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Proteomic analysis of seminal plasma from asthenozoospermia
patients reveals proteins that affect oxidative stress responses
and semen quality
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Abstract

Asthenozoospermia (AS) is a common cause of human male infertility. In one study, more than 80% of the
samples from infertile men had reduced sperm motility. Seminal plasma is a mixture of secretions from the testis,
epididymis and several male accessory glands, including the prostate, seminal vesicles and Cowper’s gland. Stud-
ies have shown that seminal plasma contains proteins that are important for sperm motility. To further explore the
pathophysiological character of AS, we separated the seminal plasma proteins from AS patients and healthy do-
nors using sodium dodecyl sulfate polyacrylamide gel electrophoresis and in-gel digestion, and then subjected the
proteins to liquid chromatography—mass spectrometry (LC-MS/MS) analysis. A total of 741 proteins were identi-
fied in the seminal plasma, with a false discovery rate of 3.3%. Using spectral counting, we found that 45 proteins
were threefold upregulated and 56 proteins were threefold downregulated in the AS group when compared with the
control. Most of these proteins originated from the epididymis and prostate. This study identified a rich source of
biomarker candidates for male infertility and indicates that functional abnormalities of the epididymis and prostate
can contribute to AS. We identified DJ-1—a protein that has been shown elsewhere to be involved in the control of
oxidative stress (OS)—as a downregulated protein in AS seminal plasma. The levels of DJ-1 in AS seminal plasma
were about half of those in the control samples. In addition, the levels of reactive oxygen species were 3.3-fold
higher in the AS samples than in the controls. Taken together, these data suggest that downregulation of DJ-1 is
involved in OS in semen, and therefore affects the quality of the semen.
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1 Introduction

Accumulating evidence has suggested that the qual-
ity of human semen may be deteriorating [1, 2]. Expla-
nations for this phenomenon include increased stress,
infection, modern lifestyles and a variety of endocrine-
altering chemicals in the environment that may result
in a decrease in male reproductive capability. Astheno-
zoospermia (AS), or low sperm motility, is a common
cause of human male infertility. In one study, more
than 80% of the samples from infertile men had low
sperm motility [3]. Although proteomic studies re-
cently showed that multiple spermatozoa proteins affect
sperm motility [4, 5], our knowledge about the impact
of post-testicular processes on sperm motility and male
infertility is very limited.

Seminal plasma contains secretions that are derived
from the testis, epididymis and male accessory glands,
including the prostate, seminal vesicles and Cowper’s
gland. A high concentration of fructose in the seminal
plasma serves as a major nutriment and energy source
for spermatozoa. In addition, an increasing number of
seminal plasma proteins, such as insulin-like growth
factor-I, alpha2-macroglobulin and the enkephalin-
degrading enzymes, have been shown to be associated
with sperm motility [6—8]. Researchers have employed
high-throughput techniques to investigate the seminal
plasma proteome. Two-dimensional gels and mass
spectrometry (MS) were applied to study the role of
seminal plasma proteins in impaired spermatogenesis,
as early as in 2001, and about 750 spots were detected
in the two-dimensional map of seminal plasma from a
fertile man [9]. Starita-Geribaldi et al. [10] have re-
ported the identification of 61 differentially expressed
proteins based on tandem MS analysis of seminal
plasma. Pilch and Mann [11] successfully catalogued
932 proteins in seminal plasma using Fourier transform
MS and two consecutive stages of MS fragmentation.
In an earlier study, we identified 115 proteins from pro-
static secretions [12], which are a part of the seminal
plasma. However, comparative proteomic analysis of
male infertility-associated seminal plasma has not been
well documented. An in-depth understanding of the
seminal plasma proteome would contribute greatly to
the elucidation of the roles of seminal plasma proteins
in the regulation of motility and to the establishment of
biomarkers for male infertility.

Recent advances in proteomic technology and MS
have made them valuable tools for studying seminal

plasma. In this study, we identified with high accuracy
741 proteins in AS and control samples, with a false
discovery rate (FDR) of 3.3%; 327 of these proteins
were not found in Pilch and Mann’s dataset [11], which
suggests that our list will contribute to the seminal
plasma proteome database. Using spectral counting,
we found that 45 proteins were threefold upregulated
and 56 proteins were threefold downregulated in the
AS group compared with the control. Gene ontology
(GO) enrichment analysis revealed that the most highly
expressed proteins in the AS sample are enriched for
metabolic enzymes, particularly those that are involved
in proteolysis. Our work sheds light on the interaction
of seminal plasma with spermatozoa in the regulation
of motility and reveals a rich source of biomarkers for
male infertility.

2 Materials and methods

2.1 Participants and sample collection

The study was approved by the institutional review
board of the Shanghai Institute of Planned Parenthood
Research. All the patients provided written informed
consent. The seminal samples were obtained by mas-
turbation into specific sterile containers after 3—5 days
of sexual abstinence. After liquefaction of the semen,
the sperm parameters (volume, sperm count, percentages
of motility and motion characteristics) were evaluated
according to WHO guidelines [13] using a computer-
assisted semen analyser. Seminal samples in which the
liquefaction was not complete within 30 min after mas-
turbation were not selected for this study. The percent-
age of motile sperm (grades A and B) was 8.7% + 2.4%
from AS patients and 57.4% + 9.7% from the fertile
donors. The density of sperm was higher than 2 x 10’
sperm mL™" in all the samples. No samples from AS
patients were selected for this study if the number of
sperm with abnormal morphology was higher than 10%
of the total. We prepared 38 AS samples and 20 normal
control samples. All the patients and control donors
were from Shanghai.

2.2 Preparation of seminal plasma

Soon after liquefaction, 300 pL of the ejaculate
was taken from every sample and vortexed with 3 uL
of protease-inhibitor cocktail (Sigma-Aldrich, Saint
Louis, MO, USA). The mixture was centrifuged at
2000 x g for 10 min at room temperature. The resulting
supernatant was collected and centrifuged for 20 min at
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10 000 x g at 4°C. The seminal plasma (supernatant)
was collected and stored at —80°C until analysis.

2.3 Chemiluminescence measurement of ROS
Chemiluminescence of reactive oxygen species
(ROS) was measured using luminol (5-amino-2’,
3-dihydro-1’,4-phthalazinedione; Sigma) as the probe,
according to the World Health Organization (WHO)
guidelines [13]. First, 4 pL of 25 mmol L' luminol in
dimethyl sulphoxide and 8 pL horseradish peroxidase
(HRP) (total 12.4 units) were added to 400 pL neat se-
men (freshly provided by donors). The samples were
mixed briefly by shaking the tubes. The mixtures were
then maintained at 25°C for 5 min, after which the
levels of ROS were measured by determining chemi-
luminescence with a Berthold luminometer (Sirius C2,
Berthold Detections Systems, Pforzheim, Germany).

2.4 Western blotting assay

Seminal plasma was diluted 1:1 with pre-chilled
phosphate-buffered solution containing 1.0% (v/v) pro-
tease-inhibitor cocktail (Sigma-Aldrich). The concen-
tration of diluted seminal proteins was measured using
the bicinchoninic acid method (Bio-Rad, Hemel Hemp-
stead, UK) using bovine serum albumin as a standard.
A total of 50 pug of protein from each sample was load-
ed on 12% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) gels. The samples were
electrotransferred to nitrocellulose membranes, and
nonspecific binding was blocked with 5% non-fat milk
in TBST buffer (0.5 mmol L Tris-HCI, 45 mmol L™
NacCl, 0.05% Tween20 [pH 7.4]). The membranes were
incubated at 4°C overnight with DJ-1 antibody (clone
3ES; Stressgen, San Diego, CA, USA) at a 1:3 000 di-
lution. The membranes were washed with tris-buffered
saline tween-20 (TBST) buffer and incubated with
HRP-labelled rabbit anti-mouse IgG antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) at room
temperature for 2 h. The antigen—antibody reaction was
visualized using an ECL assay kit and exposed to ECL
film (Fijifilm, Tokyo, Japan). Densitometric analysis
of the DJ-1 bands on film was carried out using the Gel
Image Scan System (Tianren, Shanghai, China).

2.5 LC-MS/MS analysis

A total of 100 pg of each sample was separated
on 12% SDS polyacrylamide gels. Peptides were
extracted with the Pierce In-Gel Trypsin Digestion
Kit according to the protocol provided by the manu-

facturer (Pierce, Rockford, IL, USA). Separation of
the resulting tryptic peptide mixtures was carried out
with the Ettan MDLC nanoflow/capillary LC system
(GE Healthcare, Pittsburgh, PA, USA). The separated
peptides were sequenced using LTQ-Orbitrap (Thermo
Finnigan, Bremen, Germany) with a nanospray configu-
ration. The precursor ion scan MS spectra (m/z 300—
1 600) was acquired in the Orbitrap with a resolution
of R = 60 000 at m/z 400; the number of accumulated
ions was 1x10°. The five most intense ions were iso-
lated and fragmented in a linear ion trap (number of
accumulated ions: 3x10%). The resulting fragment ions
were recorded in the Orbitrap, with a resolution of R =
15 000 at m/z 400. The spectra were searched against
the ipi. HUMAN.v3.29.fasta protein database (70757
entries) using the BioWorks program V3.2 (Thermo
Electron Inc., Waltham, MA, USA). The MS/MS data
from the AS and control samples were analysed by the
PeptideProphet and ProteinProphet program for statisti-
cal validation [14]. To prioritize the protein expression
list, we treated the non-expression protein spectrum as
1. The expression ratio was calculated by dividing the
spectral count. Spectral counts are the average results
of duplicate LC-MS/MS (liquid chromatography—mass
spectrometry) analyses. Enrichment analysis in the GO
categories of the differentially expressed genes was car-
ried out using GoMiner [15].

2.6 Statistical analysis

All values were represented as the mean = SD unless
otherwise indicated. The unpaired #-test with a P-value
of < 0.05 was considered as statistical significance.

3 Results

We identified 741 proteins with ProteinProphet P-
values > 0.5 in the seminal plasma of AS patients and
healthy donors (see online supplementary Tables 1 and
2). Using the random database of the ipi. HUMAN.
v3.29.fasta as a decoy database, we calculated an FDR
of 3.4% for these 741 proteins. We used the spectral
counting method [16] for semi-quantitative compara-
tive analysis of the proteome between the AS group and
the control group. Spectral counting was shown to be a
valid method for quantitative proteomic analysis. Zy-
bailov et al. [17] showed a strong positive correlation
between relative abundance ratios derived from spectral
counting and from reconstructed peptide ion chroma-
tograms using a 1:1 mix of N14 and N15-labelled pro-
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teins. They also showed that spectral counting had the
advantage of a larger dynamic range for quantification
[17]. Using this method for quantification, we identi-
fied 45 proteins as overexpressed (> threefold) and 56
proteins as underexpressed (> threefold) in the AS samples
(Supplementary Table 3). Some of these proteins (Table 1)
seem to play roles in semen quality, but the biological

significance of most of these 101 proteins with respect
to human reproduction has not been reported. All of
the identified proteins from both the AS and control
samples, which have an FDR < 0.05 and > 10 matched
proteins, have been grouped into GO categories (Figure
1). On the basis of the GO molecular function catego-
ries, there was > 40% enrichment in the catalytic activ-

Table 1. Selected differentially expressed proteins identified in the seminal plasma of AS patients and healthy donors.

ID Description Spectral counts AS/control Origin Reference
IP100465439  Fructose-bisphosphate aldolase A 64/1 Prostate [12]
IP100219018  Glyceraldehyde-3-phosphate dehydrogenase 451 Prostate [12,36]
1P100293303 Legumain precursor 26/1 Unreported
IP100291488 Epididymal secretary protein E4 25/1 Epididymis [21]
1P100291737  Intelectin-1 precursor 14/1 Unreported
IPI00010314  Delta-aminolevulinic acid dehydratase 11/1 Unreported
1P100220271 Alcohol dehydrogenase 22/4 Prostate [12,36]
1P100022429  Alpha-1-acid glycoprotein 1 precursor 34/10 Prostate [36]
IP100301579  Epididymal secretory protein E1 precursor 71/21 Epididymis [21]
1P100291262 Clusterin precursor 443/125 Epididymis, prostate [5, 12, 24, 36]
1IP100478003  Alpha-2-macroglobulin precursor 1/12 Prostate [6, 36]
1P100298547  Protein DJ-1 1/16 Testis, epididymis [12, 35, 36]
IP100026216  Puromycin-sensitive aminopeptidase 4/27 Prostate [12, 36]
IP1I00018953  Dipeptidyl peptidase 4 12/72 Prostate [12,22,36]
1P100221224  Aminopeptidase N 37/142 Prostate [12, 36]

Abbreviation: AS, asthenozoospermia/asthenozoospermic

B GO: 0016787_hydrolase_activity
GO: 0030234_enzyme_regulator_activity
“GO: 0016491_oxidoreductase_activity
® GO: 0016462_pyrophosphatase_activity
“G0O: 0017111_nucleoside_triphosphatase_activity
®GO: 0004857_enzyme_inhibitor_activity
“GO: 0008233 _peptidase_activity
® GO: 0003924_GTPase_activity
= GO: 0004866_endopeptidase_inhibitor_activity
GO: 0030414_protease_inhibitor_activity
" GO: 0004867_serine-
= 880003823, antge. pindng.

= GO: 0004553_hydrolase_activity_hydrolyzing_o-
glycosyl_compounds

Figure 1. GoMiner analysis of the enriched GO Molecular Function terms. Genes only with a false discovery rate < 0.05 and with > 10

matched proteins are shown in the graph.
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ity (G0O:0003824), hydrolase activity (GO:0016787)
and enzyme regulator activity (GO:0030234) in the AS
seminal plasma.

The 10 most overexpressed proteins in the AS sam-
ples were fructose-bisphosphate aldolase A (ALDOA),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
the IGKC protein, isoform M2 of the pyruvate kinase
isozymes M1/M2, the putative uncharacterized protein
DKFZp686C11235, cathepsin H, L-lactate dehydro-
genase B chain, legumain precursor and epididymal-
secretory protein E4 (Table 1 and online supplementary
Table 1). The 10 most underexpressed proteins in the
AS samples were the four laminin subunit alpha-5
precursor, type I cytoskeletal 9, rab GDP dissociation
inhibitor beta, annexin VI isoform 2, attractin precur-
sor isoform 2, alpha-actinin-4, nesprin-2 isoform 1,
transitional endoplasmic reticulum ATPase, the SNC66
protein and the alpha-N-acetylglucosaminidase precur-
sor. The data suggest that multiple seminal proteins are
associated with AS.

These abnormally expressed proteins are potential
biomarkers for AS, and thus need to be further validat-
ed. In our dataset, DJ-1 ranks as the most downregu-
lated protein in the AS samples (Table 1). We evaluated
the expression difference of DJ-1 between AS patients
and healthy donors using immunoblot analysis. The
levels of DJ-1 varied significantly among individuals
(data not shown). Therefore, we randomly selected
eight AS samples and eight control samples, and mixed
two samples of the same group to create a new ‘pooled’
sample with equal amounts of proteins before loading
them for western blot analysis. As shown in Figure 2,
seminal plasma DJ-1 was detected as a single band that
had a molecular weight at 20 kD. The levels of DJ-1 in
all four pooled control samples were obviously higher
than those in the three pooled AS samples. We next
measured the intensity of the bands using densitometric
analysis. The average intensity of DJ-1 in these eight
AS samples was 56% lesser than that in the eight con-
trol samples. In addition, the average intensity of DJ-1
in all 38 AS samples was 49.1% lesser than that in all
20 control samples. These data indicated that the levels
of DJ-1 were significantly lower in AS seminal plasma
than in the control seminal plasma.

DJ-1 has been shown to have the capacity to reduce
oxidative stress (OS) [18]. The reduced levels of DJ-1
suggest the presence of OS in AS seminal samples. We
next measured the levels of ROS in neat semen from

mAS O control

Level of DJ-1 (au)
(control 100%)

Randomly-selected
samples

total samples

Figure 2. Levels of DJ-1 in seminal plasma, as analysed
by immunoblot. (A): 50 pg of seminal plasma protein from
asthenozoospermia(AS) patients and healthy donors was loaded
onto each lane. Each sample loaded onto lanes 1-4 and lanes 5-8
was a mixture of two randomly selected seminal samples with
the same amount of protein from AS patients and healthy donors,
respectively. The mixtures of seminal plasma with the same
amounts of protein from 38 AS patients and 20 normal controls
were loaded onto lanes 9 and 10, respectively. These samples
were subjected to immunoblot analysis with the primary anti-
body against DJ-1 after being separated in SDS-PAGE. (B): The
above band intensity was measured using the Gel Imagine Scan
System. The density was expressed as a percentage of that of
the control group. P < 0.05, compared with the corrresponding
control. au: arbitrary units.
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Figure 3. Levels of reactive oxygen species (ROS) in the se-
men of asthenozgospermia (AS) patients (n = 38) and healthy
donors (n =20). P<0.01.

Asian Journal of Andrology | http://www.asiaandro.com; aja@sibs.ac.cn



AS and control samples in the presence of seminal
antioxidant protection. As shown in Figure 3, levels of
ROS in the AS samples were 3.3-fold higher than those
in the control, indicating the presence of OS in the se-
men of the AS patients.

4 Discussion

4.1 Proteome of AS seminal plasma

In this study, we reported the identification of 741
proteins with a ProteinProphet P value >0.5 in the
seminal plasma of AS patients and healthy donors.
Pilch and Mann [11] recently presented a dataset of 923
seminal plasma proteins. Although 56% of the proteins
identified in our work were also present in their dataset
(data not shown), 327 proteins (35.5%) in our dataset
had not been reported earlier [11]. In proteomics analy-
ses, different database search algorithms can result in
varied protein identification, including differences in
quality and quantity [19]. Combining search methods
could enhance the confidence of peptide identification.
Therefore, the discrepancy between our data and the
published data [11] could be partly due to the use of
different database search software (SEQUEST vs. Mas-
cot). In addition, we used the Trans-Proteomic pipe-
line, which includes PeptideProphet and ProteinProphet
[14], to statistically validate the data, thereby filtering
out many low-probability proteins and enhancing the
accuracy of the data.

4.2 Contribution of functional abnormality of prostate
and epididymis to AS

Seminal plasma is a mixture of secretions from
the testis, epididymis and the male accessory glands,
including the prostate, seminal vesicles and Cowper’s
gland. The majority of seminal proteins, such as Ser-
pin, protein C inhibitor, seminogelins I and II, and nitric
oxide synthetase, are secreted from the seminal vesicles
[20]. Although in this study we failed to identify nitric
oxide synthetase, the other four proteins were detect-
able at abundant levels in the seminal plasma. The
quantity of these four known seminal proteins was not
significantly different in the AS seminal plasma (data
not shown). Mucin is accepted as the protein that is
characteristic of Cowper’s gland secretions [11], and its
expression was also determined not to differ significant-
ly between the AS and normal control seminal plasma
(data not shown). These results suggest that the pro-
teins secreted from the seminal vesicles and Cowper’s
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gland do not seem to be closely related to the pathogenesis
of AS. However, the quantities of two epididymis-
secreted proteins—epididymal secretary protein E1 and
epididymal secretary protein E4 [21]—were increased
in AS seminal plasma (Table 1). These data could
imply a relationship between AS and abnormal epidi-
dymal maturation of sperm. In addition, we found that
the levels of a few prostate-secreted proteins [12], such
as alpha 2-macroglobulin, ALDOA, GAPDH, clusterin
and dipeptidyl peptidase 1V, were reduced in the AS
samples. In addition, most of the abnormally expressed
proteins shown in Table 1 originate in the prostate.
These findings show that functional abnormality of
the prostate plays a key role in the pathogenesis of AS.
Our proteomic data on AS indicate a profound impact
of the epididymis and prostate on sperm quality during
the post-testicular process.

Prostasomes have been reported to be with fused
human spermatozoa, and such a fusion can promote
sperm motility and prevent premature acrosome
reactions[22]. Dipeptidyl peptidase IV, a prostasome-
bound protein, was observed to be transferred to the
spermatozoa through this fusion [23]. In addition, clus-
terin seems to be a biomarker of human sperm with low
quality, as an increased quantity of clusterin was detect-
ed not only in AS spermatozoa [6] but also in the pros-
tasomes of infertile men [24] and in AS seminal plasma
(Table 1). It is reasonable to speculate, therefore, that
overexpression of AS spermatozoa-bound clusterin may
be a result of the increased shuttling of seminal plasma
clusterin molecules to spermatozoa by fusion. Whether
other prostasome-bound proteins, such as ALDOA and
GAPDH, can affect the quality of sperm through simi-
lar mechanisms remains to be further studied.

4.3 Potential new markers for OS in seminal plasma
Seminal OS can damage sperm by different mecha-
nisms, and is a common pathology seen in two-thirds
of infertile cases [25, 26]. Agarwal et al. [27] recently
reported that high levels of ROS could be an independ-
ent marker of male-factor infertility. We also detected
a 3.3-fold increase in the level of ROS in AS semen.
Our AS seminal proteome has suggested several ways
by which seminal OS could be produced. The first is
microbial infection—infection of the genital tract has
been shown to produce seminal OS [28]. Given that
intelectin-1 is an infection-induced antimicrobial pro-
tein [29], its overexpression in the AS seminal plasma
(Table 1) indicates the presence of genital tract infec-
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tion in the AS patients [29]. The second way involves
alcohol consumption. We detected a higher quantity
of alcohol dehydrogenase, the key enzyme for human
alcohol metabolism, in AS seminal plasma. Excessive
alcohol consumption causes an increase in testicular
0OS, as ethanol stimulates the production of ROS [30].
These data suggest that there is a link between alcohol
intake and AS. Finally, environmental contamination
of metals, such as lead, has been shown to raise semi-
nal levels of ROS, induce the upregulation of delta-
aminolevulinic acid dehydratase (ALAD) and cause
poor semen parameters [31]. ALAD catalyses the sec-
ond step of haem synthesis; its presence in semen was
first identified in a proteomic study of seminal plasma
[11] and was further confirmed in this study. Seminal
ALAD may originate from blood. Our data suggested
that these AS patients had been exposed to reproductive
toxicants in the environment. Consistent with earlier
published data, our findings suggest that seminal OS
is a common downstream event that can be caused by
multiple pathogenic mechanisms.

The presence of OS in AS semen was partially the
result of a functional abnormality of the ROS-degrading
capability in the male genital tract [25, 26]. DJ-1 has
been shown to fight against OS caused by environmen-
tal pollutants, such as endocrine-disrupting chemicals
[32], and to protect neurons against OS and cell death
[33]. SP221 or CAPI1, rat homologues of human DJ-1,
were identified as key proteins related to infertility in
male rats that have been exposed to sperm toxicants,
such as ornidazole and epichlorohydrin [34]. Seminal
plasma DJ-1is secreted from testis, epididymis [35] and
prostate [12, 36]. In this study, the levels of DJ-1 were
significantly lower in AS seminal plasma than in that
from healthy donors. The data, together with the ob-
servation that the levels of ROS were 3.3-fold higher in
the AS patient samples, strongly suggested that down-
regulation of the DJ-1 protein could result in increased
OS for spermatozoa, which would then affect their vi-
ability and/or motility, as is seen in AS.

In summary, we detected 101 differentially ex-
pressed proteins in the seminal plasma of AS patients.
The association of these proteins with AS indicates a
post-testicular regulatory mechanism for sperm motility,
which is exerted mainly by the prostate and epididymis.
In addition, our data reveal that the pathophysiology of
AS includes some infectious and environmental factors.
We believe that these data will help the development of
new techniques for the clinical diagnosis and treatment

of male infertility.
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