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Statement of significance 

This work shows 4-HNE levels decrease during sperm capacitation and that the endogenous 

4-HNE adduct protein mostly derive form the prostate, attach to the sperm surface and are 

then shed later on.   

Abstract 

The free-radical theory of male infertility suggests that reactive oxygen species produced by 

the spermatozoa themselves, are a leading cause of sperm dysfunction, including loss of 

sperm motility. However, the field is overshadowed on several fronts, primarily because: (i) 

the probes used to measure ROS are imprecise; and (ii) many reports suggesting that oxygen 

radicals are detrimental to sperm function add an exogenous source of ROS. Herein, we used 

a more reliable approach to measure superoxide anion production by human spermatozoa 

based on mass spectrometry analysis. Furthermore, we also investigated the formation of the 

lipid-peroxidation product 4-hydroxynonenal (4-HNE) during in vitro incubation using 

proteomics. Our data demonstrate that neither superoxide anion nor other free radicals that 

cause 4-HNE production are related to the loss of sperm motility during incubation. 

Interestingly, it appears that many of the 4-HNE adducted proteins, found within 

spermatozoa, originate from the prostate. A quantitative SWATH analysis demonstrated that 

these proteins transiently bind to sperm and are then shed during in vitro incubation. These 

proteomics-based findings propose a revised understanding of oxidative stress within the 

male reproductive tract. 
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Introduction 

Male infertility is a common condition, being a contributing factor in almost 50% of 

infertile couples 
[1]

. One suggested reason for this has to do with the notion of “oxidative 

stress”. In this context, oxidative stress refers to the condition whereby oxygen radicals are 

produced and attack the cells leading to loss of function 
[2]

. There is no doubt that 

spermatozoa are susceptible to reactive oxygen species (ROS). For example, the addition of 

ascorbate and ferrous ion 
[3-5]

, xanthine-xanthine oxidase 
[6-11]

, hydrogen peroxide 
[12]

, glucose 

plus glucose oxidase 
[13]

 or nitric oxide radical 
[8, 14]

 to sperm suspensions leads to a loss of 

motility 
[3, 4]

. In the majority of cases, such external agents produce superoxide anion radical, 

hydrogen peroxide and hydroxyl radicals. These radicals attack nearby lipids, producing toxic 

by-products known as lipid aldehydes, which include malondialdehyde and 4-

hydroxynonenal (4-HNE). In turn, these aldehydes form a Schiff’s base or Michael adducts 

with amino acids within proteins, especially lysine and cysteine. We have previously 

demonstrated that when exogenous 4-HNE is added to sperm, critical proteins such as 

Tubulin or one of the many dynein family members becomes adducted, rendering the cell 

immotile 
[15]

. However, to our knowledge, no in depth proteomic analysis of endogenously 

formed 4-HNE adducted proteins in human spermatozoa has been performed. 

In terms of oxidative stress, two sources of ROS have been proposed that affect sperm 

physiology. This includes an external production of ROS from leukocytes, or an internal 

production of ROS from spermatozoa. Leukocytes, commonly found within ejaculated sperm 

and in the female reproductive tract, are known producers of ROS for host-defence strategies. 

Indeed, if such cells are activated and come in contact with spermatozoa, they will likely 

damage the gametes 
[16]

.  

Secondarily, spermatozoa themselves can be an important source of ROS, therefore, 

potentially causing their own damage as a consequence 
[17-20]

. In cases of male-factor 

https://www.google.com.au/search?rlz=1C1AVNC_enAU599AU599&q=malondialdehyde&spell=1&sa=X&ved=0ahUKEwjD4pPQ1r3aAhXEzbwKHTKhBrgQkeECCCQoAA
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infertility, it has been proposed that spermatozoa produce excessive amounts of ROS, such 

that it overwhelms any antioxidant defence system, leading to cellular dysfunction 
[21, 22]

. In 

light of this, there are now no less than 14 antioxidant commercial formulations designed for 

men that claim to help with sperm production, function and ultimately pregnancy. However, 

we felt the need to revisit this area of research for two main reasons 
[21]

. Firstly, whilst 

addition of antioxidant(s) to spermatozoa has shown positive effects (e.g., increased sperm 

cell numbers, zona pellucida binding, development of hyperactivated motility and forward 

motility) 
[23, 24]

, others have demonstrated that antioxidant supplementation, both in vitro and 

in vivo, does not improve sperm parameters 
[25, 26]

. Secondly, many of the findings regarding 

the involvement of ROS on sperm function are inaccurate due to the nature of the assay being 

used. 

One method previously used to assess ROS is based on the detection of an NAD(P)H-

dependent lucigenin or nitroblue tetrazolium (NBT) signal. These signals have been 

correlated with semen quality 
[27]

, DNA damage of infertile men 
[28]

, capacitation 
[29]

, 

hyperactivation 
[11]

, DNA integrity and apoptosis 
[30]

, mitochondria copy number 
[31]

, 

defective sperm 
[32]

, markers of residual cytoplasm 
[33]

 and poor motility 
[10]

. However, these 

assays actually measure cytochrome b5- 
[34]

 and P450 reductase 
[35]

 activity. As such, it is an 

incorrect interpretation concerning ROS involvement in a biological system. In addition, 

others have added Luminol in the presence of horseradish peroxidase (Luminol-HRP) 
[31-33, 36]

 

to human spermatozoa and concluded that “ROS” are being produced. However, as reviewed 

elsewhere, this assay measures many hundreds, if not thousands, of biological compounds, 

which makes it impossible to distinguish the “ROS” component from non-specific oxidation 

of the probe 
[37]

. Given this, the recommendation is never to use Luminol-HRP for ROS-

research in biological systems 
[37]

. Finally and more recently, researchers have turned to the 

use of dihydroethidium (DHE; Fig. 1) or the hexyltriphenylphosphonium cation (“mitosox 
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red”). Herein, DHE is added to sperm and a direct (red) fluorescence measurement of the 

oxidized product(s) can be performed. When red-fluorescence is detected, it is then often 

claimed that ROS is involved 
[38-40]

. However, the chemistry of DHE allows the probe to be 

oxidized into two different products; namely ethidium and 2-hydroxyethidium (Fig. 1). 

Whilst 2-hydroxyethidium can only be produced in the presence of superoxide anion radical, 

ethidium can be produced directly by several mitochondrial cytochrome Fe(III)-containing 

enzymes, including cytochromes c1, b556, b562, 
[41]

, and haemoglobin and myoglobin 
[42]

 in the 

absence of oxygen. Furthermore, both ethidium and 2-hydroxyethidium have very similar 

absorption and emission spectra. For this particular reason, flow cytometry 
[38-40]

 or direct 

fluorescence measurements 
[43]

 cannot accurately distinguish if ROS is being produced by 

spermatozoa. Rather, separation and measurement of the DHE products (ethidium versus 2-

hydroxyethidium) using mass spectrometry is required before stating a claim on the presence, 

or increase, in superoxide anion production.  

Given such errors, a recent Cochrane review into the area of antioxidant 

supplementation and male-infertility concluded that while “antioxidants may have been 

effective in treating subfertile men, the reporting of the studies was inconsistent in these 

findings” (cited from 
[44]

). As such, we have re-investigated the topic of ROS and human 

spermatozoa and developed a method that can specifically define superoxide anion 

production in these cells. Our data support the conclusion that neither superoxide anion nor 

other radicals that form 4-HNE are involved in loss of sperm motility within a group of men 

with unknown fertility status. What was particularly interesting was that, based on our 

proteomic analysis, the majority of “endogenous” 4-HNE proteins found in sperm 

populations have their origin within the prostate.   
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Material and Methods 

All chemicals were purchased from Sigma-Aldrich (Castle Hill, NSW Australia) at the 

highest research grade, with the exception of albumin and ammonium persulphate (Research 

Organics, Cleveland, OH, USA), Percoll (GE Healthcare, Castle Hill, NSW, Australia), 

HEPES (Gibco, Invitrogen Australia, Melbourne, VIC, Australia) and 10  Hams F10 (MP 

Biomedical, Seven Hills, NSW, Australia). Chloroform, methanol and formaldehyde were 

purchased from Fronine (Riverstone, NSW, Australia) at the highest purity available. The 2-

amino-2-(hydroxymethyl)-1,3-propanediol (Tris) was from ICN biochemicals (Castle Hill, 

NSW, Australia) and the precast-SDS gels were from BioRad (NSW, Australia). DNAse I 

was from Promega (Castle Hill, NSW, Australia) and protease inhibitor cocktail was 

purchased from Roche (Sydney, NSW, Australia) 

 

Preparation of human spermatozoa and ethical approval. 

The study population was comprised of eight donors (21-63 years old) who were free of any 

detectable organic disease. None of the men reported any obvious male-factor defects such as 

varicocele, and two of them have previously fathered a child. Institutional and State 

Government ethical approval was secured for the use of human semen samples in this 

research program. The work was carried out in accordance with The Code of Ethics of the 

World Medical Association (Declaration of Helsinki) for experiments involving humans. The 

semen samples were produced by masturbation after a two-day abstinence. After liquefaction 

(37
o
C for at least 30 min), sperm numbers, morphology and total motility were assessed prior 

to sample processing. In all cases, the samples were within the 95th percentile values for 

fertile samples according to the 2010 WHO manual 
[45]

. The samples were treated with anti-

CD45 beads as described elsewhere to eliminate any contaminating leukocytes 
[46, 47]

. The 

samples were then subjected to density gradient selection as described previously 
[48]

, and the 
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high quality pellet was collected. The high-quality sperm pellet was further washed in 5 mL 

BWW, with centrifugation for 15 min at 500 xg. Following this, spermatozoa were 

resuspended at a concentration of 10 x 10
6
 cells/ mL in BWW and incubated at 37

o
C with 5% 

CO2.  

 

Sperm Analyses 

Sperm count was performed following previously described methods 
[49]

. For motility 

analysis, a 20 L aliquot of the sperm sample was examined under 400x magnification using 

phase contrast microscopy. For the purpose of this work, a cell was scored as immotile when 

no sign of flagella beating was demonstrated. At least 100 cells were counted in a minimum 

of 3 separate fields of view.  

 

Dihydroethidium, 2-hydroxyethidium and ethidium extraction 

Beginning at day 1 (freshly ejaculated samples) and at every 24 hours until all spermatozoa 

were deemed immotile, an aliquot of sperm cells (20 x 10
6
) were taken from the incubated 

pool of cells. To the aliquot, 2 M of DHE was added and then incubated in the dark at 37
o
C 

for 15 min. Sperm motility was checked before and after incubation to ensure that DHE 

exposure had no negative effect. The cells were then pelleted by centrifugation (800 xg, 2 

min) and the supernatant removed. Sperm were washed in BWW and the cells were fractured 

by subjecting them to three freezing/thawing cycles; 10 min at -80
o
C followed by thawing at 

room temperature for each cycle.  After the final thaw, DNAse I was added (4 U) to the 

sperm pellet together with 36 µL of DNase I buffer (40 mM Tris-HCL, 10 mM MgSO4, 1 

mM CaCl2; pH 7.9) followed by mixing. The treated sperm suspension was incubated at 37
o
C 

for 40 min. The DNase I was then heat-inactivated (65
o
C, 10 min), and an equal volume of 

butanol was added to the sample. The sample was vortexed for 1 min, centrifuged (15,000 xg, 
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15 min), and the upper phase was transferred to a fresh tube for drying by Speedvac 

centrifugation (15,000 xg, 60
o
C), typically taking ~1h. The sample was resuspended in 0.1% 

trifluoracetic acid.  

 

Measurement of dihydroethidium, 2-hydroxyethidium and ethidium using triple 

quadrupole mass spectrometry 

Relative quantitative liquid chromatography tandem-mass spectrometry (LC-MS/MS) 

experiments were performed using Multiple Reaction Monitoring (MRM) on a SCIEX 

QTRAP 6500 (hybrid Triple Quadrupole Linear Ion Trap Mass Spectrometer, AB Sciex,  

Four samples were injected (5 l) onto a reversed phase Ultra High Performance Liquid 

Chromatography (UHPLC) column (Phenomenex Luna Omega, 1.6μm C18, 100Ǻ, 50 x 2.1 

mm) at 0.6 ml/min in 99% mobile phase A (0.1% Formic Acid in Water) and 1% mobile 

phase B (0.1% Formic Acid in Acetonitrile). Separation was carried out on a Shimadzu 

Nexera X2 UHPLC system (Shimadzu, Rydalmere NSW, Australia) utilizing an isocratic 

hold for 2 minutes at 1% B followed by a linear ramp to 60% mobile phase B over 5 minutes. 

The column was then washed at 95% B for 1 minute before the column was re-equilibrated 

for 2 minutes at initial conditions. Samples were randomized and before the next sample run, 

two blank runs were performed in which 1% formic acid solution was injected (1l).  

The LC system was coupled directly to a SCIEX 6500 QTRAP equipped with a Turbo V Ions 

source scanning in MRM mode with the following source parameters: Positive polarity, Ion 

Spray Voltage 4000V, Curtain Gas 35 psi, Ions Source Gas 1 set at 50 psi, Ions Source Gas 2 

set at 50 psi, Temperature 550˚C. Compound dependant settings were determined by Flow 

Injection Analysis, Analyst’s automatic compound optimisation. Declustering Potential (DP), 
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Collison Energy (CE) and Collision Cell Exit Potential (CXP) were optimised for Ethidium, 

Dihydroethidium and 2-hydroxyethidium to generate the MRM transitions (Q1Q3) as 

outlined in Table 1. 

Table 1. Diagnostic ions used to measure the relative abundance of DHE, ethidium and 

2-hydroxyethidium. 

Q1 Mass 
(Da) 

Q3 Mass 
(Da) 

Dwell 
(msec) 

DP CE CXP 
Quant 
/Qual 

ID 

314.2 286.2 40 30 35 10 Quant Ethidium 

314.2 298 40 30 35 10 Qual Ethidium 

314.2 269 40 30 35 10 Qual Ethidium 

316.2 288 40 10 35 10 Quant DHE 

316.2 300.15 40 20 35 8 Qual DHE 

316.2 270 40 50 45 8 Qual DHE 

316.2 238 40 130 46 12 Qual DHE 

316.2 182 40 130 46 12 Qual DHE 

330.2 300 40 80 46 15 Quant 2-hydroxyethidium 

330.2 301.2 40 80 46 15 Qual 2-hydroxyethidium 

330.2 285 40 80 46 15 Qual 2-hydroxyethidium 

330.2 257.2 40 80 46 12 Qual 2-hydroxyethidium 

 

The mass spectrometry (MS) acquisition files were loaded into AB Sciex’s MultiQuant 3.0 

software (AB Sciex, Chromos, Singapore). The data were smoothed and baseline subtracted. 

Extracted Ion Chromatograms were created for the targeted MRM transitions and the 

integrated area under each peak was used for relative quantitation. In total, four biological 

replicates were used and each sample was run twice (making two technical replicates). The 

area under the curve for each fragment ion was calculated using mutpliQuant 3.0, and then 

the average was then found for all time points. Students t-test was then used to determine 

significant changes.  
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Immunoblotting of sperm proteins with anti-4-HNE and anti--Tubulin  

Samples from all time points were resuspended in a lysis buffer consisting of 1% (w/v) 

C7BzO [3-(4-heptyl) phenyl-3-hydroxypropyl) dimethylammoniopropanesulfonate], 7 M 

urea, 2 M thiourea, and 40 mM Tris (pH 10.4) at a final concentration of 20 x 10
6
/100 µL and 

incubated for 1 h (4°C) with constant rotation. After centrifugation (18,000 xg, 15 min, 4°C), 

the supernatant was recovered and total protein was quantified using a 2-D quant kit (G.E. 

Healthcare, Sydney, Australia) following manufacturer's protocol. Samples were then used 

for immunoblotting.  

 Immunoblotting was carried out as described elsewhere (53). Essentially, 30 g of 

protein was loaded into SDS-PAGE and the samples run until the lowest mass pre-stained 

marker reached the bottom of the gel. Transfer to nitrocellulose occurred by running the 

samples at 350 mA for 60 min. Proteins transferred onto the nitrocellulose membrane were 

blocked (3% BSA-TBST), and then incubated with the polyclonal antibody anti-4-HNE 

(Alpha Diagnostics, San Antonio, USA) diluted 1:1000 in TBS containing 1% (w/v) BSA 

and 0.1% (v/v) Tween-20. The secondary goat anti-rabbit immunoglobulin G horseradish 

peroxidase (HRP) conjugate was used at a concentration of 1:1000 in TBS containing 1% 

(w/v) BSA and 0.1% (v/v) Tween-20. Stripping of the blots was performed as described 

elsewhere, and they were blotted again with antiubulin (1:1000) as a mean of loading 

control 
[50]

.  

Immunoprecipitation 

Following incubation until the spermatozoa were immotile, approximately 10 x 10
6 

cells were 

centrifuged in BWW (500 xg, 5 min). The cell pellet was treated with buffer I, consisting of 

150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 20 mM Tris, and protease inhibitor cocktail 

(pH 7.5), at 4
o
C for 1 h. The mixture was subsequently centrifuged (16,000 xg, 15 min, 4

o
C) 

and the supernatant taken. Protein G-dynabeads (10 L) were washed in buffer I followed by 
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1 g of anti-4-HNE antibody or anti-ODF3 antibody (rabbit polyclonal; as a non-specific 

control) in buffer I. After rotating for 1 h at 4
o
C, the dynabeads-conjugated with either anti-4-

HNE or anti-ODF3 were washed three times with buffer I. The Triton X-100 soluble lysate 

was then added to both tubes and incubated overnight with gentle rotation at 4
o
C. After this, 

the beads were washed three times with buffer I and then proteins were eluted with 30 L 0.1 

M citric acid (pH 2.0) at 4
o
C with gentle rotation. The supernatant was collected and 

neutralised with 50 L 1 M Tris, before being subject to mass spectrometry. In total, 4 

separate immunoprecipitations were performed. 

Proteomic analysis of 4-HNE adducted proteins  

Following immunoprecipitation, samples were digested with Trypsin (1/50 w/w) overnight at 

30
o
C. After this, the soluble sample was acidified (0.1% formic acid). NanoLC–MS/MS, was 

performed using a Dionex UltiMate 3000RSLC nanoflow HPLC system (Thermo Fisher 

Scientific). Peptides were directly loaded onto an Acclaim PepMap100 C18 75 μm × 20 mm 

trap column (Thermo Fisher Scientific) for pre-concentration and online desalting. Separation 

was then achieved using an EASY-Spray PepMap C18 75 μm× 500 mm column (Thermo 

Fisher Scientific), employing a linear gradient from 2 to 32% acetonitrile at 300 nl/min over 

60 min. Q-Exactive Plus MS System (Thermo Fisher Scientific) was operated in full MS/data 

dependent acquisition MS/MS mode (data-dependent. The Orbitrap mass analyzer was used 

at a resolution of 70 000, to acquire full MS with an m/z range of 390–1400, incorporating a 

target automatic gain control value of 1
e6

 and maximum fill times of 50 ms. The 20 most 

intense multiply charged precursors were selected for higher-energy collision dissociation 

fragmentation with a normalized collisional energy of 32. MS/MS fragments were measured 

at an Orbitrap resolution of 35 000 using an automatic gain control target of 2
e5

 and 

maximum fill times of 110 ms. Fragmentation data were converted to peak lists using 
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Xcalibur (Thermo Fisher Scientific), and the HCD data were searched using Proteome 

Discoverer version 2.1 (Thermo Fisher Scientific, Bremen, Germany) against homo sapiens ( 

downloaded on the 31st January of 2018, 622,090 sequences). Mass tolerances in MS and 

MS/MS modes were 10 ppm and 0.02 Da, respectively; trypsin was designated as the 

digestion enzyme, and up to two missed cleavages were allowed. Carbamidomethylation of 

cysteine residues was designated as a fixed modification. Variable modifications considered 

were: acetylation of lysine, oxidation of methionine and 4-HNE adduct on Lysine, Cystine 

and Histidine. Results from searches were merged and interrogation of the corresponding 

reversed database was also performed to evaluate the false discovery rate (FDR) of peptide 

identification using Percolator on the basis of q-values, which were estimated from the target 

decoy search approach. To filter out target peptide spectrum matches (target-PSMs) over the 

decoy-PSMs, a fixed false discovery rate (FDR) of 1% was set at the peptide level. The 

dataset analyzed here have been deposited in Proteomic xChange and are publicly accessible 

(submission reference 1-20190911-142434). 

 

Quantification of Tubulin and prolactin-inducible protein using SWATH approach on a 

Q-ToF 6600 mass spectrometer. 

In order to find appropriate peptides for quantification, we ran the samples on the 

Triple-ToF 6600 system in data dependent mode according to 
[51]

. To generate the spectral 

library, 4 randomly selected samples were digested and fragmentation spectra acquired in 

DDA mode as described above. Each file was loaded into Protein Pilot v5.0.1 (AB Sciex) 

and searched using the “thorough  ID” mode.  The files were search against the human 

SwissProt database downloaded January 2017, which contained 42324 proteins. Search 

parameters were as described 
[51]

.  Within this library peptide retention time and transitions 
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for the proteins Prolactin and Tubulin were found and the MSMS data files were manually 

inspected for intensity and spectral quality; which was based on 5-6 consecutive y-ion series 

with peaks well above background.  This information was used for quantification following 

running of the sample on the Q-ToF in SWATH mode through Skyline (version 2.2.0). 

Peptides (5 g) were injected onto a reversed phase Ultra High Performance Liquid 

Chromatography (UHPLC) column (Waters, 3μm C18, 120Ǻ, 0.3 x 150 mm), 7 L/min in 

99% mobile phase A (0.1% formic acid in Water) and 1% mobile phase B (0.1% formic acid 

in acetonitrile). Separation was carried out on a Shimadzu Nexera X2 UHPLC system 

(Shimadzu, Rydalmere NSW, Australia) utilizing an isocratic hold for 2 min at 1% B 

followed by a linear ramp to 60% mobile phase B over 5 min at 0.6 mL/min. The column was 

then washed at 95% B for 1 min before the re-equilibration for 2 min at initial conditions.  

SWATH experiments were conducted at a constant Q1 window width with 1 Da overlap 

covering the m/z range from 400 to 1250 in high-sensitivity product ion scan mode at a fixed 

cycle time of 4 s. M/z-dependent collision energy was applied with no energy spread for Q1 

widths of 3 Da and energy spread of 15 eV for Q1 widths (Da) of 6.25, 12.5 and 25. Peptide 

retention time and 5 most abundant transitions from a previous data-dependent analysis that 

used the exact conditions described were loaded into Skyline.  For Prolactin inducible protein 

we used two peptides including TVQ TVQIAAVVDVIR and the product ions y9-y6, b7; 

FYTIEILK used the product ions y7-y4. For the Tubulin, we used the peptide 

AVLVDLEPGTMDSVR, the product ion fragments y12-y8 were used XIC extraction 

window=3min, XIC width=30ppm. The samples were first normalized to Tubulin signal by 

calculating the area under the curve then multiplying and creating a normalization factor. The 

area under the curve for the peptides derived from PIP were then calculated and multiplied by 

the normalization factor.  
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Statistical Analysis and dataset 

Statistical analyses for the mass spectrometer (Tiple Quadruploe, DHE, ethidium and 2-

hydroxyethidium) measurements, together with the SWATH analysis of the peptides derived 

from Tubulin and Prolactin-inducible proteins were performed using student’s t-test. 

Differences were considered significant at p < 0.05.  

 

Results 

 

Definitive measurement of superoxide anion in human spermatozoa  

ROS, and in particular, lipid aldehydes generated from the peroxidation by ROS, have 

been previously implicated to be a major contributor of sperm motility loss 
[52]

. In order to 

determine if this is the case, sperm samples were incubated for a total of 96 h in BWW 

medium 
[53]

 supplemented with BSA.  Over this time period, we observed a gradual loss in 

sperm motility (Fig. 1). During this period,  one aliquot of the sperm samples was withdrawn 

every 24 h for 72 h and incubated immediately with DHE for 30 min. The final time point (96 

h) was not investigated, as it was apparent in the proteomic (SWATH) analysis (see below) 

that sperm were lysing/degrading after being four days in the media. For each time point, 

DHE and its specific superoxide anion products, 2-hydroxyethidium and the non-specific 

product ethidium (Fig. 1), were extracted from sperm samples and then quantified by mass 

spectrometry. This analysis revealed that 2-hydroxyethidium is produced by human 

spermatozoa during all incubation period as expected (Fig. 3A). However, during 24-72 h 

time points, the amount of 2-hydroxyethidium did not significantly change over time. On the 

contrary, ethidium levels significantly increased over the time of incubation, reaching levels 

between 1-2 log orders higher than those of 2-hydroxyethidium (Fig. 3B). These data 
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strongly suggest that human spermatozoa do produce superoxide anion, although in a 

constant low rate. However, if HPLC separation of 2-hydroxyethidium and ethidium were not 

performed, but rather total red-fluorescence from both compounds had been measured 
[38-40]

, 

then most of the signal detected would have arisen from the non-specific oxidation of DHE to 

ethidium, thus, leading to fallacy in the data interpretation. 

 

Ethidium, but not 2-hydroxyethidium correlates to loss of sperm motility 

In order to visualise staining, we videotaped populations of human spermatozoa that 

had been incubated with DHE, and viewed the cells using phase contrast and fluorescence 

microscopy. Note, using this method, both ethidium and 2-hydroxyethidium would be 

detected, however, as previously demonstrated (Fig. 3A vs 3B), ethidium levels were 

approximately 1-2 log orders of magnitude higher. A video image of a pattern typically 

observed is included (Video file 1). In all of the images we have viewed, we consistently saw 

that most of the sperm cells with red-fluorescence were also immotile. These data suggest 

that, as spermatozoa lost motility, DHE is able to readily cross the cell membrane, allowing 

non-specific oxidation of the probe to occur. This leads to a build-up of ethidium (Fig. 3B), 

which explains why “red-fluorescence” increases over time.  

 

4-HNE adducted protein levels do not increase during incubation  

Our initial data-set suggest that superoxide anion does not increase over time, which would 

be expected according to the free-radical theory. However, superoxide anion is known to 

have a short half-life, therefore, it is possible that the oxygen radical will dismutate into 

hydrogen peroxide or directly attack polyunsaturated fatty acids to generate lipid aldehydes 

before reacting with DHE. If either were to be true, then it stands to reason that the amount of 

superoxide anion we detect may be an underestimation. However, if either of these events 
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were occurring, then levels of 4-HNE in spermatozoa would accumulate and increase over 

time (note that in the case of hydrogen peroxide, a radical will be formed in the presence of 

iron, namely Fenton chemistry). Therefore, to investigate this, human spermatozoa were 

incubated in medium and aliquots were taken at the 72 h time point (due to restriction in 

sperm cell numbers necessary for the immunoblot). The proteins were subject to 

immunoblotting for 4-HNE. As shown in Fig. 4, we detected many proteins that cross-reacted 

with the 4-HNE antibody. However, when we compare the samples from time 0 and 72 h 

after incubation, the number and intensity of the bands do not increase. Therefore, despite the 

fact that spermatozoa almost completely loose motility over this time, 4-HNE adduct proteins 

do not accumulate. In fact, in contrast to what we were expecting, some of the 4-HNE cross-

reacted proteins decreased during incubation (Fig. 4). For example, the bands pointed by the 

arrows in Figure 4, with approximately 120, 75, 55 and 40 kDa in size, have their intensity 

reduced as sperm become less motile (i.e., after 72 h of incubation). As shown by the level of 

-Tubulin in the lower blot (Fig.4), equal amounts of protein were loaded.  

To our knowledge, this is the first report to show that 4-HNE levels decrease in human sperm 

cells over time. To see if we could artificially generate an increase in lipid peroxides, sperm 

cells were incubated with xanthine plus xanthine oxidase for 2 h. After incubation, the cells 

were washed and then probed using anti-4-HNE antibody. As shown, a slight increase in the 

4-HNE signal occurred with xanthine plus xanthine oxidase (Fig. 4).  
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Proteomic analysis of 4-HNE adducted proteins shows most of them are derived from 

prostatic fluids 

 To understand why a decrease in 4-HNE adducted proteins occurs when sperm are 

incubated in BWW medium, we sought to identify these proteins. To achieve this, we 

immunoprecipitated (IP) 4-HNE adducted proteins from sperm lysates. The protein extract 

was then digested and run through liquid-chromatography coupled to mass spectrometry. We 

identified 21 potential candidate proteins. All protein identified were absent in the IP control 

and also contained at least 2 different peptides, that were further confirmed at the MS/MS 

level by their high intensity y ions and by having at least 5 amino acids in succession. A list 

of these proteins, together with information on their subcellular location, is shown in Table 2. 

Of interest, we also compared the list of proteins identified to those found within the prostatic 

fluid 
[54]

. Out of 21 proteins, 18 have been previously shown to be present in the prostatic 

fluid (Table 2). 

 

Prostatic-fluid derived proteins contain 4-HNE conjugated proteins 

Given the dataset seen in Table 2, we next sought to confirm that seminal fluid-derived 

proteins contained 4-HNE adducts. Seminal fluid was isolated from semen samples of four 

donors already enrolled in this study. Afterwards, the seminal fluid samples were run in SDS-

PAGE gels, transferred to nitrocellulose membranes and probed with anti-4-HNE antibody. 

As shown, all samples were positive for 4-HNE adducted proteins (Fig. 5), confirming that 

seminal fluid-derived proteins are endogenously labelled. Interestingly, we found that 

samples were quite different in regard to the banding pattern (Fig. 5). Although we have 

looked at patient age and sperm parameters, we are yet to find a common link as to why the 

banding patterns are different.  
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Loss of seminal fluid-derived proteins explain why 4-HNE levels decrease in human 

spermatozoa 

According to Table 2, 18 proteins that immunoprecipitated with the anti-4-HNE antibody 

have previously been found to be derived from organs that contribute to the seminal fluid, 

rather than the spermatozoa 
[54]

. These data suggest that prostate- (and other male-accessory 

glands) derived proteins, which are secreted in the seminal plasma, could be deposited onto 

the sperm surface in vivo. However, when sperm are incubated in vitro using a defined 

medium, these proteins may be released into the surrounding medium in a time-depended 

manner. To further investigate this hypothesis, sperm samples from four donors were taken 

and individually incubated in medium. An aliquot of cells was taken every 24 h for 72 h, and 

the sperm and supernatant were separated. The samples were then run on a Triple-ToF mass 

spectrometer in SWATH mode to quantify peptides derived from the Prolactin inducible 

protein (PIP). This protein was chosen because it was one of the anti-4-HNE 

immunoprecipitated proteins and is known to be of prostatic origin. To ensure the samples 

were equally loaded, we normalized the signal to peptides derived from -Tubulin. As 

shown, PIP which started on the sperm surface, progressively decreased during incubation in 

BWW medium (Fig. 6A). Interestingly, this decrease was accompanied by a concurrent and 

proportional increase of PIP peptides levels in the supernatant (Fig. 6B). Figure 6 shows the 

results for incubation only untill 72 h because, after this time point, the Tubulin-derived 

peptides were detected in the supernatant, suggesting extensive damage in sperm structure 

and integrity. These data suggest that proteins secreted by the prostate or male-accessory 

glands are under oxidative stress and become 4-HNE adducted. Many of these proteins, such 

as PIP, are likely deposited on the sperm surface during ejaculation. Furthermore, the binding 

of PIP and other 4-HNE adducted proteins on sperm membrane is transient in nature because 

they are shed into the surrounding during sperm in vitro incubation. 
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Discussion 

There is a large body of literature that associates ROS with detrimental sperm 

function 
[22, 55-58]

. To this end, it is very clear that the addition of exogenous agents, capable of 

producing ROS, is directed related to a loss of sperm motility. As such, if a sperm cell comes 

into contact with activated leukocytes, it is likely that enough hydrogen peroxide would be 

produced to render the cell immotile. However, the theory of free radical–induced male 

infertility goes beyond this simple notion, stating that ROS, produced by the spermatozoa 

themselves, are the leading cause of sperm dysfunction 
[59-61]

. This hypothesis has led to the 

recent situation in which no less than 14 different antioxidant formulations are now being 

marketed for men on the basis of their capacity to improve sperm parameters. However, the 

benefit of taking antioxidant supplements to promote better sperm production has been 

questioned 
[44]

 by previous studies that upon analysing sperm motility 
[23, 24, 26, 62-65]

, 

morphology 
[26, 62-64, 66]

, cell concentration 
[24, 26, 63, 64]

, zona-binding 
[24]

, fertilization rates 
[67]

 

or ROS 
[23, 26, 65, 68]

 have not reached a consensus. 

The current study, which uses definitive measurements of superoxide anion radical, 

suggest that ROS, specifically produced by sperm cells, does not play a role in the demise of 

human spermatozoa during in vitro incubation. This is supported by two independent 

observations. Firstly, triple quadrupole measurements of 2-hydroxyethidium demonstrate no 

increase over time. Arguably, this is not a reason to rule out superoxide anion involvement, 

since continuous low levels may still be detrimental to the cell. Therefore, secondarily, we 

observed that 4-HNE adducted protein levels do not accumulate in the cell populations over 

time; an effect we and many others do observe when superoxide anion is added exogenously. 

Rather, and quite unexpected, 4-HNE levels decrease during incubation. This observation can 

be explained as proteomic analysis suggests that most of the 4-HNE adducted proteins found 

within human spermatozoa are produced and secreted by the prostate. Thus, these proteins 
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are probably transiently associated to the sperm surface during ejaculation and then are shed 

over time.  

Previous reports have demonstrated that the prostate is under oxidative stress, which 

may be related to cancer, inflammation, infection and benign hyperplasia 
[69]

. Our dataset 

suggest that not only is the prostate under oxidative stress, but there is also a large difference 

in the proteins adducted with 4-HNE among donors As a gland, the prostate secretes a large 

number of proteins, including proteases such as prostate-specific antigen 
[69]

. These proteases 

may act on the proteins within the ejaculate, cleaving them as a consequence. Given the 

random nature of 4-HNE binding to proteins, that reacts with the nearest lysine, cysteine or 

potentially histidine and the protease-rich environment of an ejaculate, it stands to reason that 

the profile of 4-HNE adducted proteins are not consistent among men (Fig. 5). From a 

proteomic point of view, what is most intriguing is that oxidative stress in the prostrate 

increase as men age and as well as in benign hyperplasia 
[70]

 and prostate cancer 
[69]

. The 

mining of 4-HNE adducted proteins in seminal fluid may present a rich source of biomarkers 

for men suffering from these conditions. 

 Our conclusion that superoxide anion produced by spermatozoa is unlikely to play a 

role in sperm dysfunction is, on the surface, at disparity with other reports in this area, which 

suggest the opposite. How can this be? Firstly, all papers which added exogenous agents to 

generate ROS showed that, as expected, sperm from the treated group lost their motility. 

However, in each and every case, the control group, which consists of sperm in a medium 

without exogenous ROS, maintains motility 
[6-11]

. These include cells from normal and 

infertile men. The results obtained with the control groups argue against the notion that 

spermatozoa can, on their own accord, produce levels of ROS that is detrimental to their 

function and agree with the work presented here. 
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Secondly, the theory of free-radical inducing sperm dysfunction is bolstered by 

observations based on different “ROS”-detecting probes, and they all support the same 

hypothesis: that sperm produce ROS. Therefore, how can such precedence be wrong? This is 

a formidable argument, for which we will answer by looking at the major articles that have 

shaped the field to form such a conclusion. The initial jump, from the notion that sperm are 

“susceptible to ROS” to sperm themselves producing ROS, came from reports that showed 

human and rodent spermatozoa were able to elicit a chemiluminescent signal when NAD(P)H 

and lucigenin were added 
[71]

. Furthermore, this signal was reported to be higher in defective 

spermatozoa 
[72]

. Considering that lucigenin can detect superoxide anion, the conclusion 

drawn was that sperm must contain an NAD(P)H-dependent oxidase 
[73]

. Yet this 

interpretation was demonstrably incorrect as the signals occur through a direct one-electron 

reduction of lucigenin, by cytochrome b5- 
[34]

 and P450 reductase 
[35]

, which elicits a  

chemiluminescent signal. These same enzymes are also responsible for NBT reduction in a 

biological system 
[74]

, which, much like lucigenin, has been used to conclude that sperm are 

under “oxidative stress” 
[30]

. The fact that both cytochrome enzymes are more prevalent in 

sperm with excess of residual cytoplasm also sheds light and offers an alternative explanation 

to other findings 
[33]

. We 
[75]

 and others 
[76, 77]

 have shown that sperm with excess residual 

cytoplasm have very poor motility, morphology and chromatin compaction. Given this 

scenario, it is understandable that a “lucigenin” signal (i.e., sperm with excess residual 

cytoplasm) has been correlated to DNA damage of infertile men 
[28]

, poor capacitation 
[29]

 and 

poor hyperactivation 
[11]

. Although valid, these correlations are not related to ROS, but rather 

to an underlying poor spermatogenic process for which the cell has been through, leading to 

retention of enzymes like cytochrome b5- and P450 reductase within the cell. 

 As studies in this area progressed, reports surfaced on the use of a second 

“confirmatory” probe, namely Luminol-HRP. However, Luminol-HRP measures many 
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hundreds, possibly thousands, of cell metabolites, making it impossible to distinguish in a 

biological system any ROS component. It is no surprise that Luminol-HRP signals are 

significantly correlated with sperm containing excess residual cytoplasm, which possess 

many more metabolites compared to sperm cells without excess cytoplasm 
[77]

.  

Unfortunately, the three probes (Lucigenin, NBT and Luminol) used to drawn the same 

conclusion, about spermatozoa generating ROS 
[31-33, 36]

, are in fact not suitable for this 

particular purpose. Other measurements of “oxidative stress” in sperm, which include the use 

of thiobarbituric acid for malondialdehyde 
[78]

, are also non-specific 
[79]

 and reportedly 

unreliable. 

Finally, others have now turned their attention to DHE which can be a definitive 

measurement of superoxide anion 
[80]

. In both equine and human spermatozoa, DHE has been 

used, and a signal was found when sperm were incubated in either hyper- or hypo-osmotic 

conditions 
[81]

 or with mitochondrial inhibitors and mobile phone irradiation 
[82]

. Yet no prior 

separation of the DHE products, ethidium and 2-hydroxyethidium, was performed. Although 

both reports concluded that spermatozoa produce significant amounts of ROS, they both 

presume that 2-hydroxyethidium contributed to the signal more than ethidium. Nevertheless, 

without prior separation, this present report argues against this.  

In summary, we show that human spermatozoa can produce superoxide anion. 

However, superoxide anions, nor its peroxidation by-product 4-HNE, are an unlikely 

contributor when it comes to loss of sperm motility.  
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Figure Legends 

Fig. 1. Chemistry of Dihydroethidium oxidation.  

Dihydroethidium (DHE) can be oxidized by superoxide anion to specifically form 2-

hydroxyethidium. Alternatively, a vast number of compounds will oxidize DHE to ethidium. 

Due to the broad emission wavelengths, both 2-hydroxyethidium and ethidium have 

overlapping excitation/emission fluorescence properties. 
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Fig. 2. Loss of motility within human spermatozoa over time 

Human sperm samples were prepared over Percoll density gradients and the motility was 

scored as a percentage. Every 24 hours, an aliquot of spermatozoa were taken and motility 

scored. The graph shows the average and standard deviation of 10 separate donors, *p<0.001 
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Fig. 3 Measurement of 2-hydroxyethidium and ethidium in human spermatozoa 

Human spermatozoa were incubated for 72 h and, at every 24 h, an aliquot of the sperm 

sample (20 x 10
6
 sperm cells) was separated. DHE was added to these aliquots for 15 min, 

and 2-hydroxyethidium and ethidium were extracted using butanol. Equal volumes were then 

loaded on HPLC and the amount of (A) 2-hydroxyethidium and (B) ethidium were recorded 

using multiple-reaction monitoring on a triple quadrupole mass spectrometer. *p<0.05, 

**p<0.001. Graph shows average and standard deviation of 5 biological replicates.  
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Fig. 4. Immunoblots using anti-4-HNE antibody against human sperm lysates 

Human spermatozoa were prepared through Percoll density gradient separation and incubated 

in BWW media. Aliquots were taken at time 0 and 72 h later when the majority of the sperm 

cell population had lost motility. The cells were pelleted, lysed and subjected to 

immunoblotting. The images show cross-reactivity against anti-4-HNE antibody (upper) and 

anti--Tubulin antibody (lower). Two donors are shown; however, the experiment has been 

repeated eight times using different donors. Arrows indicate cross-reacting bands, which are 

consistently higher in time 0. As a control, Xanthine plus xanthine oxidase (XOD) were 

added to sperm. The population of cells was completely immotile within 2 h, at which point 

they were taken and subject to immunoblot as described. The position of the molecular 

weight markers are shown on the left hand side. 
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Fig. 5. Immunoblots using anti-4-HNE antibody against seminal fluid. 

Human ejaculates were obtained and the seminal fluid separated from spermatozoa via 

centrifugation. The seminal fluid was centrifuged and the soluble proteins loaded into SDS-

PAGE. The sample was then probed using anti-4-HNE antibody and visualized using 

chemiluminescence. Each lane shows an individual biological replicate. The position of the 

molecular weight markers are shown on the left hand side. 
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Fig. 6. Prolactin inducible protein is shed from spermatozoa over time 

Samples from 3 individuals were taken and the sperm incubated for 72 h. Every 24-h interval, 

1 mL aliquot of sample was taken, and the sperm pellet and supernatant carefully separated 

via centrifugation. The fractions were digested and subjected to SWATH. Peptides derived 

from PIP were quantified in either the (A) sperm pellet or (B) supernatant from which the 

spermatozoa were swimming in. Peptide counts were normalised to -Tubulin as an internal 

control. The graph shows that average and the standard deviation of the combined level of 

PIP peptide. Asterisks indicate significance from 24 h and each time point ( p<0.05)  
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Table 2. Proteomic analysis of 4-HNE adducted proteins. 

Uniprot 
Acc 

Protein name 
No. 

amino 
acids 

Protein Atlas 
Expression 

Uniprot 
(mRNA) 

expression 

Ref 

Q9Y490 Talin-1 (TLN1 )   Ubiquitous, 
found in 
prostate 
secretion 

 cell surface [54, 83, 84] 

P19012 Keratin, type I 
cytoskeletal 15 

(KRT15)  

456 restricted 
expression 
including 
prostate 

cytosol, 
extracellular, 

nucleus 

[85, 86] 

P60174 Triosephosphate 
isomerase (TPI1)  

286  Ubiquitous. 
found in 
prostate 
secretion 

cytoplasm, 
membrane, 
extracellular 

region.  

[54, 87, 88] 

P06733 Alpha-enolase 
(ENO1)  

434 Ubiquitous, 
found in 
prostate 
secretion 

 glycolysis [54, 89, 90] 

P18206 Vinculin (VCL)  1134 Ubiquitous, 
found in 
prostate 
secretion 

plasma 
membrane 

[54, 91] 

P07996 Thrombospondin-
1 (THBS1) 

1170 all tissues, 
including 

testis, 
epididymis. 
Found in 
prostate 
secretion 

cell surface [54, 92] 

P25311 Zinc-alpha-2-
glycoprotein 

(AZGP1) 

298 strongly 
expression in 
the prostate, 

found in 
prostate 
secretion 

secreted 
protein 

[54, 93] 

P07864 L-lactate 
dehydrogenase C 

chain (LDHC) 

332 Testis only 
expression, 

found in 
prostate 
secretion 

cytoplasm [54, 94] 

J3KPS3 Fructose-
bisphosphate 

aldolase 
(ALDOA)  

364 Ubiquitous, 
found in 
prostate 
secretion 

 around the 
M-line in 
skeletral 
muscle 

[54, 95] 
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P00558 Phosphoglycerate 
kinase 1 (PGK1)  

417 Ubiquitous cytoplasm [96] 

P11216 Glycogen 
phosphorylase, 

brain form 
(PYGB) 

843 Ubiquitous extracellular 
exosome, 
cytoplasm, 
membrane 

[97] 

P12273 Prolactin-
inducible protein 

(PIP) 

146 Seminal 
vesicle, 

gastrointestinal 
track, found in 

prostate 
secretion 

extracellular 
or secreted 

[54, 98] 

Q5JQC9 A-kinase anchor 
protein 4 
(AKAP4) 

854 Testis only 
expression, 

found in 
prostate 
secretion 

principal 
piece 

[54, 99] 

P01833 Polymeric 
immunoglobulin 
receptor (PIGR) 

764 Restricted 
expression, 

some evidence 
of prostate and 
testis, found in 

prostate 
secretion 

plasma 
membrane, 
extracellular 

region or 
secreted 

[54, 100] 

P55072 Transitional 
endoplasmic 

reticulum ATPase 
(VCP) 

806 Ubiquitous, 
found in 
prostate 
secretion 

nucleus, ER, 
cytosol.  

[54, 101] 

P31025 Lipocalin-1 
(LCN1) 

176 Various 
tissues 

including 
Testis and 
seminal 

vesicle, found 
in prostate 
secretion 

plasma 
membrane, 
extracellular 

region or 
secreted 

[54, 102, 103] 

P01023 Alpha-2-
macroglobulin 

(A2M) 

1,474 Ubiquitous, 
prostate, 
found in 
prostate 
secretion 

extracellular 
region or 
secreted. 

[54, 104, 105] 

O75342 Arachidonate 12-
lipoxygenase, 

12R-type 
(ALOX12B)  

701 Restricted 
expression, 

including 
prostate 

cytoplasm [106, 107] 

Q96QA5 Gasdermin-A 
(GSDMA) 

445 Epididymis cytoplasm, 
likely to be 

extracellular 

[108] 
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C9JF17 Apolipoprotein D 
(APOD)  

189 Ubiquitous, 
found in 
prostate 
secretion 

extracellular 
or secreted 

region, 
found 

prostate 
cancer cells 

[54, 109, 110] 

P42357 Histidine 
ammonia-lyase 

(HAL) 

657 testis, 
epididymis and 

seminal 
vesicle 

cytosol [84] 
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