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Introduction 

To successfully deliver genetic and epigenetic informa- 

tion in the sperm to an embryo, the chromatin has to   be 

hyper-condensed to protect the paternal DNA and 

epigenome against various external factors (Oliva 2006; 

Carrell et al. 2007; Castillo et al. 2011). This is ensured 

by histone replacement with protamines by  sperm  DNA  

protamination   (Balhorn   2007).   Despite   this, a minute 

amount of histones retained in  the  sperm  head undergo 

various post-translational modifications (PTMs) (Rathke 

et al. 2014; Luense et al. 2016; 

 

Eelaminejad et al. 2017). In addition to sperm DNA 

methylation and non-coding RNA cargo, the histone 

code contributes to the epigenetic signature of the 

spermatozoon, to help regulate early post-fertilization 

events  and embryonic development (van der Heijden  et 

al. 2008; Hammoud et al. 2011; La Spina et al. 2014; 

Sharma et al. 2018; Schon et al. 2019). Chromatin 

remodeling during spermatogenesis is  quite  sensitive to 

environmental conditions, and exposure to oxidative 

stress is the most common explanation for decreased 

sperm quality, as determined by accessibility to DNA 

fragmentation or apoptosis (Tavalaee et al. 2009; Tunc 
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ABSTRACT 

Chromatin remodeling, including histone post-translational modifications, during spermatogen- 
esis can affect sperm quality and fertility, and epigenetic marks may therefore be useful for clinical 
evaluations of sperm. Together with histone hyperacetylation, the dimethylation of histone H3 on 
lysine K4 (H3K4me2) is also required during protamination. Accordingly, we evaluated the utiliza- 
tion of this epigenetic mark for the identification of sperm with decrease quality and immature 
chromatin. In this study, 99 semen samples, including 22 normozoospermic (N), 63 asthenozoos- 
permic (A), and 14 oligoasthenozoospermic (OA) samples, were comprehensively analyzed with 
respect to H3K4me2 levels, DNA damage (DNA fragmentation index, DFI), and sperm immaturity 
(high DNA stainability, %HDS), as determined by a sperm chromatin structure assay using flow 
cytometry. We detected a significant relationship between H3K4me2 and %HDS (r = 0.47;     p 
< 0.001). Furthermore, we observed negative correlations between H3K4me2 and sperm con- 
centration, motility, and mitochondrial activity (p < 0.05). The increase in immaturity as semen 
quality decreased (N > A > OA) indicates the importance of chromatin immaturity and histone 
code deviations in sperm evaluations. Using various approaches, our study elucidated H3K4me2 
as a molecular marker of sperm quality with potential use in reproductive medicine. 

Abbreviations: A: asthenozoospermic; AO: acridine orange; ART: assisted reproductive therapy; BWW: 
Biggers-Whitten Whittingham; DAPI: 4ʹ,6ʹ -diamidino-2-phenylindole; DFI: DNA fragmentation index; 
H3K4me2: dimethylation of lysine K4 on histones H3; HDS: high DNA stainability; HRP: horseradish 
peroxidase; MACS: magnetic-activated cell sorting; N: normospermic; NGS: normal goat serum; OA: 
oligoasthenozoospermic; PTM: post-translational modification; SCSA: sperm chromatin structure 
assay; SUTI: sperm ubiquitin tag assay; TBS-T: TBS with 0.5% Tween-20 

# 
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and Tremellen 2009; Bahreinian et al. 2015). 

Accordingly, aberrations in sperm chromatin, including 

histone PTMs, could be related to a decrease in sperm 

quality, defined by conventional semen parameters or 

mitochondria activity (Kiani-Esfahani et al. 2013). 

Although the physiological roles of several histone 

PTMs have been deciphered, a detailed understanding of 

epigenetic patterns in sperm is lacking (Aoki et al. 2005; 

Siklenka et al. 2015; Zhong et al. 2015; Pérez-  Cerezales 

et al. 2017). Therefore, investigations of the sperm 

chromatin histone code may lead to improve- ments in 

assisted reproductive therapy (ART). 

Dimethylation of lysine K4 on histones H3 

(H3K4me2) is well-studied in sperm and is a candidate 

fertility-related histone PTM for several reasons. i) 

Together with H4 hyperacetylation, H3K4me2 partici- 

pates in chromatin opening, required for histone- 

protamine exchange (Rathke et al. 2007). ii) The inci- 

dence of H3K4me2 is highest in the final stages of sper- 

miogenesis, coinciding with protamination and acrosome 

formation (Godmann et al. 2007). iii) H3K4me2 has been 

detected at the promoters of transcriptionally active 

housekeeping genes and genes indispensable for sperma- 

togenesis (Brykczynska et al. 2010), and an excess or lack 

of modification could be responsible for aberrant early 

embryogenesis (Aoshima et al. 2015). iv) Paternal 

H3K4me2 is involved in the regulation of gene expression 

during early embryonic development (Teperek et al. 

2016) and the loss of H3K4me2 is paternally inherited 

across generations (Siklenka et al. 2015). 

H3K4me2 has the potential to be a marker of sperm 

quality, with implications for improving ART. 

Therefore, we hypothesize that defects in chromatin 

integrity and pathological sperm quality are associated 

with an excess of H3K4me2 modification. 

 

Results and discussion 

To examine the role of H3K4me2 as an epigenetic marker 

of human sperm quality, we used sperm samples classified 

as normospermic (N), asthenozoospermic (A), and oli- 

goasthenozoospermic (OA) according to the WHO 

Table 2. Overview of sperm parameters according to the HDS. 

%HDS ≤ 15 (69) %HDS > 15 (30) p-value 

Age (years) 36 (32–39) 34.5 (31–39) 0.278 
Volume (ml) 3.30 (2.40–4.50) 3.00 (2.50–3.20) 0.101 
Concentration (mil/ml) 57.00 (29.00–86.00) 31.50 (18.00–70.00) 0.046 
Total motility 52.00 (42.00–65.00) 49.00 (33.00–61.00) 0.041 
Progressive motility 11.00 (5.00–24.00) 6.00 (0.00–16.00) 0.043 
MitoTracker+/YO-PRO1- (%) 61.00 (49.50–71.23) 52.45 (39.50–66.92) 0.067 
MitoTracker-/YO-PRO1+ (%) 19.29 (14.18–28.90) 23.33 (18.49–34.52) 0.180 
%DFI 11.59 (7.35–18.41)  13.45 (11.03–19.31) 0.124 

 
 

Values are expressed as medians (quartiles) and as significant are consid- 
ered differences at p < 0.05. HDS, High DNA stainability; DFI, DNA 
fragmentation index. Numbers of patients in the group with low and 
high HDS are indicated above each column. 

 

 
(World Health Organization 2010) and evaluated the fol- 

lowing semen parameters: age, volume, sperm concentra- 

tion, total and progressive motility, mitochondrial activity/ 

early apoptotic spermatozoa, and chromatin immaturity 

(expressed as %HDS). As expected, all sperm features other 

than volume differed significantly among groups (Table 1). 

These parameters also differed when samples were divided 

into those with low %HDS (HDS ≤ 15) and high %HDS 

(HDS > 15) (Table 2) according to Evenson (2011). The 

concentration of spermatozoa and sperm motility within the 

HDS < 15 – samples was greater. However, there were no 

significant differences in mitochondrial activity or, sur- 

prisingly, DNA damage (expressed as %DFI) between HDS 

groups, despite a significant correlation between HDS and 

DFI (r = 0.200 p = 0.047) (Table 3). 

Immature sperm in the ejaculate is usually  explained 

by the premature release of spermatids from seminiferous 

tubules in testes before they fully differentiate (Yeung  et 

al. 2007; Talebi et al. 2008; Elshal et al. 2009). Specific 

 
Table 3. Summary of Spearman’s rank correlations between % 
HDS and other sperm parameters.  

 

 %HDS p-value 

Age (years) −0.125 0.220 
Volume (ml) −0.072 0.480 
Concentration (mil/ml) −0.331 <0.001 
Total motility (%) −0.270 0.007 
Progressive motility (%) −0.310 0.002 
MitoTracker+/YO-PRO1- (%) −0.261 0.023 
MitoTracker-/YO-PRO1+ (%) 0.171 0.140 
%DFI 0.200 0.047 

Correlations are considered significant at p < 0.05. HDS, high DNA stain- 
ability index; DFI, DNA fragmentation index. 

 

Table 1. Overview of sperm parameters according to semen quality. 

 
 
Volume (ml) 

 
2.70 (2.10–3.40)a 

 
3.15 (2.50–4.20)a 

 
3.50 (2.40–5.10)a 

 
0.139 

Concentration (mil/ml) 84.00 (69.00–109.00)a 49.00 (29.00–78.00)b 7.00 (4.00–10.00)c <0.001 
Total motility (%) 66.00 (64.00–73.00)a 49.00 (37.00–56.00)b 42.00 (36.00–56.00)b <0.001 
Progressive motility (%) 37.50 (30.00–50.00)a 8.00 (3.00–14.00)b 0.00 (0.00–10.00)b <0.001 
% HDS 6.87 (3.98–10.09) a 10.43 (6.63–18.32)a 11.77 (5.52–30.38)a 0.044 
MitoTracker+/YO-PRO1- (%) 71.31 (63.65–84.33) a 53.94 (43.50–66.37) b 51.095 (38.95–57.94) b 0.001 

MitoTracker-/YO-PRO1+ (%) 14.05 (9.76–18.41) a 22.78 (17.18–30.89) b 24,17 (20.59–30.47) b 0.004 

Values are expressed as medians (quartiles). Different superscript letters within a row denote significant differences (p < 0.05). N, normozoospermic; A, asthenozoos- 
permic; OA, oligoasthenozoospermic; % HDS, high DNA stainability index. Numbers of patients in N, A, and OA groups are indicated above each column. 

N (22) A (63) OA (14) p-value 

Age (years) 34 (31–37)ab 36 (33–40)a 32.5 (31–37)b 0.037 
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Table 4. Summary of Spearman’s rank correlations between 
H3K4me2 and other sperm parameters.  

 

 H3K4me2 p-value 

Age (years) −0.120 0.261 
Volume (ml) 0.120 0.260 
Concentration (mil/ml) −0.570 <0.001 
Total motility (%) −0.093 0.374 
Progressive motility (%) −0.250 0.015 
MitoTracker+/YO-PRO1- (%) −0.175 0.140 
MitoTracker-/YO-PRO1+ (%) 0.010 0.410 
%DFI 0.162 0.120 
%HDS 0.470 <0.001 

Correlations are considered significant at p < 0.05. HDS, high DNA stain- 
ability index; DFI, DNA fragmentation index. 

 
 

treatments for testicular cancer can also increase the pre- 

sence of immature sperm (Maselli et al. 2012), and this 

may reconcile the residual histones and the abundance of 

PTMs in semen samples displaying chromatin immatur- 

ity. Various PTMs of canonical histones affect residual 

histones in sperm and have crucial roles with respect to 

several specific properties of the spermatozoon: the repla- 

cement of most core histones via protamination, tran- 

scriptional inactivity, and a haploid genome designed for 

fusion with oocytes. Therefore, the sperm histone code is 

an important determinant of sperm fertilization ability 

and the destiny of paternal chromatin in embryos 

(Nevoral and Sutovsky 2017). Moreover, the histone code 

is sensitive to the environment, which influences sperm 

quality via epigenetic mechanisms (Delbes et al. 2010; 

Jenkins et al. 2017; Gunes et al. 2018). Lysine (K) di- and 

trimethylation of sperm histones are frequent PTMs 

promoting gene silencing and chromatin protection (van 

der Heijden et al. 2006; Hammoud et al. 2009, 2011; 

Brykczynska et al. 2010; Siklenka et al. 2015). However, 

the degree of methylation of H3 on lysine K4 has greater 

effects (i.e., transcriptional repression or activation) than 

those of the methylation of other lysine residues. 

Consequently, H3K4me2 that is a coincident marker for 

transcription factor binding sites was used to evaluate 

human sperm physiology in this study (visualized in situ 

on Figure 1A). 

We   found   a   positive   association   between   the 

H3K4me2 level and sperm chromatin immaturity 

(%HDS) (r = 0.470; p < 0.001) (Table 3). Moreover, 

 
 

 
 

Figure 1. Representative images of the subcellular localization of H3K4me2 in sperm. A) Immunocytochemical localization of 

H3K4me2 and negative control. B) Difference in H3K4me2 abundance between high and low HDS samples, as determined by 
western blot densitometry, with an anti-alpha tubulin antibody as a loading control. The data are expressed as means, including 
min–max whiskers, and different superscripts indicate statistical significance (p < 0.05). HDS, high DNA stainability index. 
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there were significant differences between groups clas- 

sified by %HDS in H3K4me2 levels, as assessed by flow 

cytometry (Figure 2A,B,D). The specifity of the 

H3K4me2 antibody and its localization to the nucleus 

were confirmed by immunofluorescence and western 

blotting (Figure 1A,B). Increased dimethylated H3K4 

occurs in elongating spermatids undergoing nuclear 

protamination (Godmann et al. 2007), and the H3K4me2 

modification plays a role in chromatin open- ing, 

required for histone replacement by protamines (Rathke 

et al. 2007). Altogether, H3K4me2 in sperma- tozoa has 

clinical value and could be used to explain 

preimplantation failure after ART (Speyer et al. 2015), 

presumably due to the contribution on embryonic gene 

expression (Hammoud et al. 2009, 2011; Aoshima et al. 

2015). Furthermore, H3K4me2 levels were correlated 

with sperm concentration and motility (Table 4) and were 

significantly higher for OA and A samples than  for N 

samples (Figure 2C), emphasizing its value for sperm 

quality assessment and description. 

Many studies have found evidence for decreases in 

concentration and motility in spermatozoa with incom- plete 

protamination (Aoki et al. 2005; La Spina et al. 2014), 

consistent with our H3K4me2 results indicating significant 

correlations with sperm concentration, motility, and % 

HDS. A correlation was observed between incomplete 

chromatin condensation and sperm quality parameters, such 

as concentration, motility, and mitochondrial activity (Table 

3). Despite a lack of significant differences in %HDS 

between groups with different semen qualities (Figure 3), 

we detected a significant relationship (r = 0.232; p= 0.021) 

between increasing %HDS and decreasing semen quality (N 

> A > OA). Indeed, spermatozoa with high chromatin 

immaturity (%HDS) did not exhibit successful chromatin 

condensation and are more vulnerable to oxidative stress, 

DNA fragmentation, and apoptosis (Tunc and Tremellen 

2009; Bahreinian et al. 2015). However, even at levels of 

high %HDS, an increase in %DFI was not observed (similar 

to the results of our analysis of HDS groups), but a specific 

histones were concomitantly up-regulated (Maselli et al. 

 

 

 
 

Figure 2. Relationship between H3K4me2 labeling and semen quality or chromatin maturity. A) Representative images of H3K4me2 

histograms generated by flow cytometry, including a normospermic sample with HDS ≤ 15; B) and a sample with pathological 
semen quality and HDS > 15. C) Comparison of H3K4me2 fluorescence intensity between normozoospermic (N), asthenozoospermic 
(A), and oligoasthenozoospermic (OA) samples; D) and between samples with HDS ≤ 15 and HDS > 15. The data are expressed as 
medians and appropriate quartiles, and different superscripts indicate statistical significance (p < 0.05). HDS, high DNA stainability 
index; DFI, DNA fragmentation index. 
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Figure 3. Relationship between semen quality and DNA fragmentation or chromatin maturity measured by SCSA. A) Representative 
histograms and scatter diagrams of the SCSA results for samples with HDS ≤ 15; B) and HDS > 15; C) Comparison of %DFI; D) and % 
HDS between normozoospermic (N), asthenozoospermic (A), and oligoasthenozoospermic (OA) samples. The data are expressed as 
medians and appropriate quartiles, and different superscripts indicate statistical significance (p < 0.05). HDS, high DNA stainability 
index; DFI, DNA fragmentation index. 

 
 

2012). This suggests that, H3K4me2 may be a better indi- 

cator than %HDS. 

Previous studies have shown that incomplete pro- 

tamination, the protamine ratio, and PTMs of residual 

histones are reliable prognostic markers for ART suc- 

cess and embryo  quality  (Carrell  et  al.  1999;  Aoki  et  

al.  2005;  Nasr-Esfahani  et  al.  2007;  de  Mateo    et al. 

2009; Simon et al. 2011).  We  performed  the  first 

comparative analysis of variation in H3K4me2 among 

semen samples classified by  pathological semen quality. 

H3K4me2 reflects sperm histone code quality as well as 

protamine features and is advanta- geous for the 

assessment of sperm. H3K4me2 levels  can partially 

reflect persisting H3 histones  and a shift  in the 

protamine-histone ratio in incompletely prota- minated 

sperm heads (Hamad et al. 2014) but the distribution of 

H3K4me2 did not show an identical pattern to that of H3 

in sperm heads (van der Heijden   et al. 2008). Moreover, 

our investigation did not reveal strict dependency of the 

H3K4me2 level to total his- tone H3 (own unpublished 

data). 

In general, deviations in the sperm histone  code  have 

been associated with sperm incompetency and decreased 

fertility (Gunes et al. 2016; Kutchy et al. 2017; 

Rogenhofer et al. 2017; Schon et al. 2019). The 

heritability (Jenkins and Carrell 2011; Aoshima et al. 

2015; Colaco and Sakkas 2018) of sperm epigenetic 

marks emphasizes the significance of the H3K4me2 label 

as an marker of sperm quality. Further studies of the 

sperm epigenome can improve our  understanding of 

sperm function, explain cases of idiopathic infertility, 

and improve sperm selection for ART protocols (Castillo 

et al. 2011; Siklenka et al. 2015; Gunes et al. 2016; 

Bracke et al. 2018). For routine usage, studies of 

epigenetic marks, selectable sperm labels, and appro- 

priate combinations with noninvasive sperm selection 

approaches are needed (Ozanon et al. 2005; Štiavnická 

et al. 2017). Thus, we expect H3K4me2 may become part 

of a sperm quality indicator together with pre- viously 

established noninvasive methods for sperm selection, 

such as SUTI (sperm ubiquitin tag assay) or MACS 

(magnetic-activated cell sorting) (Ozanon et al. 
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2005; Nasr-Esfahani et al. 2012). Moreover, Raman 

spectroscopy has potential as a  noninvasive  method  for 

sperm selection with the ability to distinguish epi- genetic 

differences (Poplineau et al. 2011). 

By combining three different methods of evaluation, 

the study supports H3K4me2 as an indicator of aber- 

rant histone-protamine exchange, resulting in improper 

chromatin condensation. This would also be reflected 

in the distribution and amount of residual histones and 

PTMs. Thus, the impact of H3K4me2 on ART success 

should be assessed as compared to the intragenomic 

H3K4me2 distribution among spermatozoa with differ- 

ent grades of chromatin maturity. 

 

Materials and methods 

Materials 

 
Chemicals were purchased from Sigma-Aldrich (St. Louis, 

MO, USA), unless otherwise stated. 

 
Sperm samples 

Human ejaculate samples were obtained after obtaining 

written consent at the ART center Genetika Pilsen Ltd. 

(Pilsen, Czech Republic). All subjects were strictly 

anonymous to the research team. The study was approved 

by the Ethics committee of Charles University, Faculty 

of Medicine in Pilsen (238/2016). 

Twenty-two sperm samples from healthy donors 

(normozoospermic, N) and  77  samples  from  men with 

pathological semen quality, including 63 present- ing 

with asthenozoospermia (A; progressive motility below 

32%) and 14 with oligoasthenozoospermia (OA, 

concentration below 15 mil/ml and progressive motility 

under 32%), were assessed. The evaluations of semen 

concentration, motility, and classification according 

semen quality were performed in compliance with WHO 

standards (2010). 

 

Mitochondrial membrane potential and early 

apoptotic spermatozoa 

For the detection of mitochondrial activity and early 

apoptosis, sperm samples were incubated with 100 nM 

MitoTracker Deep Red (Thermo Fisher Scientific, 

Waltham, MA, USA) and 50 nM YO-PRO1 (Thermo 

Fisher Scientific) in Biggers-Whitten Whittingham 

medium (BWW) (Biggers et al. 1971) for 30 min at room 

temperature in the dark. Acquisition was per- formed 

using a FACSVerse Flow Cytometer (Becton Dickinson, 

San Diego, CA, USA) containing BD FACSuite software 

(Becton Dickinson). Cells were run through the 

instrument at 150 to 300 cells/s and data were collected 

from 5000 cells. Excitation was 

performed with a 488-nm laser, except  for  MitoTracker 

Deep Red, which was excited at 640 nm. YO-PRO1 

green fluorescence was detected with a 537/ 32BP filter 

and MitoTracker Deep Red was detected with a 

586/42BP filter. MitoTracker+/YO-PRO1- sper- 

matozoa were considered viable with active mitochon- 

dria, and MitoTracker-/YO-PRO1+ were identified as 

early apoptotic spermatozoa with non-functional mito- 

chondria. Flow cytometry data were analyzed using 

WEASEL Ver. 3 (WEHI, Melbourne, Australia). 

 
Sperm chromatin structure assay (SCSA) 

A sperm chromatin structure assay was performed 

according to the protocol described by Evenson and Jost 

(2000). This technique is based on the vulnerability of 

sperm DNA to acid-induced denaturation in situ and 

subsequent metachromatic staining with acridine orange 

(AO). The DNA fragmentation index (%DFI) and high 

DNA stainability (%HDS), indicators of chromatin 

immaturity (i.e., protamination completeness), were 

assessed. The samples were evaluated using the 

FACSVerse Flow Cytometer controlled with BD 

FACSuite. Data were collected from 5000 events. 

Excitation of acridine orange was performed with a blue 

laser (488 nm); red fluorescence was detected with a 700/ 

54BP filter and green fluorescence  was detected with    a 

537/32BP filter. Each sample was run twice and data 

were analyzed using WEASEL Ver. 3 (WEHI). 

 

Western     blot     analysis     of     H3K4me2 

Based on the SCSA results, samples with %HDS ≤ 15 and % 

HDS > 15 (Evenson 2011) were compared with respect to 

H3K4me2 levels by western blotting. Samples were washed 

twice with PBS and subsequently dissolved in lysis buffer 

(7 M urea, 2  M thiourea, 4% CHAPS,  120  mM  DTT, 

40 mM TRIS base) for 30 min on ice. Pooled samples 

from five patients were prepared and solubilized with the 

Laemmli buffer (0.003% Triton-X-100 and 0.001% SDS), 

enriched with Complete Mini Protease Inhibitor Cocktail 

(Roche, Basel, Switzerland). Thereafter, samples were 

boiled and subjected to SDS-PAGE on 12.5% separating 

gels and blotted using the Trans-Blot Turbo Transfer 

System (BioRad Laboratories, Steenvoorde, France) onto  

a PVDF membrane (GE Healthcare Life Sciences, 

Amersham, UK). Approximately 10 million spermatozoa 

were loaded for each line. Then, the membrane was 

blocked in 1% BSA in TBS with 0.5% Tween-20 (TBS-T) 

for 60 min at room temperature. H3K4me2 was detected 

by rabbit polyclonal anti-H3K4me2 (1:1.000, Abcam, 

Cambridge, UK), overnight at 4°C. Mouse polyclonal anti- 

body against α-tubulin was used as a loading control 

(1:1.000, Sigma-Aldrich). Horseradish peroxidase (HRP)- 

conjugated secondary antibodies, goat anti-mouse, or anti- 
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rabbit IgG (1:15.000; Invitrogen, Waltham, MA, USA), 

were applied. Target proteins were visualized using ECL 

Select Western Blotting Detection Reagent (GE Healthcare 

Life Sciences, Amersham, UK) and the ChemiDoc MP 

System (Bio-Rad). Densitometry analysis was performed 

using Image Lab 6.0.1 software (Biorad). 

 
Immunolocalization of H3K4me2 

Sperm samples were washed with PBS, placed on micro- 

scope slides, and allowed to dry. The spermatozoa on the 

slides were fixed with 4% paraformaldehyde for 15 min 

and washed with PBS. They were then permeabilized with 

0.5% Triton X-100 and blocked with a solution of 5% 

normal goat serum (NGS) and 0.1% TritonX-100 in PBS 

for 60 min at room temperature. Subsequently, the sper- 

matozoa were incubated with a rabbit polyclonal anti- 

H3K4me2 antibody (1:100; Abcam) for 60 min at room 

temperature, washed twice with PBS, and incubated with 

AlexaFluor 488-conjugated goat anti-rabbit secondary 

antibody (1:200). For negative controls, non-immune rab- 

bit serum with comparable globulin concentrations was 

used instead of primary antibodies and processed in the 

same way. Finally, sperm samples were washed twice and 

mounted onto slides in VectaShield medium with 4ʹ6’- 

diamidino-2-phenylindole (DAPI; Vector Laboratories 

Inc., Burlingame, CA, USA). Images were acquired using 

a 125 spinning disk confocal microscope, Olympus IX83 

(Dusseldorf, Germany) and VisiView® (Visitron Systems 

GmbH, Puchheim, Germany). 

 

H3K4me2 detection by flow cytometry 

For H3K4me2 detection, sample preparation and histone 

analysis by flow cytometry were performed according to the 

methods of Li et al. (2006). For the detection of H3K4me2, 

a polyclonal rabbit anti-H3K4me2 antibody (1:100) and 

Alexa Fluor 488-conjugated goat anti-rabbit secondary 

antibody (1:200; Abcam) were used. Acquisition was 

performed using the FACSVerse Flow Cytometer and BD 

FACSuite. Data  were  collected  from  5000  events.  A blue 

laser (488 nm) was used and fluorescence signals were 

collected using the 537/32BP filter for the excitation of Alexa 

Fluor 488. An isotype control was evaluated for each sample, 

and mean fluorescence intensity was measured using the 

sample and isotype control. Data were analyzed using 

WEASEL Ver. 3 (WEHI), and the final value for 

H3K4me2 fluorescence intensity was obtained after sub- 

tracting the mean fluorescence intensity of the isotype 

control from the signal of the sample. 

 
Statistical analysis 

Data from all analyses are expressed as the medians with 

appropriate quantiles and were processed using Statistica 

Cz 12 (StatSoft, Tulsa, OK, USA). Data were significantly 

non-normally distributed (according to Shapiro-Wilk 

tests); accordingly, nonparametric methods were used. 

Kruskal–Wallis ANOVA (for quantitative variables) was 

applied for the comparison of all parameters between 

patient groups with different semen quality. In the case of 

significant overall findings, pairwise differences between 

groups were assessed by post-hoc multiple com- parisons 

of mean ranks according to Siegel and Castellan (1988), 

Mann–Whitney U tests, and a Bonferroni adjust- ment for 

multiple testing. 

In addition, selected parameters were subjected to 

Spearman’s rank correlation test. The level of statistical 

significance was set to p < 0.05, and two-tailed p-values 

are indicated. 
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Background: Bisphenol S (BPS) is increasingly used as a replacement for bisphenol A in the manufacture of 

reproduction in male mice. 

 

desorption ionisation time-of-flight MS (MALDI-TOF MS). 

Results: The results indicate that compared to vehicle, 100 μg/kg/day exposure (BPS3) leads to 1) significant 

histopathology in testicular tissue; and, 2) higher levels of the histone protein γH2AX, a reliable marker of DNA 

times lower than what has been published so far. 

Conclusions: In summary, this range of qualitative and quantitative findings in young male mice raise the 

sperm proteins. 
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Introduction 

Bisphenol A (BPA) is well-documented as an endocrine 

disruptor with detrimental effects  on  reproduction  [1]; as 

a result of increasing scrutiny of BPA, there is a broad 

interest in substitution of alternative bisphenols for human 

consumption. The most common alternative bisphenol, 

Bisphenol S (BPS), includes a sulfone group (SO2) in place 

of the dimethylmethylene group [C (CH3)2] in BPA [2]. 

BPS has shown a range of deleteri- ous effects following 

oral ingestion, inhalation or dermal absorption [3], with the 

most common  route  of  intake for humans being exposure 

through contaminated water and food at relatively low 

doses [4]. To date, however, there have been only limited 

experimental studies of the possible harmfulness of low 

BPS doses. 

Previous studies of BPS in male rats have reported a 

range of deleterious effects on hormonal balance, reduced 

germinal epithelium of seminiferous tubules and increased 

generation of reactive oxygen species [5, 6]. Recent studies 

have reported BPS induces epigenetic changes, including 

alterations in the histone code in oocytes, increased DNA 

methylation in mouse spermatocytes and changes to tran- 

scriptome and proteome of cells in testicular tissue and 

many other cells types [7–10]. Collectively, these findings 

suggest BPS may disrupt male reproductive functions 

through post-translational modifications (PTMs) of nucleic 

acids and proteins [1, 11, 12] and regulation of 

transcriptionally silenced spermatozoa [13]. In particular, 

lysine acetylation and tyrosine phosphorylation of sperm 

proteins regulate spermatogenesis and sperm capacitation 

[14–16]. Based on these studies, it is possible that low 

doses of BPS could modulate male reproduction through 

PTMs of protein and nucleic acid structure. BPS is classi- 

fied as an endocrine disruptor and its dose-response is more 

likely to be nonmonotonic, hence, very-low doses may be 

more effective than high doses. Therefore, we have chosen 

wide range of much lower BPS doses than was published 

before [5, 6]. Using a wide range of low- and very-low 

doses BPS administered in drinking water for 8 weeks to 

young adult male mice, we want to determine the effect of 

BPS doses form the environment. Our find- ings provide 

one of the first indications that low doses of BPS regulate 

PTMs of spermatozoa and lead to possible negative effects 

on male reproduction. 

 

Material and methods 

All chemicals, including BPS (CAS: 80–09-1, cat. No. 

103039) were purchased from Sigma-Aldrich (USA), un- 

less stated otherwise. 

 
Animals 

All animal procedures were done in accordance with the 

Protection of Animals against Cruelty (Act No. 246/  1992) 

under the supervision of the Animal Welfare 

Advisory Committee at the Ministry of Education, Youth, 

and Sports of the Czech Republic. Adult 7-week-old ICR 

male mice were purchased from Velaz Ltd. (Prague, Czech 

Republic), housed in standard cages in groups of 3 and 

maintained in a 12/12-h light/dark cycle at 21 ± 1 °C with 

a relative humidity of 60%. Bisphenol contamination was 

reduced using intact polysulfonate cages and glass drink- 

ing bottles. Mice were maintained on a phytoestrogen-free 

diet (1814P Altromin, Altromin Specialfutter GmbH & 

Co., Germany) with ultrapure water available ad libitum. 

 
BPS dosage and sample collection 

Mice were randomized into four experimental  groups  and 

allowed to adapt for 1 week. Vehicle control (0.1% ethanol; 

VC) and BPS for three treatment groups were administered 

through drinking water at final concentra- tions of 0, 

0.0038, 3.8, and 380 μg/L, respectively, for 8 weeks (8–16 

weeks of age). The following dosages were presumed [0, 

0.001, 1, and 100 μg/kg body weight (bw)/ day] with actual 

exposure estimated based on the know- ledge of recorded 

body weight and water intake as previ- ously reported [17]. 

A wide range of doses and the route of exposure have been 

chosen appropriate to the real human exposure; doses of 

experimental animals through the drinking water have been 

used with respect to the welfare of animals. Hereafter, 

experimental groups will  be stated as BPS1, BPS2 and 

BPS3. 

Nine mice per group were included in three individual 

independent experiments (n = 36). Animal weights were 

recorded at the end of the experiments mice euthanised by 

cervical dislocation. Blood samples were collected by 

cardiac puncture, and serum was stored at − 80 °C until 

hormonal assay performance. Left and right testes were 

collected, weighed, and processed for histology and pro- 

teomics, respectively. 

 
Sperm isolation and assessment 

From the mice described above, the cauda epididymidis 

was dissected in 0.5 mL Whitten’s  medium  (Suppl. Table 

S1), and sperm  were  allowed  to  swim  out  for  30 min. 

Thereafter, sperm concentration and motility were 

evaluated using Makler chamber and light microscope 

(Olympus CKX 41;  Germany)  equipped with a 10× 

objective  (CAchN  NA  0.25).  10 μl  of sperm suspension 

was pipette to the Makler chamber, thereafter spermatozoa 

were  counted  in  3  lines,  each of 10 squares  and  divide  

by  3  to  obtain  average sperm concentration in million per 

milliliter. Simul- taneously, each spermatozoon across the 

counted area  was identified either as motile or immotile.  

Accord- ingly, the sperm motility was expressed as the 

ratio of motile to immotile spermatozoa. The analysis was 

performed blindly to avoid bias. 
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Hormonal profiling 

Blood serum samples in three independent experiments (n 

= 5 mice per group) were assayed with Immunobeads 

Milliplex MAP kit (HPTP1MAG-66 K, MSHMAG-21 K; 

Merck Millipore, USA) for the following hormone levels: 

adrenocorticotropic hormone, follicle-stimulating hormone, 

growth hormone, luteinising hormone, thyroid-stimulating 

hormone, cortisol, progesterone, testosterone, triiodothyr- 

onine, and thyroxine. 

 
Quantitative and qualitative analyses of testes 

One testis from each  animal (n = 9 per group) was fixed in 

Bouin solution, embedded in paraffin wax with random 

orientation, and sectioned completely into 10- μm-thick 

slides. The total testis volume, total germ epi- thelium 

volume, and interstitium volume were estimated according 

to the Cavalieri principle [18]. The fractions    of 

spermatogenesis (pre-spermiation stages I–VI; middle 

spermiation stages VII–VIII; post-spermiation stages IX–

XII) were  found  using  the  point  grid  approach [19, 20]. 

To determine the  precision  and  accuracy  of  the 

stereological analysis, the coefficient of error was 

estimated (Suppl. Tab. S2) [18]. Qualitative analysis of 

seminiferous tubes was performed according to the 

methods described by the Society of Toxicologic Pathology 

[21, 22] to assess the following abnormalities: missing 

germ cell layers and germ cell depletion, retained 

spermatids (spermiation failure), multinucleate and apop- 

totic germ cells, and exfoliation of spermatogenic cells into 

the lumen. At least 100 seminiferous tubules were 

evaluated blind to treatment group for each testicular cross 

section. The quantitative assessment was performed on a 

Nikon Eclipse Ti-U microscope (Nikon, Japan) equipped 

with a motorised stage (Prior, UK) using a 10× objective 

(Plan Fluor, NA 0.3) and Stereologer 11 software (SRC, 

Biosciences Tampa, FL, USA) for histopathological 

evaluation was performed using a 40× objective (UPlanFl, 

NA 0.75). 

 
Western blot 

Testicular tissue and sperm were dissolved in lysis buffer 

(40 mM Tris base, 7 M urea, 2 M thiourea, 4% CHAPS, 

120 mM dithiothreitol), enriched with Complete Mini 

Protease Inhibitor Cocktail (Roche, Switzerland), for 30 

min on ice. Sperm samples of three individuals belong- ing 

to the same experimental group were pooled. There- after, 

samples were subjected to sodium dodecyl sulfate 

polyacrylamide gel electrophoresis on 4–15% separating 

Mini-PROTEAN precast gels and blotted using a Trans- 

Blot Turbo Transfer System onto polyvinylidene difluor- 

ide membranes (Bio-Rad Laboratories, France). The 

membranes were blocked in 1% bovine serum albumin  in 

TBS with 0.5% Tween-20 for 60 min at room temperature 

and incubated overnight at 4 °C with 

 

primary antibodies diluted in blocking buffer. The following 

primary antibodies were used: anti-acetyl lysine antibodies 

(cat. no. ab80178; Abcam, UK), anti-phospho-tyrosine anti- 

bodies (cat. no. ab10321; Abcam), anti-acetylated α-tubulin 

antibodies, and anti-γH2AX antibodies. Mouse monoclonal 

anti-α-tubulin antibodies (cat. no. T6199; Sigma, St. Louis, 

MO, USA) and rabbit monoclonal anti-histone H3 

antibodies (cat. no. D1H2; Cell Signaling Technology, 

Danvers, MA, USA) were used as the loading control  for 

γH2AX and acetylated α-tubulin, respectively. 

Horseradish peroxidase-conjugated secondary anti- 

bodies (goat anti-mouse or anti-rabbit IgG; dilution: 1: 

15,000; Invitrogen, Carlsbad, CA, USA) were applied for 

60 min at 22 °C. Target proteins were visualised using 

ECL Select Western Blotting Detection Reagent (GE 

Healthcare Life Sciences, UK) and a ChemiDoc MP 

System (Bio-Rad). Alternatively, proteins were visua- lised 

using a colorimetric Opti-4CN substrate kit (Bio-Rad), 

followed by matrix-assisted laser desorption ionisation time-

of-flight (MALDI-TOF) mass spectrometry (MS) for peptide 

detection in the dissected bands. 

 
Proteome profiling 

Testis lysates from animals in the experimental groups 

were collected for complete proteomic analysis. Nano- 

liquid chromatography-MS (nano-LC-MS) was used for 

protein identification and quantification, as described 

previously [7]. The acetylome and phosphorylome were 

analysed separately. 

 
Statistics 

The data were processed with GraphPad Prism 8 (GraphPad 

Software Inc., San Diego, CA, USA). Based on Shapiro-

Wilk normality distribution tests, analysis of variance 

(ANOVA) and Kruskal-Wallis tests were used for normally 

and non-normally distributed data. In cases of significant 

overall findings, differences between indi- vidual group 

pairs were assessed by Tukey’s and Dunn’s post-hoc tests, 

respectively. Results with P less than 0.05 were considered 

statistically significant. Normally and non-normally 

distributed data were expressed as means and medians, 

respectively. 

 

Results 

Hormonal profiles and sperm features of BPS-treated 

males 

At the end of 8-week exposure to actual doses of BPS, the 

body and testes weights were recorded and relative testes 

weights  (mg/g  bw)  were  determined.  There  were no 

differences between the experimental  groups  and the 

vehicle control (Table 1). Hormonal assays showed no 

significant differences in plasma hormone levels between 

the BPS-treated and vehicle control groups (Suppl. Table 

S3). Moreover, the spermatozoa 
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Table 1 Characteristics of experimental animals 

 VC BPS1 BPS2 BPS3 

Weight of mouse body (g) 41,82 ± 0,72a,b 42,44 ± 0,77a,b 45,24 ± 1,36a 41,31 ± 1b 

Relative weight of testes (mg/g of bw) 12,81 ± 0,30 12,76 ± 0,15 10,87 ± 0,37 11,03 ± 0,17 

Body and relative testis weights are shown as means ± SEM of animals included in the study (n = 9 per experimental group). One-way ANOVA was followed by 

Tukey’s multiple comparison tests. Different letters in the same row indicate significant differences (p < 0.05). VC vehicle control, BPS1–3 increasing doses of 

bisphenol S 

 

count was not affected by BPS exposure (Fig. 1a), al- 

though treatment with 0.001 μg/kg bw BPS1 decreased the 

portion of motile spermatozoa (Fig. 1b). 

 
Higher BPS exposure induced abnormal testicular 

histopathology 

Histological assessment was performed to evaluate the im- 

pact of actual BPS doses on testicular tissues. Stereological 

analysis showed no differences between groups in terms of 

testis volume, germinal epithelium volume (Fig. 2a, b), 

interstitium volume, germ layer volume fraction, and in- 

terstitium volume fraction. To investigate the effects of 

BPS treatments on spermatogenesis, individual stages of 

the seminiferous epithelium were identified and no differ- 

ences between experimental groups were found (Fig. 2c, 

c’). Histopathological analysis of testicular tissues from 

BPS-exposed male mice showed an increased incidence of 

abnormalities in mice treated with the highest BPS dose 

(BPS3; Fig. 2d). In addition to vacuolisation of germ layer 

cells and enlarged multi-nuclear germ cells, the atypical 

residual bodies demonstrated the effects of BPS3 on tes- 

ticular tissues (Fig. 2d–g). There were fewer mature 

spermatozoa in the germ layer in the BPS2 experimental 

group (Fig. 2h). Representative images of individual histo- 

pathologies are shown (Fig. 2d’–h’). 

 
Proteomic analysis of testicular tissue 

Based on the different modes of action of BPS at various 

doses, whole-proteome profiling of testicular tissues was 

performed. In total, 3044 proteins were detected. Unique 

protein expression in the control  and  BPS-treated  groups 

is shown in the Venn diagram in Fig. 3a. How- ever, after 

quantification of the levels of 1886 proteins, followed by 

subsequent principle component analysis (PCA), no 

distinct clusters of mice (n = 24) from individ- ual groups 

were observed, thus indicating a lack of a consistent 

proteome pattern (Fig. 3b). In  addition  to  total protein 

analysis, acetylated (n = 15) and phosphory- lated (n = 26) 

peptides were quantified (Fig. 3c, d), and no significant 

differences were observed. Moreover, the deleterious 

effects of BPS3 were elucidated using anti- bodies against 

the phosphorylated form of H2AX (γH2AX) to label DNA 

double-stranded breaks; γH2AX is a representative PTM 

that can be used to  identify DNA damage and cellular 

stress. Consistent with the increased incidence of 

abnormalities in seminiferous tubules in the BPS3 group, 

we observed an increase in   the γH2AX signal as well (Fig. 

3e). 

 
 

Lower BPS exposure changed the post-translational 

quality of sperm proteins 

In accordance with whole-proteome analysis of BPS- 

treated testes, analyses of the sperm acetylome and 

phosphorylome were performed using western blotting and 

MALDI-TOF MS. Because of the low protein amounts in 

sperm lysate extracts, sperm samples from three individuals 

belonging to the same experimental group were pooled, and 

three independent experiments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

BPS1–3: increasing doses of bisphenol S 
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were performed. After loading equal amounts of protein 

per well, we found that the acetylation of proteins with 

molecular weights of approximately 37, 40, and 50 kDa 

were affected by treatment with BPS1 (Fig. 4a, b). More- 

over, BPS1 also modified the phosphorylation of sperm 

proteins (37, 40, 85, and 100 kDa; Fig. 4c, d, d’). Candi- 

date acetylated and phosphorylated proteins are sum- 

marised in Fig. 4 (e, f), and the results indicated the 

involvement of housekeeping proteins (ATP synthase 

subunit, hexokinase-1) and enzymes (DNA repair pro- 

tein, E3 ubiquitin-protein ligase). In accordance with 

previous findings, demonstrating that BPS1 suppressed 

sperm motility, cytoskeletal factors (i.e., tubulin chains, 

actin; Fig. 4e) seems to be underwent to acetylation. 

Therefore, an antibody against acetylated α-tubulin 

(acTubulin) was used for a verification of tubulin as a 

candidate BPS target. 

Next, we evaluated the densitometry of bands repre- 

senting acetylated tubulin after treatment  with  BPS1  (Fig. 

4g). Decreased tubulin acetylation was observed; however, 

the difference was not statistically significant, suggesting 

that other targets (such as ATP synthase and actin) may be 

related to sperm motility. 

 

Discussion 

Male reproduction involves sensitive machinery, which 

is required for spermatozoon development and can be 

affected by exposure to various environmental stimuli. 

Because mature spermatozoa have been transcriptionally 

silenced, changes in PTMs can regulate protein activity 

and modify other crucial biomolecules. Indeed, lysine 

acetylation and phosphorylation have been shown to be 

indispensable for the proper function of sperm [14, 15]. 

Our findings suggested that PTMs may be affected by 

pollutants from the environment. In our study, we simu- 

lated the exposure of adult males to BPS, a common 

endocrine disruptor, at  very  low  doses  (~ 0.001  and 1 

μg/kg bw/day). Moreover, we chose ~ 100 μg/kg bw, 

which has been suggested to induce reproductive tox- 

icity [3, 5]. The 8-week exposure covered the whole dur- 

ation of spermatogenesis; therefore, we assumed that the 

sperm quality and testicular tissues would be affected at 

the tissue/cell and proteome levels. We also evaluated 

the effects of endocrine disruption on post-translational 

modifications of testicular/sperm proteins in accordance 

with our hypothesis of the “post-translational effect” of 

very low doses of these agents. 

Recent studies have demonstrated that bisphenols alter 

steroid signalling pathways, having negative effects on 

male and female reproduction. Our observations did not 

reveal hormonal changes, even after higher BPS expos- 

ure, whereas comparable doses were found to be effect- ive 

in rats [6]. However, earlier results showing that endocrine 

disruptors lead to hormonal imbalances 

(μm3); and (c, c’) stage of spermatogenesis (%) were recorded. 
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Fig. 3 (See legend on next page.) 
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Fig. 4 Sperm acetylome and phosphorylome analyses. (a) Acetylated sperm proteins (acetylated lysine) with major bands. (b) Densitometric 

analysis of the ratio of candidate bands. (c) Phosphorylated sperm proteins (phosphorylated tyrosine) with major bands. (d) Densitometric analysis 

of the ratio of 100- to 85-kDa bands. (d’) The ratio of 37–40-kDa (moderate) to 85–100-kDa (high) molecular weight bands. Differential counting 

was expressed as means (ranges) of three independent experiments. Differences were tested by two-way ANOVA, followed by Tukey’s multiple 

comparison test, and asterisks indicate statistical significance *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. (e) Candidate acetylated and (f) 

phosphorylated proteins from individual bands were evaluated using MALDI-TOF MS-based peptide detection. Analysed sperm samples represent 

a pool of three animals per experimental group from three independent replicates. (g) Densitometric analysis of acetylated tubulin from BPS1- 

treated sperm. VC: vehicle control, BPS1–3: increasing doses of bisphenol S 

(See figure on previous page.) 

Fig. 3 Proteomic analysis of testicular tissues. (a) Venn diagram of total described testicular proteins in mice (n = 4) after various treatments in 

different experimental groups. (b) Projection of 24 experimental mice into the space of first three principal components according to PCA; 

phosphorylated testicular proteins. (e) Analysis of γH2AX; band signals were normalized to α-tubulin and related to the vehicle control as the 

control, BPS1–3: increasing doses of bisphenol S 
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should be revised because alternative mechanisms of 

hormone-derived actions have been noted. For example, 

oestrogen-like action results in carcinogenesis [23], and 

changes in the distributions of oestrogen receptors and 

androgen-converting enzyme aromatase have been re- 

ported [24]. Endocrine disruptors have also been shown to 

modulate downstream signalling of activated G protein-

coupled oestrogen receptors [25].  It  is  difficult to identify 

bisphenol-affected mechanisms after systemic exposure; 

therefore, cellular and molecular markers are appropriate 

for assessment of the risk of bisphenol ex- posure. Based 

on our findings, we speculate that differ- ent doses of BPS 

may have different effects.  For example, whereas 

extremely low doses (BPS1: ~ 0.001 μg BPS/kg bw) 

affected sperm motility, higher BPS doses (BPS3: ~ 100 

μg/kg bw) showed significant effects on tes- ticular tissues. 

Surprisingly, moderate doses of BPS (BPS2: equal to daily 

intake of approx. 0.1 μg/kg bw) did not show any effects on 

spermiogram recording and histological assessment. This 

finding was consistent with the phenomenon of nonlinear 

effects [26], with the low- est dose of BPS (BPS1) inducing 

motility failure rather compared with the other BPS doses. 

Therefore, prote- ome profiling was used to test a wide 

range of BPS doses and characterise the dose-dependent 

mode of action. 

Because of the lack of effect of BPS on the whole 

proteome of testicular tissues, protein acetylation and 

phosphorylation were chosen for further analysis. Al- 

though no significant effects were observed in terms of 

acetylation and phosphorylation of the detected peptides, 

γH2AX, a mark of DNA damage, was increased in BPS3 

testicular tissues, demonstrating the increased occur- rence 

of abnormalities. In sperm lysates, protein acetyl- ation and 

phosphorylation were detected using specific antibodies 

against acetylated lysine and phosphorylated tyrosine. The 

choice of PTMs was consistent with the earlier described 

biological role of both PTMs in sperm capacitation and 

fertilisation ability [14, 27]. Indeed, al- tered levels of 

acetylated and phosphorylated proteins were observed after 

exposure to very-low-dose BPS (BPS1). This finding was 

presumably associated with de- creased motility, resulting 

in detection of candidate pro- teins. We can assume  that 

differentially acetylated and/  or phosphorylated may be 

responsible for motility fail- ure, in accordance with the 

significance of PTMs  in  major proteins, including  

phospho-hexokinase-1  [28] and phospho-outer dense fibre 

protein-2 [29]. Decreased phospho-tyrosine signals at 100 

kDa suggest a lack of hexokinase-1 activity, which is 

associated with male in- fertility [30]. Our findings 

supported the mechanism of action of BPA described 

previously through fertility- related proteins, including 

protein phosphorylation [31]. Our study suggested that in 

addition to phosphorylation, bisphenols altered other 

PTMs, particularly protein 

 

acetylation. However, western blot analysis using anti- 

acetylated tubulin did not show any decrease, as ex- pected, 

and other protein targets for acetylation were considered, 

including ATP synthase and actin, both of which are 

involved in sperm motility [32, 33]. 

 
Conclusion 

In conclusion, these studies are among the first to raise the 

possibility that low and very low doses of BPS may have a 

deleterious effect on sperm quality in mammals. Since 

human BPS exposure is much lower (0.004 μg/kg bw/day) 

than is commonly tested [34], our findings sug- gest that 

post-translational effects could play a role in idiopathic 

infertility. Furthermore, this work  supports  the view that 

substitution of BPS for BPA may be inad- equate for 

elimination of the negative effects of these agents on public 

health. Further biomonitoring and test- ing of molecular 

targets of BPS could be relevant for ac- curate risk 

assessment and elimination of its potential negative impact 

on male fertility. 
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Abstract 17 

Persulfidation contributes to a group of redox post-translational modifications (PTMs), which arise 18 

exclusively on the sulfhydryl group of cysteine as a result of hydrogen sulfide (H2S) action. Redox-19 

active molecules, including H2S, contribute to sperm development; therefore, redox PTMs represent 20 

an extremely important signalling pathway in sperm life. In this path, persulfidation prevents protein 21 

damage caused by irreversible cysteine hyperoxidation and thus maintains this signalling pathway. In 22 

our study, we detected both H2S and its production by all H2S-releasing enzymes (cystathionine γ-lyase 23 

(CTH), cystathionine β-synthase (CBS), and 3-mercaptopyruvate sulfurtransferase (MPST)) in male 24 

reproduction, including spermatozoa. We provided evidence that sperm H2S leads to persulfidation of 25 

proteins, such as glyceraldehyde-3-phosphate dehydrogenase, tubulin, and anchor protein A-kinase. 26 

Overall, this study suggests that persulfidation, as a part of the redox signalling pathway, is tightly 27 

regulated by enzymatic H2S production and is required for sperm viability. 28 

Introduction 29 

Reactive oxygen species, reactive nitrogen species and reactive sulfur species (RONSS) are no longer 30 

considered harmful molecules leading to oxidative stress and apoptosis but are considered essential 31 

signalling molecules involved in many physiological events, such as sperm development, maturation, 32 

and capacitation1–3. Although a strong imbalance in redox reactions leads to damage and degradation 33 

of biomolecules, one molecule handles these conditions surprisingly well. Indeed, cysteine, a common 34 

amino acid incorporated into proteins, is the main player in the establishment of protein structure and 35 

antioxidant defence due to its sulfhydryl group (-SH) and its alternative modifications. In particular, 36 

the scavenging of RONSS through redox post-translational modifications (PTMs) of cysteine benefits 37 

the protein lifespan. Cysteine residues can be easily oxidized, and their oxidation is mostly reversible, 38 

which makes redox PTMs of cysteine unique signalling molecules. Moreover, these modifications 39 

often depend on each other, and one PTM leads to another, suggesting cross-regulation between 40 

individual redox PTMs4,5. For example, antioxidant enzymes are usually regulated by redox PTMs of 41 

cysteine under stress conditions. While S-nitrosylation (-SNO) and S-sulfenylation (-SOH) of -SH 42 

activate enzymes, irreversible hyperoxidation to sulfinic (-SO2H) and sulfonic (-SO3H) acids 43 
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deactivates them. Additionally, proteins are rescued from irreversible hyperoxidation due to the 44 

reduction of SNO/SOH by glutathione (GSH) to form S-glutathionylation (-SSG)6,7. Persulfidation (-45 

(S)nH) has the same rescue effect and thus plays an indisputable role in protein signalling across many 46 

tissues8,9. Accordingly, several proteins important for sperm physiology have been reported as -SNO 47 

targets2,10. Since -SNO could serve as a -(S)nH precursor, we can assume that -(S)nH will affect the 48 

activity of the proteins. Interestingly, no one has detected persulfidated proteins in spermatozoa, and 49 

the role of -(S)nH in male reproduction remains elusive. Although certain PTMs promote persulfidation 50 

of cysteine, this modification requires the action of hydrogen sulfide (H2S). H2S is physiologically 51 

produced in various cells by three specific enzymes from cysteine and homocysteine: cystathionine γ-52 

lyase (CTH), cystathionine β-synthase (CBS), and 3-mercaptopyruvate sulfurtransferase (MPST). 53 

Notably, cysteine is the main target of H2S action and an important source of H2S. All these facts 54 

indicate that cysteine has a very unique role in H2S metabolism. Although H2S-releasing enzymes were 55 

detected in mouse testes11 and CBS and CTH in human spermatozoa12, complete knowledge about their 56 

distribution through mammalian spermatozoa is lacking. 57 

Taken together, the results of previous studies indicate that endogenous production of H2S is associated 58 

with antioxidant defence and antiapoptotic and antiaging events reported in many tissues13. 59 

Unfortunately, studies on testicular tissue and spermatozoa are limited by the artificial supply of H2S 60 

rather than real H2S production11,12,14,15. Therefore, recent findings are unclear, and there are different 61 

conclusions depending on the donor concentration used. Although endogenous H2S production has 62 

been overlooked in male reproduction, these studies suggest that it has potential in reproductive 63 

physiology and deserves further attention. Our study provides the first evidence of physiological H2S 64 

production in spermatozoa and physiological contributions in the form of persulfidation in sperm 65 

physiology. 66 

Results 67 

Redox PTMs of cysteine do not drive maturation of male reproduction. In this experiment, we 68 

focused on persulfidation in the broad context of other redox PTMs (-SNO and -SOH), in which cross 69 

regulations with persulfidation have been reported4,5. Due to the physiological contribution of cysteine 70 

PTMs in sperm maturation, we assumed that redox PTMs control the onset of spermatogenesis and 71 

thus drive sexual maturity in males. Therefore, we compared testicular lysates from mouse males 72 

before puberty onset, 21-day-old (young) and fully matured, 12-14-week-old males (adult) by Western 73 

blot (WB) detection of cysteine modifications: -SNO, -SOH, and -(S)nH (Fig. 1). We did not find any 74 

differences between the young and adult groups in i) protein distribution (Fig. 1a – d), ii) individual 75 

band intensity (Fig. 1e – g) or iii) the total protein intensity (Fig. 1h – j) in any of the following 76 

parameters, suggesting that redox PTMs do not drive male reproductive maturation. The WBs of each 77 

PTM showed a specific ladder of bands (Fig. 1a – d). There was no band detected concurrently for -78 

SNO/-SOH and -(S)nH, which suggests that there are different abundant proteins undergoing the 79 

specific PTMs, e.g., -SNO, -SOH, or -(S)nH. For instance, 55- and 75-kDa bands (Fig. 1d) were not 80 

detected, nor was -SNO or -SOH as intense as -(S)nH. This observation indicates that H2S is able to 81 

react and modify most -SNOs and -SOHs of certain proteins to form -(S)nH. -(S)nH was found in a 82 

small number of proteins compared with the detected sulfhydryl groups (-SH) (Fig. 1c, 1j). Thus, -83 

(S)nH apparently does not drive male maturation, and it modifies exclusive proteins regardless of the 84 

maturity of testicular tissue. 85 

  86 
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 87 

Figure 1. Detection of S-nitrosylation (-SNO), S-sulfenylation (-SOH), free thiols (-SH), and 88 

persulfidation (-(S)nH), redox PTMs of proteins, in young (i.e., prepubertal) and adult mouse testes. (a 89 

– d) Western blot detection of SNO, -SOH, -SH and -(S)nH. (e – g) Densitometric analysis of abundant 90 

bands (h – j) Total density of abundant bands is expressed and young and adult males were compared; 91 

each dot represents an individual. (j) -SH and -(S)nH belonging to the same individual are connected 92 

by a red line. Histone 3 (H3) was used as a housekeeping internal control. 93 

Persulfidation is abundant in testes compared to other tissues. Persulfidation (-(S)nH) plays a 94 

plausible role in ageing, apoptosis and stress defence in many tissues, but information about this PTM 95 

in male reproduction is still missing. To shed light on this issue, we performed quantitative and 96 

qualitative analyses of -(S)nH in the testis. Because no specific maturity-dependent protein pattern was 97 

observed, the index of -(S)nH was compared in different kinds of tissues. We selectively labelled -98 

(S)nH, accordingly with16 with slight modifications, while free -SH groups were blocked by MMTS 99 

and subsequently the -(S)nH groups were alkylated by IAM-PEG-biotin (Fig. 2a). Biotin was detected 100 

by streptavidin conjugated with horseradish peroxidase via WB detection (Fig. 2b). We observed that 101 

-(S)nH ranged from 40 to 150 kDa in the testes of adult mice. To validate the specificity of the method 102 

used, we prepared three specifically treated groups to detect: (S)nH+SH (no MMTS treatment), -(S)nH 103 

only (MMTS-treated), and naturally biotinylated proteins (nonalkylated control). The detected 104 

persulfidated proteins were then identified using pulldown assays and nano-LC-MS (Fig. 2c, 2d). We 105 

compared persulfidated proteins from the testis with those of the brain and liver, in which -(S)nH was 106 
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previously widely described (Fig. 2c). We found proteins that were conservatively persulfidated across 107 

the tissues, but we found 68 proteins that were persulfidated only in the testis. Fig. 2d represents 108 

persulfidated proteins specifically found in testes in the size range 55–75 kDa (bands in white rectangle 109 

marked with * in Fig. 2b). These findings suggest that -(S)nH targets proteins specifically in the testis, 110 

although these are widely expressed proteins. 111 

 112 

Figure 2. Persulfidation in mouse tissues with emphasis on testis. (a) Principle of selective detection 113 

of persulfidation (-(S)nH) using the thiol-selective binding ability of S-methyl methanethiosulfonate 114 

(MMTS) and the binding affinity of IAM-PEG-biotin to thiols (-SH). (b) β-Mercaptoethanol (β-ME), 115 

a reducing agent, was used to eliminate persulfide-biotin bonds and selectively detect free thiols. Bands 116 

in the size range 55–75 kDa (*) belonging to abundant proteins modified by -(S)nH. (c) Alternatively, 117 

selectively labelled -(S)nH with IAM-PEG-biotin was loaded on streptavidin-coated agarose beads. 118 

The eluted native proteins were digested and detected by nano-LC-MS. Liver, brain, and testicular 119 

tissues were processed via pulldown assays and nano-LC-MS detection, and persulfidated proteins 120 

were compared and expressed via Venn diagram. (d) Proteins of 55-75 kDa are presented in the table. 121 

H2S-releasing enzymes are present in germ cells independent of their maturation stages in mouse 122 

testes. We found that persulfidation (-(S)nH) is relatively abundant in the testes compared to the 123 

frequently studied liver and brain. -(S)nH is a well-known result of H2S action, and it is released 124 

enzymatically inside the cell. Therefore, we consider monitoring H2S production to be essential (Fig. 125 

3). CBS, CTH and MPST have been previously detected in mouse testes11, but their distribution across 126 

developmental stages of germ cells has not been determined. Therefore, immunofluorescence detection 127 

of CBS, CTH, and MPST in testis sections was performed, depending on the developmental stages of 128 

germ cells within the seminiferous epithelial cycle. The results showed a strong dependency of 129 

enzymes on the cytoplasm of developing germ cells, regardless of the cell type and phase of 130 

spermiogenesis, distinguished in the Golgi, cap, and acrosomal stage (Fig. 3a). Enzyme independence 131 

of germ cell maturation was confirmed by WB performed on prepubertal and adult mice (Fig. 3b, c). 132 

The observation that H2S is not apparently associated with maturity level supports the versatility of 133 

H2S action in a cell. To elucidate H2S enzymatic production in testicular tissue, we performed 134 

colorimetric H2S detection (Fig. 3d). After the addition of pyridoxal-5'-phosphate (PxP), a cofactor of 135 

CBS and CTH, and L-cysteine, the substrate of enzymes, into the testis lysate, the production of H2S 136 

increased. To the best of our knowledge, we are the first to describe the relationship among H2S 137 
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appearance, the enzymes responsible for its production, and the -(S)nH of proteins of male 138 

reproduction. Moreover, the association of H2S-releasing enzymes in germ cells predicts H2S 139 

production in fully differentiated spermatozoa and the possible role of -(S)nH in sperm physiology. 140 

 141 

Figure 3. Detection of H2S-releasing enzymes in mouse testis: (a) Immunofluorescence of testis 142 

sections. Acrosomal development stages of spermatids were recognized using PNA (200x). Individual 143 

stages of acrosomal biogenesis, representing the Golgi, cap, and acrosomal (Acr) stages, are 144 

emphasized (1000x). Scale bar 100 µm. (b) Cystathionine β-synthase (CBS), cystathionine γ-lyase 145 

(CTH) and 3-mercaptopyruvate sulfurtransferase (MPST) were detected by Western blot. (c) The 146 

comparison of prepubertal (young) and adult males was performed. (d) Colorimetric detection of H2S 147 

production in testes, which increased after the addition of pyridoxal-5'-phosphate (PxP) and L-cysteine. 148 

Enzymatic production of H2S leads to persulfidation of protein cysteine in mouse spermatozoa. 149 

The aim of this experiment was to examine H2S-releasing enzymes in mouse spermatozoa during their 150 

passage through the caput into the cauda epididymis. For analysis of H2S production, we compared the 151 

pattern of H2S-releasing enzyme subcellular distribution with H2S fluorescence visualization and 152 

protein persulfidation (-(S)nH) in fully differentiated spermatozoa. First, we detected CBS, CTH, and 153 

MPST via WBs in mouse spermatozoa from the caput epididymis (Spcaput) and cauda epididymis 154 

(Spcauda) (Fig. 4a). Caput spermatozoa showed a strong signal of all H2S-releasing enzymes, whereas 155 

caudal spermatozoa showed either decreased (CBS), weak (MPST) or almost no signal (CTH) detected 156 

by WBs. To enhance the observation of H2S-releasing enzymes in caudal spermatozoa, we performed 157 

immunocytochemistry of single sperm cells (Fig. 4b – d). The signal of all enzymes along the entire 158 

length of the flagella was observed in caudal spermatozoa. Their enzymatic action was proved by H2S 159 

labelling by specific Sulfane Sulfur Probe 4 (SSP4) (Fig. 4e). Similar to H2S-releasing enzymes, the 160 

signal was emitted in the entire length of the flagella with the highest intensity in the midpiece. The 161 

observation of H2S production corresponding to H2S-releasing enzyme locations strongly supports the 162 

occurrence of H2S enzymatic production. Finally, we detected -(S)nH and found it exclusively in the 163 
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midpiece (Fig. 4f). Although -(S)nH showed a slightly different pattern than H2S-releasing enzymes, it 164 

perfectly followed the site of the highest occurrence of H2S production. Therefore, we identified the 165 

midpiece as the location of H2S enzymatic activity, H2S production, and biochemical action. 166 

 167 

Figure 4. Production of H2S, its enzymes and persulfidation (-(S)nH) in mouse spermatozoa. (a) 168 

Western blot detection of cystathionine β-synthase (CBS), cystathionine γ-lyase (CTH) and 3-169 

mercaptopyruvate sulfurtransferase (MPST) in mouse spermatozoa during their maturation in the 170 

epididymis. (b – d) Immunocytochemistry of CBS, CTH and MPST. (e) Localization of H2S 171 

production by Sulfane Sulfur Probe 4 (SSP4) and (f) -(S)nH. Spermatozoa were magnified (1000x). 172 

Sperm H2S-releasing enzymes produce H2S in spermatozoa across mammalian species. Based on 173 

previous findings of H2S production and the expression of H2S-releasing enzymes in mouse testes and 174 

spermatozoa, we suggest that H2S is enzymatically produced in spermatozoa across mammalian 175 

species. Therefore, we detected CBS, CTH, and MPST in human spermatozoa and in mouse and pig 176 

spermatozoa, the most common mammalian models. Enzyme detection was followed by elucidation 177 

of the release of SSP4-labelled H2S. Based on the known species-specific molecular weight of the 178 

individual enzymes based on the UniProtKB Database (Fig. 5a, see the phylogenetic trees in 179 

Supplementary Fig. S1), we identified all enzymes via WBs (Fig. 5b, see Supplementary Fig. S2 for 180 

whole WB membrane). Although immunocytochemistry of H2S-releasing enzymes showed 181 

interspecies variability in subcellular distribution, H2S production (SSP4) is quite constant in humans 182 

(Fig. 5c) and boars (Fig. 5d). This finding suggests that there is a different composition of the H2S-183 

releasing enzymes responsible for most H2S production in a species-dependent manner. While H2S 184 

production colocalized with CTH in human spermatozoa, in boar spermatozoa, it colocalized instead 185 

with MPST. Sequential disappearance of H2S-releasing enzymes through spermatozoa maturation was 186 

shown by the evoked capacitation (Fig. 5e) and zona pellucida-binding assays of boar spermatozoa 187 

undergoing the acrosomal reaction, the last step of sperm maturation (Fig. 5f). This result complements 188 

our previous finding that H2S-releasing enzymes gradually decrease from spermatozoa during their 189 

maturation in the epididymis (Fig. 4a). Based on these observations, we conclude that the presence of 190 

https://www.uniprot.org/
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H2S-releasing enzymes is partially lost from the cytoplasmic membrane during remodelling, which 191 

accompanies sperm maturation. Therefore, these enzymes do not appear to be involved in the sperm 192 

fertilization of eggs. 193 

 194 

Figure 5. Interspecies production of H2S-releasing enzymes and H2S. (a) Species-specific molecular 195 

weight of the individual enzymes. (b) Western blot detection of CBS, CTH and MPST in human, boar 196 

and mouse spermatozoa. (c) Immunocytochemistry of all H2S-releasing enzymes and detection of H2S 197 

production by the SSP4 probe in human and (d) boar spermatozoa. (e) Decreases in CBS, CTH and 198 

MPST signal intensity during the last steps of boar sperm maturation, capacitation and (f) acrosomal 199 

reaction during sperm-zona pellucida binding. Spermatozoa were emphasized (1000x) 200 

Distribution and identification of persulfidates in human spermatozoa. In accordance with the 201 

aforementioned presence of H2S-releasing enzymes and H2S, we investigated the effects of H2S on 202 

persulfidation (-(S)nH) in the sperm protein of three normozoospermic donors using the approach 203 

described above. Concurrently, all three samples were subjected to flow cytometry analysis to obtain 204 

an overview of persulfidation occurrence across the entire sperm population. We observed -SH and -205 

(S)nH with regard to plasma membrane integrity (PMI) using flow cytometry (Fig. 6a). In the control 206 

groups, spermatozoa were separated into three subpopulations according to susceptibility to PMI and 207 

6-IAF staining as follows: the 1st quadrant (Q1) was live spermatozoa highly positive for 6-IAF, the 208 

2nd quadrant (Q2) was dead spermatozoa highly positive for 6-IAF and the 4th quadrant (Q4) was live 209 

spermatozoa slightly positive for 6-IAF. When free thiols (i.e., -SH) were specifically blocked in the 210 

MMTS experimental group, most 6-IAF signals disappeared, and spermatozoa moved to the less 211 

intense 6-IAF quadrants Q3 (death) and Q4 (live). This observation was supported by the detection of 212 

-SH and -(S)nH in situ, occurring in whole sperm or exclusively in the midpiece in the control (Fig. 213 
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6b). Following free thiol blocking, the sperm head-rich signal disappeared. For both flow cytometry 214 

and in situ detection, cell death was noticeably accompanied by substantial thiol exposure through the 215 

spermatozoon, while persulfidation was stably localized in the midpiece independent of live or dead 216 

sperm status. This observation was supported by the analysis of three independent semen donors, while 217 

the analysis was performed on the subpopulation of live spermatozoa (i.e., Q1 and Q4 quartiles). There 218 

was a small population of spermatozoa (4.6–5.1%) showing high signal intensity belonging to -SH and 219 

-(S)nH in the control group. When -SH was blocked, only -(S)nH remained, and significantly weaker 220 

signals were detected in the sperm population in the MMTS group (Fig. 6c). Using the biotin-switched 221 

detection of -(S)nH in sperm lysate, we found that the abundance of persulfidated proteins did not show 222 

any capacitation-dependent difference (Fig. 6d), similar to our findings achieved in other mammalian 223 

models (Supplementary Fig. S3). Concurrently, these persulfide-labelled samples were subjected to 224 

pulldown assays, followed by nano-LC-MS peptide detection. We identified 37 persulfidated proteins 225 

with 99% confidence, in most cases being in a donor-specific pattern (Fig. 6f). Five proteins were 226 

found to match at least in two donors, marked in bold in the table containing all characterized 227 

persulfidated sperm proteins (Fig. 6e). Altogether, nano-LC-MS findings of midpiece-occurring 228 

proteins are in accordance with the H2S-releasing enzyme distribution, H2S labelling and in situ 229 

detection of persulfidation, underlining the spatiotemporal requirement of H2S activity in target protein 230 

modulation. 231 
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Figure 6. Free thiols and persulfidation analysis of proteins in human spermatozoa. (a) Flow cytometry 233 

of thiols (-SH) and persulfidation (-(S)nH) in spermatozoa due to 6-iodoacetamidofluorescein (6-IAF) 234 

staining without (control) and with (MMTS) blocking of free thiols. The dot plot shows the separation 235 

of sperm subpopulations according to plasma membrane integrity (PMI) and 6-IAF signal intensity. 236 

(b) Representative images of -SH and -(S)nH detection in situ showing 6-IAF staining patterns in the 237 

MMTS and control groups. The white rectangle indicates the -(S)nH-assumed signal in the midpiece 238 

of emphasized spermatozoa (scale bar: 10 μm). Spermatozoa were emphasized (1000x). (c) Presence 239 

of -SH+-(S)nH in the control and -(S)nH in the MMTS groups in live spermatozoa of three donors. 240 

Differences between the fluorescent signals belonging to -SH+-(S)nH and -(S)nH. Dots represent the 241 

fluorescence signal of individual spermatozoa. Lines express the mean of measured spermatozoa tested 242 

on live sperm subpopulations using the one-sample Wilcoxon test (****, P <0.0001). (d) Persulfidated 243 

proteins separated by molecular weight in human spermatozoa being noncapacitated (Spnon-cap.) or 244 

capacitated (Spcap). (e) All detected persulfidated proteins are shown in the table. Persulfidated proteins 245 

that matched at least in two donors are shown in bold. (f) Venn diagram shows 37 persulfidated proteins 246 

identified in three independent donors by nano-LC-MS. 247 

 248 

Discussion 249 

The sulfhydryl group (-SH) of cysteine provides a unique signalling pathway in which many redox 250 

molecules are involved. These molecules, such as nitric oxide (NO), hydrogen peroxide (H2O2) or 251 

hydrogen sulfide (H2S), oxidize or reduce -SH to form various redox post-translational modifications 252 

(PTMs) that control protein activity. These redox PTMs are unstable and continuously replacing each 253 

other on cysteine and together creating sophisticated signalling pathways. Persulfidation (-(S)nH) plays 254 

a central role in this pathway, as it replaces S-nitrosylation (-SNO) and S-sulfenylation (-SOH) on 255 

cysteine and thus regulates not only protein activities but also prevents their inactivation by 256 

hyperoxidation. There are many proteins that are regulated by redox PTMs in male reproduction2,10 but 257 

-(S)nH has not been investigated. In this study, we identified the existence of -(S)nH and its relation to 258 

endogenous H2S production and H2S-releasing enzyme localization in male reproduction with a focus 259 

on spermatozoa. 260 

To the best of our knowledge, our study is the first to identify the protein -(S)nH in mouse testes and 261 

human spermatozoa. Subsequently, we compared persulfidated (-(S)nH) proteins found in mouse testes 262 

with -(S)nH from previously widely studied tissues, the brain and liver (Fig. 2c). Surprisingly, the 263 

largest amount of -(S)nH was detected in the testis, and 68 of the proteins were persulfidated uniquely 264 

in the testis (Fig. 2d). Although these proteins are not exclusive to the testes, they are apparently 265 

persulfidated in the testis only. It is well known that -(S)nH is the result of H2S action, and partially 266 

due to this effect, artificial supplementation of H2S has antiaging and antioxidant effects in many 267 

tissues, including spermatozoa11,12,14. There are several publications addressing H2S donor efficacy, 268 

although supplementation with exogenous H2S has possible toxic effects15. In contrast to these 269 

publications, there is no evidence about physiological endogenous H2S production and its 270 

consequences for male reproduction. Although all H2S-releasing enzymes have been previously 271 

detected in mouse testis11 and CBS and CTH in human spermatozoa12 and rat epididymis17, we 272 

immunodetected all three responsible enzymes in mouse testicular cross-sections and in spermatozoa 273 

of three mammalian species. Therefore, we claimed that enzymes are distributed in the cytoplasm 274 

regardless of the cell type or germ cell maturation stage. Although there was a steady distribution of 275 

enzymes across the seminiferous epithelium cycle, our experiments showed that spermatozoa from 276 

caput showed a higher intensity of H2S-releasing enzymes than more mature caudal spermatozoa (Fig. 277 

4a). Spermatozoa obviously lose their H2S-releasing enzymes during passage through the epididymis. 278 

An interesting finding was made by a study describing the importance of H2S production for sperm 279 

quiescence in the rat epididymis17. In contrast to that in spermatozoa, the expression of CBS and CTH 280 
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was increased towards the cauda epididymis17. Based on recent knowledge, the epididymal epithelium 281 

appears to compensate for sperm H2S-releasing enzyme loss during spermatozoa passage through the 282 

epididymis by increasing the self-production of enzymes. Nevertheless, the loss of H2S-releasing 283 

enzymes continues beyond the epididymis and is found in further steps of sperm maturation, 284 

capacitation and sperm-zona pellucida binding (Fig. 5d, e, f). 285 

The highlights of our study were the detection of enzymatic production of H2S and its consequences 286 

in the form of -(S)nH in mammalian spermatozoa. We detected H2S in the sperm flagella of mice (Fig. 287 

4e), humans (Fig. 5c), and boar (Fig. 5d). Moreover, we immunodetected all H2S-releasing enzymes 288 

in all models used in sperm flagellum; therefore, we indirectly related endogenous H2S production to 289 

its enzymes. Subsequently, we followed -(S)nH as a major result of H2S action. To the best of our 290 

knowledge, for the first time, we described and characterized proteins that underwent -(S)nH of cysteine 291 

in spermatozoa. Protein persulfidation (-(S)nH) was strictly located in the sperm midpiece (Fig. 4f), 292 

which highly corresponds to H2S occurrence and the location of its enzymes. These observations are 293 

consistent with H2S properties; although H2S diffuses well across membranes, its short half-life, which 294 

lasts a few seconds, a maximum of minutes18, does not allow it to sufficiently affect proteins over long 295 

distances. To further elucidate the role of -(S)nH in sperm physiology, we detected -(S)nH depending 296 

on the live/dead status of human spermatozoa (Fig. 6). Surprisingly, live and dead spermatozoa did not 297 

differ from each other in terms of -(S)nH (Fig. 6a, b). Because cell death is accompanied by a decrease 298 

in pH, H2S could be released from pH unstable iron-sulfur complexes located in mitochondria, thereby 299 

maintaining the -(S)nH of nearby proteins even after cell death. To label -SH and -(S)nH, we used the 300 

affinity of iodoacetamidofluorescein (IAF) to the -SH group. IAF was previously used in a study that 301 

addresses the quality of cryopreserved bull spermatozoa depending on -SH content19. Based on IAF 302 

staining, the researchers distinguished several patterns, whose distribution was dependent on sperm 303 

viability. Spermatozoa labelled strictly in the midpiece were associated with higher viability than 304 

spermatozoa labelled along its entire length, as was the case in our study. Interestingly, the pattern 305 

associated with viable spermatozoa is strikingly similar to the pattern of -(S)nH. It is possible that viable 306 

spermatozoa contain -(S)nH in their midpiece instead of free -SH, as was previously suggested19. If so, 307 

-(S)nH located specifically in the mitochondrial sheath may play an important role in sperm metabolism 308 

and redox defence. We supported this statement by identifying -(S)nH using mass spectrometry. In 309 

most cases, the identified proteins were associated with mitochondrial metabolism and flagellar 310 

movement (Fig. 6e). Some of these proteins have been reported to undergo -(S)nH, including 311 

glyceraldehyde-3-phosphate dehydrogenase, tubulin16 and L-lactate dehydrogenase4, but we were the 312 

first to observe that these proteins were persulfidated in human spermatozoa. Some persulfidation 313 

targets were previously discovered as S-nitrosylated, including A-kinase anchor protein, heat shock 314 

protein and semenogelin10, which supports the finding that S-nitrosylation serves as a -(S)nH 315 

precursor4,5,20. All these results prove that spermatozoa contain many proteins containing reactive 316 

cysteine through which proteins can be easily turned on and off by redox PTMs. 317 

 318 

Spermatozoa are completely dependent on previously produced proteins once they leave the male 319 

reproductive tract; therefore, they are vulnerable to oxidative stress. Persulfidation could play a key 320 

role in this context because it prevents cysteine hyperoxidation and thus stops redox signalling pathway 321 

disruption and protein damage. The reducing abilities of H2S could be essential during sperm 322 

capacitation. As is known, capacitation is enhanced by reactive oxygen and nitrogen species, but 323 

overproduction of these reactive species leads to oxidative stress and cell death21–23. However, H2S, 324 

through persulfidation, could contribute to the maintenance of redox balance, and thus prevent 325 

premature capacitation, which is an often problem of sperm manipulation in vitro conditions (e.g. cell 326 

maintenance in vitro, cryopreservation). In this study, we provided evidence for the enzymatic 327 

production of H2S not only in the testis but also in spermatozoa. We detected CBS, CTH and MPST in 328 

mammalian spermatozoa and thus indirectly linked H2S with its enzymes. We visualized H2S and 329 
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therefore were able to localize it to the sperm flagella, where it affects nearby proteins by 330 

persulfidation. We identified some persulfidated proteins seemingly crucial for sperm viability, and we 331 

outlined the impact of endogenous H2S production on male reproduction. We proved the existence of 332 

H2S-releasing enzymes, H2S, and persulfidation and considered the link between them in spermatozoa. 333 

Obviously, other sophisticated models of in vitro pharmacological treatment of sperm and/or targeted 334 

silencing of all H2S-releasing enzymes in somatic cells are needed for the achievement of experimental 335 

data leading to a comprehensive acknowledgement of H2S in the physiology of reproduction. 336 

Moreover, there is no doubt that H2S is an important signalling molecule that purposeful modulation 337 

deserves a knowledge transfer to different medical disciplines. 338 

 339 

Methods 340 

All chemicals were purchased from Sigma Aldrich unless specified otherwise. Peanut agglutinin from 341 

Arachis hypogaea (PNA) conjugated with Alexa Fluor™ 488 was purchased from Thermo Fischer 342 

Scientific (MA, USA, #L21409). The primary polyclonal antibodies anti-cystathionine β-synthase 343 

(anti-CBS), anti-cystathionine γ-lyase (anti-CSE) and anti-3-mercaptopyruvate sulfurtransferase (anti-344 

3MPST) as well as the secondary antibody goat anti-rabbit-Alexa Fluor® 647 (# ab150079) were 345 

purchased from Abcam (Cambridge, UK). 346 

Animals, samples, and ethical statements. C57Bl/6 male mice aged 21 days and 12-14 weeks as well 347 

as all applied protocols as noted below were used in animal experiments, in accordance with the 348 

Protection of Animals against Cruelty (Act No. 246/1992 Coll.) of the Czech Republic and under the 349 

supervision of the Animal Welfare Advisory Committee at the Ministry of Education, Youth, and 350 

Sports of the Czech Republic (approval number: MSMT-249/2017-4). Alternatively, boar ejaculates 351 

were purchased from Chovservis Co. (Hradec Kralove, Czech Republic). Reports concerning 352 

experimental animals follow the recommendations in the ARRIVE guidelines24. Human semen 353 

samples were obtained after informed consent at the IVF Zentren Prof. Zech – Pilsen, Ltd. (Pilsen, 354 

Czech Republic); the study of human sperm was approved by the Ethics Committee of Charles 355 

University, Faculty of Medicine in Pilsen (238/2016). All methods were carried out in accordance with 356 

relevant guidelines and regulations (WHO manual 201025). 357 

Preparation of sperm samples. Mouse spermatozoa isolated from the cauda epididymis were allowed 358 

to swim out to human tubal fluid medium with HEPES (HTF-HEPES, LifeGlobalTM, LifeGlobal 359 

Group, USA). Ejaculated boar spermatozoa were diluted with Beltsville Thaw Solution (BTS) at a 360 

concentration of 10 mil/ml and stored at 18 °C for two days until utilization for the zona pellucida-361 

binding assay. The rest of the boar spermatozoa were washed and resuspended in modified Tyrode's 362 

lactate-HEPES medium (TL-HEPES)20,19 at a concentration of 10 mil/ml. For capacitation, 363 

spermatozoa were resuspended in capacitated modified TL-HEPES medium20,19 at a concentration 364 

of 10 mil/ml and allowed to capacitate for 4 h at 37 °C. Capacitated spermatozoa were then washed 365 

from the capacitating medium and resuspended in noncapacitating modified TL-HEPES. Human 366 

ejaculates, obtained from three normozoospermic aged 30 – 35, were processed according to the WHO 367 

manual 201027. Briefly, ejaculates were divided into the noncapacitated and capacitated groups. 368 

Spermatozoa were allowed to swim up from ejaculates into HTF-HEPES medium, which was placed 369 

over the ejaculate, for 2.5 h in a 37 °C water bath. In the case of the capacitated group, HTF-HEPES 370 

medium was enriched with 0.3% bovine serum albumin (BSA). Thereafter, all samples were processed 371 

according to the purpose stated below. 372 

Porcine zona pellucida-binding assay. Pig oocytes were obtained from ovaries of 6- to 8-month-old 373 

noncycling gilts (a crossbreed of Landrace x Large White), yielded at the slaughterhouse (Jatky Český 374 

Brod a.s., Český Brod, Czech Republic). First, cumulus-oocyte complexes were collected from ovarian 375 
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follicles with a diameter of 2–5 mm by aspiration with a 20-gauge needle and handled in TL-HEPES-376 

medium supplemented with 0.1 mg/ml polyvinyl alcohol (PVA). Immature oocytes were matured in 377 

vitro in modified tissue culture medium (mTCM; Gibco, Life Technologies, UK), as described 378 

earlier21. After 44 h of culture, cumulus cells were removed with 0.1% hyaluronidase, and matured 379 

oocytes with extruded polar bodies were selected for the binding assay. Spermatozoa stored in BTS 380 

medium were washed and resuspended in modified Tris-buffered medium (mTBM; Abeydeera et al., 381 

1998) at a concentration of 1 mil/ml. Subsequently, 100,000 spermatozoa were added to oocyte-free 382 

zonas and coincubated in 0.5 ml of mTBM at 39 °C and CO2 for 30 min. Thereafter, zona pellucida-383 

bound spermatozoa were washed in PBS supplemented with PVA, fixed in 4% paraformaldehyde 384 

(PFA) enriched with 0.1% Triton TX-100 and 1 mM DTT for 15 minutes at 37 °C, washed and stored 385 

in PBS with sodium azide at 4 °C for immunocytochemistry. 386 

Immunocytochemistry. Mouse, boar, and human spermatozoa were fixed and stored as described 387 

above. Then, spermatozoa were allowed to adhere to polylysine-coated coverslips, permeabilized with 388 

0.1% Triton TX-100 for 40 min, and blocked with 0.1% Triton TX-100–10% normal goat serum 389 

(NGS)-1% BSA for 1 h at 37 °C. Subsequently, they were incubated with anti-CBS, anti-CSE and anti-390 

3MPST antibodies diluted 1:100 at 4 °C overnight. Thereafter, coverslips were washed, followed by 391 

incubation with secondary antibody diluted 1:200 for 40 min at room temperature. PNA diluted 1:200 392 

was added to the secondary antibody to follow the acrosome reaction. Coverslips were washed and 393 

mounted in Vectashield® medium with 4'6'-diamino-2-phenylindole (DAPI; Vector Laboratories, Inc., 394 

CA, USA). Images were acquired using an Olympus IX83 fluorescence microscope (Olympus, 395 

Germany) and VisiView® software (Visitron Systems GmbH, Germany). 396 

Immunofluorescence of mouse testes. Mouse testes were fixed in 4% PFA, embedded in paraffin 397 

wax with random orientation, and sectioned completely into 10-μm-thick slides. After 398 

deparaffinization, antigen retrieval was performed using preheated citrate buffer (pH 6.0). Thereafter, 399 

cross-sections were permeabilized with 0.1% Triton TX-100 for 40 min and blocked with 0.1% Triton 400 

TX-100–10% NGS-1% BSA for 1 h at 37 °C. Subsequently, they were incubated overnight at 4 °C 401 

with antibodies at the following dilutions: anti-CBS: 1:250, anti-CTH: 1:125, and anti-3-MPST: 1:150. 402 

In the case of CBS and CTH, slides were incubated with the preadsorbed secondary antibodies anti-403 

rabbit-Alexa Fluor® 647 (1:200, Abcam, Cambridge, UK, # ab150083) and PNA. For 3-MPST 404 

detection, slides were incubated with biotin-conjugated goat anti-rabbit antibody (1:200, # ab6720) for 405 

40 min, washed and incubated with a cocktail of Alexa Fluor® 647-conjugated streptavidin (1:500, 406 

Bioss, USA, # bs-0437R-A647) and PNA. Subsequently, the slides were washed, mounted and 407 

visualized as described above. 408 

Probe detection of H2S in spermatozoa. Epididymal mouse, ejaculated boar and human spermatozoa 409 

were resuspended in HTF-HEPES and TL-HEPES media, respectively, at a concentration of 2 mil/ml. 410 

Working solutions were prepared with adequate medium containing 500 µM acetyl 411 

trimethylammonium bromide (CTAB) and Sulfane Sulfur Probe 4 (SSP4) (SulfoBiotics, Dojindo EU 412 

GmbH, Munich, Germany) dissolved in DMSO at a concentration of 1:500. In the negative control, 413 

the SSP4 probe was omitted, and DMSO at the same concentration as SSP4 was used. For a positive 414 

control, spermatozoa were coincubated with pyridoxal-5'-phosphate (PxP) at a concentration of 50 mM 415 

for 30 min before incubation with the SSP4 probe. Subsequently, 200 µl of working solution and 5 µl 416 

of sperm suspension were added to polylysine-coated coverslips and incubated for 15 min at 37 °C, 417 

followed by slide mounting in PBS with Hoechst 33352 (1:1,000`Sigma-Aldrich, MO, USA) and 418 

immediate evaluation. 419 
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Colorimetric detection of H2S in testicular tissue. The enzymatic capacity to release H2S was 420 

assessed using a colorimetric approach as described earlier22, with slight modifications. Mouse 421 

testicular tissue was homogenized in extraction buffer (1% Zin(OAc)2, 20 mM EDTA, 50 mM Tris-422 

HCl, pH 8), enriched with Complete Mini Protease Inhibitor Cocktail® (Roche, Basel, Switzerland), 423 

and lysed for 20 min on ice. After centrifugation, the lysate was incubated with 2 mM PxP and 10 mM 424 

L-cysteine for 2 h at 37 °C in a N2 atmosphere. Lysates without PxP and/or L-cysteine, a cofactor of 425 

enzymes (CBS, CTH) and enzyme (CBS, CTH, MPST) substrate, respectively, were used as negative 426 

controls. Thereafter, proteins were precipitated with 12.5% trichloroacetic acid for 10 min, and the 427 

reaction was centrifuged. To 100 µl of the supernatant, 100 µl of 20 mM DMPE and 100 µl of FeCl3 428 

were added and incubated for 10 min, and the absorbance was read at 670 nm. The absorbance was 429 

recalculated based on the standard curve of Na2S.9H2O, an exogenous H2S donor, and is expressed as 430 

nM H2S.mg of tissue-1.min-1. 431 

Western blot. Mouse testicular tissue, epididymal mouse spermatozoa and ejaculated boar and human 432 

spermatozoa were washed two times with TBS, and the pellets were dissolved in RIPA lysis buffer23 433 

with 100 mM DTT, enriched with Complete Mini Protease Inhibitor Cocktail (Roche, Switzerland) 434 

and incubated for 30 min on ice. Thereafter, samples were subjected to sodium dodecyl sulfate 435 

polyacrylamide gel electrophoresis (SDS-PAGE) on a 4–15% separating Mini-PROTEAN® precast 436 

gel and blotted using a Trans-Blot Turbo Transfer System onto PVDF membranes (Bio-Rad 437 

Laboratories, France). The membranes were blocked in 5% BSA in TBS with 0.05% Tween-20 (TBS-438 

T) for 60 min at room temperature. The membrane was incubated with primary antibodies as mentioned 439 

above and diluted 1:1,000 in 1% BSA in TBS-T overnight at 4 °C. A rabbit monoclonal anti-histone 440 

H3 antibody (1:1,000, Abcam, Cambridge) was used as the internal control. Horseradish peroxidase-441 

conjugated anti-rabbit IgG antibody (1:15,000; Invitrogen, Carlsbad, CA, USA) was applied for 60 442 

min at room temperature. Target proteins were visualized using ECL Select Western Blotting Detection 443 

Reagent® (GE Healthcare Life Sciences, UK) and a ChemiDoc® MP System (Bio-Rad). 444 

6-iodoacetamidofluorescein (6-IAF) switch assay. Persulfidated proteins were visualized in 445 

spermatozoa using a modified switch assay. First, spermatozoa were subjected to a LIVE/DEAD 446 

Fixable Dead Cell Stain Kit (Invitrogen Life Technologies, Carlsbad, CA, USA, #L23105) as 447 

previously described24. Persulfidation (- (S)nH) and free thiols (-SH) were distinguished in accordance 448 

with16. Briefly, free thiols of spermatozoa were blocked by 20 mM methyl methanethiosulfonate 449 

(MMTS, Sigma-Aldrich, MO, USA, #64306) dissolved in HEN buffer (250 mM HEPES-NaOH (pH 450 

8), 1 mM EDTA, and 0.1 mM neocuproine) for 60 min at 38 °C on a shaker. After blocking, the sperm 451 

suspension was washed three times with PBS for 10 min on a shaker and centrifuged (300 g). Presumed 452 

- (S)nH in spermatozoa was stained with 0.04 μM 6-iodoacetamidofluorescein (6-IAF, Thermo Fisher, 453 

USA, #I30452) for 15 min at room temperature and fixed in 3.2% PFA for 10 min. The prepared 454 

samples were analysed using a BD FACS Aria fusion cell analyser (Becton Dickinson, Prague, Czech 455 

Republic) for flow cytometry. Data were collected from 5,000 events. LIVE/DEAD Fixable Dead Cell 456 

Stain and 6-IAF were excited by 405 and 488 nm lasers and detected with 450/50 and 530/30 bandpass 457 

filters. Acquired data were analysed using FlowJo software (Becton Dickinson, Prague, Czech 458 

Republic). Alternatively, spermatozoa were settled down to coverslips, and - (S)nH was visualized in 459 

situ via an Olympus IX83 fluorescence microscope (Olympus, Germany). 460 
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Biotin switch method and pulldown assay of human sperm and mouse testis, liver and brain. 461 

Detection of - (S)nH in lysate was processed as previously described16 with slight modifications. 462 

Briefly, tissues were lysed in 100 μL of HENS buffer (250 mM HEPES-NaOH (pH 8), 1 mM EDTA, 463 

and 0.1 mM neocuproine, 1% SDS) and incubated on a shaker for 30 min. Then, lysates were 464 

centrifuged (10,000 g), 50 μL of supernatant was mixed with 150 μL of HEN buffer, and 0.38 μL of 465 

MMTS was added (reaching a final concentration of 20 mM). Free thiols in protein lysate were blocked 466 

for 20 min at 50 °C on a shaker. The residue of MMTS was then removed by ethyl acetate extraction, 467 

vortexed three times followed by brief centrifugation and ethyl acetate removal by pipette, followed 468 

by vacuum evaporation. The samples were labelled with the final concentration 3,3 mM EZ-linked 469 

iodoacetyl-PEG2-biotin (Thermo Fisher, USA; #21334) overnight at 4 °C on a shaker. An aliquot of 470 

treated proteins was diluted in Laemmli loading buffer under reducing agent-free conditions; samples 471 

were separated by SDS-ELFO and visualized by Western blotting as described above using HRP-472 

conjugated streptavidin (1:1,000; Sigma-Aldrich, MO, USA; #18-152) and chemiluminescence 473 

detection as described previously. Alternatively, lysates were loaded onto streptavidin-coated agarose 474 

beads (Millipore, MA, USA; #16-126) and incubated overnight at 4 °C on a shaker. Beads were treated 475 

with 100 mM β-mercaptoethanol in 4% SDS, and primary persulfidated proteins were eluted. The 476 

purified samples were processed for nano-LC-MS as described below. 477 

Nano-LC-MS. Tissue lysates from animals and human spermatozoa were used for complete proteomic 478 

analysis. Nanoliquid chromatography-MS (nano-LC–MS) was used for protein identification and 479 

quantification, as described previously25. 480 

Statistics. Data were analysed using GraphPad Prism 8 (GraphPad Software, Inc., San Diego, CA, 481 

USA). Based on Shapiro-Wilks normality distribution tests, differences were tested as noted below. P 482 

values ≤ 0.05, .01, .001, and .0001 were considered statistically significant and are indicated with 483 

asterisks (*), (**), (***), and (****), respectively. 484 
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Responses to reviewers 

 

 

Professor Ricardo Bertolla 

Editorial Board Member, Scientific Reports 

 

Dear Ricardo Bertolla, 

Thank you for giving us the opportunity to submit a revised draft of our manuscript “Evidence 

of endogenously produced hydrogen sulfide (H2S) and persulfidation in male reproduction” for 

publication in the Scientific Reports. We appreciate the time and effort that you and the 

reviewers dedicated to providing feedback on our manuscript and are grateful for the comments, 

which made our paper better. We have incorporated all of the suggestions made by the 

reviewers. Those changes are highlighted within the manuscript by tracked changes in the 

“Manuscript with changes marked” file and completely incorporated in the main Article File. 

Please see below, in italics, for a point-by-point response to the reviewers’ comments and 

concerns. 

 

 

 

Reviewer comments: 

Reviewer #1 (Remarks to the Author): The manuscript by Rimnacova et al. describes the profile 

of hydrogen sulfide and persulfidation in male reproduction. The manuscript is technically 

sound and presents important observational data on the ability of the male reproductive tract in 

performing post-translational modification of proteins through production of hydrogen sulfide 

and persulfidation. Althought the presented data is an important contribution to the field, the 

consequences and role of hydrogen sulfide production and persulfidation are not explored in 

this manuscript and should be addressed either in this manuscript or in a subsequent publication 

perhaps through a inducible knock out of H2S producing enzymes. Nevertheless, this 

suggestion would greatly improve the manuscript, I also recognize that this would involve 

unattainable amount of work that would prevent the publication of this manuscript's important 

data and I would suggest a follow up work addressing the functional significance of these 

findings. 

Please address this limitation in the manuscript. 

Authors’ response: In our further, rather experimental work, we are achieving data 

underlining the reviewer’s suggestions. Accordingly, concerning the breadth of this manuscript 

and other achieved findings, we decided to keep both sorts of data separate, followed by another 

submission of the mentioned experimental observations. This fact is newly claimed in the 



manuscript; please see lines 276-282 of the revised manuscript. Finally, the choice of 

experimental model is arduous because three enzymes release H2S and, in accordance with 

their canonical expression, are substitutable. Designing of GM mouse strain should work on 

the triple-knock-out generation, strictly equipped with lox-flanked sequences (leading to 

spatiotemporal driving of gene excision). Triple KO using a cell population modulated with 

siRNA and/or CRISPR-Cas9 system seems more feasible; however, not bringing a solution for 

transcriptionally-silenced spermatozoa. We consider all these consequences within the 

planning of further experiments, and we will pay attention to all your comments. 

 

 

Reviewer #2 (Remarks to the Author): The article entitled "Evidence of endogenously produced 

hydrogen sulfide (H2S) and persulfidation in male reproduction" by Hedvika Řimnáčová and 

colleagues aimed to verify the H2S action on testis and spermatozoa proteins, based on its 

releasing enzymes. The whole article is a very well-designed and complete study, answering an 

important question regarding the action of PTMs on spermatozoa. I have a few comments 

regarding some details: 

1. I did not see any mention of the information on human samples. Are they normozoospermic 

ones, had some infertility problems or urogenital conditions. Age, weight, and other details are 

very important also. 

Authors’ response: Information that analyzed spermatozoa belonging to normozoospermics 

was mentioned in the results (line 164). However, we also added this information into the 

Material and Methods section and the age of donors (line 312). Unfortunately, other 

information about donors has not been provided. 

 

2. Microscope configuration for each essay is missing 

Authors’ response: In addition to existing details (lines 340-341) noted in M&M, we added the 

information about magnification into the appropriate figures (line 549, 555, and 562). 

3. Why do the authors use PNA to evaluate the acrosomal status and not PSA? 

Authors’ response: PNA, as well as PSA, are lectins, binding to acrosome membrane. We used 

PNA because we have had good experience with this staining in our lab. It gives us more 

specific staining of acrosome than we got with PSA. 

4. What is the half-life of H2S in spermatozoa and testicular tissue? Do the authors think that 

this evaluation is robust? 

Authors’ response: This is a delicate question; H2S half-life under in vivo conditions is 

extremely short, estimated between seconds to minutes (Polhemus & Lefer, 2014) (We added 

this information to the manuscript line 239). The presence of all three H2S-releasing enzymes 

indicates continuous H2S production, substitutability of these enzymes, and thus continuous 

supplementation of spermatozoa by H2S. Together with its short half-life, this testifies to a very 

sophisticated regulatory mechanism, which has also been detected in other tissues. 

Nevertheless, technically in this manuscript: colorimetric assay has been used and, principally, 



the enzymatic capacity of H2S-releasing enzymes is tested, using surplus of both cofactor and 

substrate, in the tissue lysate for 2 hrs. Therefore, we consider alternative approaches for the 

description of physiological capacity and genuine H2S production in a tissue, being a part of 

upcoming experiments.  

5. Why do the authors use Histone H3 and loading control? Do these proteins pass through 

persulfidation like GAPDH? We already know that methylation and other PTM occur in this 

protein. 

Authors’ response: We use H3 as a loading control for western blot because the modifications 

we are seeking, including persulfidation, sulfenylation, and nitrosylation, do not modify 

histones abundantly (if at all); therefore, there is no interference of loading control and 

analyzed PTM assumed. Molecular weight (16 kDa) is another reason for choosing H3; 

otherwise, the stripping must be used for (e.g.) GAPDH detection. However, stripping 

decreases detection efficiency, and we prefer to avoid it. Moreover, histones are often 

biotinylated naturally (Sidoli et al., 2012), and biotin-based detection does not seem to be a 

good approach for histone analyses.  

 

 

Editorial Board Member comments: 

While both reviewers have acknowledged strenghts within the mauscript, there are minor points 

that authors need to address. Authors should particularly consider adding context as to the 

consequences of H2S and persulfidation to sperm, in the discussion. Moreover, technical 

information regarding H2S half-life is of particular interest, as there are many products of 

oxidation in semen that are evanescent, and it would be of interest to know if this is the case for 

H2S and persulfidation. Finally, did authors verify potential interaction with cysteine-rich 

proteins, such as sperm nuclear protamines? 

Authors’ response: The consequences of the H2S action were outlined in the lines 251 – 261 

and 264 – 266, but we agree that the description is too general. That is why, we added more 

specific consequences of H2S and persulfidation in lines 266 – 271. 

We also added information about H2S half-life in lines 239. You are right, persulfidation, as 

well as other redox PTMs, including that arising from the oxidation reaction (nitrosylation, 

sulfenylation), are unstable and very dynamic. Therefore, we included a sentence in lines 197 

– 198. 

That is a very good point with protamines and H2S. H2S is a small liposoluble molecule that 

could easily pass-through membranes and reach tightly packaged sperm chromatin. Based on 

this, we assume the role of H2S in disulfide bond reduction within protamines. However, the 

protamine isolation, which needs a large amount of reducing agents like DTT, is not compatible 

with biotin-switch assay (persulfidation detection) and, unfortunately, with any other assay 

available for persulfidation detection. However, the ability of H2S to reduce disulfide bond 

and/or create persulfidation in protamines is a focus of our recent experiments and will be the 

theme of our future manuscript. 
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