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Proteomic studies are contributing greatly to our under-
standing of the sperm cell, and more detailed descriptions
are expected to clarify additional cellular and molecular
sperm attributes. The aim of this study was to character-
ize the subcellular proteome of the human sperm tail and,
hopefully, identify less concentrated proteins (not found in
whole cell proteome studies). Specifically, we were inter-
ested in characterizing the sperm metabolic proteome
and gaining new insights into the sperm metabolism is-
sue. Sperm were isolated from normozoospermic semen
samples and depleted of any contaminating leukocytes.
Tail fractions were obtained by means of sonication fol-
lowed by sucrose-gradient ultracentrifugation, and their
purity was confirmed via various techniques. Liquid chro-
matography and tandem mass spectrometry of isolated
sperm tail peptides resulted in the identification of 1049
proteins, more than half of which had not been previously
described in human sperm. The categorization of proteins
according to their function revealed two main groups:
proteins related to metabolism and energy production
(26%), and proteins related to sperm tail structure and
motility (11%). Interestingly, a great proportion of the met-
abolic proteome (24%) comprised enzymes involved in
lipid metabolism, including enzymes for mitochondrial be-
ta-oxidation. Unexpectedly, we also identified various
peroxisomal proteins, some of which are known to be
involved in the oxidation of very long chain fatty acids.
Analysis of our data using Reactome suggests that both
mitochondrial and peroxisomal pathways might indeed be
active in sperm, and that the use of fatty acids as fuel
might be more preponderant than previously thought. In
addition, incubation of sperm with the fatty acid oxidation
inhibitor etomoxir resulted in a significant decrease in

sperm motility. Contradicting a common concept in the
literature, we suggest that the male gamete might have the
capacity to obtain energy from endogenous pools, and thus
to adapt to putative exogenous fluctuations. Molecular &
Cellular Proteomics 12: 10.1074/mcp.M112.020552, 330–
342, 2013.

Human sperm is a motile, differentiated haploid cell whose
specialized function is to reach an oocyte and achieve fertil-
ization. This amazing cell is composed of two main subcellular
compartments, the head and the tail, with clear and distinct
specific roles for each. The head comprises the nucleus (con-
taining the paternal genome to be delivered to the oocyte) and
the acrosome (a large secretory vesicle holding hydrolytic
enzymes that assist the penetration of sperm through the
oocyte vestments). The tail consists of a flagellum, responsi-
ble for sperm motility, and it also contains a number of mito-
chondria in the midpiece (where the production of ATP
through oxidative phosphorylation (OXPHOS)1 occurs). Ejac-
ulated sperm are accessible cells that can be easily purified,
and therefore they are suitable for proteomic studies. In ad-
dition, sperm proteomic analyses are straightforward, be-
cause transcription and translation are silenced in this cell.

Despite these advantages, sperm proteomics is a relatively
recent field (for reviews, see Refs. 1 and 2). Noteworthy, the
descriptive proteomic data obtained so far offer a few sur-
prises. For instance, it turns out that proteins involved in
transcription and translation are abundant in the male gamete
(3–5). This finding not only is odd (as the sperm chromatin is
believed to be silent because of its high-condensation status),
but also suggests that more detailed descriptions might re-
veal unnoticed attributes. Indeed, the continuous use of pro-
teomic approaches is expected to illuminate some of the
mechanisms regulating sperm function.

In order to obtain a more complete characterization of the
sperm proteome, a good strategy would be to apply subcel-
lular fractionation techniques (and thus reduce sample com-
plexity) before proteomic analysis. Subcellular proteomics
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would allow the identification of less concentrated proteins
and suggest their probable cellular localization, thus providing
further information about their biological roles (6, 7). To this
end, we have recently characterized the proteome of isolated
human sperm nuclei and were able to identify 403 proteins,
around half of which had not been detected in previous whole
sperm proteome studies (8). Others have described the pro-
teome of human sperm membrane fractions (9, 10), and that
work also resulted in the identification of additional sperm
proteins.

The main goal of this study was to perform the first detailed
characterization of the human sperm tail proteome. We have
pursued this goal through the generation of preparations
highly enriched in sperm tail pieces in order to increase the
chances of the identification of less abundant but potentially
very important proteins that have escaped identification in
previous whole sperm proteomic projects. The sperm tail is
responsible for motility, which is rooted in a 9 � 2 arrange-
ment of microtubules constituting the flagellar axoneme. The
outer microtubule doublets are paralleled by outer dense fi-
bers (ODF) that provide flexible but firm support during move-
ment (11). The ODF are encircled by the mitochondrial sheath
in the midpiece (containing a variable number of helically
packed mitochondria) (12) and by the fibrous sheath (FS) in
the principal piece (consisting of two longitudinal columns
and a number of transverse interconnecting ribs providing
elastic rigidity and structural support) (13). Importantly, the FS
serves also as a scaffold for glycolytic enzymes, as well as for
components of different signaling cascades (14). Additionally,
the sperm tail contains two smaller segments: the connecting
piece, adjacent to the head (which contains the sperm cen-
triole, responsible for organizing the aster that brings together
the male and female pronuclei after fertilization) (15, 16), and
a short end piece.

A few studies have identified some of the proteins associ-
ated with the sperm tail accessory structures, contributing to
a better understanding of their function. For instance, different
groups have isolated and characterized human sperm FS, but
because of technical constraints at that time, a small number
of proteins were identified (17–19). Likewise, partial charac-
terizations of the ODF of mammalian sperm have been de-
scribed (20, 21). The use of more recent proteomic ap-
proaches has resulted in the identification of �50 proteins in
the mouse sperm flagellum (22), as well as of a few proteins in
human sperm FS (23). In contrast, the comprehensive pro-
teomic analysis of human ciliary axonemes resulted in the
identification of over 200 proteins (24, 25). Therefore, given
the similarity between cilia and flagella, the human sperm tail
proteome seems to be far from being completely described.

By performing the first comprehensive proteomic analysis
of preparations enriched in isolated sperm tails, we intended
to identify less concentrated (and yet to be identified) sperm
components. In particular, seeing that the known sperm bio-
energetic metabolic proteins are localized in the tail, we rea-

soned that our approach would result in the identification of
various enzymes related to energetic metabolism. Actually,
deciphering human sperm metabolism is a hot topic in an-
drology. Without any doubt, the male gamete is a cell with
very high energy demands, but amazingly enough, the nature
of the ATP needed to fuel motility is unclear. This apparently
simple issue has been argued in the literature for decades and
usually involves two metabolic pathways only: glycolysis (in
the principal piece) and OXPHOS (in the midpiece). But other
pathways have been proposed and are most likely involved,
although not commonly taken into consideration in studies of
sperm (for reviews, see Refs. 26 and 27). Surprisingly, we
have recently shown that good quality sperm can be kept
alive for a number of days in culture medium without any
exogenous substrates (28), suggesting that endogenous sub-
strates are being used. Here we show, for the first time, that
human sperm are equipped with an ample range of enzymatic
tools to produce ATP and are probably much more similar to
somatic cells than usually assumed.

EXPERIMENTAL PROCEDURES

Chemicals—All reagents were supplied by Sigma-Aldrich (St.
Louis, MO) unless otherwise stated.

Biological Material—Human semen samples were obtained from
the Fertility Clinic (Clinic Hospital, Barcelona, Spain) from patients
undergoing routine semen analysis. All patients signed informed
consent forms, and all human material was used in accordance with
the appropriate ethical and internal review board guidelines. Rou-
tine seminal analysis was performed according to the World Health
Organization guidelines (29), and all samples used were
normozoospermic.

Sperm Preparation—Sperm were selected via centrifugation using
50% Percoll, as described elsewhere (5), and suspended in phos-
phate buffered saline (PBS) (pH 7.2). Samples were then depleted of
any residual leukocytes via CD45 Dynabeads® magnetic cell sorting
(Invitrogen, Dynal AS, Oslo, Norway) according to the manufacturer’s
recommendations, with small modifications. Basically, 1-ml aliquots
of samples (containing 50 million sperm each) were incubated with 50
�l washed dynabeads for 1 h at room temperature, with constant
shaking. Samples were washed twice by applying magnetic force for
2 min, and the efficiency of the procedure was checked using phase-
contrast microscopy. Samples containing only sperm cells were
used. Importantly, we have previously shown that semen samples
treated using similar protocols were negative for the leukocyte spe-
cific marker CD45 at the protein level (8) as well as at the mRNA level
(30).

Isolation of Sperm Tails—In order to segregate human sperm in the
main subcellular fractions (heads and tails), different protocols were
considered, namely, incubation with primary amines or anionic deter-
gents (31) and sonication (23). Incubation with either n-butylamine or
SDS (at a range of concentrations and times of incubation) was not
efficient and was therefore discarded. Sperm were fractionated via
sonication on ice using a Branson Sonifier B12 (Branson Ultrasonics
Corporation, Danbury, CT) at 70% output (5 � 15-s bursts at 30-s
intervals). Sonicated samples were then layered on a sucrose gradient
(60%, 70%, 75% w/v) and centrifuged at 100,000 � g at 4 °C for 1 h
10 min using a Beckman SW 41 Ti rotor on an OptimaTM L-100 XP
Ultracentrifuge (Beckman Coulter, Fullerton, CA). Tails were aspirated
from the 60%–70% interface (and heads from the 75% pellet),
washed in PBS, and centrifuged at 21,460 � g at 4 °C for 1 h and then
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for 10 min thrice (in a Sigma 3–15K centrifuge). The purity of the tail
fractions was confirmed via phase-contrast microscopy.

Sperm Tail Fraction Analysis—
Expression of Alpha-tubulin and of Cytochrome-c Oxidase I—The

expression of alpha-tubulin (tail-specific protein) on isolated tail (and
head) fractions was assessed using mouse anti-human alpha-tubulin
monoclonal antibody (clone DM1A purified mouse immunoglobulin)
by means of both immunocytochemistry and Western blotting. Cyto-
chrome-c oxidase I (COXI) (midpiece-specific protein) was separately
evaluated via immunocytochemistry using mouse anti-human COXI
monoclonal antibody (Invitrogen Ltd, Paisley, UK).

Immunocytochemistry—Samples were attached to polylysine-
coated microscope slides and processed as described elsewhere
(32), including the relevant (secondary antibody only) negative control.
For labeling, the primary antibody was solubilized in blocking solution
(at concentrations of 1 �g/ml for anti-alpha-tubulin and 2 �g/ml for
anti-COXI) and incubated with the samples for 1 h at 37 °C. Alexa
Fluor 488 goat anti-mouse immunoglobulin and Hoechst 33342 (In-
vitrogen) were used for secondary staining and counterstaining, re-
spectively. Slides were observed using a BX50 microscope (Olympus,
Hamburg, Germany) equipped with a triple band pass filter, and
images were acquired with an Olympus DP71 camera.

Western Blotting—Samples (5 �g total protein) were run on sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) as
described next and transferred to Immobilon-P polyvinylidene fluoride
membranes (Millipore, Billerica, MA) in transferring buffer (25 mM Tris,
0.2 M glycine, 15% v/v methanol) on ice for 1 h at 100 mA. Membranes
were blocked in Tris-buffered saline with 0.1% (v/v) Tween 20 (TBST)
and 5% (w/v) skim milk (Nestlé, Vevey, Switzerland) for 1 h at room
temperature. For immunostaining, the primary antibody was diluted in
TBST (at a concentration of 1 �g/ml), and incubations were done
overnight at room temperature. After washing in TBST (5 min thrice),
membranes were incubated with the secondary antibody (sheep anti-
mouse peroxidase-linked IgG; GE Healthcare, Buckinghamshire, UK),
diluted 1:2500 in TBST, for 1 h at room temperature. Detection was
done using Amersham Biosciences ECL Plus™ Western Blotting
Analysis System (GE Healthcare) and an LAS-3000 imaging system
(Fujifilm, Tokyo, Japan).

Transmission Electron Microscopy—Isolated sperm tails were fixed
in 0.1 M phosphate buffer (pH 7.4) with 2.5% (w/v) glutaraldehyde for
24 h at 4 °C and post-fixed in 1% (w/v) osmium tetroxide with 0.8%
(w/v) potassium ferricyanide. Samples were then sequentially dehy-
drated in acetone with increasing concentrations (from 50% to 100%,
v/v) and incorporated in Spurr’s Epoxy resin. After resin polymeriza-
tion (48 h at 60 °C), sections of 60 to 80 nm were obtained using an
Ultracut E microtome (Reichert-Jung, Vienna, Austria) and a diamond
knife (Diatome, Biel, Switzerland). Sections were double stained with
2% (w/v) uranyl acetate (30 min) and Reynolds’ lead citrate (10 min).
Observations were made in a Jeol JEM 1010 electron microscope
(Jeol Ltd., Tokyo, Japan) at 80 Kv acceleration, and images were
acquired with a Bioscan camera (Gatan, Inc., Pleasanton, CA).

Sperm Tail Protein Separation and Identification—To characterize
the human sperm tail proteome, tail fractions from four normozoo-
spermic samples were pooled. The mean values for the three principal
sperm parameters were as follows: 124 million sperm/ml semen
(range: 104–165 million); 83% progressively motile sperm (range:
74%–92%); and 23% normal forms (range: 22%–25%).

Protein Solubilization—Isolated tails were solubilized in lysis buffer
(7 M urea, 2 M thiurea, 1% (w/v) CHAPS, 1% (w/v) N-octilglucopiran-
oxide, 18 mM DTT, and 2.4 mM PMSF) for 1 h at room temperature,
with constant shaking, as described elsewhere (3). Importantly, and
contrary to what happens with the head proteome (which includes
very basic and hard to solubilize proteins, such as protamines), all
proteins constituting sperm tails could be effectively solubilized

with the lysis buffer used, which obviously simplifies their analysis.
Protein concentration was determined using the Quick Start Brad-
ford Protein Assay (BioRad, Hercules, CA) following the manufac-
turer’s recommendations.

SDS-PAGE—Solubilized proteins were precipitated with 80% (v/v)
cold acetone, suspended in Laemmli buffer (60 mM Tris HCl, pH 6.8,
2.2% (w/v) SDS, 5% (v/v) glycerol, 0.1 M DTT), and incubated for 10
min at 90 °C. After cooling, a total of 100 �g of tail proteins were
separated via SDS-PAGE (12% acrylamide gel with a 3.9% acryl-
amide stacking gel) at 5 mA for 2.5 h. The gel was fixed overnight with
40% ethanol and 10% acetic acid, stained with FlamingoTM fluores-
cent gel stain (BioRad) according to manufacturer’s instructions, and
visualized using a Typhoon™ 9400 scanner (GE Healthcare).

Liquid Chromatography Tandem Mass Spectrometry—The entire
gel row was carefully cut into very small (�1 mm2) pieces that were
then processed for mass spectrometry analysis, as described else-
where (8). Firstly, gel slices were digested with 100 to 150 ng trypsin
(Promega, Madison, WI) at 37 °C overnight using the In-Gel DigestZP

kit (Milipore, Billerica, MA), according to the manufacturer’s recom-
mendations. Tryptic peptides were separated by means of nano liquid
chromatography using a Proxeon EASY-nLC (Thermo Fisher Scien-
tific, Waltham, MA) with a flow rate of 500 nL/min, an EASY C18 trap
column (5 �m, 120 Å, 100 �m inner diameter � 2 cm in length), and
an EASY C18 analytical column (3 �m, 120 Å, 75 �m inner diameter �
10 cm in length). The following linear gradient, using Solvent B (97%
acetonitrile, 0.1% formic acid) and Solvent A (3% acetonitrile, 0.1%
formic acid), was employed: 5%–40% buffer B (100 min); 40%–
100% buffer B (5 min). MS/MS analysis was performed using an LTQ
Orbitrap Velos (Thermo Fisher Scientific) with a nanoelectrospray ion
source with precursor ion selection in the Orbitrap at 30.000 of
resolution, selecting the 15 most intense precursor ions, with a colli-
sion energy of 35 in positive ion mode. MS/MS data acquisition was
completed using Xcalibur 2.1 (Thermo Fisher Scientific).

Database Searching and Data Interpretation—Data were pro-
cessed using Proteome Discoverer 1.2 (Thermo Fisher Scientific). For
database searching, processed data were submitted to the in-house
Homo sapiens UniProtKB/Swiss-Prot database (released June 2011;
20,211 protein entries) using SEQUEST, version 28.0 (Thermo Fisher
Scientific). The following search parameters were used: two maxi-
mum missed cleavages for trypsin; carbamidomethylation as a fixed
modification; methionine oxidation as a variable modification; 20 ppm
peptide mass tolerance; and 0.8 Da fragment ion tolerance. Criteria
used to accept identification included Min Xcorr (2 for 2�, 2.25 for
3�, and 2.5 for 4�), a false discovery rate (FDR) of 0.05, and two
minimum peptides (and at least one unique peptide) matched per
protein. FDR was estimated by the Proteome Discoverer application
using the conservative approach. This consists of performing and
comparing two distinct searches: one against the non-decoy data-
base, and one against the decoy database (achieved by reversing all
protein sequences); the number of matches from both searches was
counted.

Sperm Tail Proteome Analysis—Proteins identified were classified
according to (a) tissue specificity, (b) subcellular localization, and (c)
biological function(s) using the information available at the UniProt
Knowledgebase (UniProtKB/Swiss-Prot) website (http://www.uniprot.
org). PubMed (http://www.ncbi.nlm.nih.gov/pubmed/; National Cen-
ter for Biotechnology Information, U.S. National Library of Medicine,
National Institutes of Health, Bethesda, MD) was also used, whenever
needed, especially to check whether each of the proteins had been
previously described in human sperm. Previous descriptions of each
of the proteins were also checked by comparing the list of proteins
obtained with every published study on human sperm proteomics.
Comparisons were done using either the Swiss-Prot accession num-
ber (when available in the papers analyzed) or the names of the
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proteins (in this case, all the alternative names of a single protein were
verified).

Analysis of the Metabolic Proteome—The Reactome database was
used to perform overrepresentation analysis in order to recognize
those biological pathways likely to be active in the sperm tail. The
significance of the association between the protein list and a certain
pathway was expressed in two ways: a ratio expressing the number
of proteins from the data set that map to the pathway divided by the
total number of proteins constituting the pathway, and a p-value
expressing the probability (hypergeometric test) that the association
between the proteins in the dataset and the pathway is explained by
chance alone (p-values � 0.05 were considered significant).

Whole-sperm Analyses—
Expression of Peroxisomal Proteins—The expression of peroxi-

somal membrane protein 11 (PEX11) and 3-ketoacyl-CoA thiolase
(ACAA1) (peroxisomal) was monitored via immunocytochemistry (n �
5 sperm samples), as described before, using the following primary
antibodies: rabbit polyclonal anti-human PEX11 (10 �g/ml; Abcam,
Cambridge, UK) and rabbit polyclonal anti-human ACAA1 (4.6 �g/ml;
Sigma Prestige Antibody). Alexa Fluor 488 goat anti-rabbit immuno-
globulin (Invitrogen) was used for secondary staining.

The expression of ACAA1 was additionally confirmed via Western
blotting (n � 8 sperm samples), essentially as described for alpha-
tubulin, with modifications as follows: 35 �g total protein were used,
membranes were blocked overnight at 4 °C and incubated with the
primary antibody (0.77 �g/ml) for 1 h at room temperature, and for
secondary staining, donkey anti-rabbit peroxidase-linked IgG (GE
Healthcare) was used.

Fatty Acid Oxidation Inhibition—Sperm samples (n � 7) were incu-
bated in PBS supplemented with 3% (w/v) fatty-acid-free bovine
serum albumin and 1% (v/v) penicillin-streptomycin-neomycin at
37 °C, 5% CO2, in the presence or absence (control) of increasing
concentrations of etomoxir (10 �M, 100 �M, 1 mM). In order to main-
tain osmolality in the four conditions, three different etomoxir stock
solutions were prepared (so that the volume of solution added was
the same in the different conditions), and an equal volume of H2O
(solvent) was added to the controls.

Sperm motility was monitored after 3 h and 48 h of incubation using
optical microscopy according to the World Health Organization rec-
ommendations (29) and expressed as the percentage of motile
sperm. Eosin Y was used to monitor sperm viability (29), which was
expressed as the percentage of live sperm (i.e. with integral mem-
brane). For each etomoxir concentration, the percentages relative to
controls were calculated. Statistical analysis was performed using
SPSS for windows (version 16.0, SPSS Inc., Chicago, IL). All variables
were checked for normal distribution using the one-sample
Kolmogorov–Smirnov test, and the independent sample t test was
used to compare the different etomoxir concentrations with the con-
trols. Values of p � 0.05 were considered significant.

RESULTS

Isolation of Sperm Tails—In order to choose the most ap-
propriate approach to isolate human sperm tails, we first
compared the efficiency of different methodologies described
in the literature for mammalian sperm subcellular fraction-
ation. Sonication was, in our hands, the most efficient ap-
proach, resulting in the separation of head and tail pieces in
the vast majority of cells (mean percentage � S.E. � 92.7% �

0.54%; n � 41 samples). Sonicated samples were layered
over sucrose gradients and centrifuged at high speed, and the
two fractions obtained (60%–70% interface and 75%; Fig. 1)
were collected for further analysis. As expected, the two

collected fractions were enriched in isolated tail pieces and
heads, respectively (Figs. 1A, 1A’). Of note, the protocol used
was very efficient in the isolation of almost pure tail fractions,
but it could not be used to obtain clean head fractions,
because in addition to heads, these contained a few tail
pieces and whole (uncut) sperm.

The nature of the assumed tail fractions was further estab-
lished by monitoring the expression of the tail-specific protein
alpha-tubulin. Unsurprisingly, the expression of alpha-tubulin
was considerably higher in the tail fractions than in the head
fractions (Figs. 1C, 1C��, 1D), and in contrast, Hoescht (DNA
dye) positive staining was observed mainly in the head frac-
tions (Figs. 1B, 1B��). Similar results were obtained for the
expression of the mitochondrial protein (midpiece-specific)
COXI (32). Furthermore, the integrity of the tail fractions was
confirmed via electron microscopy (Fig. 2). Importantly, all the
typical midpiece and principal piece structures (the mitochon-
drial sheath, the FS, the ODF, and the axoneme) were de-
tected. Tail plasma membranes were partially lost, most likely
as a result of the use of sonication. Taken together, these data
confirmed that we were able to isolate (and further analyze)
almost pure and clean human sperm tail fractions. However, it
should be noted that our main goal when performing the
subcellular fractionation was to enrich the proportion of less
abundant proteins, thus increasing the chances of their de-
tection. Such a procedure cannot be used to locate the pro-
teins, because there is always the possibility of protein redis-
tribution during the subcellular fractionation. Although the

FIG. 1. Human sperm tails can be physically isolated by means
of sonication and sucrose gradient ultracentrifugation. At the top
left of the figure, a low-magnification phase contrast microscopy
image of sperm cells purified after percoll density selection and
CD45-MACS purification is shown to demonstrate the absence of
potentially contaminating cells. The nature of isolated sperm tail (and
head) fractions was visualized via optical microscopy (A, tails; A’,
heads). The expression of alpha-tubulin was detected via immunoflu-
orescence (B, B’, Hoescht; C, C’, anti-alpha-tubulin; B, C, tails; B’, C’,
heads) and Western blotting (D, alpha-tubulin has a molecular weight
of 55 kDa).
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majority of the proteins in our list were definitely tail proteins,
we know that this is not the case for all the proteins we
describe.

Sperm Tail Proteome—MS/MS data resulted in the identi-
fication of 1049 proteins (supplemental Table S1). To the best
of our knowledge, around half of these proteins are described
here for the first time (i.e. there are no previous descriptions of
the expression of these proteins in human sperm; Fig. 3,
supplemental Table S1). However, confirming the effective-
ness of our approach, the list also includes proteins specific
to all the tail components: ODF proteins (ODF1–ODF3), tektins
(TEKT1–TEKT5), FS proteins (protein kinase A anchor proteins
3 and 4, roporins, etc.), mitochondrial sheath proteins (phos-
pholipid hydroperoxide glutathione peroxidase, prohibitin,
etc.), centrosomal proteins (alpha-centractin, speriolin, etc.),
and, logically, flagellar proteins (various tubulins, actins, and
radial spoke proteins). A detailed list of references for the
proteins that were previously described is included in supple-
mentary information (supplemental Table S1) (3–5, 8–10, 23,
33–55).

The UniProt Knowledgebase (UniProtKB/Swiss-Prot) web
site was used to find information about the proteins identified.
Concerning tissue specificity (Fig. 4A), although for most of
the proteins there were no data available, the list includes
various ubiquitous proteins and, unsurprisingly, proteins
known to be specifically expressed in male reproductive tis-
sues (testes, epididymis, and seminal vesicles). Regarding
cellular localization, the majority of proteins were located in
the mitochondrion or cytoplasm or belonged to the cytoskel-
eton (Fig. 4B). Other cellular components included ribosomes,

Golgi apparatus/endoplasmic reticulum, cytoplasmic vesi-
cles, and, interestingly, peroxisomes (see below).

The categorization of proteins according to their main func-
tion(s) (Fig. 5) suggests that the sperm tail proteome includes
proteins involved in standard cellular functions (such as cell
cycle, apoptosis, stress response, intracellular trafficking, sig-

FIG. 2. Electron microscope pictures of human sperm tail frac-
tions isolated by means of sonication and sucrose gradient ul-
tracentrifugation. All the typical tail structures were observed: ax-
onemes (Ax), outer dense fibers (Odf), mitochondrial sheaths (Ms),
and fibrous sheaths (Fs).

FIG. 3. Similarity between the tail proteome described in the
present study and those of other published human sperm pro-
teomics descriptions. Martinez-Heredia et al., 2006 (3); Baker et al.,
2007 (4); Siva et al., 2010 (50); de Mateo et al., 2011 (8); others (5, 9,
10, 23, 33–49, 51–55). Of the 1049 proteins identified here, 527 were
not previously described in human sperm.

FIG. 4. Classification of the sperm tail proteins according to the
information available at the UniProtKB/Swiss-Prot web site. In the
top panel (A), the tissue specificity of the proteins identified is shown.
In the bottom panel (B), the known subcellular localization is
indicated.
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naling, protein turnover, etc.), as well as proteins involved in
spermatogenesis, sperm maturation, sperm–oocyte interac-
tion, and (possibly) embryo development. It was exciting to
find that, apart from proteins involved in egg activation and
male pronucleus assembly, the sperm tail proteome also in-
cludes proteins that could (theoretically) participate in blasto-
cyst development, gastrulation, and embryo development.
Even though this idea needs further confirmation, the expres-
sion of proteins such as the left-right determination factor
(LEFTY2) is quite appealing. Also, we have found centriolar
proteins not previously described in human sperm, such as
centrosomal proteins of 70 KDa (CEP70) and 135 KDa
(CEP135). Moreover, and predictably, a range of proteins
(11%) were related to sperm tail structure and motility. Fur-
thermore, 26% of the proteins described have roles in me-
tabolism and energy production, and, noteworthy, these con-
stitute the biggest group of proteins found in the sperm tail.

Sperm Tail Metabolic Proteome—As we were interested in
illustrating the sperm metabolic proteome, and seeing that
metabolic proteins constitute the main group of tail proteins,
we analyzed this group in further detail (Fig. 5). Of the 268
proteins belonging to this group, 45% have never been de-

scribed in previous human sperm studies. These include un-
described enzymes of mitochondrial OXPHOS, Krebs cycle,
and glycolysis. In addition, our data suggest that other car-
bohydrate pathways might operate in human sperm, including
those involved in galactose and glycogen metabolism. In-
deed, we have evidence that human sperm contains enzymes
of the Leloir pathway (galactokinase and UDP-galactose
4-epimerase), as well as enzymes involved in both glycogen
biosynthesis (UTP-glucose-1-phosphate uridylyltransferase)
and degradation (glycogen phosphorylase). Remarkably, and
unexpectedly enough, 24% of the sperm metabolic proteome
includes proteins involved in both catabolic and anabolic lipid
metabolism (such as fatty acid oxidation, carnitine shuttle,
acylcarnitine transport, ketone body catabolism, glycerol deg-
radation, and phospholipid and triglyceride biosynthesis).
Taken together, these data suggest that the production of
ATP in the male gamete may be achieved via pathways other
than glycolysis and OXPHOS.

In order to further explore this hypothesis, metabolic path-
ways were investigated using Reactome. First of all, from the
major groups of functional pathways that our data could be
confidently (i.e. with statistical significance) assigned to, me-

FIG. 5. Classification of the sperm
tail proteins according to their main
function(s) using the information
available at the UniProtKB/Swiss-Prot
web site. It is interesting to note that
26% of the proteins belong to the “Me-
tabolism and energy production” group.
This group is shown in higher detail in
the lower right part of the figure.
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tabolism was by far the most significant one (p � 3.0 �

10�63). Other functional pathways included cell cycle, apo-
ptosis, DNA replication, gene expression, and metabolism of
proteins (p values ranging from 2.3 � 10�13 to 2.7 � 10�5).
The detailed analysis of the energetic metabolism enzymes
resulted in very interesting outcomes (Table I). Of note, it was
confirmed that apart from glycolysis, sperm is endowed with
the enzymatic tools for other carbohydrate metabolic path-
ways, namely, gluconeogenesis and galactose catabolism.
Furthermore, this analysis recognized the implication of lipid
metabolism in the male gamete. Specifically, sperm might be
able to use ketone bodies, to break down saturated and
unsaturated fatty acids (mitochondrial beta-oxidation), as well
as to oxidize very long chain fatty acids (a competence im-
plying the involvement of peroxisomal enzymes).

Human Sperm Contains Peroxisomal Proteins—Indeed, we
found distinct peroxisomal proteins in the tail of ejaculated
sperm (Table II), a cell believed to be devoid of peroxisomes.
Together with data from others, our proteomic data revealed
that human sperm contain proteins known to be specific to
either the peroxisomal membrane or the matrix. These include
not only proteins related to peroxisome organization and pro-
liferation, but also enzymes implicated in peroxisomal-
specific fatty acid alpha- and beta-oxidation, cholesterol

biosynthesis, and glyoxylate metabolism. Remarkably, and
reinforcing the accuracy of the data, the identification of every
peroxisomal protein described in this study relied on the
discovery of at least 2 unique peptides (range: 2–10; supple-
mental Table S2).

Nevertheless, with the purpose of confirming the results
obtained via MS/MS, we selected antibodies against two
proteins: PEX11 and ACAA1. Immunocytochemistry analyses
confirmed that human sperm do have peroxisomal proteins,
and, noteworthy, the expression of these proteins seems to
be confined to the midpiece (Fig. 6A). In order to rule out the
possibility of protein degradation, the expression of ACAA1
was also checked via Western blotting (Fig. 6B). Importantly,
in all the samples analyzed (n � 8), a band with the expected
molecular weight (44 KDa) was observed, and no substantially
smaller molecular weight bands were perceived. This thus
suggests that ejaculated human sperm do have potentially
active peroxisomal enzymes (and not only peptides resulting
from a degradation process).

Mitochondrial Beta-oxidation Inhibition Results in De-
creased Sperm Motility—With the aim of determining whether
mitochondrial fatty acid beta-oxidation contributes to sperm
function, we incubated human sperm with etomoxir. Etomoxir
inhibits mitochondrial fatty acid beta-oxidation by irreversibly

TABLE I
Metabolic pathways that are likely to contribute to the production of energy in human sperm; data were analyzed using reactome

Pathway Pathway identifier p value Ratio

Krebs cycle and respiratory electron transfer chain (ETC) REACT_111083 4.3 � 10�47 0.569
Pyruvate metabolism and Krebs cycle REACT_1046 4.8 � 10�19 0.650
Pyruvate metabolism REACT_2071 4.9 � 10�6 0.500
Krebs cycle REACT_1785 6.3 � 10�17 0.895
ETC, ATP synthesis via chemiosmotic coupling REACT_6305 3.3 � 10�32 0.553
ETC REACT_22393 4.2 � 10�26 0.553
Formation of ATP via chemiosmotic coupling REACT_6759 3.4 � 10�8 0.667

Metabolism of carbohydrates REACT_474 2.9 � 10�17 0.362
Glucose metabolism REACT_723 5.1 � 10�17 0.509
Glycolysis REACT_1383 6.3 � 10�12 0.682
Gluconeogenesis REACT_1520 1.5 � 10�17 0.710
Galactose catabolism REACT_532 2.0 � 10�2 0.667
Hexose transport REACT_9441 2.2 � 10�2 0.190
Glucose transport REACT_212 1.7 � 10�2 0.200

Metabolism of lipids REACT_22258 1.4 � 10�2 0.121
Fatty acid, triacylglycerol, and ketone body metabolism REACT_22279 1.3 � 10�4 0.196
Mitochondrial fatty acid beta-oxidation REACT_1473 2.8 � 10�7 0.643
Mitochondrial fatty acid beta-oxidation of saturated

fatty acids
REACT_1541 2.2 � 10�7 0.875

Mitochondrial fatty acid beta-oxidation of unsaturated
fatty acids

REACT_160 2.4 � 10�5 0.833

Utilization of ketone bodies REACT_59 2.0 � 10�2 0.667
Import of palmitoyl-CoA into the mitochondrial matrix REACT_11082 2.4 � 10�2 0.375
Triglyceride biosynthesis REACT_1190 7.3 � 10�3 0.250
Fatty acyl-CoA biosynthesis REACT_1319 2.7 � 10�3 0.333
Peroxisomal lipid metabolism REACT_16957 4.9 � 10�3 0.300
Beta-oxidation of very long chain fatty acids REACT_17062 9.9 � 10�3 0.500

p value represents the probability that the association between the proteins in our proteome dataset and the pathway is explained by chance
alone (only p values � 0.05 were considered significant). “Ratio” stands for the number of proteins from our proteome that map to the pathway
divided by the total number of proteins constituting the pathway.
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binding to carnitine palmitoyl transferase 1, thus preventing
the entry of long-chain fatty acids into the mitochondrial ma-
trix. The incubation of sperm with etomoxir resulted in a
concentration-dependent decrease in sperm motility in all the
samples analyzed (n � 7; Fig. 7, top graph). To this extent,
short-time (3 h) incubation with a high concentration of eto-
moxir (1 mM) resulted in a loss of motility in the majority of cells
(mean � S.E. motile sperm � 6.3% � 2.8%, compared with
63.3% � 1.4% in the controls; p � 0.01). The effects of lower
concentrations of etomoxir were perceived after long-term (48
h) incubation (controls: 38.3 � 6.4; 0.01 mM etomoxir: 25.7 �

5.1; 0.1 mM etomoxir: 11.7 � 3.9; controls versus 0.1 mM

etomoxir: p � 0.01). Noteworthy, the effects of etomoxir on
sperm motility were not paralleled by similar decreases in
sperm viability (Fig. 7, bottom graph), ruling out possible toxic
effects of the drug. Indeed, the lower concentrations of
etomoxir did not affect sperm viability. As for the higher
concentration, although viability was affected, the decline in
the percentage of motile cells was much sharper than the
decrease in the percentage of viable cells (compare top and
bottom graphs in Fig. 7).

DISCUSSION

The last phase of spermatogenesis, occurring after the
completion of meiosis, is characterized by intensive morpho-
logical remodeling, together with the loss of the majority of
cytoplasm. Only those cellular components needed for proper
sperm function are actively maintained. The preservation of a
number of mitochondria in the midpiece and the major role of
these organelles in the production of ATP in somatic cells
suggest that sperm mitochondria might generate the energy
needed for the various cellular functions (including motility).
This notion has, however, been challenged by a physics dif-
ficulty: the ATP produced in the midpiece might not be able to
reach the distal end of the tail via simple diffusion (especially
in those species with longer tails, such as rodents). Two
hypotheses have been postulated to overcome this issue:
ATP is (also) produced by glycolysis all over the principal
piece, and/or ATP shuttles might operate (although this has
not been confirmed in mammalian species) (56). These have
been the premises of the Sperm Energy Debate, which dis-
cusses whether the ATP that fuels sperm motility (and other
events) is entirely glycolytic or mainly originates from the

TABLE II
Peroxisomal proteins found in human sperm

Access
number Protein name Gene Function Localization Descriptions

O14734 Acyl-coenzyme A thioesterase 8 ACOT8 Fatty acid oxidation Peroxisomal matrix Present study
P09110 3-ketoacyl-CoA thiolase, peroxisomal ACAA1 Fatty acid beta-oxidation; fatty

acid synthesis
Peroxisomal matrix Present study

P51659 Peroxisomal multifunctional enzyme
type 2

HSD17B4 Fatty acid beta-oxidation; fatty
acid synthesis

Peroxisomal matrix Baker et al., 2007 (4)

Q9UJ83 2-hydroxyacyl-CoA lyase 1 HACL1 Fatty acid alpha-oxidation Peroxisomal matrix Present study
Q13907 Isopentenyl-diphosphate delta-

isomerase 1
IDI1 Isoprenoid and cholesterol

biosynthesis
Peroxisomal matrix Present study

Q15126 Phosphomevalonate kinase PMVK Isoprenoid and cholesterol
biosynthesis

Peroxisomal matrix Present study

Q9UBQ7 Glyoxylate reductase/hydroxypyruvate
reductase

GRHPR Glyoxylate metabolism Peroxisomal matrix Present study; Baker
et al., 2007 (4)

O75192 Peroxisomal membrane protein 11A PEX11A Peroxisome division/proliferation Peroxisomal membrane Gu et al., 2011 (8)
O96011 Peroxisomal membrane protein 11B PEX11B Peroxisome division/proliferation Peroxisomal membrane Present study
Q96HA9 Peroxisomal membrane protein 11C PEX11G Peroxisome organization Peroxisomal membrane Present study
O00623 Peroxisomal assembly protein 12 PEX12 Peroxisomal protein import Peroxisomal membrane Gu et al., 2011 (8)
Q9Y5Y5 Peroxisomal membrane protein PEX16 PEX16 Peroxisome membrane

biogenesis/assembly
Peroxisomal membrane Present study

O00116 Alkyldihydroxyacetonephosphate
synthase, peroxisomal

AGPS Etherlipid biosynthesis Peroxisomal membrane
and matrix

Present study

Q6YN16 Hydroxysteroid dehydrogenase-like
protein 2

HSDL2 Unknown Peroxisome Present study

Q8NBU5 ATPase family AAA domain-containing
protein 1

ATAD1 Unknown Peroxisome Present study

O75521 Peroxisomal 3,2-trans-enoyl-CoA
isomerase

ECI2 Fatty acid synthesis Peroxisomal matrix
(and mitochondria)

Baker et al., 2007 (4)

Q13011 Delta(3,5)-delta(2,4)-dienoyl-CoA
isomerase

ECH1 Fatty acid beta-oxidation; fatty
acid synthesis

Peroxisomal matrix
(and mitochondria)

Present study; Baker
et al., 2007 (4);
Martínez-Heredia
et al., 2006 (3)

P43155 Carnitine O-acetyltransferase CRAT Fatty acid oxidation Peroxisomal matrix
(and mitochondria)

Present study

O75874 Isocitrate dehydrogenase 	NADP

cytoplasmic

IDH1 Glyoxylate metabolism; fatty
acid biosynthesis

Peroxisomal matrix
(and cytoplasm)

Present study; Baker
et al., 2007 (4)

Q9Y3D6 FIS1 homolog FIS1 Peroxisomal fission Peroxisomal membrane
(and mitochondria)

Present study

The first 15 proteins have a exclusive peroxisomal localization, whereas the last 5 proteins can be peroxisomal and/or mitochondrial/
cytoplasmatic.
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(more efficient) mitochondrial OXPHOS (for reviews, see Refs.
26 and 27). Despite all the discussion, it still remains to be
elucidated which are the main energy sources for ejaculated
sperm motility under physiological conditions (i.e. in the fe-
male reproductive tract, where sperm can survive for up to 5
days) (57).

Interestingly, although it is clear that sperm use glycolyz-
able substrates, we have recently shown that sperm motility
can be maintained for a number of days in the complete
absence of exogenous substrates (28). This implies that en-
dogenous substrate metabolism is sufficient to fuel motility,
although the nature of these substrates is unknown. Here we
show that sperm is equipped with a range of enzymatic tools
to oxidize fatty acids, suggesting that these could be used as
a source of energy. In accordance, we have also shown that
the inhibition of mitochondrial fatty acid beta-oxidation using
etomoxir (in the absence of exogenous substrates) results in
decreased sperm motility, suggesting that this metabolic
pathway might contribute part of the ATP needed to fuel
motility.

The idea that, in the absence of glycolysable substrates,
sperm might be able to oxidize fatty acids from endogenous
phospholipids is not completely new in the literature. In fact,
back in the 1960s, some authors claimed to show that differ-
ent mammalian sperm oxidize [1-14C] fatty acids, as indicated
by the production of labeled CO2 (58, 59). However, conflict-
ing data were subsequently published (60, 61). In any case, all
these experiments were performed with washed sperm (i.e.
sperm isolated from seminal plasma via a simple washing
step). Such a procedure does not guarantee the absence of
“round cells” (leukocytes and immature germ cells) that co-
exist with sperm in any semen sample (62). Therefore, it is
hard to know whether the labeled CO2 measured in the first
experiments was produced by sperm or other cells. Con-
versely, in this study, as in the majority of current sperm
studies, we segregated sperm using gradient centrifugation.
Additionally, samples were further depleted of any potential
remaining leukocytes by means of anti-CD45 magnetic cell
sorting, and they were observed using microscopy to confirm
that the proteomics analysis relied on proteins from sperm
cells only. In addition, a second gradient centrifugation was
performed to isolate sperm tails, and the purity of tail fractions
was confirmed through several assays; thus, in the improba-
ble event that any round cell had still been present, a com-
plete depletion would have been achieved at this step. There-
fore, we strongly believe that all the proteins described here
belong to the sperm proteome. Our data suggest that sperm
mitochondria are able to oxidize both saturated and unsatu-
rated fatty acids, like their somatic cell counterparts. Mito-
chondrial beta-oxidation thus might be one of the metabolic
pathways used by sperm to produce ATP, at least in the
absence of exogenous sugars.

The utilization of ketone bodies is also a possibility corrob-
orated by our outcomes. Others have suggested that ketone

FIG. 6. Human sperm express peroxisomal proteins in the mid-
piece. A, expression of peroxisomal membrane protein 11 (PEX11;
upper panel, green) and peroxisomal 3-ketoacyl-CoA thiolase
(ACAA1; lower panel, green) detected via immunocytochemistry. DNA
was stained with Hoescht (blue). B, expression of ACAA1 different
sperm samples (n � 8) detected via Western blotting. The predicted
molecular weight of human ACAA1 is 44 kDa. Several molecular
weight standard bands (75 kDa, 50 kDa, 37 kDa, and 25 kDa) are
shown on the left.

FIG. 7. Inhibition of mitochondrial fatty acid oxidation affects
human sperm motility without significantly affecting viability.
Sperm samples (n � 7) were incubated with different concentra-
tions of etomoxir, and motility and viability were assessed accord-
ing to World Health Organization guidelines (29) after short-term (3
h) and long-term (48 h) incubations. Data are expressed as mean �
S.E. of percentages relative to controls (i.e. absence of etomoxir).
Asterisks denote significant differences relative to controls (p �
0.05).
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bodies might support mouse sperm motility (63). This would
rely on the activity of a succinyl CoA transferase isoform
specific to mitochondria from germ cells (SCOT-t) (64). Al-
though a human orthologue of this enzyme has been de-
scribed (65), we detected the somatic SCOT isoform only in
our tail proteome (which is in fact in accordance with other
proteomics studies). That human sperm might be able to
modulate lipid metabolism is also suggested by the observa-
tion that the enzymatic activities of lipase and acyl-CoA de-
hydrogenase (which catalyzes the initial step in each cycle of
fatty acid beta-oxidation) were increased upon stimulation of
distinct sperm receptors (66, 67). However, the actual con-
tribution of these pathways in vivo needs additional
investigation.

Furthermore, our data suggest, for the first time, that human
sperm might be able to metabolize very long chain fatty acids
(VLCFAs) (i.e. with aliphatic tails longer than 22 carbons) using
peroxisomal enzymes. Peroxisomes are single membrane or-
ganelles with a granular matrix that are theoretically present in
all eukaryotic somatic cells, excluding erythrocytes. Peroxi-
somes may fulfill distinct functions, depending on the species,
cell type, developmental stage, and environmental conditions,
but generally they contribute to various metabolic pathways
and are indispensable in maintaining cellular homeostasis
(68). VLCFAs and phytanic acid can only be degraded in
peroxisomes, and it seems clear that beta-oxidation is a gen-
eral feature of virtually all types of peroxisomes (69). Although
once doubted, evidence of the existence of peroxisomes in
rodent male reproductive cells seems now irrefutable. The
first evidence was restricted to Leydig and epididymal epithe-
lial cells (70), but this was later extended to Sertoli and germ
cells (71). More recently, the characterization of the peroxi-
somal compartment in human and mouse testes resulted in
the detection of distinct peroxisomal marker proteins in most
testicular cells, except sperm (72). It was suggested that
peroxisomes would be clustered and selectively degraded at
the end of spermiogenesis (73), but the exact mechanism of
this degradation was not elucidated. Although the physiolog-
ical role of these dynamic, multipurpose organelles in the
testis is still unknown, their metabolic pathways are certainly
vital for normal spermatogenesis, as typified by patients pre-
senting peroxisomal deficiencies who also show impaired
spermatogenesis and infertility (74). That progressive loss of
male fertility might be a conserved feature of peroxisomal
biogenesis disorders is suggested by observations in Dro-
sophila models (75), as well as in knock-out mice for peroxi-
somal multifunctional protein 2 (76). The relevance of peroxi-
somes in spermatogenesis is additionally illustrated by the
existence of the male-germ-cell-specific peroxisomal proteins
PXT1 (77) and CCDC33 (78), the expression of which starts at
the spermatocyte stage. In view of that, it was proposed that
instead of being degraded, peroxisomes might remodel their
proteome during spermatogenesis to acquire new functions
(68). The expression of peroxisomal proteins might be tightly

regulated, and any fluctuations in their levels might result in
impaired spermatogenesis. Indeed, transgenic mice overex-
pressing PXT1 showed germ cell apoptosis and male infertility
(79).

Our finding that human sperm possess various peroxisomal
proteins has two possible interpretations: these might be
leftovers of spermatogenesis with no important roles in
sperm, or, alternatively, they might have explicit functions in
the male gamete. If these proteins were simply spermatogen-
esis leftovers, they would most likely be degraded in sperm, a
hypothesis that we have ruled out, at least for ACAA1, as this
peroxisomal enzyme was shown to have the expected mo-
lecular weight in different sperm samples. The fact that, as
shown here, the expression of both ACAA1 and PEX11 is
confined to the sperm midpiece (where mitochondria are lo-
calized) also points to the second hypothesis. Definitely, mi-
tochondria and peroxisomes are interconnected, and there is
increasing evidence of cooperation and cross-talking be-
tween the two organelles (80). Interestingly, mitochondrial and
peroxisomal fission machineries share some core compo-
nents, such as FIS1 homolog (reviewed in Ref. 81), the ex-
pression of which in human sperm is shown in the present
study for the first time. Moreover, there is active vesicular
trafficking between mitochondria and peroxisomes. One of
the key mediators in this transport seems to be vacuolar
protein-sorting-associated protein 35 (82), which we also
found in the sperm tail proteome. Such trafficking might be
active—if not in sperm, then in prior stages of spermatogen-
esis—which would explain the presence of peroxisomal
proteins in sperm mitochondria, even in the absence of per-
oxisomes. Similarly, vesicular trafficking between the endo-
plasmic reticulum and peroxisomes is well established (83),
and we show here that human sperm have at least part of the
machinery involved in this trafficking, including peroxisomal
membrane protein 16 and ADP-ribosylation factor 6 (84).
Thus, the existence of peroxisomal proteins in a cell devoid of
peroxisomes is not irrational. Still, it is tempting to speculate
that human sperm might contain small peroxisomes in the
midpiece. Meticulous observations using peroxisomal mark-
ers are necessary in order to test this hypothesis. The enzyme
catalase, responsible for scavenging the hydrogen peroxide
(H2O2) produced by peroxisomal oxidases, is the classical
peroxisomal marker. However, we did not find catalase in our
sperm tail proteome. Indeed, although it seems certain that
seminal plasma contains catalase (reviewed in Ref. 85), the
expression of this enzyme in ejaculated human sperm has
never been clearly demonstrated, and the glutathione perox-
idase family seems to constitute the major sperm antioxidant
protection against H2O2 (86). In any case, the absence of
catalase cannot be used as evidence against the existence of
peroxisomes in the sperm midpiece, as, at least in insect cells,
there are catalase-free peroxisomes capable of oxidizing fatty
acids (87).
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The analysis of our outcomes using Reactome suggested
that sperm possess the tools to perform VLCFA beta-oxida-
tion. The VLCFAs, similar to what happens in somatic cells,
would be chain shortened by peroxisomal enzymes and then
either (a) be completely oxidized in mitochondria or (b) serve
as substrates for the biosynthesis of etherlipids, isoprenoid,
and cholesterol (88). Both routes could be relevant, but addi-
tional studies are warranted in order for their significance in
sperm to be deciphered. At any rate, this will be consistent
with the very high content of very long chain polyunsaturated
fatty acids (VLCPUFAs) found in mammalian testicular and
sperm sphingomyelin and ceramide (89, 90). The association
of these unusual lipids with germ cells was clearly demon-
strated by in vivo studies showing that they only appear in the
rat testis after the onset of spermatogenesis. Additionally,
VLCPUFAs disappear from the adult rat testis in conditions
resulting in the selective death of germ cells (91, 92). Although
the actual role of VLCPUFAs in the testis is not clear, it has
been proposed that these are essential for normal sperm
formation and male fertility (93) and might participate in sperm
capacitation and acrosome reaction (94, 95).

In conclusion, we have made the first comprehensive char-
acterization of the human sperm tail proteome and have found
that, metabolically speaking, the male gamete is most likely
much more similar to somatic cells than previously thought.
Along with enzymes from glycolysis, Krebs cycle, and mito-
chondrial OXPHOS, sperm is equipped with the enzymatic
tools to obtain energy from endogenous pools (namely, fatty
acids of different chain lengths, ketone bodies, and, probably,
glycogen), and thus to adapt to putative exogenous fluctua-
tions. Like somatic cells, sperm might be able to generate and
ultimately degrade endogenous substrates in order to pro-
duce energy to fuel sperm activities. At least in the absence of
exogenous substrates, mitochondrial fatty acid beta-oxida-
tion likely might contribute to the production of ATP that fuels
sperm motility.
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