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Abstract

The aim of this study was to assess the dose- and time-dependent in vitro effects of ferrous
sulphate (FeS0O,4.7H,0) on the motility parameters, viability, structural and functional activity
of bovine spermatozoa. Spermatozoa motility parameters were determined after exposure
to concentrations (3.90, 7.80, 15.60, 31.20, 62.50, 125, 250, 500 and 1000 uM) of FeS-
0.,.7H,0 using the SpermVision™ CASA (Computer Assisted Semen Analyzer) system in
different time periods. Cell viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5- diphe-
nyltetrazolium bromide (MTT) assay, and the Annexin V-Fluos was applied to detect the
membrane integrity of spermatozoa. The initial spermatozoa motility showed increased
average values at all experimental concentrations compared to the control group (culture
medium without FeSO,4.7H,0). After 2 h, FeSO,.7H,0 stimulated the overall percentage of
spermatozoa motility at the concentrations of < 125 yM. However, experimental administra-
tion of 250 uM of FeSQO,.7H,0 significantly (P < 0.001) decreased the spermatozoa motility
but had no negative effect on the cell viability (P < 0.05) (Time 2 h). The lowest viability was
noted after the addition of > 500 uM of FeSQO,4.7H-0 (P < 0.001). The concentrations of <
62.50 uM of FeSO,4.7H,0 markedly stimulated (P < 0.001) spermatozoa activity after 24 h
of exposure, while at high concentrations of > 500 uM of FeSO,.7H,0 the overall percent-
age of spermatozoa motility was significantly inhibited (P < 0.001) and it elicited cytotoxic
action. Fluorescence analysis confirmed that spermatozoa incubated with higher concentra-
tions (> 500 uM) of FeSO,.7H,0 displayed apoptotic changes, as detected in head mem-
brane (acrosomal part) and mitochondrial portion of spermatozoa. Moreover, the highest
concentration and the longest time of exposure (1000 uM of FeS0O,4.7H,0; Time 6 h)
induced even necrotic alterations to spermatozoa. These results suggest that high concen-
trations of FeS0O,4.7H,0 are able to induce toxic effects on the structure and function of
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spermatozoa, while low concentrations may have the positive effect on the fertilization
potential of spermatozoa.

Introduction

The natural environmental factors and differentiated anthropogenic pollutants, as well as
many other sources strongly influence the male reproductive system, both in animals and
humans [1, 2]. Exposure to heavy metals is a risk factor in the assessment of spermatogenesis
[3], while certain trace elements have been shown to be essential for testicular development
and spermatogenesis [4], as well as for the preservation of the fertilization capacity of sperma-
tozoa [5].

Based on the widespread use, key roles in biological processes and bilateral role in the
organism, trace element iron (Fe) has been chosen for the present in vitro reprotoxicity study.
In the human body, Fe has a crucial role as part of metalloproteins such as hemoglobin or
myoglobin, as well as enzymes that are associated with energetic reactions [6]. Furthermore, it
is a biologically essential element of every living organism because Fe cofactors activate
enzymes involved in major metabolic processes in the cell. Indeed, Fe participates in various
physiological, regulatory, and biochemical processes such as oxidation/reduction reactions,
electron transport associated with cellular respiration, deoxyribonucleic acid (DNA) synthesis/
repair, cell division and proliferation, all of which are closely related to spermatozoa produc-
tion and metabolism [7-17]. In effect, it has been reported that Fe-containing enzymes play a
key role in spermatogenesis and semen quality, because Sertoli and Leydig cells are important
sources of Fe storage protein, ferritin [8, 18]. Recently, Chao et al. [19] have confirmed cross-
talk between sex hormones and ferritin at the systemic level. Data from epidemiological studies
suggest that the concentrations of Fe in the environment have increased due to anthropogenic
activities including agricultural practices [20], biomass burning [21], steel industry, sewage,
and dust from mining [22]. As a result of environmental pollution, Fe concentrations in the
environment have been changing rapidly and its homeostasis in the cells may get disrupted as
aresult [23]. At physiological levels, Fe and its compounds have not been reported to be toxic
for the animals and humans [2]. Nevertheless, disturbances in the regulative absorption mech-
anism can appear due to pathological conditions or prolonged intake of high Fe doses. In these
cases, since the capacity for storage of Fe in ferritin is exceeded, the metal is complexed to
phosphate or hydroxide to form hemosiderin (or it is bound into proteins), and in this form it
is present in the liver [3]. Indeed, Fe excess in the organism is associated with the metal deposi-
tion in organs throughout the body (mainly liver, heart, and endocrine glands) [24, 25] and
relates to their specific damages. Moreover, Fe can induce cell death by generating free radicals
as it interconverts between ferrous (Fe**) and ferric (Fe**) forms [24].

Previously, the biometal has been reported to be required for the proper development and
functioning of the male reproductive system [26]. However, it may become highly detrimental
if accumulated in large quantities [27]. Excessive doses of Fe resulted in testicular atrophy with
morphological changes and lesions in the seminiferous tubules, epididymis and Sertoli cells,
impaired spermatogenesis, associated with pathological disorders and impaired reproductive
performance [8, 10, 28-32]. Sperm DNA damage [33, 34] as well as toxic impact of long-term
dietary Fe (300 ppm for 100 days) overload on gene expression and enzyme activity of the tes-
ticular antioxidant defence system [35] have also been reported. In mice, alterations in male
reproduction (related to decreased epididymis-body weight ratio, increased seminal vesicle-
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body weight ratio along with severe deterioration of testicular microstructure) have been
observed after short-term exposure to Fe (0.30 mg/day for 18 days) [36]. Other studies have
showed the association between mean Fe concentration in the seminal plasma and spermato-
zoa progressive motility as well as viability [37]. Similarly, Tvrda et al. [18] quantified Fe in
seminal plasma which was positively correlated with spermatozoa motility characteristics

(P < 0.05). They also revealed that Fe is important for the preservation of spermatozoa motility
and antioxidant power at physiological amounts only. Decreased levels of Fe were found in
males diagnosed with asthenozoospermia [38]. On the other hand, intravenous Fe application
in men with Fe deficiency anemia caused a doubling of spermatozoa count and improvement
all the semen parameters [39].

Spermatozoa are extremely sensitive to various factors which may disturb the process of
spermatogenesis and consequently lead to a decrease in spermatozoa quality and production.
Iron has indispensable roles in the physiology, as well as pathology of male reproduction. Pub-
lished studies highlight the crucial roles of Fe in cellular respiration, spermatozoa development
and metabolism [13]. To our knowledge, there is little information available on the impact of
Fe (in the form of ferrous sulphate-FeSO,.7H,0) on the fertilization potential of the sperma-
tozoa. Hence, this in vitro study was carried out to obtain more insight in reference to the con-
centrations used in the few previous studies [14, 18, 40, 41]. The present study aimed to
investigate the dose- and time-dependent effects of FeSO,.7H,0 on the motility parameters,
viability as well as structural and functional activity of bovine spermatozoa.

Materials and methods
Biological material

Bovine semen samples (n = 58) were obtained from 6 adult Holstein-Friesian breeding bulls
and processed following routine methods at the bull breeding station (Slovak Biological Ser-
vices, Nitra, Slovak Republic). The selected bulls were from 1 to 6 years old, and the frequency
of semen collection was once weekly (early in the morning). Each ejaculate was obtained from
each bull on regular collection schedule using an artificial vagina. The samples had to accom-
plish the basic quality criteria given for the corresponding breed. After processing, the samples
were stored in the laboratory at room temperature (22-25°C) and basic measurements were
performed-volume (mL), pH, concentration (x10°/mL) and osmolarity (mOsmol/kg) accord-
ing to standard methods [42]. The results of basic semen parameters showed that all observed
characteristics were within the physiological range (Table 1). Each sample was diluted in physi-
ological saline solution (sodium chloride 0.90% w/v; Bieffe Medital, Grosotto, Italy; pH 6.50—
7.00, osmolarity 301-308 mOsmol/kg), using a dilution ratio of 1:40.

Table 1. The basic parameters of bovine semen samples (n = 58).

PARAMETERS x*SD

ph 6.56 + 0.20
Spermatozoa concentration (x10°/mL) 3.15+0.96
Semen volume (mL) 6.23 +1.69
Osmolarity (mOsmol/kg) 297.50 + 4.67
Spermatozoa Fe concentration (pig/mL) 0.049*
Seminal plasma Fe concentration (ug/mL) 0.025"*

x-arithmetic mean, + SD-standard deviation
* The Fe contents in spermatozoa were determined by the flame atomic absorption spectrophotometry (FAAS).

** The seminal plasma Fe concentrations were analyzed by UV/VIS spectrophotometry.

https://doi.org/10.1371/journal.pone.0257766.t001
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Samples processing

The samples were centrifuged (10 min, 9500 rpm, 4 °C) to obtain the cell sediment (spermato-
zoa) and seminal plasma fraction. The fractions were separated and transferred into 1.50 mL
tubes and kept frozen (-80°C).

Assessment of spermatozoa Fe concentration

Spermatozoa (cell sediment) were mineralized by adding 1.0 mL of HNO; (65%; Sigma-Aldrich,
St. Louis, MO, USA). The resulting solution was diluted to 3.0 mL with demineralized water. Con-
centrations of Fe in spermatozoa were determined by direct aspiration of the acidic sample into
the flame atomic absorption spectrophotometry (FAAS). This complies with the specification for
standardized FAAS quick procedure for metals when using the BUCK Model 200A atomic
absorption spectrophotometer (Cole-Parmer International, Court Vernon Hills, Illinois, USA).
The quantification limit for Fe was 0.12 mg/L and the detection limit 0.0036 mg/L. Calibration
Fe was delineated using suitable standard concentrations (0.125, 0.25, 0.50, 1.0 and 10 pg/g) by
diluting standard (0.50% HNO;). Concentrations were expressed as pg/mL.

Assessment of seminal plasma Fe concentration

The analysis of seminal plasma Fe concentration was determined using the BioLa Test com-
mercial kit (PLIVA-Lachema, Brno, Czech Republic) according to the manufacturer’s instruc-
tions. In a pH 4.80 buffer system, Fe is released from transferrin and then quantitatively
reduced to ferrous state. Fe?* forms with Ferene S [(3-(2-pyridyl)-5,6-bis-2-(5-furylsulfonic
acid)-1,2,3-triazine)] a stable, coloured complex, whose colour intensity is proportional to the
amount of Fe in the sample. The interference from copper is eliminated by particular reaction
conditions and a specific masking agent. The absorbance was measured at 593 nm using the
Genesys 10 spectrophotometer (Thermo Fisher Scientific Inc., Madison, USA). Concentra-
tions were expressed as pg/mL.

In vitro exposure

The metal, in the form of FeSO,.7H,0 (> 99%; Sigma-Aldrich, St. Louis, USA) was dissolved
directly in physiological saline solution and added to the semen samples at final concentrations
of 3.90, 7.80, 15.60, 31.20, 62.50, 125, 250, 500 and 1000 uM. Subsequently, pH and osmolarity
of the culture medium were checked after FeSO,.7H,0 addition within the entire range of
concentrations (pH = 5.70-6.40; osmolarity 298-310 mOsmol/kg in case 3.90-1000 uM of
FeSO,.7H,0). The spermatozoa with FeSO,.7H,O were cultured in 96-well plates (MTP, Grei-
ner, Germany) (at 37°C). The experimental groups A-I (exposed to the respective concentra-
tions of FeSO,.7H,0 as mentioned above) were compared with the control group (Ctrl—
culture medium without FeSO,.7H,0).

Spermatozoa motility analysis

The spermatozoa motility was analyzed using the Computer Assisted Semen Analyzer (CASA)
system-SpermVision™™ program (MiniTub, Tiefenbach, Germany) with the Olympus BX 51
phase-contrast microscope (Olympus, Tokyo, Japan) equipped with heating plate (37°C). Each
sample was placed into a Makler Counting Chamber with a depth of 10 pm (Sefi-Medical
Instruments, Haifa, Israel) and using the bovine specific set the following parameters were
evaluated: percentage of motile spermatozoa (%; motility > 5 um/s), percentage of progres-
sively motile spermatozoa (%; motility > 20 pm/s), velocity average path (VAP; um/s) and dis-
tance average path (DAP; um) in different time periods (Times 0 h, 1 h, 2 h and 24 h). In each
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sample at least 1500-1700 spermatozoa were analyzed. Results of the analysis were collected of
ten repeated experiments at each concentration.

Cytotoxicity evaluation

Viability of the cells exposed to FeSO,.7H,0 was evaluated by MTT [3-(4,5- dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide] assay [43], a standard colorimetric assay which mea-
sures the conversion of a yellow water-soluble tetrazolium salt to purple formazan particles by
mitochondrial succinate dehydrogenase enzyme (mitochondrial reductase) of living cells. The
formazan was measured spectrophotometrically. In brief, the cultured 3.15x10° cells/mL (in
200 uL medium per well) in 96-well plates (MTP, Greiner, Germany) were stained with MTT
reagent (Sigma-Aldrich, St. Louis, MO, USA) which was dissolved in Dulbecco’s Phosphate
Buffer Saline (Sigma, St. Louis, USA) at 5 mg/mL and added to the cells (in 20 uL per well).
After incubation at Times 0 h, 1 h, 2 h and 24 h (at 37°C), the cells and the formazan crystals
were dissolved in 80 uL of isopropanol (2-propanol, p.a. CentralChem, Bratislava, Slovak
Republic). The absorbance was determined at a measuring wavelength of 570 nm against 620
nm as reference by a microplate ELISA reader (Multiscan FC, ThermoFisher Scientific, Fin-
land). The data were expressed in percentage of the control group (i.e., absorbance of forma-
zan from cells not exposed to FeSO,.7H,0) [44]. Results of the analysis were collected during
seven repeated experiments at each concentration (n = 23-32).

Fluorescence analysis

Membrane phosphatidylserine (PS) translocation (membrane destabilization) was detected
after staining with fluorescently labeled Annexin V using an Annexin V-Fluos staining kit
(Roche Diagnostics GmbH, Mannheim, Germany). Detection of spermatozoa with disordered
membrane was carried out for selected FeSO,.7H,0 concentrations representing the range in
different time periods (Times 0 h, 2 h and 6 h). For the Annexin V analysis semen samples
were washed in a binding HEPES-buffered saline (supplied with a kit) and centrifuged (2000
rpm for 6 min at 4°C; Universal 320/320R, Tuttlingen, Germany). The semen suspension

(5.0 uL) was mixed with 100 pL working solution of Annexin V-Fluos and incubated for 20
min at 37°C. Afterwards, an aliquot of the semen suspension was placed between the micro-
slide and coverslip in 5.0 pL of the anti-fade medium Vectashield containing DAPI fluorescent
dye (4’,6-diamidino-2-phenylindol; blue image, cell DNA) and propidium iodide fluorescent
dye (PI, red fluorescence, necrosis) according to the manufacturer’s instructions with slight
modifications. The staining with Annexin V was immediately checked under a Leica DMR
270 fluorescent microscope (Leica Microsystems, Wetzlar, Germany) at 400x magnification
using a 488 nm wavelength filter. The spermatozoa with disordered membrane (PS asymme-
try) exhibited green fluorescence, whilst live spermatozoa (with intact membrane) remained
unstained [45-47]. Use of a combination of two fluorescent dyes, Annexin V and PI, led to the
identification of three distinct types of spermatozoa: (i) viable spermatozoa (Annexin V-nega-
tive, PI-negative, and DAPI-positive); (ii) dead spermatozoa (Annexin V-positive, PI-positive,
DAPI-positive); and (iii) spermatozoa with impaired but integer plasma membrane (Annexin
V-positive, PI-negative and DAPI-positive). Experiments were repeated five times. In each
experiment, about 8-10 microscopic fields were viewed per group and photographed. In total,
more than 1500 spermatozoa were counted in each experimental group.

Statistical analysis

Obtained data were statistically analyzed using the PC program GraphPad Prism 3.02 (Graph-
Pad Software Incorporated, San Diego, California, USA). Descriptive statistical characteristics
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(arithmetic mean, minimum, maximum, standard deviation, and coefficient of variance) were
evaluated. Homogeneity of variance was assessed by Bartlett’s test. One-way analysis of vari-
ance (ANOVA) and the Dunnett’s multiple comparison tests were used for statistical evalua-
tions. The level of significance was set at " (P<0.001);  (P<0.01); (P<0.05).

Results
Concentration of Fe in semen

The quantified Fe in seminal plasma was 0.025 pug/mL and spermatozoa Fe concentration mea-
sured by the FAAS method was 0.049 pg/mL. Results of the analyses are presented in Table 1.

Ferrous sulphate and spermatozoa motility parameters

Results of the effect of in vitro supplementation of FeSO,.7H,0 on bovine spermatozoa motil-
ity are presented in Fig 1. Initially (at Times 0 h and 1 h), similar values for the percentages of
motile spermatozoa were noted in all the groups. After 2 h, the average motility values signifi-
cantly (P < 0.001) decreased at the concentrations > 250 uM of FeSO,.7H,0 in comparison
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Fig 1. Spermatozoa motility (MOT; %) exposed to FeSO,.7H,O in different time periods. The control group (Ctrl) received a culture medium without FeSO4.7H,O
administration; Group A- 3.90 uM; B- 7.80 uM; C- 15.60 uM; D- 31.20 uM; E- 62.50 puM; F- 125 pM; G- 250 pM; H- 500 uM; I- 1000 uM of FeSO,.7H,O. Results of
the analysis were obtained of 10 repeated experiments at each concentration. The statistical difference between the values of Ctrl and treated spermatozoa was indicated
by asterisks “**P < 0.001; **P < 0.01; *P < 0.05 (One-way ANOVA with Dunnett’s multiple comparison test). CASA system.

https://doi.org/10.1371/journal.pone.0257766.9001
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Table 2. Progressive spermatozoa motility (%) exposed to FeSO4.7H,0 in different time periods.

Groups Control 3.90 7.80 15.60 31.20 62.50 125 250 500 1000
Ctrl A B C D E F G H I
Fe$SO,4.7H,0 (uM)
Time O h
X 88.68 90.31 90.56 90.43 90.19 89.49 89.30 89.25 91.18¢ 88.94
minimum 70.58 79.48 81.25 76.47 79.48 79.41 74.57 72.41 80.51 77.08
maximum 94.93 97.72 95.91 98.71 97.56 96.77 96.59 96.73 97.60 97.00
+SD 5.42 4.71 3.74 5.16 421 4.54 5.62 5.95 3.89 591
CV (%) 6.11 5.22 4.12 5.70 4.66 5.07 6.29 6.67 427 6.64
Timelh
X 82.90 86.52¢ 86.12 85.87 85.40 85.09 85.52 84.50 83.36 83.54
minimum 60.00 72.13 69.56 67.07 57.14 69.44 67.89 62.16 53.22 60.46
maximum 93.18 97.05 98.37 98.55 96.84 96.52 94.73 97.18 93.68 92.85
+SD 7.79 6.23 6.91 7.10 7.04 7.76 6.59 8.41 7.20 7.50
CV (%) 9.39 7.20 8.02 8.27 8.25 9.12 7.70 9.95 8.64 8.97
Time2h
X 78.24 85.18* 84.55% 81.76 81.35 80.10 79.58 72.99 69.46 65.45
minimum 65.20 59.18 54.54 50.74 56.47 61.19 54.76 55.55 46.34 5227
maximum 89.65 94.36 97.10 96.62 91.66 94.82 95.83 88.40 80.88 80.43
+SD 7.08 7.36 8.01 11.19 8.29 831 11.01 9.40 10.19 7.62
CV (%) 9.05 8.64 9.47 13.69 10.19 10.38 13.84 12.89 14.68 11.65
Time 24 h
X 34.01 72.06* 71.00% 70.97* 64.19* 44.16* 30.86 24.11¢ 2.25% 1.16*
minimum 25.20 53.19 47.45 41.79 51.44 31.25 20.90 19.17 1.03 1.00
maximum 4791 86.11 88.07 86.79 75.12 63.46 42.85 29.41 3.43 121
+SD 6.60 9.20 12.78 13.53 8.12 9.03 7.41 3.39 0.78 0.09
CV (%) 19.41 12.77 18.00 19.06 12.65 20.45 24.00 14.06 34.46 7.75

x-arithmetic mean, + SD-standard deviation, CV (%)-coefficient of variation

AP < 0.001
Bp < 0.01
€P < 0.05.

https://doi.org/10.1371/journal.pone.0257766.t1002

with the control group. However, a significant increase of spermatozoa motility at the concen-
trations of 15.60 pM (P < 0.05) and < 7.80 uM (P < 0.001) of FeSO,.7H,0 was recorded. Iron
at the concentrations of < 62.50 uM of FeSO,4.7H,O after long-term (Time 24 h) supplementa-
tion markedly stimulated (P < 0.001) the spermatozoa motility. The lowest motility of sperma-

tozoa was significantly detected in the groups with high concentrations of FeSO,.7H,0

(P < 0.05in case 250 uM; P < 0.001 in case > 500 uM) (Time 24 h). Identical spermatozoa
motility was also detected for the percentage of progressively motile spermatozoa during all
the time periods (Table 2).
Detailed data describing the spermatozoa motility parameters—-VAP (pm/s) and DAP (um)
are shown in Tables 3 and 4. The VAP analysis revealed significant (P < 0.001) differences at
the concentrations of < 15.60 pM of FeSO,.7H,0 in comparison with the control group after

Time 1 and 2 h. The highest concentrations (> 500 uM) of FeSO,.7H,0 significantly

(P < 0.001) decreased the VAP (Time 2 h). After Time 24 h, the spermatozoa exposed to low
concentrations (< 62.50 uM) of FeSO,.7H,0 (P < 0.001) became more active than those in
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Table 3. Velocity average path of spermatozoa (um/s) exposed to FeSO,.7H,O in different time periods.

Groups Control 3.90 7.80 15.60 31.20 62.50 125 250 500 1000
Ctrl A B C D E F G H I
FeSO,.7H,0 (uM)
Time O h
x 91.02 92.38 92.17 91.95 91.84 91.10 91.51 91.41 90.50 90.34
minimum 79.74 81.16 81.36 81.25 77.10 79.90 79.61 80.61 76.97 77.33
maximum 103.90 109.90 109.80 106.50 110.90 110.10 108.20 105.80 109.30 102.70
+SD 7.47 5.79 6.55 5.82 8.40 8.09 8.25 7.89 9.29 7.10
CV (%) 8.21 6.27 7.11 6.33 9.15 8.88 9.02 8.63 10.26 7.86
Time1lh
X 81.86 86.36" 86.34" 86.934 84.37 82.13 82.85 82.18 78.68 76.60
minimum 68.12 64.29 70.18 68.84 69.06 71.85 64.27 61.22 61.58 65.22
maximum 94.61 109.60 103.70 103.60 102.50 98.81 99.17 96.88 99.56 93.56
+SD 6.72 10.15 8.42 7.55 7.83 6.56 8.03 6.89 10.76 7.95
CV (%) 8.20 11.76 9.75 8.69 9.28 7.98 9.69 8.38 13.67 10.37
Time 2 h
X 75.43 85.30% 84.45% 81.42% 77.90 76.99 76.92 71.37 65.38% 56.334
minimum 60.04 58.23 66.44 62.74 57.05 62.07 56.75 51.75 4322 41.23
maximum 92.74 99.37 99.72 99.19 96.31 100.20 103.30 80.80 82.87 73.51
+SD 8.49 10.16 9.14 8.66 10.39 9.98 10.57 7.29 11.46 9.52
CV (%) 11.25 11.92 10.82 10.63 13.34 12.97 13.74 10.22 17.54 16.91
Time 24 h
X 35.90 66.33* 63.94* 60.86* 54.06% 45.06* 31.39 30.55 5.07* 2234
minimum 26.42 47.67 44.32 40.11 32.19 32.79 22.67 18.54 3.22 0.00
maximum 48.54 86.96 87.62 79.84 69.59 64.83 40.70 46.89 7.97 3.65
+SD 427 15.88 16.47 12.17 14.04 9.58 4.08 8.14 2.05 1.08
CV (%) 11.88 23.94 25.75 20.00 25.97 21.26 12.99 26.64 40.33 48.53

x-arithmetic mean, + SD-standard deviation, CV (%)-coefficient of variation

AP < 0.001
Bp < 0.01
€p < 0.05.

https://doi.org/10.1371/journal.pone.0257766.t003

the control group, but their exposure to higher concentrations (> 500 uM) of FeSO,.7H,0
resulted in a significant (P < 0.001) decreased. Evaluation of DAP showed similar results as to
the velocity parameters. The DAP analysis revealed significant differences at the concentra-
tions of < 15.60 uM of FeSO,.7H,0 in comparison to the control group (Times 1 h and 2 h).
Interestingly, the concentration of 125 pM of FeSO,.7H,0 at short-term supplementation
stimulated the spermatozoa motility, but gradually (after Time 24 h) inhibited the selected
parameter. Other data were significant (P < 0.001) in comparison with the control group, and
a time- as well as dose-dependent tendency was noted, too.

Ferrous sulphate and viability of spermatozoa

The viability of spermatozoa (Fig 2) as detected by the MTT assay was significantly (P < 0.001)
higher in all the experimental groups (Time 0 h) in comparison to the control group. After
Time 1 h, a significant (P < 0.05) increase of cell viability was noted at the concentrations

of <250 uM (P < 0.001 in case < 125 uM) of FeSO,.7H,0 in comparison with the control
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Table 4. Distance average path of spermatozoa (um) exposed to FeSO,.7H,0 in different time periods.

Groups Control 3.90 7.80 15.60 31.20 62.50 125 250 500 1000
Ctrl A B C D E F G H I
FeSO,.7H,0 (uM)
Time O h
X 37.10 38.80¢ 38.21¢ 39.05¢ 38.92¢ 37.40 37.29 37.70 36.17 35.62
minimum 31.22 33.02 34.38 32.56 32.53 33.49 32.00 32.03 29.60 27.69
maximum 43.33 45.62 48.52 44.88 47.00 43.50 46.00 47.00 45.40 42.97
+SD 3.50 2.90 3.12 2.82 3.69 2.58 3.66 429 4.71 424
CV (%) 9.45 7.47 8.18 7.21 9.49 6.89 9.82 11.39 13.01 11.90
Time1lh
X 35.80 37.37¢ 37.10€ 37.20€ 36.23 35.43 35.22 35.11 32.66 31.34
minimum 27.98 30.09 31.37 28.70 30.86 31.02 30.02 30.09 27.59 27.93
maximum 41.29 4492 47.08 46.30 43.61 42.77 43.82 42.48 41.05 35.56
+SD 3.01 3.49 3.32 347 3.22 2.90 2.93 2.97 3.72 1.92
CV (%) 8.40 9.33 8.95 9.34 8.87 8.19 8.32 8.46 11.38 6.12
Time 2 h
X 33.09 36.18% 35.944 35.34€ 34.02 33.73 33.63 31.11€ 29.14* 25.98*
minimum 20.05 23.87 28.38 28.09 23.07 21.22 22.88 21.86 20.93 20.09
maximum 40.38 40.61 42.04 42.99 43.79 44.32 47.91 39.52 36.69 33.96
+SD 4.10 3.82 3.52 3.47 5.24 4.93 6.46 5.09 4.66 3.90
CV (%) 12.38 10.56 9.79 9.81 15.39 14.61 19.19 16.36 15.99 15.00
Time 24 h
X 16.53 25234 25254 24.124 22.90% 16.574 12.074 10.924 1.674 0.00*
minimum 1221 18.41 15.34 14.55 15.05 13.84 8.27 6.84 1.01 0.00
maximum 19.47 38.72 37.63 34.91 30.96 19.67 14.94 14.32 2.85 0.00
+SD 1.59 6.70 6.95 5.52 6.07 1.46 1.84 1.95 0.67 0.00
CV (%) 9.64 26.56 27.53 22.90 26.49 8.82 15.21 17.81 40.26 0.00

x-arithmetic mean, + SD-standard deviation, CV (%)-coefficient of variation

AP < 0.001
Bp < 0.01
€P < 0.05.

https:/doi.org/10.1371/journal.pone.0257766.t004

group. The lowest viability (P < 0.001) was determined after the addition of > 500 uM of FeS-
0,.7H,0 (Time 2 h). In addition, a concentration of 250 uM of FeSO,.7H,0 during short-
term supplementation significantly (P < 0.001) decreased the spermatozoa motility parame-
ters but had no apparent negative impact on the mitochondrial activity of spermatozoa

(P < 0.05). After Time 24 h, the survival of the cells decreased proportional to the increasing
concentrations of FeSO,4.7H,0O. At lower concentrations, FeSO,.7H,0O was able to maintain
cell viability after long-term supplementation; however, this increase was not significant statis-
tically (P > 0.05). The lowest viability of spermatozoa (P < 0.001) was detected at the concen-
trations of > 125 uM of FeSO,.7H,0.

Ferrous sulphate and Annexin V-labeled structural changes in spermatozoa

Results from fluorescence analysis are presented in Figs 3-6. Detection of spermatozoa with
disordered membrane was carried out for the groups with higher concentrations (> 500 uM)
of FeSO,.7H,0. The highest concentration (1000 uM) of FeSO,.7H,0 after Time 2 h caused
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Fig 2. The effect of FeSO,.7H,O on the viability of spermatozoa in different time periods. Each bar represents the arithmetic mean (+ SD) absorbance in % of
(untreated) control group (Ctrl), which represented 100%. Results of the analysis were obtained of 7 independent experiments at each concentration. A decline in
absorbance reflects a decline in the cell viability. The control group (Ctrl) received a culture medium without FeSO,.7H,0 administration; Group A- 3.90 pM; B-
7.80 uM; C- 15.60 uM; D- 31.20 puM; E- 62.50 uM; F- 125 uM; G- 250 uM; H- 500 uM; I- 1000 uM of FeSO,4.7H,O. The statistical difference between the values of Ctrl
and treated spermatozoa was indicated by asterisks ***P < 0.001; **P < 0.01; *P < 0.05 (One-way ANOVA with Dunnett’s multiple comparison test). MTT assay.

https://doi.org/10.1371/journal.pone.0257766.9002

typical apoptotic process. In vitro supplementation of spermatozoa with 500 uM of FeS-
0,4.7H,0 after Time 6 h was detected by the Annexin V fluorescence reaction on the mito-
chondrial portion and head (acrosomal part) of bovine spermatozoa. In the group with the
highest concentration and the longest time of exposure (1000 uM of FeSO,.7H,0; Time 6 h),
characteristic Annexin-positive regions in the mitochondrial segment and in the spermatozoa
head membrane (acrosomal part) were also detected, showing a significant alteration of sper-
matozoa membrane integrity. In addition, this concentration induced even necrotic spermato-
zoa alterations (fluorescently detected by PI).

Discussion

Iron is an essential trace nutrient playing important roles in spermatogenesis [2]. Like other
risk elements, depending on its level in the organisms, Fe is capable of demonstrating its dual
(essential and toxic) actions. Therefore, the target of our in vitro study was to analyze the dose-
and time-dependent effects of FeSO,.7H,O on the spermatozoa and to evaluate its relationship
with spermatozoa quality parameters including motility, viability, and functional as well as
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Fig 3. Fluorescent staining of bovine spermatozoa in the control group without FeSO,.7H,0 administration after Time 2 h of
culture. Blue-stained (DAPI positive) chromatin of spermatozoa heads (A). The cells are Annexin V-negative (B), without apoptotic
changes (400x magnification).

https://doi.org/10.1371/journal.pone.0257766.9003

structural integrity. The results of the present CASA analysis revealed that the concentrations
of < 125 uM of FeSO,.7H,0 stimulated the overall spermatozoa motility during short-term
culture. It may be postulated that reproductive cells exhibit an increased demand for

DN

C D

Fig 4. In vitro culture of spermatozoa with 500 uM of FeSO,.7H,0 after Time 6 h. Blue-stained (DAPI positive) chromatin of spermatozoa heads (A, C). Detection of
apoptosis in spermatozoa (green staining) (B). Annexin V fluorescence reaction was detected in the mitochondrial segment and head (acrosomal part) of bovine
spermatozoa (D; arrow) (400x magnification).

https://doi.org/10.1371/journal.pone.0257766.9004
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Fig 5. In vitro culture of spermatozoa with the highest concentration (1000 pM) of FeSO,.7H,O after Time 6 h. Blue-stained (DAPI positive) chromatin of
spermatozoa heads (A). Typical apoptotic (B) as well as necrotic spermatozoa alterations (C), fluorescently detected by propidium iodide (red staining) (400x
magnification).

https://doi.org/10.1371/journal.pone.0257766.9005

intracellular Fe, because the metal has a pivotal role in cellular homeostasis as a substrate or
cofactor of enzymes. Beneficial impact of Fe (< 62.50 pM; P < 0.001) on the spermatozoa

motility parameters was observed after long-term culture, too. This may be explained by the
unique position of Fe among other biometals, and the transferrin cycle and regulation of Fe

A C

Fig 6. More detailed image of altered spermatozoa in the group with the highest concentration (1000 uM) of FeSO,.7H,0 and the longest time of
exposure (6 h). Blue-stained (DAPI positive) chromatin of spermatozoa heads (A). Annexin-positive regions of apoptotic changes (B) were found not only
in the mitochondrial portion, but also on the spermatozoa head (acrosomal part). Necrosis positivity by propidium iodide at the excitation 488 nm was
detected (C) (400x magnification).

https://doi.org/10.1371/journal.pone.0257766.9006
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homeostasis acts to keep the amount of free ferrous Fe at the lowest possible level. On the
other hand, the high concentrations of > 500 uM of FeSO4.7H,0 (P < 0.05 in case 250 pM of
FeSO,4.7H,0) induced a toxic effect, resulting in a notable decrease of the spermatozoa activity.
The gradual decrease of spermatozoa motility in the experimental groups supplemented with
high Fe doses may be acknowledged to the oxidative stress to which spermatozoa are subjected
during the in vitro culture. These results may be considered as a follow-up of our previous
study [40], which detailed the assessment of a wide range of concentrations of FeSO,.7H,0 on
the spermatozoa motility parameters in vitro. Significant increase of spermatozoa motility
parameters in relation to FeSO,.7H,0 addition was reported. Based on these findings, it may
be concluded that FeSO,.7H,0 at low concentrations maintains the spermatozoa motility
parameters, but at high concentrations acts as a toxic agent. Our results also point out that Fe
in acceptable concentrations probably has a direct action on the fertilization potential of sper-
matozoa. Similarly, Tvrda et al. [41] experimentally confirmed that Fe** or Fe** a dose- and
time-dependent impact on spermatozoa. The dual roles of Fe on spermatozoa motility were
noted at Time 16 h. High concentrations of both forms are toxic, while concentrations below
10 umol/L of FeCl, together with 50 umol/L of FeCl; proved to exert favourable effects on
spermatozoa motility (P < 0.001). In accordance with our results, the lowest motility was
recorded in both experimental groups with the highest concentrations (1000 pmol/L) of FeCl,
and FeCl; (Time 24 h), resulting in a notable decrease of the spermatozoa activity, accompa-
nied by oxidative balance. We consider that high concentrations of transition metal ions such
as Fe cations can disrupt the mechanism of activity of the spermatozoa. Comparing our results
with those obtained in a previous work by Tvrda et al. [41], wherein chlorides were used, it
seems that rather high concentrations of Fe cations than sulphate anions have adverse effects
on the spermatozoa. Probably the kind of the salt of Fe is not as important factor for toxicolog-
ical evaluation.

Iron is necessary component of bovine semen and is needed for a proper spermatozoa func-
tion. Currently, there is also a considerable lack of data referring concentration of Fe in sper-
matozoa or only in seminal plasma fraction. Despite the complex relationship between semen
analysis and trace elements, we quantified Fe in the whole semen, which is an important factor
for determining the fertilization potential of spermatozoa. The present study is the first, which
completely evaluates total concentration of Fe in bovine semen and reflects its presence in the
spermatozoa (0.049 pg/mL) versus seminal plasma (0.025 pg/mL). Our observation showed
higher concentration of Fe in the cell sediment (spermatozoa), which seems representative of
cumulative exposures of this trace element.

Importance of Fe in male fertility has been shown in several in vivo and in vitro studies.
Kodama et al. [26] reported that incubation of spermatozoa with low concentrations of Fe sig-
nificantly improves fertilization rates of mice. Syamsunarno et al. [36] observed that the mice
spermatozoa motility increases in dose-dependent manner (although not significant) after
short-term Fe overload injection. Hashemi et al. [48] studied relationships between the semi-
nal plasma levels of trace elements and evaluated their effects on human spermatozoa motility
parameters. The increased Fe levels caused a decrease in most of spermatozoa motility frac-
tions. Huang et al. [49] observed that incubation of spermatozoa with Fe** caused a reduction
of motility associated with marked lipid peroxidation. Although excessive doses of Fe cause
destructive effect on the testicular function and spermatogenesis [29], its physiological level is
necessary for optimal spermatozoa function [50]. Aydemir et al. [51] showed a positive corre-
lation between serum levels of Fe and spermatozoa motility. Positive correlation between sper-
matozoa motility and lactotransferrin levels in seminal plasma from ejaculates have been
found in the study by Kiso et al. [52]. Differences in Fe plasma seminal levels have also been
reported in subfertile subjects [53, 54]. Kanwal et al. [8] found significant positive correlation
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between Fe contents in semen and motile spermatozoa percentage of crossbred cow bulls.
These observations are supported by Eghbali et al. [37], too.

Spermatozoa motility is closely associated with mitochondria which are helically arranged
around the axoneme in the sperm mid-piece and play a key role in energy production crucial
for the sperm movement [55-58]. In the present study, the viability of spermatozoa after expo-
sure to FeSO,4.7H,0 was assessed by the MTT assay. The formazan particles were reduced by
the mitochondrial enzyme succinate dehydrogenase [43], which selectively accumulate in liv-
ing cells. Ruiz-Pesini et al. [59] clearly demonstrated a direct and positive correlation between
spermatozoa motility and mitochondrial respiratory chain enzyme activities. It is known that
motility is closely related to the functional activity of the sperm mitochondria, as adenosine tri-
phosphate (ATP) interconnects the motion activity of the spermatozoon with the functional
stability of its energetic centre [58]. Results of the present study indicate a significant
(P < 0.001) increase in spermatozoa viability at low concentrations (< 125) uM of FeS-
0,.7H,0 which is in agreement with enhanced motility of spermatozoa. These concentrations
supported the mitochondrial activity of spermatozoa (P < 0.001). Mitochondrial ATP synthe-
sis using the ATPase complex transports energy into the cells [57], which is required for a wide
range of spermatozoa functions, particularly for the motility [60]. In the present study, high
concentrations of > 500 pM of FeSO,.7H,0, however, significantly (P < 0.001) reduced the
spermatozoa motility and also elicited cytotoxic effect. It appears that these concentrations
decreased the mitochondrial activity of spermatozoa or enzymatic complex, and subsequently
the spermatozoa were not able to utilize this energy (ATP). The reduced percentage of motility
with a low viability of spermatozoa may reflect structural abnormalities and/or metabolic alter-
ations of the cells, too. Interestingly, the concentration of 250 uM of FeSO,.7H,0 in short-
term culture demonstrably inhibited (P < 0.001) the spermatozoa motility parameters but had
no negative effect on the mitochondrial activity of spermatozoa (P < 0.05). This observation
points to another possible mechanism of its toxicity which could be reflected via other cellular
pathways. A deeper understanding of mitochondrial energy metabolism could open up new
avenues in the investigation of Fe action on spermatozoa mitochondrial bioenergetics, both in
physiological and pathological conditions.

The mitochondria are the primary source of reactive oxygen species (ROS), small amounts
of which are necessary for the spermatozoon to acquire the fertilizing capacity [61]. On the
other hand, the organelle is a major site of intracellular ROS production within most mamma-
lian cells which underlies mitochondrial oxidative damage in many pathological processes and
contributes to retrograde redox signalling from the mitochondria to cytosol and the nucleus
[62]. Mitochondria are a target of toxic actions of many substances [63] which may amplify
their oxidative damage. Iron as transition metal possesses this ability and thus, it may be pref-
erentially toxic to cells with high mitochondrial activity [64]. Bauckman et al. [65] found that
ovarian carcinoma cell lines treated with 250 umol/L of non-transferrin bound Fe during 24 h
induced mitochondrial damage, reduced expression of outer mitochondrial membrane pro-
teins, increased ROS levels and reduced cell viability. Indeed, several researchers have sug-
gested that the cytotoxic effects of metals (including trace elements such as Fe) are dependent
upon the chemical form, valence states (inorganic versus organic), length of exposure, time-
duration, route of administration, various experimental models, as well as the doses used and
apart from many other factors [40, 66, 67].

Lucesoli et al. [68] reported that disproportionate levels of Fe*" can reduce the size of testes.
Smaller testes and reduced sperm production may be related to the elevated Fe** concentra-
tions [29]. Severe Fe overload increases oxidative stress in testes and epididymal sperm causing
infertility [69]. Wise et al. [10] showed that the Fe concentration was negatively correlated
with the transferrin or ferritin availability and testicular weight in boars. Furthermore, boars
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with high Fe levels and low transferrin/ferritin produced less sperm. As the testicular Fe con-
centration increased, daily sperm production and total daily sperm production declined. The
study concluded that abnormal activity of both transferrin and ferritin were associated with
hypogonadism and Fe accumulation may lead to reduced sperm production. According to
Massanyi et al. [53, 70], increased Fe concentration directly affects the spermatozoa morphol-
ogy. The present study revealed that structural and functional alterations of spermatozoa are
associated with Fe toxicity. Furthermore, fluorescence analysis confirmed that spermatozoa
incubated with high concentrations (500 and 1000 pM) of FeSO,.7H,0 displayed apoptotic
changes, mainly detected in the head membrane (acrosomal part) and mitochondrial portion
of spermatozoa. Moreover, the highest concentration and the longest time of exposure

(1000 uM of FeSO,.7H,0; Time 6 h) induced even necrotic spermatozoa alterations. During
the early phases of disturbed membrane function, asymmetry of membrane phospholipids
occurs prior to a progressively disturbed integrity of the cytoplasmic membrane. The distur-
bance of membrane function starts with the translocation of PS from the inner to the outer
leaflet of the plasma membrane and results in an exposure of PS on the external surface. This
translocation of PS is one of the earliest features of cells undergoing apoptosis. Annexin V
staining enables the identification of cells with deteriorating membrane integrity at an earlier
stage than staining with supravital stains [45, 71]. The detection of PS exposure, as a well-
established early marker of sperm apoptosis has been applied in various studies [72-74]. Gan-
dini et al. [75] examined the morphological aspect of the apoptotic spermatozoa. Based on the
results of the present study, it may be assumed that the apoptotic alterations in the spermato-
zoa may be associated with various forms of abnormal spermatozoa morphology resulting in
reduced motility and viability of spermatozoa. In this regard, Ammar et al. [76] provided clear
evidence that the apoptotic alterations are closely correlated with the morphological features
of spermatozoa, especially to the head and the tail shape. The defiance or overload of seminal
trace elements or enzymes may cause functional and qualitative defects on spermatozoon. Pos-
itive correlations were found between increased levels of Fe and apoptotic sperm markers. The
authors also supported the hypothesis that increased Fe level may be an important factor
involved in the mechanism of oxidative stress-mediated apoptosis in teratozoospermic semen.
Generally, the deleterious effects of Fe as a transition metal are attributed to its ability to gener-
ate ROS. According to Agarwal and Saleh [77], the toxicity of Fe results from the Fenton and
Haber-Weiss reactions, resulting in the formation of highly toxic hydroxyl free radicals from
hydrogen peroxide and superoxide ion radicals, which can affect lipids, proteins, and the
nuclear DNA [27, 78].

Conclusions

The results of the present in vitro study revealed the dose- and time-dependent effects of FeS-
0,.7H,0 on spermatozoa parameters including motility, viability, and functional structural
integrity. Beneficial impact of FeSO,4.7H,0 (< 62.50 tM) on bovine spermatozoa motility
parameters was observed after long-term culture (Time 24 h). Low concentrations of FeS-
0,.7H,0 showed a favourable effect on cell viability and thus, on the energy metabolism,
which is a key factor supporting spermatozoa activity. On the other hand, high concentrations
(> 500 uM) of FeSO,.7H,0 are able to induce a toxic (and cytotoxic) effect, resulting in a
notable decrease of the spermatozoa motility parameters and viability, accompanied by struc-
tural alterations (head membrane and mitochondrial portion of spermatozoa). In functional
aspects, all these changes could disrupt the mechanism of motion activity of the spermatozoon.
We consider that the adverse effects of higher concentrations of FeSO,.7H,O on the spermato-
zoa are caused by the effect of Fe cations. Furthermore, results of the present study point out
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that Fe in acceptable concentrations probably has a direct action on the fertilization potential
of the spermatozoa, which could be used in assisted reproductive technologies.
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