 0.04B,a 0.11 ± 0.03AB,a

Cryopreserved sperm

30 min 0.05 ± 0.009A,a 0.11 ± 0.03B,a 0.09 ± 0.02B,a

60 min 0.04 ± 0.01A,a 0.07 ± 0.03A,a 0.08 ± 0.04A,a

Within the same row, values with different uppercase letters between treatment groups are statistically different
(P ≤ 0.05)
Within a treatment group, values with lowercase letters between incubation times are statistically different (P ≤
0.05)
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In conclusion, the present study confirmed that AMPKα
was expressed in the domestic cat spermatozoa and played
essential roles in supporting normal sperm function.
However, the limitation of this study is that sperm samples
were obtained from normospermic samples which might not
fully address infertility associated with poor semen quality
observed in human. Therefore, future research should focus
on examining the impact of AMPKα activation in
teratospermic individuals. Findings from such studies could
be used to potentially improve fertilizing ability of sperm in
sub-fertile men.
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