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Two-dimensional differential in-gel
electrophoresis–based proteomics
of male gametes in relation to
oxidative stress
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Objective: To identify the relative abundance of proteins in pooled reactive oxygen species (ROS)–positive (ROSþ) and ROS-negative
(ROS�) semen samples with the use of two-dimensional differential in-gel electrophoresis (2D-DIGE).
Design: Spermatozoa suspensions from ROSþ and ROS� groups by 2D-DIGE analysis.
Setting: Tertiary hospital.
Patient(s): 20 donors and 32 infertile men.
Intervention(s): Seminal ejaculates evaluated for semen and proteomic analysis.
Main Outcome Measure(s): Semen samples from 20 donors and 32 infertile men were pooled, divided into ROSþ and ROS� groups
based on the cutoff value of <20 relative light units/s/106 sperm and frozen. From each pooled group, spermatozoa were labeled with
Cy3/Cy5 fluorescent dye. Duplicate 2D-DIGE gels were run. Image analysis was performed with the use of Decider software. Protein
spots exhibiting R1.5-fold difference in intensity were excised from the preparatory gel and identified by liquid chromatography–
mass spectrometry. Data were analyzed with the use of Sequest and Blast programs.
Result(s): A total of 1,343 protein spots in gel 1 (ROS�) and 1,265 spots in gel 2 (ROSþ) were detected. The majority of protein spots
had similar expression, with 31 spots were differentially expressed. Six spots were significantly decreased and 25 increased in the ROS�
sample compared with the ROSþ sample.
Conclusion(s): Significantly different expression of protective proteins against oxidative stress was found in ROS�compared with
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ROSþ samples. These differences may explain the role of oxidation species in the pathology
of male infertility. (Fertil Steril� 2013;99:1216–26. �2013 by American Society for Reproduc-
tive Medicine.)
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A n elevated level of reactive ox-
ygen species (ROS) is reported
in 40%–88% of infertile men

(1); however, there is a paucity of infor-
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mation about the exact mechanisms
that generate or protect against ROS.
ROS are oxygen-derived reactive mole-
cules with short half-lives, formed as
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byproducts of normal cellular oxygen
metabolism to regulate cellular homeo-
stasis and cell signaling (2). They are
categorized into free radicals, i.e., mol-
ecules with one or more unpaired elec-
trons, such as superoxide anion (O2-�)
hydroxyl radical (OH$), and the hypo-
chlorite ion (OCl-), and nonradical mol-
ecules such as the powerful oxidant
H2O2. There are two common forms of
free radicals, namely, ROS and reactive
nitrogen species (RNS), which are a sub-
class of ROS, e.g., nitric oxide (NO), ni-
trous oxide (N2O), peroxynitrite
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(ONOO-) nitroxyl (HNO), and peroxynitrous acid (HNO3) (3, 4).
Antioxidants act as free radical scavengers. They help to
maintain the homeostatic levels of free radicals and
physiologic functions and to prevent pathologic effects as
a result of oxidative stress (OS) (5).

Free radicals regulate spermmaturation, capacitation and
hyperactivation, acrosome reaction (AR), and sperm-oocyte
fusion (6–8). At toxic levels, these highly reactive molecules
attack the nearest valent-stable molecule to obtain an elec-
tron. Subsequently, the targeted molecule becomes a free rad-
ical itself and initiates a cascade of events that can ultimately
lead to cellular damage (5). ROS induce protein damage, lipid
peroxidation (LPO), apoptosis, and DNA damage (9, 10).

Spermatozoa are distinctively susceptible to OS be-
cause of limited cytoplasmic antioxidants and high
plasma membrane content of polyunsaturated fatty acids
(PUFA) that are susceptible to LPO. LPO may result in
membrane permeabilization, causing an efflux of adeno-
sine triphosphate necessary for flagellar movement (11,
12). OS can further affect sperm function by impairing
the viability, motility, and fertilization potential of
spermatozoa (13–16).

Advances in proteomics, which is the study of the protein
profile of a particular cell or tissue, has helped increase our
understanding of the structural and functional proteins pres-
ent in the spermatozoa and seminal plasma. Proteomics al-
lows a wider view of investigating the oxidative stress
response than the conventional biochemical methods (17).
Proteomic studies also demonstrate the oxidative stress com-
ponent in a variety of complex cellular processes, including
cell signaling, aging, and various other pathologies. Proteo-
mic analysis has also shown that modification of several per-
oxiredoxins that are enzymes catalyzing the destruction of
peroxides is a major cellular response to oxidative stress
(18). Proteomic techniques, such as two-dimensional differ-
ential in-gel electrophoresis (2D-DIGE) and polyacrylamide
gel electrophoresis (2D-PAGE), coupled with mass spectrom-
etry (MS), have allowed for the identification of numerous
sperm-specific proteins. These approaches can recognize
proteins involved in particular sperm processes, such as mo-
tility, capacitation, acrosome reaction, and fertilization.
Studies of the sperm proteome have demonstrated how post-
translational modifications, such as phosphorylation, glyco-
sylation, proteolytic cleavage, and mutations, bring about
the physiologic changes in spermatozoa function (19–21).
Furthermore, proteomic analysis, by measuring the
differential expression of proteins, has allowed for the
study of spermatozoa in different functional states—
immature versus mature, uncapacitated versus capacitated,
normal versus defective, and low sperm count versus high
sperm count—all of which affect the male reproductive
potential (21).

Differences in the levels of spermatozoal protein ex-
pression under oxidative stress may be related to: 1) effect
of OS on genes inducing or inhibiting particular protein
synthesis; 2) inherent differences in the expression of pro-
tective sperm proteins in the fertile versus infertile group
with high OS; 3) OS inducing oxidation of amino acid res-
idue side chains, resulting in formation of carbonyl groups;
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4) fragmentation of the polypeptide chain; and 5) the for-
mation of protein-protein cross-linked aggregates. In the
present study, the goal was to examine the oxidative
stress–induced changes in sperm proteins with the use of
proteomic tools in subjects who show high levels of ROS
compared with those who do not. This may help to explain
the differences in semen quality seen in infertile men who
may exhibit no differences or have a significant overlap
with fertile men (22) on evaluation by routine semen pa-
rameters. Therefore, the samples from each group were
pooled based only on the ROS criteria, and the differential
proteome between two pooled populations of sperm, i.e.,
sperm with high ROS level versus sperm with low ROS levels
was investigated.

MATERIALS AND METHODS
After obtaining Institutional Review Board approval, semen
samples from 20 donors and 32 infertile men were collected
after 2–3 days of sexual abstinence and analyzed according
to World Health Organization (WHO) 1999 criteria (23). Infer-
tile subjects were evaluated for fertility and were referred by
the urologist for a complete semen analysis. A complete se-
men analysis was performed on both donors and patients. Ba-
sic semen analysis included both macroscopic (volume, pH,
color, viscosity, round cell concentration, liquefaction time,
split or complete ejaculate) and microscopic parameters
such as sperm concentration, motility and morphology, as
well as peroxidase or Endtz test when the seminal leukocytes
concentration was >0.2 � 106/mL. Because of the nature of
the study design, fresh samples were analyzed on their first
visit for semen analysis and ROS. For this study, we only in-
cluded semen parameters and levels of ROS and not any other
clinical diagnosis. The remainder of the seminal ejaculate
from each sample was frozen (and not cryopreserved in test
yolk buffer) at �55�C and batched for proteomic analysis at
a later time.

ROS levels in the seminal ejaculate were measured in each
sample only in fresh samples using the luminol based chem-
iluminescence technique. Then, based on the cutoff value of
20 relative light units (RLU)/s/106 sperm, the semen samples
were divided into two groups, namely, ROSþ and ROS�. Fro-
zen samples were thawed, and semen samples of each group
were pooled and centrifuged to separate spermatozoa from
the seminal plasma. Sperm cell proteins were extracted and
separated by 2D-DIGE. In-gel protein digestion was per-
formed, followed by peptide separation with the use of liquid
chromatography–mass spectrometer analysis (LC-MS) and
identification of proteins with the use of Mascot, Sequest,
and Blast search engines.
Semen Analysis

After liquefaction, manual semen analysis was performed
with the use of a Microcell counting chamber (Vitrolife) to de-
termine sperm concentration and percentage motility accord-
ing to WHO guidelines (23). Viability was determined by
eosin-nigrosin stain. Air-dried smears were stained with
a Diff-Quik kit (Baxter Healthcare Corp.) for assessment of
sperm morphology according to WHO criteria (23).
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Measurement of Reactive Oxygen Species

ROS levels were measured by chemiluminescence assay with
the use of luminol (5 mM; 5-amino-2, 3- dihydro-1, 4-phtha-
lazinedione) and a luminometer (Autolumat LB 953) (24).
Blanks and negative and positive control samples were run
along with test samples. Blanks consisted of only 400 mL
phosphate-buffered saline solution (PBS); negative control
subjects were prepared by replacing semen with an equal vol-
ume of PBS and 10 mL luminol; positive samples contained
400 mL PBS, 50 mL hydrogen peroxide (37%), and 10 mL lumi-
nol. Test samples consisted of 400 mL semen and 10 mL lumi-
nol. Chemiluminescence was measured for 15 minutes, and
results were expressed as RLU/s/106 sperm.

Spermatozoa Collection and Protein Extraction

Frozen semen samples from each study group (ROSþ and
ROS�) were thawed and spermatozoa separated by centrifu-
gation at 300g for 30 minutes at 4�C. Once the supernatant
was removed, the spermatozoa from each study group
(ROSþ and ROS�) were pooled and solubilized in lysis buffer
containing 2% octyl-b-glucopyranoside, 100 mmol/L dithio-
thretol, 9.8 mol/L urea, and protease inhibitors. The sperma-
tozoa samples were then stored overnight at 4�C to allow
complete lysis of the spermatozoa, including the cell mem-
branes. Acetonitrile was added to an aliquot of the lysed cells
to precipitate the proteins. The proteins were then reconsti-
tuted in the CyDye labeling buffer (GE Healthcare). The con-
centration of protein was determined on a 5-mL aliquot with
the use of the 2-D Quant kit (GE Healthcare). Aliquots of
each protein were subsequently modified by CyDye labeling.
Sample Preparation and CyDye Labeling for
Proteomic Studies

A small aliquot of each pooled sample was used to measure
the protein concentration using the 2-D Quant kit (GE Health-
care); 50 mg of each sample was labeled with 400 pmol of ei-
ther Cy3 or Cy5 at pH 8.5 for 30minutes on ice. A Cy2-labeled
internal standard (IS) was prepared by pooling 50 mg of each
sample and labeling it with 400 pmol Cy2. Dye-swapping
strategy was used in this experiment, by which the dyes
used to label samples (Cy3 and Cy5) were swapped to run a du-
plicate gel to control for any dye-specific effects that might
result from preferential labeling or different fluorescence
characteristics of the gel at the different excitation wave-
lengths of Cy2, Cy3, and Cy5 (Supplemental Table 1, available
online at www.fertstert.org). The duplicate gel provided addi-
tional data points for each group to conduct the Student t test
for statistical analysis. The labeling reactions were stopped by
addition of excess lysine to quench untreated N-hydroxysuc-
cinimyl groups on the Cy Dyes. Equal amount of Cy2-labeled
IS was loaded on each gel for normalization and to correct for
gel-to-gel variability.
Two-Dimensional Differential In-Gel
Electrophoresis

To detect protein differences between the two experimental
conditions (i.e., ROS- vs. ROSþ), a modified 2-D electropho-
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resis procedure was used. Equal amounts of the three Cy
Dye–labeled samples were admixed, and Destreak sample
buffer (GE Healthcare) containing 0.5% ampholytes (pH 3–
10) was added to the mixture to a final volume of 200 mL.
Each analytic gel was loaded with 150 mg total protein. Iso-
electric focusing (IEF) was carried out on 11-cm Readystrip
immobilized pH gradient (IPG) strips (pH 3–10 liner;
Bio-Rad) with the use of the Protean IEF Cell (Bio-Rad). The
sample (200 mL) was added to the IPG strip and actively rehy-
drated for 16 hours at 20�C with the use of 50 V and 50 mA/
strip. IEF was carried out with the use of the following proto-
col: 1) rapid ramp to 250 V in 5 minutes; 2) rapid ramp to
8,000 V in 30 minutes; and 3) hold at 8,000 V for 4 hours
30 minutes. The current limit was set at 50 mA per strip and
the temperature at 20�C. The strips were equilibrated for 15
minutes in a solution containing 6 mol/L urea, 30% glycerol,
2% sodium dodecyl sulfate, and 65 mmol/L dithiothreitol
(DTT) followed by a second 15-minute equilibration with
25 mg/mL iodoacetamide instead of DTT. After equilibration,
the 11-cm strips were fit into a Criterion 11-cm IPG gel and
a standard SDS-PAGE second dimension was run. A Bio-
Rad dual-color prestained Precision Plus Protein standard
was run as the molecular weight marker.
Image Acquisition and Decyder Analysis

The CyDye–labeled gel was analyzed by post-run fluores-
cence imaging with the use of the Typhoon Trio Imager (GE
Healthcare). The Cy2 images were acquired with a 488 nm ex-
citation laser and a 520 nm emission filter; the Cy3 images
used a 532 nm excitation laser with a 580 nm emission filter;
and the Cy5 images were acquired with a 633 nm excitation
laser and a 670 nm emission filter. The resolution was set to
100 mm. After the multiplexed images were acquired, image
analysis was performed with the use of Decyder 5.01 software
(GE Healthcare) using the ‘‘batch processor’’module. After ac-
quisition of the fluorescent image, the gel was stained with
Gel Code Blue Coomassie stain (Thermo Scientific) for visual-
ization purposes. Protein spots exhibiting R1.5-fold statisti-
cally significant (P%.05) difference in intensity between
experimental groups were excised from the preparatory gel
and identified by liquid chromatography–tandem mass spec-
trometry (LC-MS-MS; Finnigan LTQ).
In-Gel Digestion of Proteins

The uniquely identified spots were excised from the 2D-DIGE
gels as closely as possible with a gel punch. They were then
washed and destained in 50% acetonitrile containing 5% ace-
tic acid followed by dehydration in the speed vac concentra-
tor. The dried gel pieces were digested overnight with trypsin
(5 mL of 10 ng/mL) in 50 mmol/L ammonium bicarbonate at
37�C. The peptides generated by trypsin digestion were ex-
tracted from the polyacrylamide gel in two 30-mL volumes
of 50% acetonitrile and 5% formic acid. The extracts were
combined and evaporated in a speed-vac concentrator to re-
duce the volume to 10 mL. The samples were resuspended in
1% acetic acid to make a final volume of �30 mL for LC-
MS analysis.
VOL. 99 NO. 5 / APRIL 2013
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Liquid Chromatography–Tandem Mass
Spectrometer Analysis

Ten-microliter volumes of the extracted peptide samples were
injected on a Phenomenex Jupiter C18 reversed-phase capil-
lary chromatography column (self-packed 9 cm� 75mminner
diameter) for LC separation before introduction into online
MS. The peptides eluted from the column by an acetonitrile
plus 0.1% formic acid gradient at a flow rate of 0.25 mL/min
were introduced into the MS source online. The MS system
was a Finnigan LTQ linear ion trap MS system. The nanoelec-
trospray ion source was set to 2.5 kV. The digest was analyzed
with the use of the data-dependent multitask capability of the
instrument acquiring full-scanmass spectra to determine pep-
tide molecular weights and product ion spectra to determine
amino acid sequences in successive instrument scans.
Data Analysis

The data were analyzed with the use of all collision-induced
dissociation (CID) spectra collected in the experiment by
searching the National Center for Biotechnology Information
(NCBI) human reference sequence database with the Mascot
search engine (Matrix Science). Criteria for correct identifica-
tions were at least two matching peptide spectra with scores
>40. The interpretation process was aided by additional
searches using the Sequest and Blast programs as needed.
The data were analyzed for differences in protein expression
and their relevance to ROS generation.

RESULTS
Semen parameters in control and infertile men are presented
in Table 1. ROS levels were significantly different in the ROS�
and ROSþ groups [median (interquartile range [IQR]) RLU/s/
106 sperm: 4 (0–9) vs. 2,236 (33–4,439; P< .01; Table 1].
The fluorescent images of the two gels with Cy3- and Cy5-
labeled samples are shown in Figure 1A. The summary of
the matching results of the two gels is shown in
Supplemental Table 2 (available online at www.fertstert.org).
A total of 1,343 protein spots in gel 1 and 1,265 spots in gel 2
were detected by the Decyder software aided by manual pro-
cessing. The differential expression levels were compared by
Decyder between the two groups by Student t test and then
checked manually and confirmed individually.

The majority of protein spots (97.6%) were found to have
similar expression levels, with a few spots (2.4%) showing
>1.5-fold difference (P< .05). Table 2 lists 31 spots that
TABLE 1

Semen parameters in control subjects and patients as well as in ROSL a

Parameter Control (n [ 20

Sperm concentration 69.00 � 42.96
Motility (%) 55.00 � 14.01
Percentage normal morphology (Kruger strict criteria) 3.5 � 1.6
ROS (RLU/s/106 sperm) 368 � 996.1
Median (IQR) 2,219 (0–4,439
Note: IQR ¼ interquartile range; RLU ¼ relative light unit; ROS ¼ reactive oxygen species.

Hamada. Spermatozoa ROS and proteomic analysis. Fertil Steril 2013.
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were detected and were differentially expressed; of these, 6
spots decreased and 25 spots increased in abundance in the
ROS� sample compared with the ROSþ sample. The positions
of the 31 spots are circled on the 2-D gel in Figure 1B and
marked with their spot numbers assigned by the Decyder soft-
ware. The detailed information regarding each spot’s change
(fold increase) is given in Table 3. A total of 18 spots were
marked as Pick in Table 3 and circled in red in Figure 1B. These
spots were selected for further LC-MS-MS protein sequencing
analysis owing to their abundance and position on the gel.

Eighteen spots were therefore cut from the 2D-DIGE gel.
These spots were washed and digested with trypsin. The di-
gests were analyzed by capillary-column LC-MS-MS and
the CID spectra searched against the human reference se-
quence database. Each spot was positively identified with at
least one protein. The proteins identified in each spot and
the quantitative results from 2D-DIGE analysis are listed in
Table 3. For spots that contained more than one protein, the
major contributor to the observed quantitative abundance
change was deduced based on relative abundance in the spots
and the distribution of the proteins among several spots. The
proteins thought to be most responsible for the observed dif-
ferences are denoted by superscript a in Table 3.

Spot 143

The most abundant protein identified in spot 143 was A-ki-
nase anchor protein (AKAP) 4 isoform 1 by the presence of
ten peptides covering 15% of the protein sequence. Several
additional proteins were also identified in this spot including
heat shock protein (HSP) 90-b, AKAP3, fibronectin isoform 3
preprotein, and endoplasmin precursor. AKAP4, HSP 90-b,
and endoplasmin precursor may be responsible for the ob-
served difference in staining based on the abundance of the
proteins in ROSþ samples.
Spot 183

Seven proteins were identified in this spot, the most abundant
including HSP 90-a isoform 1, HSP 90-b, and lactotransferrin
isoform 1 precursor. Based on the results from spot 143, HSP
90-bwas the most likely candidate for the observed difference
in staining, because it was highly expressed in ROSþ samples.
Spots 243, 250, 253, 257–259, and 263

These seven spots showed an increase in abundance in the
ROS� sample. The most abundant protein identified in these
nd ROSD groups.

) Patient (n [ 32) ROSL (n [ 21) ROSD (n [ 31)

42.90 � 52.84 59.36 � 45.61 43.5 � 35.46
49.13 � 16.42 51.85 � 14.23 51.00 � 16.74

3.6 � 3.2 3.2 � 2.5 3.8 � 2.8
1,825 � 4,781.2 1.32 � 4.6 2,022 � 5,680.9

) 282 (0–564) 4 (0–9) 2,236 (33–4,439)
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FIGURE 1

(A) Fluorescent images of the two-dimensional (2D) differential in-gel
electrophoresis gels with Cy3- and Cy5-labeled samples. Dye
swapping strategy was used, i.e., the dyes used to label samples
(Cy3 and Cy5) were swapped to run a duplicate gel to control for
any dye-specific effects that might result from preferential labeling
or different fluorescence characteristics of the gel at the different
excitation wavelengths of Cy2, Cy3, and Cy5. Gel 1: reactive
oxygen species (ROS)–negative (ROS�) CY3 and ROSþ CY5; Gel 2:
ROS� Cy5 and ROSþ Cy3. A Cy2-labeled internal standard was
prepared by pooling 50 mg of each sample and labeling that pool
with 400 pmol Cy2. (B) The positions of the 31 spots were circled
on the 2D gel and marked with their respective spot numbers as
assigned by Decyder software.
Hamada. Spermatozoa ROS and proteomic analysis. Fertil Steril 2013.

TABLE 2

Differentially expressed proteins in human spermatozoa from
ROSL versus ROSD samples.

No. Spot no.

Abundance
of protein
in ROSL
sample

Ratio (fold
increase/decrease)
(ROSL vs. ROSD)

P value
(t test)

Spot picked
(Yes/No)

1 143 Y �2.1 .022 Yes
2 183 Y �2.33 .0035 Yes
3 243 [ 2.18 .00073 Yes
4 250 [ 2.57 .00017 Yes
5 253 [ 2.76 .03 Yes
6 257 [ 3.75 .031 Yes
7 258 [ 2.87 .037 Yes
8 259 [ 2.43 .037 Yes
9 263 [ 2.02 .049 Yes

10 403 [ 2.17 .0048 Yes
11 407 [ 2.06 .021 Yes
12 420 [ 2.57 .032 Yes
13 482 [ 3.04 .043 Yes
14 489 [ 2.2 .0065 Yes
15 838 [ 1.79 .0085 Yes
16 934 [ 1.6 .0015 Yes
17 968 [ 2.14 .0076 Yes
18 1,276 Y �2.66 .022 Yes
19 167 Y �2.22 .025 No
20 248 [ 2.06 .041 No
21 249 [ 1.87 .01 No
22 252 [ 2.1 .031 No
23 260 [ 2.27 .04 No
24 801 [ 1.63 .0017 No
25 805 [ 1.75 .024 No
26 810 [ 1.78 .01 No
27 833 [ 1.66 .039 No
28 1,182 Y �1.98 .00018 No
29 1,220 [ 1.61 .0038 No
30 1,229 Y �1.66 .00032 No
31 1,257 [ 1.83 .014 No
Hamada. Spermatozoa ROS and proteomic analysis. Fertil Steril 2013.
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spots was lactotransferrin isoform 2, which was the only pro-
tein identified in spots 250, 258, 259, and 263.
1220
Spots 403, 407, and 420

These three protein spots were increased in the ROS� sample.
The most abundant protein identified in these spots was lac-
totransferrin isoform 1 precursor, which was the only protein
identified in spots 403 and 420.
Spots 482, 489, and 838

The most abundant protein identified in these three spots
was tubulin b beta-4b chain by the presence of 8–28 pep-
tides covering 18%–66% of the protein sequence. The results
from the 2D-DIGE analysis indicated their increased pres-
ence in the ROS� sample. Several additional proteins were
identified in these spots, and therefore the specific proteins
responsible for the difference in CyDye labeling in these
spots is unclear.
Spot 934

The most abundant proteins identified in this spot, which
showed an increase in ROS�, were peroxiredoxin-1 by the
presence of 8 peptides covering 44% of the protein sequence,
manganese–superoxide dismutase (Mn-SOD) mitochondrial
isoform A precursor by the presence of 3 peptides covering
VOL. 99 NO. 5 / APRIL 2013



TABLE 3

Summary, identification, and quantitative results of protein sequencing obtained from 2D-DIGE analysis.

Spot no.
Abundance

(from 2D-DIGE)

Identification

Protein name Calculated MW NCBI database index number Peptides (coverage) Mascot score

143 Decreased in ROS� A-kinase anchor protein 4 isoform 1a 95 kd, 6.8 21493037 10 (15%) 233
Heat shock protein HSP 90-ba 83 kd, 4.9 20149594 3 (5%) 189
A-kinase anchor protein 3 95 kd, 5.8 21493041 6 (7%) 179
Fibronectin isoform 3 preproprotein 262 kd, 5.4 16933542 5 (2%) 108
Endoplasmin precursora 92 kd, 4.7 4507677 2 (2%) 89

183 Decreased in ROS� Heat shock protein HSP 90-a isoform 1 98 kd, 5.0 153792590 15 (16%) 464
Heat shock protein HSP 90-ba 83 kd, 4.9 20149594 10 (14%) 440
Lactotransferrin isoform 1 precursor 80 kd, 8.5 54607120 11 (23%) 412
A-kinase anchor protein 4 isoform 1 95 kd, 6.8 21493037 1 (2%) 87
Endoplasmin precursor 92 kd, 4.7 4507677 3 (4%) 87
Fibronectin isoform 3 preproprotein 262 kd, 5.4 16933542 3 (1%) 76
A-kinase anchor protein 3 95 kd, 5.8 21493041 2 (2%) 64

243 Increased in ROS� Lactotransferrin isoform 2a 74 kd, 8.2 312433998 — (50%) 986
Trifunctional enzyme subunit a, mitochondrial precursor 83 kd, 9.1 20127408 3 (9%) 186
Glyceraldehyde-3-phosphate dehydrogenase, testis-specific 44 kd, 8.3 7657116 2 (6%) 71

250 Increased in ROS� Lactotransferrin isoform 2a 74 kd, 8.2 312433998 — (43%) 1,209
253 Increased in ROS� Lactotransferrin isoform 2a 74 kd, 8.2 312433998 25 (47%) 1,066

Glyceraldehyde-3-phosphate dehydrogenase, testis-specific 44 kd, 8.3 7657116 1 (3%) 65
257 Increased in ROS� Lactotransferrin isoform 2a 74 kd, 8.2 312433998 30 (54%) 2,301

Trifunctional enzyme subunit a, mitochondrial precursor 83 kd, 9.1 20127408 6 (11%) 138
A-kinase anchor protein 4 isoform 1 95 kd, 6.8 21493037 2 (3%) 122
Glyceraldehyde-3-phosphate dehydrogenase, testis-specific 44 kd, 8.3 7657116 2 (5%) 107
Pyruvate kinase isozymes M1/M2 isoform c 66 kd, 7.9 332164775 4 (7%) 64

258 Increased in ROS� Lactotransferrin isoform 2a 74 kd, 8.2 312433998 10 (18%) 321
259 Increased in ROS� Lactotransferrin isoform 2a 74 kd, 8.2 312433998 — (44%) 834
263 Increased in ROS� Lactotransferrin isoform 2a 74 kd, 8.2 312433998 9 (18%) 409
403 Increased in ROS� Lactotransferrin isoform 1 precursor 80 kd, 8.5 54607120 4 (7%) 164
407 Increased in ROS� Lactotransferrin isoform 1 precursor 80 kd, 8.5 54607120 10 (17%) 472

Glyceraldehyde-3-phosphate
dehydrogenase, testis-specific

44 kd, 8.3 7657116 3 (9%) 94

420 Increased in ROS� Lactotransferrin isoform 1 precursor 80 kd, 8.5 54607120 7 (14%) 240
482 Increased in ROS� Tubulin b-4B chain 50 kd, 4.8 5174735 25 (65%) 2,339

tubulin b-4A chain 50 kd, 4.7 21361322 18 (52%) 1,796
Succinyl-CoA ligase [ADP-forming] subunit b,

mitochondrial precursor
50 kd, 7.0 11321583 9 (20%) 294

Actin, cytoplasmic 1 42 kd, 5.2 4501885 9 (30%) 263
Creatine kinase B-type 42 kd, 5.3 21536286 3 (9%) 182
Lactotransferrin isoform 1 precursor 80 kd, 8.5 54607120 5 (8%) 154
Desmoplakin isoform I 334 kd, 6.4 58530840 8 (2%) 153
Outer dense fiber protein 2 isoform 8 67 kd, 7.3 334278918 4 (6%) 117
A-kinase anchor protein 4 isoform 1 95 kd, 6.8 21493037 3 (5%) 108

489 Increased in ROS� Tubulin b-4B chain 50 kd, 4.8 5174735 28 (66%) 2,553
Medium-chain specific acyl-CoA dehydrogenase,

mitochondrial isoform a precursor
47 kd, 8.6 4557231 8 (22%) 250

Actin, cytoplasmic 1 42 kd, 5.3 4501885 6 (24%) 232
Hamada. Spermatozoa ROS and proteomic analysis. Fertil Steril 2013.
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TABLE 3

Continued.

Spot no.
Abundance

(from 2D-DIGE)

Identification

Protein name Calculated MW NCBI database inde umber Peptides (coverage) Mascot score

Isocitrate dehydrogenase [NADP] cytoplasmic 46 kd, 6.5 28178825 3 (12%) 138
Pyruvate kinase isozymes M1/M2 isoform a 58 kd, 7.9 33286418 3 (7%) 128
Adenosylhomocysteinase isoform 2 45 kd, 6.0 239937451 4 (13%) 121

838 Increased in ROS� Tubulin b-4B chain 50 kd, 4.8 5174735 8 (18%) 973
Proteasome subunit a type-5 isoform 26 kd, 4.7 23110942 10 (46%) 488
Eukaryotic translation initiation factor 6 isoform a 27 kd, 4.5 4504771 4 (22%) 193
Heat shock protein HSP 90-b (truncated?) 83 kd, 4.9 20149594 2 (3%) 128
A-kinase anchor protein 4 isoform 1 (truncated?) 95 kd, 6.8 21493037 2 (2%) 85
A-kinase anchor protein 3 95 kd, 5.8 21493041 2 (2%) 85

934 Increased in ROS� Peroxiredoxin-1a 22 kd, 8.2 4505591 8 (44%) 205
Superoxide dismutase [Mn], mitochondrial isoform

A precursora
24 kd, 8.3 67782305 3 (13%) 153

Sorbitol dehydrogenase 38 kd, 8.2 156627571 1 (4%) 125
Ras-related protein Rab-2A isoform a 23 kd, 6.0 4506365 1 (6%) 119
SPRY domain�containing protein 7 isoform 1 22 kd, 6.2 20531765 2 (13%) 102
Semenogelin-2 precursora 65 kd, 9.0 4506885 3 (6%) 85
Semenogelin-1 preproprotein 52 kd, 9.3 4506883 4 (8%) 83
Heat shock protein b-1 22 kd, 5.9 4504517 2 (12%) 72
Elongation factor 1-a1 50 kd, 9.1 4503471 3 (7%) 68

968 Increased in ROS� Glyceraldehyde-3-phosphate dehydrogenase, testis-specifica 4 kd, 8.38 7657116 2 (6%) 88
1,276 Decreased in ROS� Semenogelin-1 preproprotein 52 kd, 9.3 4506883 10 (19%) 441

Semenogelin-2 precursor 65 kd, 9.0 4506885 4 (6%) 206
Sperm protein associated with the nucleus on the

X chromosome C
11 kd, 5.0 13435137 1 (11%) 94

Note: 2D-DIGE ¼ two-dimensional differential in-gel electrophoresis; MW ¼ molecular weight; NCBI ¼ National Center for Biotechnology Information; ROS ¼ reactive oxygen species.
a Most abundant proteins per spot.

Hamada. Spermatozoa ROS and proteomic analysis. Fertil Steril 2013.
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13% of the protein sequence, and semenogelin (Sg) 2 precur-
sor with three peptides and covering 6%.
Spot 968

Glyceraldehyde-3-phosphate dehydrogenase (GADH) , a tes-
tis-specific enzyme, was the only protein in this spot, which
showed an increase in ROS�, and was identified by the pres-
ence of two peptides covering 6% of the protein sequence.
GADH was also abundant in spots 243, 253, and 257, which
also showed an increase in abundance in the ROS� group.
Spot 1,276

The two most abundant proteins identified in this spot, which
showed a reduction in ROS� group, were Sg-1 preprotein and
Sg-2 precursor.

DISCUSSION
In this novel study, we compared the differential protein ex-
pression in pooled spermatozoa from semen samples with
high ROS with those with low ROS levels with the use of 2D-
DIGE and MS. As the most important factor that leads to
inaccuracy in the results is the gel variability, the 2D-DIGE
was selected to run different samples on the same gel to reduce
such variability. Furthermore, to eliminate fluorescence
dye–specific effects due to preferential labeling or different
fluorescence characteristics of the gel at the different excitation
wavelengths of Cy2, Cy3, and Cy5, dye swapping was used in
this experiment. We showed a total of 1,343 protein spots in
gel 1 (ROS�) and 1,265 spots in gel 2 (ROSþ), detected by
Decyder software aided by manual processing. Although the
majority of protein spots (97.6%) had similar expression pat-
tern, 31 spots (2.4%) showed a significant difference (P< .05)
of R1.5-fold. Six spots decreased and 25 increased in abun-
dance in the ROS� sample compared with the ROSþ sample.
Eighteen spots were picked for further LC-MS-MS analysis
for protein sequencing based on the observed statistical differ-
ences in the spots, which revealed that eight proteins were
responsible for the differences in the protein spots.

The most abundant protein identified in spots 143 and
183 was AKAP4 (peptide coverage [PC] 15% and 4%, respec-
tively). Several additional proteins were also identified in
these spots, including HSP 90-b (PC 5% and 14%), AKAP3
(PC 7% and 2%), fibronectin (PC 2%, 1%, and 2%), and endo-
plasmin (PC 2% and 4%). The three major proteins that are
highly expressed in spermatozoa in semen samples with OS
and are responsible for the observed difference in staining
based on the abundance of the proteins include AKAP4,
HSP 90-b, and endoplasmin.

AKAP4 (82 kd) is a cytoskeletal phosphoprotein that con-
stitutes about one-half of the proteinaceous components of
the fibrous sheath in mouse sperm (25). AKAP4 plays an
important role in sperm motility because it anchors protein
kinase A, which can, under high cyclic adenosine monophos-
phate (cAMP) stimulation, phosphorylate other functional
proteins (26–28). High ROS levels can lead to high cAMP
and tyrosine phosphorylation of AKAP4 (29, 30). This
phosphorylation may explain the differential abundance of
VOL. 99 NO. 5 / APRIL 2013
AKAP4 in sperm with high OS. Moreover, high ROS levels
can induce premature capacitation, which leads to increased
levels of AKAP4 phosphorylation, as reported by Ficarro
et al. (31). Kriegel et al. reported a 3.41-fold increase of
AKAP4 in sperm of men with type 1 diabetes (OS-inducing
conditions) compared with sperm from healthy men (32).

HSPs, also known as stress proteins, are a family of pro-
teins that constitute 5%–10% of all cellular proteins and aid
in protein translocation, folding, and assembly under normal
cellular conditions (33). In response to cellular stressors, such
as heat, glucose deprivation, free radical attack, and infection,
they are overexpressed (34–36). This reactive response can
explain the increase in HSP 90-b and endoplasmin HSP 90-
b1 in sperm with high ROS levels.

HSP 90-b possesses three thiol groups, which can partic-
ipate in reduction of cytochrome C (apoptotic signal) and pro-
tect the cells from apoptosis (37). However, excessively
oxidized SH groups and S-nitrosylation result in loss of its
chaperon activity and increase in molecular weight (38).

In ROS� sperm, overabundance of four antioxidant pro-
teins have been identified that may exert essential cytopro-
tective effects against the build-up of ROS levels. These
proteins are lactotransferrin isoform 2, lactotransferrin iso-
form 1 precursor, peroxiredoxin-1, and Mn-SOD mitochon-
drial isoform A precursor.

Lactotransferrin isoform 2 was abundant in seven spots
(spots 243, 250, 253, 257, 258, 259, and 263) from the
ROS� sample. This protein was the sole protein identified in
four spots, namely, 250, 258, 259, and 263. Lactotransferrin
isoform 1 was identified in three spots (403, 407, and 420)
that were also increased in abundance in the ROS� sample.
Lactotransferrin isoform 1 precursor was the sole protein to
be identified in spots 403 and 420.

Lactoferrin (80kd), alsoknownas lactotransferrin, is anon-
heme iron-binding epididymal glycoprotein that adheres to the
sperm surface and acts as an antioxidant, antibacterial, and
immune-modulating agent (39–42). Kruzel et al. showed in
experiments on nontumorigenic parenchymal liver cells that
the lactoferrin isoform can protect the cells from the
mitochondrial oxidative burst induced by exposure to
lipopolysaccharide (43). Iron is an essential catalyst for the
ROS production as it immediately reacts with H2O2, thereby
producing highly reactive OH (Fenton/Haber-Weiss
biochemical pathway) (44). Thus, lactoferrin-chelating effects
on iron can reduce the production of harmful levels of ROS
and counteract their lipid peroxidation effects.

Spot 934 showed the preponderance of two proteins,
namely, peroxiredoxin-1 with 44% peptide coverage and
Mn-SOD, mitochondrial isoform A precursor with 13% pep-
tide coverage. Abundance of Sg-2 precursor was seen in
this spot and spot 1,276, which also showed abundance of
Sg-1 precursor.

Peroxiredoxins (PRDXs) are selenium-free and heme-free
peroxidases with molecular weights ranging from 22 to 31 kd
(45, 46). PRDXs detoxify H2O2 similarly to catalases or
glutathione peroxidases (GPXs) (18, 45, 47). They are
characterized by their abundant cellular distribution and
presence compared with catalase and GPX (47, 48). PRDX1
has two cysteine residues and is able to react with H2O2. In
1223
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sperm, PRDX1 is located on the tail, the equatorial segment,
and postacrosomal region of the head (49). O’Flaherty et al.
confirmed by means of an in vitro study that sperm PRDX 1
expression is reduced in response to H2O2 in a dose-
dependent manner (49). This might explain our results, which
showed lower expression of PRDX1 among sperm samples
with high ROS levels.

SOD is a metal-binding protein which protects cells from
ROS by scavenging superoxide radicals by converting them
into H2O2, which in turn is detoxified by PRDX, GPX, and cat-
alase. Two forms of intracellular forms of SOD are localized to
themitochondria (Mn-SOD) and to the cytoplasm (Cu/Zn-SOD).
Our results showed higher Mn-SOD (mitochondrial isoform A
precursor, 24 kd, pI [isoelectric point] 8.3) expression in sperm
from semen with low ROS production versus sperm obtained
from men with high ROS levels. Our results are in agreement
with those of Aly et al., who demonstrated in an in vitro exper-
iment on sperm mitochondria that on exposure to lipopolysac-
charide, oxidative markers such as H2O2 and MDA increased
whereas a significant reduction in theMn-SODactivitywas no-
ticed (50). Agarwal et al. showed lower levels of intracellular
sperm SOD in infertile men with asthenospermia and high
levels of OS (51).

Semenogelin-2 precursor and Sg-1 preprotein showed
overabundance in ROS� samples in a single spot (spot 934).
Because this spot was reduced in ROS� samples, and Sg-1
preprotein and Sg-2 precursor were shown to be increased
in multiple ROS� spots, the results may indicate that the iso-
form patterns of the Sg-1 proteins may differ between the
ROS� and ROSþ samples (see spot 934). Further experiments
will need to be performed to verify this.

Semenogelin is the major protein of seminal fluid pro-
teins (20%–40%) and is secreted from the seminal vesicles,
epididymis, and prostate (52, 53). It is an androgen-
dependent protein that exists in forms: I (52 kd) and II
(71–76 kd). These two forms perform similar physiologic
functions. They are encoded by genes on the long arm of
chromosome 20 and share similar repeats of 60 amino acids.
Sg helps in formation of the semen coagulum that is degraded
later by prostatic-specific antigen. After degradation, Sg is
cleaved into several peptides that are either adsorbed on the
spermatozoon surface or internalized to regulate important
physiologic pathways (54, 55). Reversible inhibition of
sperm motility and premature activation of capacitation of
ejaculated sperm are the two main functions (55).

In addition to combating OS, Sg can reduce generation of
free radicals through several mechanisms:

1. Slow spermmotility of the entrapped sperm and reduce en-
ergy consumption and free radical generation (56).

2. Inhibit superoxide radical generation through direct inter-
ference with sperm NADH oxidase (57).

3. Sg usually binds to high amounts of zinc (zinc has antiox-
idant and anticapacitating effects) and sequesters it to act
on and inside the spermatozoa (57).

GADH, the testis-specific protein identified in spot 968,
was abundant in ROS� sperm samples (PC 6%) versus ROSþ.
This finding might be attributed to ROS-induced degradation
of this glycolytic enzyme. GADH is an important glycolytic
1224
enzyme with a single active thiol (cysteine) group (58). This en-
zyme is essential for male fertility, because knockout mice for
this gene are sterile (59). Although oxidation by superoxide
and nitric oxide at the thiol group was found to reduce the en-
zyme activity, no studies have measured its exact intracellular
levels after oxidation (60, 61). Bailey et al. showed reduced
in vitro intracellular levels of this enzyme 3–5 days after
exposure in aging muscle with the use of an ischemia-
reperfusion model (OS-inducing model) (62).

The findings from the present study broaden the proteome
spectrum of the sperm and identifies a subset of the sperm
proteome, which may be implicated in genesis of OS. More-
over, several of these markers can serve as molecular bio-
markers to show the differences between the physiologically
normal intact sperm and those with high oxidant burden.

It may be important to mention here that we measured
ROS levels only in the fresh samples and grouped these into
ROSþ and ROS� groups, which were subsequently frozen.
Proteomic analysis was performed after thawing these sam-
ples. We did not examine if any differences in the protein pro-
file found between donors and patients with different ROS
levels in the fresh aliquots could be attributed to a differential
semen behavior as a result of freezing before performing the
proteomic analysis. Another limitation of this study was the
inability to confirm whether differentially expressed proteins
are OS related or are OS-modified proteins. Revalidation of
the results by quantitative Western immunoblot analysis of
sperm extracts with specific antibodies is important. How-
ever, this was a pilot study for proof of concept. Quantitative
estimation of the differentially expressed proteins is impor-
tant to identify the proteins represented in the study using
Western blotting and antibodies against these proteins. Al-
though it is difficult to quantify the large number of proteins
that are differentially expressed in our study groups, we ex-
amined our 2D-DIGE data and identified two proteins as the
best candidates. The first protein is lactotransferrin-2 (NCBI
#312433998). It is invariably present in multiple spots
(Table 3). The second protein is peroxiredoxin-1 (NCBI
#4505591). The 2D-DIGE data suggest that both of these pro-
teins are increased in the ROS� group. We plan to quantify
these proteins in our ongoing series of investigation.

In conclusion, the inherent intracellular and extracellular
content of antioxidants determines the susceptibility of sper-
matozoa to OS. Adequate amount of antioxidants can protect
the spermatozoa from damage, whereas low amounts may
render the spermatozoa vulnerable to ROS attack. Further-
more, OS can induce or inhibit synthesis of particular proteins
and can oxidatively modify intracellular proteins in different
ways, e.g., increase in molecular weight, aggregation, or
proteolysis.
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SUPPLEMENTAL TABLE 1

Summary of samples and experimental design.

Sample no. Description
Original protein

concentration (mg/mL) Cy Dye label 2D-DIGE gel no.

1 ROS� 11.21 Cy3 1
2 ROSþ 10.59 Cy5 1
1 ROS� 11.21 Cy5 2
2 ROSþ 10.59 Cy3 2
Internal standards (2 � 50 mg) — — Cy2 1 and 2
Note: 2D-DIGE ¼ two-dimensional differential in-gel electrophoresis; ROS ¼ reactive oxygen species.
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SUPPLEMENTAL TABLE 2

Summary of matching results of 2D-DIGE analysis.

Status Image Label No. of spots Matched Group Group description

Master Gel 1 scan 2 standard CY2 Cy2 1343 1343 Standard —

Matched Gel 1 scan 2 Cy3.gel Cy3 1343 1343 ROS� Sample1
Matched Gel 1 scan 2 Cy5.gel Cy5 1343 1343 ROSþ Sample 2
Matched Gel 2 scan 2 standard CY2 Cy2 1265 957 Standard —

Matched Gel 2 scan 2 Cy3.gel Cy3 1265 957 ROSþ Sample 2
Matched Gel 2 scan 2 Cy5.gel Cy5 1265 957 ROS� Sample 1
Note: 2D-DIGE ¼ two-dimensional differential in-gel electrophoresis; ROS ¼ reactive oxygen species.
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