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Aldehyde Dehydrogenase Plays a Pivotal Role in the Maintenance of Stallion Sperm
Motility1
Zamira Gibb,2 Sarah R. Lambourne, Benjamin J. Curry, Sally E. Hall, and Robert J. Aitken
Priority Research Centre for Reproductive Science, Discipline of Biological Sciences, Faculty of Science and IT,
University of Newcastle, Callaghan, New South Wales, Australia

Although stallion spermatozoa produce significant quantities
of reactive oxygen species, a lag between 4-hydroxynonenal
(4HNE) adduction and the loss of motility in stallion spermatozoa suggests the presence of a robust aldehyde detoxification
mechanism. Because there is a paucity of studies characterizing
the role of aldehyde dehydrogenase (ALDH) in sperm functionality, the aim of this study was to ascertain the relationship
between 4HNE production and motility and ALDH expression by
stallion spermatozoa. PCR analysis revealed the presence of the
ALDH1A3, ALDH1B1, and ALDH2 isoforms in these cells.
Strong correlations (P , 0.001) were found between ALDH
expression and various motility parameters of stallion spermatozoa including the percentage of progressive (r ¼ 0.79) and
rapidly motile (r ¼ 0.79) spermatozoa, whereas repeated
measurements over 24 h revealed highly significant correlations
among progressive motility loss, 4HNE accumulation, and ALDH
expression (P  0.001). ALDH inhibition resulted in a
spontaneous increase in 4HNE levels in viable cells (21.1 6
5.8% vs. 42.6 6 5.2%; P  0.05) and a corresponding decrease
in total motility (41.7 6 6.2% vs. 6.4 6 2.6%; P  0.001) and
progressive motility (17.0 6 4.1% vs. 0.7 6 0.4%; P  0.001) of
stallion spermatozoa over 24 h. Similarly, inhibition of ALDH in
4HNE-challenged spermatozoa significantly reduced total motility over 4 h (35.4 6 9.7% vs. 15.3 6 5.1%, respectively; P 
0.05). This study contributes valuable information about the role
of the ALDH enzymes in the maintenance of stallion sperm
functionality, with potential diagnostic and in vitro applications
for assisted reproductive technologies.
4-hydroxynonenal, Aldefluor, aldehyde dehydrogenase,
glutathione S-transferase, reactive oxygen species, spermatozoa,
stallion

INTRODUCTION
The loss of sperm functionality and membrane integrity in
vitro is primarily due to the downstream effects of reactive
oxygen species (ROS)-induced oxidative stress [1]. During in
vivo epididymal storage, spermatozoa are protected from the
effects of ROS by the combination of reduced metabolic
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activity, low oxygen tension, and presence of an abundance of
antioxidant molecules such as carnitines, glutathione peroxidase, and superoxide dismutase [1, 2]. Stallion spermatozoa
rely almost entirely on oxidative phosphorylation (OXPHOS)
for the generation of ATP for motility [3, 4]. Although
exploitation of OXPHOS facilitates more rapid motility than
human spermatozoa [3], which primarily utilizes glycolysis [5],
the accumulation of OXPHOS-derived ROS results in a rapid
decline in motility of these cells in vitro [6]. The origin of ROS
under these circumstances is the electron transport chain, which
is arguably the most important source of ROS in vivo, with
approximately 1-3% of O2 reduced in the mitochondria during
OXPHOS forming superoxide [7]. Additionally, the high levels
of polyunsaturated fatty acids present in the plasma membrane
of stallion spermatozoa predispose them to lipid peroxidation
[8, 9], a process which is fuelled by the large quantities of ROS
produced [3, 4].
For these reasons, elevated oxidative stress markers in
stallion spermatozoa are physiologically ‘‘normal’’; indeed,
there is a temporary positive relationship between motility and
ROS parameters during in vitro storage [3]. However, in the
absence of the protective antioxidant factors present in vivo [2],
over time these cells suffer an accelerated demise due to the
accumulation of metabolic by-products, leading to increased
rates of lipid peroxidation, the formation of electrophilic
aldehydes such as 4-hydroxynonenal (4HNE) and the eventual
loss of motility and membrane integrity, attributable to the
alkylation of proteins associated with mitochondrial function
and flagellar movement [10, 11].
The consequence of OXPHOS metabolism for stallion
spermatozoa is that they are persistently challenged by the
products of lipid peroxidation such as 4HNE, resulting in
relatively higher background levels of this electrophile than
those of human spermatozoa [6]. Despite this, the rates of
oxidative DNA damage do not appear to increase in line with
more superficial oxidative damage markers in the horse [3, 6].
Based on this observation, it is hypothesized that stallion
spermatozoa are equipped to cope with the oxidative stress
associated with the leakage of superoxide from the highly
active electron transport chain by virtue of increased
antioxidant defenses. Such innate defenses would explain
why further antioxidant supplementation of stallion spermatozoa has been relatively ineffective in this cell type [12, 13].
The enzymes responsible for the removal of 4HNE adducts
from lipid membranes are aldehyde dehydrogenase (ALDH)
and glutathione S-transferase (GST), with aldose reductase
playing a role in the reduction of the glutathione-conjugated
4HNE following GST detoxification [14]. GST and ALDH
have been identified in stallion spermatozoa by using mass
spectrometry [15] and flow cytometry [3], respectively.
Although several studies have focussed on the importance of
GST in male fertility [16–19], there is a paucity of studies of
the relative significance of ALDH for sperm functionality.
ALDH is expressed to various degrees by most cells but is
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assessed using 20 lm Leja standard count slides (Gytech, Hawthorne East,
VIC, Australia) and a stage temperature of 378C.

most highly expressed by hematopoietic stem cells, a
characteristic that can be exploited for flow cytometric
isolation of primitive stem cell populations [20]. Identification
of high ALDH-expressing cells is made possible through the
development of a fluorescent substrate for ALDH, borondipyrromethene (BODIPY) aminoacetaldehyde (BAAA),
which, when used in conjunction with an efflux inhibitor,
results in green fluorescence in ALDH-expressing cells.
The aim of this study was to ascertain the relationships
among 4HNE production, sperm motility, and ALDH expression by stallion spermatozoa, to compare the lipid peroxidation
defensive significance of GST and ALDH, and to ascertain the
effect of ALDH inhibition on stallion sperm function.

Flow Cytometry
All flow cytometry was performed using a FACSCanto flow cytometer (BD
Bioscience, Franklin Lakes, NJ) with a 488-nm argon-ion laser. Emission
measurements were made using 530/30 band pass (green/FL-1), a 585/42 band
pass (red/FL-2), a 661/16 band pass (red/FL-3), and a .670 long pass (far red/
FL-4) filter. Debris was gated out using a forward scatter/side scatter dot plot,
and a minimum of 10 000 cells were analyzed per sample. All data were
analyzed using FACSDiva software (BD Bioscience).

Electrophilic Aldehyde Adduct Formation

MATERIALS AND METHODS
Materials
Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich
Corp., St. Louis, MO. A modified Biggers-Whitten-Whittingham (BWW)
medium [21] containing 95 mM NaCl, 4.7 mM KCl, 1.7 mM CaCl22H2O, 1.2
mM KH2PO4, 1.2 mM MgSO47H2O, 25 mM NaHCO3, 5.6 mM D-glucose,
275 lM C3H3NaO3, 3.7 ll/ml 60% sodium lactate syrup, 50 U/ml penicillin, 50
lg/ml streptomycin, 20 mM HEPES, and 0.1% (w/v) polyvinyl alcohol, with
an osmolarity of 310 mOsm/kg, was used throughout this study. For incubation
periods exceeding 12 h, BWW medium was further supplemented with
gentamicin at 0.25 mg/ml to restrict the growth of Pseudomonas aeruginosa
[22].

Flow Cytometric Measurement of ALDH Activity
Preparation of Stallion Spermatozoa

ALDH activity was measured using a commercially available assay
(Aldefluor assay kit; StemCell Technologies, Tullamarine, VIC, Australia)
according to the manufacturer’s instructions, with some modifications. Briefly,
1 3 106 spermatozoa in a volume of 50 ll was concentrated by centrifugation at
500 3 g for 3 min, the supernatant was aspirated, and the resulting pellet was
resuspended in 500 ll of Aldefluor assay buffer containing 5 ll of activated
reagent/ml. Spermatozoa were incubated for 30 min at 378C, after which they
were centrifuged again at 500 3 g for 5 min, with the resulting pellet being
resuspended in 200 ll of assay buffer (without reagent) and assessed using flow
cytometry following the addition of 7.5 lM propidium iodide (PI) as a
membrane integrity stain (added immediately before assessment). As dead cells
do not express ALDH, the dead population was used to set the gate between
cells exhibiting low and high aldehyde dehydrogenase expression. This staining
protocol was also applied for the purpose of immunocytochemistry, using
fluorescence microscopy.

Institutional and New South Wales State Government ethical approval was
secured for the use of animal material in this study. Experiment 2 (described
below) was based on the analysis of postcopulatory dismount semen samples
collected from thoroughbred stallions as part of normal commercial practice.
The remaining experiments were based on multiple ejaculates from 3
normozoospermic Shetland and Miniature crossbred pony stallions (between
6 and 9 yr of age) of proven fertility, held on institution-approved premises.
The stallions had access to native pasture 24 h a day and were given
supplementary feed consisting of grass and lucerne hay once daily. Semen was
collected using a pony-sized Missouri artificial vagina (Minitube Australia,
Ballarat, VIC, Australia) with an in-line semen filter. The ejaculate was
immediately diluted (2 parts extender:1 part semen) with Kenney’s extender,
consisting of 272 mM glucose, 24 mg/ml skim milk powder, 1500 U/ml
penicillin, and 1.5 mg/ml streptomycin [23]. Equipment and extender were
maintained at temperatures between 308C and 378C for the duration of semen
collection and dilution. The tubes of extended semen were then transported to
the laboratory in a polystyrene box at room temperature (approximately 208C–
258C). On arrival at the laboratory (;1 h after collection), 5 ml of the extended
semen was layered over a Percoll gradient using 3 ml at 40% over 3 ml at 80%
Percoll (GE Healthcare, Castle Hill, NSW, Australia) fractions as previously
described for the preparation of human spermatozoa [24]. Gradients were
centrifuged at 500 3 g for 30 min, supernatant was removed, and the resulting
pellet (containing high-quality equine spermatozoa) was resuspended in 10 ml
of BWW medium and washed by centrifugation for 15 min at 500 3 g. The
resulting pellet was resuspended to a final concentration of 20 3 106 cells/ml
for use in experiments. Washed spermatozoa were stored under aerobic
conditions for all following procedures.

Immunocytochemistry: Colocalization of 4HNE Adducts
and ALDH Expression
Following incubation of stallion spermatozoa with 12.5 lM 4HNE for 3 h
at 378C, cells were washed twice by centrifugation with BWW medium (500 3
g for 3 min) to remove all extracellular 4HNE, after which the staining
protocols for flow cytometric detection of electrophilic aldehyde adduct
formation and ALDH expression were followed, as described above with some
modifications; the LIVE/DEAD stain was omitted, and a red secondary
antibody was used (Alexa Fluor 594 goat anti-rabbit IgG; Molecular Probes) in
place of the green secondary antibody. Following incubation with the
secondary antibody, spermatozoa were centrifuged to pellet the cells (500 3
g for 3 min), and the resulting pellet was resuspended in 500 ll of Aldefluor
assay buffer containing 5 ll of the activated reagent/ml as described above.
Spermatozoa were incubated for 30 min at 378C, after which they were
centrifuged again at 500 3 g for 5 min, with the resulting pellet being
resuspended in 50 ll of assay buffer (without reagent) and assessed using
fluorescence microscopy without the addition of PI.

Motility Analysis
Sperm motility was objectively determined using computer-assisted sperm
analysis (CASA; IVOS, Hamilton Thorne, Danvers, MA), using the following
settings: negative phase-contrast optics, recording rate of 60 frames/sec,
minimum contrast of 70, minimum cell size of 4 pixels, low-size gate of 0.17,
high-size gate of 2.9, low-intensity gate of 0.6, high-intensity gate of 1.74,
nonmotile head size of 10 pixels, nonmotile head intensity of 135, progressive
smoothed path velocity (VAP) threshold of 50 lm/sec, slow (static) cell VAP
threshold of 20 lm/sec, slow (static) cell straight line velocity (VSL) threshold
of 0 lm/sec, and threshold straightness (STR) of 75%. Cells exhibiting a VAP
of 50 lm/sec and a STR of 75 were considered progressive. Cells with a
VAP greater than that of the mean VAP of progressive cells were considered
‘‘rapid.’’ A minimum of 200 spermatozoa in a minimum of five fields were

Statistical Analyses
Before ANOVA, ANCOVA, and Student t-test analyses were performed,
data were checked for normal distribution using the Shapiro-Wilk test for
normality in JMP version 11.2.0 software (SAS Institute Inc., Cary, NC). When
data were not normally distributed, they were transformed using an appropriate
transformation depending on the degree and direction of the skewness.
ANOVA, Student t-tests, and Pearson correlation tests were performed using
JMP software, as indicated in each experimental design (below). Where n ¼ 9
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Electrophilic aldehyde adduct formation was determined by the presence of
4HNE adducts, using an anti-4HNE antibody (Jomar Diagnostics, Australia).
Approximately 2 3 106 cells were pelleted by centrifugation, resuspended in a
solution containing 1:50 dilution of antibody and 1:1000 dilution of LIVE/
DEAD far red stain (Molecular Probes, Eugene, OR) in BWW medium and
incubated for 30 min at 378C. Following incubation, cells were washed once
with BWW medium (500 3 g for 3 min), and the sperm pellet was resuspended
in a 1:100 dilution of labeled secondary antibody (Alexa Fluor 488 goat antirabbit IgG; Molecular Probes) in BWW medium and incubated for 10 min at
378C. Spermatozoa were then washed twice in BWW to remove any unbound
antibody and resuspended in BWW medium for flow cytometric analysis. A
technical control of secondary antibody only was used to set the gate between
low (background fluorescence) and high levels of aldehyde adduction, and a
snap frozen-thawed positive control for the LIVE/DEAD stain was also used.

ROLE OF ALDH IN STALLION SPERM MOTILITY
TABLE 1. Equine aldehyde dehydrogenase primer sequences.
Primer sequencea

Gene
ALDH1A2
first round
ALDH1A2
nested
ALDH1A3
first round
ALDH1A3
nested
ALDH1B1
first round
ALDH1B1
nested
ALDH2
first round
ALDH2
nested
ALDH3B1
first round
ALDH3B1
nested
a

F:
R:
F:
R:
F:
R:
F:
R:
F:
R:
F:
R:
F:
R:
F:
R:
F:
R:
F:
R:

5 0 -GCCCACGCCCAACCTCGAAA-3 0
5 0 -CTTGGCACCCTCGGCCACAC-3 0
5 0 -GCAGCCCGGCTGGCTTTCTC-3 0
5 0 -GCGCGCTGAGTGGTGTTTGC-3 0
5 0 -GCCATGGCCACCACGAACGG-3 0
5 0 -CTCCCAGCTCCAGCGTCACC-3 0
5 0 -GTGGACAAGGCCGTGGAGGC-3 0
5 0 -TCGGCCGGCTTCACAACCAC-3 0
5 0 -CCCGCATGAGCCTGTTGGCA-3 0
5 0 -AGGGGCTGCACAGCTCCGAA-3 0
5 0 -GCCCCAGCATCGTGTTGGCT-3 0
5 0 -GGGGCCTCTGCTGGGTGTCT-3 0
5 0 -TAATCCAGGTTGCTGCAGGG-3 0
5 0 -GAACACAGTGGGCTGGATGA-3 0
5 0 -GGTTGGGAACCCCTTTGACA-3 0
5 0 -ATGAAGTAGCCACGGTCAGC-3 0
5 0 -ACTCCGTCGGGGACACACTGC-3 0
5 0 -TAGGGCGGGTAGCGGATGGA-3 0
5 0 -CTTCAGCGCGGGGCGCA-3 0
5 0 -TGTCGAAGGAGAACTTGCCGTGG-3 0

(September–December, inclusive). Samples were diluted with 2 parts (v/v)
Kenney extender (as described above) and transported to the laboratory (within
2 h) where they were processed as described above. Following washing and
resuspension, spermatozoa were assessed for motility (using CASA) and
ALDH expression (using Aldefluor assay), and the relationship between these
two parameters was assessed using Pearson correlations.

Tm8C
69
69

Experiment 3: Characterization of Relationships Among
ALDH Expression, 4HNE Adduction, and Motility of
Stallion Spermatozoa Over Time

69
69
69

63
63
69
69

F, forward; R, reverse.

ejaculates, three semen samples were collected on different days from each of
three pony stallions, and in these cases, stallion ID was used as the blocking
term in the model (random variable).

Experiment 1: Identification of ALDH Isoforms in Stallion
Spermatozoa
Preparation of RNA from equine spermatozoa. Following semen
collection, spermatozoa from each of 3 pony stallions were pooled for PCR
analyses. Sperm RNA was isolated using Trizol reagent (Invitrogen, Australia),
following the manufacturer’s instructions, with addition of 5 ll of 2 mg/ml
glycogen (Ambion, Austin, TX), to facilitate RNA precipitation.
RT-PCR of aldehyde dehydrogenase isoforms in equine spermatozoa.
To determine the presence of equine ALDH isoform transcripts in spermatozoa,
5 lg of total RNA was reverse transcribed with oligo(dT)15 primer (Promega
Corp, Melbourne, Australia), and M-MLV reverse transcriptase (Promega). RTPCR was then performed to detect known transcripts of the ALDH genes. The
primers sequences for ALDH1A2, ALDH1A3, ALDH1B1, ALDH2, and
ALDH3B1 are shown in Table 1 and were designed from GenBank accession
numbers XM_001500370, XM_001490555, XM_001915177,
XM_005612595, and XM_001498391, respectively. The annealing temperature for each gene product (Tm8C) are also shown in Table 1. The PCR reaction
conditions were 1 cycle at 948C for 5 min; 35 cycles of 958C for 45 sec, Tm8C
for 45 sec, 728C for 2 min; and 1 cycle of 728C for 10 min. For nested PCR, a
1:100 dilution of the first-round product was used as the template and the
conditions were the same as above. The predicted nested PCR product sizes for
ALDH1A2, ALDH1A3, ALDH1B1, ALDH2, and ALDH3B1 were 412, 410,
213, 153, and 1109 bp, respectively.
The integrity of each cDNA sample was checked by b-actin PCR, using the
primers 5 0 -ATGGATGATGATATCGCCGCG-3 0 and 5 0 -CTAGAAG
CATTTGCGGTGGACGATGGAGGGGCC-3 0 . PCR conditions were 1 cycle
of 948C for 5 min; then 35 cycles of 958C for 45 sec; 608C for 45 sec; 728C for
2 min; and 1 cycle of 728C for 10 min. These primers generated a band of 1128
bp. PCR products were purified by using Wizard SV gel and PCR clean-up
system (Promega). PCR products were run on 1.5% agarose gels, and DNA was
purified from the gel using Wizard gel clean-up kit (Promega). DNA was
sequenced at the Australian Genome Research Facility (Brisbane, Australia).
In addition, stallion spermatozoa were stained with Aldefluor as described
above and visualized using immunocytochemistry to observe the ALDH
expression patterns in freshly ejaculated cells.

RESULTS
Experiment 1: Identification of Aldehyde Dehydrogenase
Isoforms in Stallion Spermatozoa
Nested PCR analyses revealed the positive identification of
ALDH isoforms 1A3 and 1B1 and the mitochondrial isoform
ALDH2 in both stallion testis tissue and ejaculated spermatozoa. Althoug ALDH1A2 and ALDH3B1 were identified in
testis tissue, they were not present in ejaculated spermatozoa
(Fig. 1). The identities of all these transcripts was confirmed by
direct sequencing of the PCR bands.
ALDH was expressed by all regions of freshly ejaculated
stallion spermatozoa, although the strongest ALDH signal was
observed in the head and midpiece (Fig. 2).

Experiment 2: Relationship Between ALDH Expression and
Motility in Commercial Thoroughbred Stallions

Experiment 2: Relationship Between ALDH Expression and
Motility in Commercial Thoroughbred Stallions

As part of standard commercial practices (to ascertain successful
ejaculation), postbreeding dismount samples were collected (n ¼ 46 ejaculates;
between 5 and 7 individual ejaculates from seven different stallions) by stallion
handlers at a thoroughbred stud farm in the Hunter Valley (New South Wales,
Australia) on a weekly basis for the duration of the 2012 breeding season

Highly significant (P  0.0001) correlations between the
percentage of cells with high ALDH expression (Aldefluorpositive) and the motility parameters of progressive motility (r
¼ 0.79), rapid motility (r ¼ 0.79), linearity (r ¼ 0.64), VSL (r ¼
3
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In order to map the events of motility loss, ALDH depletion and 4HNE
adduction over time, stallion spermatozoa (n ¼ 9 ejaculates) were prepared as
outlined above and incubated for 24 h at 378C. After 0, 3, 6, 9, 12, 15, 18, 21,
and 24 h of incubation, measurements of ALDH expression, 4HNE adduction,
and motility were performed. The curves for each variable were compared
using ANCOVA analyses following the confirmation that no statistically
significant interactions existed between incubation time and the variables
measured.
Effect of ALDH and GST inhibition. To investigate the effects of ALDH
and GST inhibition on the motility of stallion spermatozoa in the presence of a
4HNE challenge, spermatozoa (n ¼ 9) were prepared as previously described
and divided into 5 treatment groups: control (no 4HNE challenge and no
inhibition of either ALDH or GST); treatment with 12.5 lM 4HNE (Sapphire
Bioscience, Australia) alone without ALDH or GST inhibition; a 4HNE
challenge with GST inhibition only (100 lM S-hexylglutathione); a 4HNE
challenge with ALDH inhibition only (15 lM N,N-diethylaminobenzaldehyde
[DE-AB]) [25]; and a 4HNE challenge with both GST and ALDH inhibition.
Samples were incubated at 378C for 4 h, and motility was assessed at 1, 2, 3,
and 4 h. After 4 h of incubation, immunocytochemistry was performed to
observe the colocalization patterns for 4HNE adduction and ALDH expression
using fluorescence microscopy as outlined above.
To assess the effect of ALDH inhibition on sperm motility and aldehyde
adduction in the absence of an artificial 4HNE challenge, a covalent inhibitor
was sought to facilitate inhibition over an extended period of time. Aldi-2 was
selected for this purpose on the basis of its ability to covalently modify the
active site cysteine residue on ALDH isoforms while being highly specific [26].
For motility and aldehyde adduction assessments, spermatozoa (n ¼ 9) were
prepared as previously described and divided into 2 treatments: control and
ALDH-inhibited, using a final concentration of 10 lM Aldi-2. Samples were
incubated at 378C for 24 h after which motility and flow cytometric 4HNE
assays were performed as described above.
To corroborate the physiological viability of the aforementioned inhibitor
experiments, stallion spermatozoa were prepared as previously described (n ¼
3) and incubated for 48 h at 378C in BWW medium. Aliquots of sperm
suspensions were removed at 0, 24, and 48 h time points and the colocalization
patterns of ALDH expression and 4HNE adduction were observed via
immunocytochemistry as described above.
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0.74), VAP (r ¼ 0.71), and VCL (r ¼ 0.66) were observed (Fig.
3).

manner (P  0.0001) over the course of incubation. In
addition, there was a highly significant (P  0.0001) effect of
time on the percentage of 4HNE-adducted spermatozoa; the
number of 4HNE-negative cells decreasing in concert with the
loss of progressive motility and ALDH positivity. The
individual values for each parameter at each time point are
shown in Table 2 (values are mean 6 SEM).
ANCOVA was used to statistically describe the close
relationship between the percentages of cells displaying
progressive motility, low 4HNE adduction, and ALDH
expression over time (Fig. 4), and no statistically significant
differences between the curves were observed, suggesting that

Experiment 3: Characterization of Relationships Among
ALDH, 4HNE Adduction, and Motility of Stallion
Spermatozoa Over Time
Incubation time had a highly significant effect (P  0.0001)
on the kinematic parameters of VAP, VSL, and VCL and
significant effects (P  0.05) on STR and linearity (LIN).
Total, progressive and rapid motilities, ALDH expression and
membrane integrity also decreased in a highly significant

FIG. 2. ALDH expression (using Aldefluor) patterns in freshly ejaculated stallion spermatozoa. Original magnification 3400.

4
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FIG. 1. Nested PCR gels showing positive identification of the ALDH isoforms 1A3 and 1B1, along with the mitochondrial isoform ALDH2 in stallion
testis tissue and ejaculated spermatozoa.

ROLE OF ALDH IN STALLION SPERM MOTILITY

Downloaded from www.biolreprod.org.
FIG. 3. Correlations between ALDH expression and motility parameters (using CASA) of spermatozoa from commercial thoroughbred stallions (n ¼ 46; P
 0.001).

progressive motility could be accounted for by a combination
of 4HNE adduction and ALDH expression (Fig. 5A).
Individual correlations between these parameters were run,
with r values of 0.63 between progressive motility and low
4HNE adduction (P  0.001) (Fig. 5B), 0.47 between
progressive motility and ALDH expression (P  0.001) (Fig.
5C), and 0.50 between low 4HNE adduction and ALDH
expression (P  0.001) (Fig. 5D).
Effect of ALDH and GST inhibition. A challenge of 12.5
lM 4HNE alone produced a significant decrease in progressive

these biological events are closely related. To further
investigate these relationships over all time points combined,
a stepwise linear regression analysis (both ways, a to enter ¼
0.25) was performed using low 4HNE adduction and ALDH
expression as predictors for progressive motility. The resulting
equation was: Progressive Motility ¼ 2.49 þ (0.202 * High
ALDH expression) þ (0.621 * Negative 4HNE), and when
‘‘predicted’’ progressive motilities were calculated using this
equation and plotted against the actual progressive motilities,
an r value of 0.66 indicated that 43% of the variation in
5
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DISCUSSION
This is the first study to characterize the relationship
between ALDH expression and sperm functionality in vitro.
Results clearly support the concept that this detoxifying
enzyme plays a fundamental role in determining the longevity
of stallion spermatozoa. The mechanisms governing lipid
peroxidation by spermatozoa, along with the deleterious effects
of the resulting aldehyde adducts, have been recognized for
some time [6, 10, 27–31], and considerable attention has been
paid to the role of GST in sperm aldehyde detoxification both
in vivo [16–19] and in vitro [32, 33]. However, the importance
of the ALDH family of enzymes has been somewhat
overlooked with respect to sperm behavior in vitro, although
several studies have highlighted or at least alluded to the
significance of these enzymes for male fertility in vivo [34–36].
Although the results of the present study indicate that GST
does indeed play an important role in aldehyde detoxification
of stallion spermatozoa in vitro, it is clear that ALDH also

b

a

VSL, straight line velocity; VAP, smoothed path velocity; VCL, curvilinear velocity.
Significant differences (within sperm parameter) between t ¼ 0 h and all other time points are denoted *P  0.05, **P  0.01, and ***P  0.001.
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6
6
6
6
6
6
94.8
60.0
184.6
6.9
67.1
36.9
48.8
18.3
36.6
24.8
23.6
20.0
69.4
43.6
5.0**
6.2***
9.2
0.1
4.4*
3.7*
5.3
5.7**
5.5
5.5
3.5*
2.3
5.1
4.0
VAP (lm/sec)
VSL (lm/sec)
VCL (lm/sec)
ALH (lm)
STR (VSL/VAP)
LIN (VSL/VCL)
Total motility (%)
Progressive motility (%)
Rapid motility (%)
High ALDH expression (%)
Negative 4HNE (live cells; %)
Positive 4HNE (live cells; %)
Total positive 4HNE (%)
Membrane integrity (%)

126.2
94.7
227.9
7.6
75.9
47.3
74.4
43.9
66.3
32.1
43.9
15.6
52.6
59.5

6
6
6
6
6
6
6
6
6
6
6
6
6
6

9.2
6.1
23.6
0.8
2.3
3.0
4.6
4.8
5.3
5.6
3.1
1.8
3.5
2.4

132.1
85.6
248.4
8.1
67.6
40.6
69.9
33.7
63.7
30.0
35.9
16.7
59.2
52.5

6
6
6
6
6
6
6
6
6
6
6
6
6
6

7.5
6.1
22.0
0.7
4.5
4.3
5.6
6.0
6.2
5.5
2.2
1.2
1.8
2.4

120.4
75.3
223.5
8.0
65.9
38.6
70.8
29.6
59.9
27.7
36.2
11.4
52.6
47.7

6
6
6
6
6
6
6
6
6
6
6
6
6
6

9.4
6.2**
19.0
0.5
4.2*
3.8*
4.7
5.5**
5.3
5.7
4.6
1.3
7.1
4.7

110.9
70.7
207.8
7.1
66.4
38.6
66.9
29.6
56.8
27.2
31.5
15.3
58.5
46.9

6
6
6
6
6
6
6
6
6
6
6
6
6
6

18 h
15 h
12 h
9h
6h
3h
0h
Sperm parametera

Incubation time (378C)b

motility (P  0.01) and total motility (P  0.001) in
comparison to the control, an effect that was evident within 2
h and became progressively more severe over the ensuing 2 h
(Fig. 6). GST inhibition using 100 lM S-hexylglutathione and
ALDH inhibition using 15 lM DE-AB did not accelerate the
loss of motility observed following 4HNE exposure when used
in isolation. However, when used in combination, these
inhibitors significantly enhanced the declines in total (26.6 6
7.2%) and progressive motility (5.8 6 2.1%) in a manner that
was statistically significant by 3 h compared to spermatozoa
exposed to 4HNE in isolation (total motility: 49.6 6 8.3;
progressive motility: 15.0 6 4.6%, respectively; P , 0.05)
(Fig. 6).
Immunocytochemistry following 4 h of incubation in the
presence of a 4HNE challenge showed a loss of ALDH
expression from the sperm head (as seen in the Aldefluor
staining pattern of freshly ejaculated spermatozoa) (Fig. 2),
with expression being restricted to the mid-piece only (Fig.
7A). Colocalization using an anti-4HNE antibody and red
secondary antibody in conjunction with the Aldefluor reagent
(Fig. 7C) showed clearly that the areas of the spermatozoa that
are susceptible to 4HNE adduction (postacrosomal region and
principal piece) (Fig. 7B) are those areas which do not have a
robust ALDH defense mechanism in place. ALDH inhibition
using a covalent inhibitor (10 lM Aldi-2) over 24 h in the
absence of an exogenous stressor resulted in a significant
increase in the percentage of live, 4HNE positive cells (21.1 6
5.8% vs. 42.6 6 5.2%; P  0.05), and a highly significant
decrease in the percentage of total motile (41.7 6 6.2% vs. 6.4
6 2.6%; P  0.001) and progressively motile (17.0 6 4.1%
vs. 0.7 6 0.4%; P  0.001) spermatozoa (Fig. 8).
To confirm the results obtained using ALDH inhibitors, we
incubated stallion spermatozoa under physiological conditions
(incubation at 378C in BWW medium) and observed them over
a 48-h period. As in the inhibitor experiments, the adduction of
4HNE occurred only in regions of the spermatozoa that had
lost the expression of ALDH (Fig. 9). Initially the ALDH
signal was observed in the entire cell to various degrees (Fig.
9A), and at this time there was negligible 4HNE adduction. By
24 h of incubation, the ALDH signal had been lost from the
sperm head and principal piece of the majority of cells, and in
these regions a concomitant adduction of 4HNE was observed
(Fig. 9B); and by 48 h, the ALDH signal had been almost
entirely lost, and the undefended midpiece showed a
substantial extent of 4HNE adduction (Fig. 9C).
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TABLE 2. Motility (using CASA), ALDH expression, 4HNE adduction, and membrane integrity of stallion spermatozoa over a 24-h period (n ¼ 9 ejaculates).

21 h

24 h

GIBB ET AL.

ROLE OF ALDH IN STALLION SPERM MOTILITY

FIG. 5. A) Predicted versus actual progressive motility calculated using the stepwise linear regression model: Progressive Motility ¼ 2.49 þ (0.202 * high
ALDH expression) þ (0.621 * negative 4HNE). B) Correlation between percentage of spermatozoa without lipid peroxidation (negative 4HNE) and
progressive motility. C) Correlation between percentage of spermatozoa with high ALDH expression and progressive motility. D) Correlation between
percentage of spermatozoa with high ALDH expression and without lipid peroxidation (negative 4HNE). ***P  0.001; n ¼ 81.
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FIG. 4. Loss of ALDH expression is accompanied by a decrease in the percentage of 4HNE-negative cells and progressive motility of stallion
spermatozoa over 24 h at 378C (n ¼ 9 ejaculates).

GIBB ET AL.

FIG. 7. Localization of ALDH expression (Aldefluor, green [A]); 4HNE adduction (Alexa Fluor 594; red [B]); colocalization following treatment with
4HNE (12.5 lM [C]) for 3 h at 378C; and 4HNE adduction following ALDH inhibition using Aldi-2 (D). Inset) Phase contrast images. Original
magnification 3400.
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FIG. 6. Effect of GST inhibition (using 100 lM S-hexylglutathione) and ALDH inhibition (using 15 lM DE-AB) on total (top) and progressive (bottom)
motility of 4HNE-treated (12.5 lM) stallion spermatozoa over 4 h at 378C (n ¼ 9; *P  0.05; **P  0.01; ***P  0.001).

ROLE OF ALDH IN STALLION SPERM MOTILITY

FIG. 8. Effect of ALDH inhibition using a covalent inhibitor (Aldi-2; 10
lM) on 4HNE adduction, total and progressive motility of stallion
spermatozoa over 24 h at 378C (n ¼ 9; *P  0.05; ***P  0.001).

contributes significantly to the maintenance of sperm motility
in the face of a 4HNE challenge (Figs. 6 and 8).
PCR analysis confirmed the presence of the ALDH1A3,
ALDH1B1, and ALDH2 isoforms in ejaculated stallion
spermatozoa (Fig. 1), and in the case of the OXPHOSdependent, high mitochondrial ROS-producing spermatozoa of
this species, ALDH2 ought arguably to be the most important
of these isoforms by virtue of its localization in the
mitochondria where it can protect these vital organelles during
respiration. This ALDH2 activity may account for the lag
between 4HNE accumulation and motility loss which has
previously been reported, a phenomenon which temporarily
results in a paradoxically positive correlation between 4HNE
adduct formation and motility [3]. Indeed, in the presence of an
exogenous 4HNE challenge, ALDH expression persisted only
in the sperm midpiece, whereas 4HNE adducts formed in the
postacrosomal region and principal piece (Fig. 7). This same
pattern was observed under physiological conditions over an
extended timeline (Fig. 9), further substantiating the observations of cell functionality decline in the presence of ALDH
inhibitors (Figs. 6 and 8). These observations are of particular
interest, because in the face of an exogenous 4HNE challenge,
human spermatozoa exhibit a very different staining pattern,
with 4HNE adduction being primarily isolated to the midpiece
[10, 11], suggesting that the extreme ALDH mitochondrial
protection exhibited by stallion spermatozoa may be an
evolutionary adaptation to prevent a loss of functionality due
to the elevated ROS produced as a by-product of OXPHOSdependant energy metabolism [3]. It should be noted that
ALDH inhibition using DE-AB did not result in the same
increase in 4HNE adduction that was observed with the Aldi-2
inhibitor (Fig. 8). DE-AB is a reversible ALDH inhibitor [25]
and, in our hands, did not provide a sufficient duration of
inhibition to permit the detectable adduction of 4HNE using the
flow cytometric assay. For this purpose the covalent Aldi-2
inhibitor was employed with success (Fig. 8).
9
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The thoroughbred field trial data revealed a strong
relationship between ALDH expression and a number of
motility parameters (Fig. 3) across a large number of stallions.
It was this observation that motivated the ensuing studies to
characterize the importance of this enzyme in scavenging the
toxic aldehyde 4HNE for the maintenance of stallion sperm
motility. ALDH expression, detected using the Aldefluor
probe, has previously been shown to be predictive of fertility
when included as a variable in a linear regression model
alongside a number of other sperm parameters and animal
factors [3].
The relationship between ALDH and the preservation of
sperm motility is clearly complex. On the one hand it is
theoretically not the only mechanism responsible for removing
the aldehyde products of lipid peroxidation from these cells,
GST is also a major player [31]. Furthermore the positive
impact of ALDH on sperm motility may have been due to more
than just 4HNE removal; the aldehyde detoxification reaction
catalyzed by ALDH results in the production of the
corresponding carboxylic acid (4-hydroxy-nonenoic acid) and
NADH [37], which could potentially enhance OXPHOS. It is
therefore plausible that this secondary role may also contribute
to the positive relationships observed between ALDH and
motility parameters.
A subsequent experiment to map the loss of ALDH activity
and motility and the accumulation of 4HNE adducts over a 24h period (Fig. 4) revealed close patterns between these three
parameters across all time points. In addition to the previously
described correlation between progressive motility and ALDH
expression, a robust correlation between 4HNE and ALDH
expression was ultimately revealed (Fig. 5D). The likely basis
for this correlation is the ability of 4HNE to act as an inhibitor
of ALDH2 through the formation of a covalent bond with a
nucleophilic cysteine (Cys 302) [38]. Similarly, the strong
association between 4HNE and motility revealed in this section
of the study may also depend on the ability of 4HNE to form
adducts with the nucleophilic centers of biologically important
proteins [11]. It is possible, for example, that 4HNE forms
adducts with proteins that are directly involved in the
expression of sperm motility, such as dynein heavy chain,
and in this manner contributes directly to the loss of movement
[39]. In addition, 4HNE is known to form adducts with
succinate dehydrogenase in sperm mitochondria [10], inhibiting the activity of this enzyme and facilitating the leakage of
electrons from the electron transport chain, giving rise to a
consequential increase in mitochondrial ROS generation [11].
The latter is in turn associated with activation of the intrinsic
apoptotic cascade, key features of which are loss of
mitochondrial membrane potential, caspase activation, and
severe disruption of sperm motility [6, 10, 40]. Mitochondrial
perturbations are devastating to any OXPHOS-dependent cell,
so it is not surprising that a strong relationship exists between
4HNE production and motility loss in stallion spermatozoa,
given this cell type’s reliance on mitochondrial activity to meet
its substantial energy demands [3].
In conclusion, this study contributes valuable information
about the importance of a previously poorly described
intracellular sperm antioxidant defense mechanism, ALDH.
Of the aldehyde detoxification mechanisms employed by
stallion spermatozoa, the ALDH enzymes membrane are
equally, if not more important for the maintenance of stallion
sperm functionality than GST which has historically been the
focus of the majority of studies. The recent adaptation of the
Aldefluor probe has facilitated the development of a quick and
simple flow cytometric assay to measure sperm antioxidant
defense mechanisms and will be extremely useful both for

GIBB ET AL.
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FIG. 9. Colocalization of 4HNE adduction (Alexa Fluor 594, red) and ALDH expression (Aldefluor, green) following 378C incubation for 0 h (A), 24 h (B),
and 48 h (C).

research and clinical diagnostic purposes in the future. In this
largely unchartered field, there are opportunities for myriad
investigations into the roles and expression of various ALDH
isoforms in the spermatozoa of many species, with potential

diagnostic and in vitro applications for assisted reproductive
technologies.
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