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Abstract: F2-isoprostanes (F2-IsoPs), stereoisomers of prostaglandin F2α generated by the free radical-
induced oxidation of arachidonic acid, have been associated with different male infertility conditions.
This study aimed to evaluate the role of seminal isoprostane levels and sperm characteristics in the
reproductive outcome and embryo quality of 49 infertile couples. Semen analysis was performed
following WHO guidelines. Sperm chromatin maturity was detected using an aniline blue (AB)
assay, and DNA integrity was assessed using the acridine orange (AO) test. Seminal F2-IsoP levels
were quantified by gas chromatography/negative ion chemical ionization tandem mass spectrometry
(GC/NICI–MS/MS) analysis. Correlations among variables and their impact on in vitro fertilization
(IVF) and intracytoplasmic sperm injection (ICSI) outcome were investigated. F2-IsoP levels are
positively correlated with double-stranded DNA sperm (p < 0.001) and negatively correlated with
mature sperm chromatin (p < 0.001). Patients with positive outcomes had an increased percentage of
sperm with double-stranded DNA, as did patients producing high-quality embryo, who showed
higher F2-IsoP levels compared to those detected in the low-quality embryo group. An intriguing
relationship between a mild increase in F2-IsoP levels, DNA integrity, and embryo quality seems
to indicate that the non-enzymatic oxidation of arachidonic acid can be also a marker of metabolic
activity in human semen.

Keywords: embryo quality; in vitro fertilization outcome; male infertility; seminal F2-isoprostanes;
sperm chromatin

1. Introduction

The life and death of mammalian spermatozoa are mostly ruled by oxidative stress
(OS). It is well known that spermatozoa are capable producers of reactive oxygen species
(ROS), derived from three potential sources, as revised by Aitken [1]: sperm mitochondria,
cytosolic L-amino acid oxidases, and plasma membrane nicotinamide adenine dinucleotide
phosphate oxidases.

Small amounts of ROS such as the superoxide anion, hydrogen peroxide, and nitric ox-
ide are important for physiological sperm function, including capacitation, hyperactivation,
and acrosomal reaction [2].

However, excessive production of ROS can play a negative effect on sperm concen-
tration, motility, and morphology. In addition, high ROS levels may damage sperm DNA,
RNA transcripts, and telomeres and, therefore, might represent a common underlying
etiology of male infertility and recurrent pregnancy loss [3]. Polyunsaturated fatty acids
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(PUFAs), particularly rich in sperm membranes, represent the main target of the free radical
insult, leading to oxidative lipid deterioration, the disruption of membrane characteristics
that are critical in maintaining sperm function, including egg fertilization [1,4].

Aldehydes, such as malondialdehyde and 4-hydroxynonenenal; conjugated diene
compounds; and isoprostanoids (a class of prostanoid isomers) are the secondary prod-
ucts of lipid peroxidation (LPO), and they have been investigated as seminal markers of
oxidative damage [5,6]. Altered levels of F2-isoprostanes (F2-IsoPs), isoprostanoids that
are stereoisomers of prostaglandin F2α (PGF2α) generated by the free radical-induced
oxidation of arachidonic acid, have been associated with different male infertility con-
ditions [7–9]. Seminal isoprostanes are negatively correlated with sperm motility and
morphology [10,11] and positively correlated with sperm immaturity [12,13].

Assisted reproductive technology (ART) is used to treat infertility and involves proce-
dures such as in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI). One of
the key determinants for success in ART is the embryo quality. Several studies explored the
effect of oocyte parameters on embryo quality, but more intriguing is the study of the role
of sperm quality in achieving the best embryos [14]. The conventional parameters used to
assess semen quality are used in this study to choose treatments for couples undergoing
ART, but they are not reflected in the fertilization rates, emphasizing their limited utility
in the assessment of sperm function [15]. Sperm chromatin structure and sperm DNA
integrity represent further important characteristics for successful fertilization and embryo
development. Abnormal spermatozoa contain high levels of damaged DNA and show al-
tered replacement of histones with protamines and chromatin packaging. These anomalies,
often concomitant with high ROS concentration and low antioxidant capacity, are reflected
as poor semen quality and poor reproductive outcome in infertile men [16]. Moreover, an
increased percentage of sperm with immature chromatin has been associated with a low
fertilization rate and slow embryo development [17].

This paper aims to evaluate the role of seminal isoprostane levels and sperm charac-
teristics, such as chromatin status and DNA integrity, in the reproductive outcome and
embryo quality.

2. Materials and Methods
2.1. Patients

Semen samples were obtained from the male partners (age 29–37 years) of 49 infertile
couples referred to the AGI Medica IVF Center (Viale Toselli, 94/F, 53,100 Siena). The in-
clusion criteria for this study were idiopathic male factor infertility, and one year or more
of unprotected intercourse without conception. The selected patients showed normal
karyotypes and hormonal levels, the absence of systematic sperm defects, negative semen
bacteriological cultures, and no varicocele diagnosis or leukocytospermia.

The female partners (age 27–35 years) had normal karyotypes and did not show
ovulatory, tubal, and hormonal pathologies.

Before the sperm selection required for IVF or ICSI, 0.5–1 mL of seminal fluid was
collected for sperm analysis. After semen analysis, the samples were centrifuged (15 min
400× g) to separate the spermatozoa from the plasma, and the latter was frozen at −80 ◦C
for the evaluation of seminal F2-IsoP levels. Before freezing, butylhydroxytoluene (BHT)
was added as an antioxidant (final concentration 90 µM).

The participants signed informed written consent before participation in this research,
declaring acceptance that their semen samples and the clinical data might be used for
scientific purposes.

2.2. Semen Analysis

The participants abstained from intercourse and masturbation for 3–5 days before
the sperm collection. The semen samples were collected by masturbation into a sterile
container, and the samples were examined after liquefaction for 30 min at 37 ◦C. Volume,
pH, concentration, morphology, and motility were assessed as recommended by World
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Health Organization guidelines [18]. The sperm morphology was evaluated using the
Papanicolaou test modified for spermatozoa [18].

2.3. Sperm Preparation

In cases of spermatozoa showing almost total absence of progressive motility, the
semen was simply washed in Flushing Medium (Origio, Måløv, Denmark) before being
used for ICSI.

In other patients, the standard swim-up technique was used to collect motile and
active spermatozoa for IVF and ICSI. The sperm samples were washed with 2 mL of a
Flushing Medium (Origio, Denmark) and centrifuged at 200× g for 10 min. The supernatant
was discarded, and the pellet was gently over-layered with 0.5–0.8 µL of the medium; the
tubes were inclined at 45◦ and kept at 37 ◦C and 5% CO2 for 45–60 min. Then, 0.2 µL
of the uppermost medium containing motile sperm was aspirated with a sterile pipette.
Concentration, motility, and morphology were recorded, and the sample was kept at 37 ◦C
until use.

2.4. Ovarian Stimulation

The women were treated with an antagonist protocol. According to the patients’ age
and body weight, the initial dose of gonadotropin was determined to be 150–400 IU/day.

Monitoring started on day 5 of the stimulation, and the dose of gonadotropin was
adjusted according to the estradiol (E2) serum concentration and ovarian response, which
were examined by ultrasound. When the leading follicles reached 13 mm in diameter,
0.25 mg of Cetrorelix (Merck-Serono, Darmstadt, Germany) was subcutaneously added
daily until the day of hCG administration. An intramuscular injection of hCG was made
when a minimum of three follicles reached a diameter of ≥18 mm. Oocyte pickup was
performed by the ultrasound guide 36 h after the hCG injection.

2.5. Acridine Orange (AO) Assay to Evaluate Sperm DNA Susceptibility to Damage

Acridine orange (AO, 3, 6-bis (dimethylamino) acridine, hemi (zinc chloride) salt,
BDH Chemicals Ltd., Poole, England) treatment assays are used to assess the sperm DNA
vulnerability to acid-induced denaturation in situ by quantifying the metachromatic shift
of AO fluorescence from green (double-stranded DNA) to red (denatured DNA). The AO
test was carried out as described by Moretti et al. [19]. The slides were observed and scored
with a Leitz Aristoplan fluorescence Microscope (Leica, Wetzlar, Germany) equipped with
a 490 nm excitation light and 530 nm barrier filter. Three hundred sperm nuclei for each
sample were analyzed and classified as green or red (sometimes, orange yellow) depending
on fluorescence. The sperm heads that exhibited a green stain had double-stranded DNA;
the sperm heads showing a spectrum of yellow orange to red fluorescence had single-
stranded DNA. The results were expressed as the percentage of spermatozoa that showed
normal DNA (green fluorescence).

2.6. Aniline Blue (AB) Test

This test verifies the maturity of the sperm chromatin, since AB shows binding affinity
with lysine residues, an amino acid in which histones are rich. It is well known that, during
the maturation process, spermatozoa replace most histones with protamines, basic proteins
rich in arginine accomplishing chromatin compaction. Therefore, the blue staining of sperm
after AB treatment indicates the persistence of histones and the immaturity of spermatozoa.

Two hundred microliters of seminal fluid were washed in phosphate buffer saline
(PBS), centrifuged at 400× g for 15 min, and resuspended in PBS; the sample, appropriately
diluted, was smeared on slides and air-dried. The slides were fixed with 3% glutaraldehyde
in PBS, pH 7.2, for 30 min in a humid chamber at room temperature. Then, the slides
were treated for 5 min with AB solution (5% aniline powder and 4% acetic acid, with
solution made up to volume with distilled water; pH 3.5). After washing in distilled water,
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the slides were observed under a Leitz Aristoplan microscope (Leica, Wetzlar, Germany).
Approximately 300 spermatozoa per sample were examined.

2.7. Determination of Total F2-IsoPs

Since F2-IsoPs are initially formed in situ on phospholipids (esterified F2-IsoPs) and
later released into biological fluids as unesterified F2-IsoPs (free F2-IsoPs), the levels of
total F2-IsoPs represents the sum of free and esterified F2-IsoPs.

At the time of total F2-IsoP assay, all seminal fluid samples were subjected to basic hy-
drolysis by incubation at 45 ◦C for 45 min in the presence of 1N KOH. Subsequently, all sam-
ples were acidified to pH 3 by the addition of 1N HCl, and tetradeuterated prostaglandin
F2α (PGF2α-d4, 500 pg), used as an internal standard, was added to each sample.

After a period (15 min) of stabilization in the presence of the internal standard, the
samples were purified by solid-phase extraction procedures that, by protocol, involve
the three sequences of conditioning, washing, and elution. For seminal fluid samples, an
octadecylsilane cartridge (C18, 500 mg, 55–105 µm Particle Size, 6cc, Waters, Milford, MA,
USA) was used, through which, after an appropriate conditioning step, the samples were
passed, followed by cartridge washes and elution.

Eluates from the C18 cartridge were transferred to a previously conditioned amino-
propyl cartridge (NH2, 500 mg, 55–105 µm particle size, 6cc, Waters, Milford, MA, USA).
After loading the eluate, washes and final elution were performed. The final eluates were
collected and then subjected to a derivatization procedure after evaporating the solvent
mixture under nitrogen blowing. Specifically, working on the dry residue of the extract,
the carboxyl groups of F2-IsoP and PGF2α-d4 were derivatized to form pentafluorobenzyl
esters, while the hydroxyl groups were converted to trimethylsilyl ethers.

Thereafter, total F2-IsoPs were determined in semen samples by gas chromatogra-
phy/negative ion chemical ionization tandem mass spectrometry (GC/NICI–MS/MS).
The derivatized samples were injected (2 µL) into the gas chromatograph (Trace GC and
PolarisQ, Thermo/Finnigan, San Jose, CA, USA) to initiate the identification and quantifi-
cation of F2-IsoP by GC/NICI–MS/MS. The ions determined in GC/NICI–MS/MS were
the mass-to-charge ratio (m/z) 299 and m/z 303 product ions derived from the [M-181]−

precursor ions of F2-IsoPs (m/z 569) and PGF2α-d4 (m/z 573), respectively [20]. For cali-
bration, commercial molecules were used (8-iso-PGF2α, also named 15-F2t-IsoP, Cayman
Chemical, Item No. 16350, as reference molecule for F2-IsoPs; PGF2α-d4 Cayman Chemical,
Item No. 316010, as internal standard).

2.8. Oocyte Preparation and ICSI and IVF Procedure

Oocytes were recovered from follicular fluid immediately after follicle aspiration.
They were washed in Flushing Medium (Origio, Denmark) and then in Sage 1-Step TM
with HSA (Origio, Denmark) and were finally incubated in 30 µL micro-drops of the
same medium under Mineral Oil (Origio, Denmark) at 37 ◦C and 6% CO2. In four to five
hours, cumulus cells were removed using hyaluronidase 20 IU (Origio, Denmark) and
microinjected as described by Palermo et al. [21] using a Narishige micromanipulator (IM9B,
Narishige, Tokyo, Japan). Eighteen hours after ICSI, the presence of two pronuclei and
two polar bodies was checked to verify normal fertilization. The embryos were cultured in
Sage 1-Step TM with HSA (Origio, Måløv, Denmark) until embryo transfer, 3 days after
oocyte retrieval.

In the case of conventional IVF, the oocytes with cumulus cells were recovered in a
dish with the selected spermatozoa (250,000 sperm/mL).

2.9. Embryo Score

Before the transfer, the embryos were evaluated morphologically and graded accord-
ing to a scale [22] from 1 (good-quality embryo) to 4 (poor-quality embryo) based on the
assessment of the presence/absence of cytoplasmic fragments, number, and symmetry of
blastomeres. In this study, the embryos graded on Veeck’s scale as 3 and 4 were considered
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the group with low-quality embryos and those graded as 1 and 2 belonged to the group
with good-quality embryos.

2.10. Statistical Analysis

The data were analyzed using SPSS v. 23.0 software package. A significance level
of p ≤ 0.05 was adopted. Initially, the Kolmogorov–Smirnov test was used to verify the
normal distribution of the variables. To assess the equality of variances or homoscedas-
ticity, Levene’s test was performed. To compare the means between independent groups
Student’s t-test was used.

Spearman’s correlation coefficient was employed to evaluate the correlation between
the variables. For multiple comparison, the Bonferroni correction was adopted (p < 0.002).

Finally, a binary logistic regression stepwise analysis was conducted on a positive
fertilization outcome and embryo quality to identify the variables predictors.

3. Results

The seminal F2-IsoP concentrations were measured in the semen samples used on
the day of ART. In the same samples, semen volume, sperm concentration, progressive
motility, and morphology (WHO, 2010) [18] were assessed; in addition, the sperm chro-
matin status (AB assay) and DNA integrity (AO test) were evaluated. The means and
standard deviations of the variables considered in 49 infertile men are reported: volume
3.82 ± 1.55 mL, sperm concentration 47.51 ± 48.27 sperm/mL × 106, sperm progressive
motility 40.43 ± 18.22%, normal sperm morphology 8.16 ± 5.61%, double-stranded DNA
83.97 ± 15.99%, mature chromatin 68.69 ± 16.02%, and F2-IsoP 25.71 ± 10.81 ng/mL.

All variables considered were correlated (rho Spearman’s coefficient), and the results
are shown in Table 1. Interestingly, the F2-IsoP levels were positively correlated with double-
stranded DNA sperm (p = 0.000, Figure 1a) and negatively correlated with mature sperm
chromatin (p = 0.000, Figure 1b). As expected, progressive motility was positively correlated
with sperm concentration (p = 0.000) and normal morphology (p = 0.001). The percentage of
normal sperm morphology was positively correlated with sperm concentration (p = 0.000)
and the percentage of sperm with mature chromatin (p = 0.001).

Table 1. Correlations (rho Spearman’s coefficient) between all variables considered (in 49 infertile men).

Sperm
Concentration

mL × 106

Progressive
Motility %

Normal
Morphology

%

Volume
mL

Double-
Stranded
DNA%

Mature
Chromatin

%

F2-IsoPs
ng/mL

Sperm
Concentration

mL × 106
1

Progressive
Motility %

0.716
(p = 0.000) 1

Normal
Morphology %

0.745
(p = 0.000)

0.826
(p = 0.001) 1

Volume mL 0.05
ns

0.022
ns

0.158
ns 1

Double-Stranded DNA% −0.063
ns

−0.093
ns

0.213
ns

0.059
ns 1

Mature
Chromatin %

0.356
ns

0.391
ns

0.461
(p = 0.001)

0.194
ns

−0.016
ns 1

F2-IsoPs
ng/mL

−0.156
ns

−0.151
ns

−0.084
ns

−0.284
Ns

0.570
(p = 0.000)

−0.643
(p = 0.000) 1

Sperm concentration: sperm/mL × 106; progressive motility %: slow and rapid motility; normal morphology %: normal sperm morphology
assessed by the Papanicolaou modified test, double-stranded DNA%: % of sperm green stained after acridine orange assay; mature
chromatin %: % of unstained sperm after aniline blue test; and F2-IsoPs: F2 isoprostanes (ng/mL). Exact p-values have been reported in
parentheses; ns represents that no significant p-values (after Bonferroni correction) were obtained.
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Figure 1. Correlations (rho Spearman’s coefficient) between F2-IsoPs (ng/mL) and double-stranded DNA % (a) and between
F2-IsoPs (ng/mL) and mature chromatin (b) (in 49 infertile men) are shown.

Then, the patients were grouped according to positive or negative outcome in ART
(Figure 2a,b). The group with positive outcomes consisted of 11 patients (age 30–36 years),
in which 7 of them had performed IVF and 4 had performed ICSI. The group with negative
outcomes comprised 38 patients (age 29–37 years); among them, 23 had performed ICSI
and 15 have performed IVF. The two groups showed similar F2-IsoP levels; however,
the percentage of sperm with double-stranded DNA increased in patients with positive
outcomes (p = 0.002, Figure 2b).
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Figure 2. Scatter plots of the variables considered in 49 patients grouped according to assisted
reproduction technique (ART) outcome: positive outcome (11 patients) and negative outcome
(38 patients). (a) sperm concentration (mL × 106), progressive motility %, normal morphology %,
volume (mL) are shown; (b) double stranded DNA %, mature chromatin % and F2-IsoPs (ng/mL)
are reported. The red symbols represent the mean of the values. The group with positive outcomes
showed increased double stranded DNA % (b) than that observed in the group with negative
outcomes (p = 0.002).

In both groups (data not shown), the F2-IsoP levels were negatively correlated with the
percentage of sperm with mature chromatin and positively correlated with the percentage
of sperm with double-stranded DNA, as in the whole patient population. To identify the
predictors of a positive fertilization outcome, a binary logistic regression analysis was
conducted, and the results are reported in Table 2.
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Table 2. Logistic regression analysis of variables with respect to ART outcome. Legend: OR (odds ratio); CI (confidence interval).

Variables Exp(B)/OR Significance (p) 95% CI for Exp(B)/OR

Lower Upper

Sperm Concentration × 106 0.999 0.962 0.979 1.020
Volume mL 1.018 0.950 0.588 1.762

F2-IsoPs ng/mL 1.020 0.825 0.856 1.215
Mature Chromatin % 1.028 0.594 0.930 1.136

Normal Morphology % 0.710 0.058 0.498 1.012

Variable(s) entered in Step 1: Sperm Concentration mL × 106; Volume (mL);
F2-Isoprostanes (ng/mL); Mature Chromatin; Normal Morphology

Parameters tested for positive outcome
Progressive Motility % 1.111 0.031 1.010 1.222

Double-Stranded DNA % 1.127 0.026 1.014 1.253

A weak association between progressive motility (OR 1.11, 95% CI 1.01 to 1.22,
p = 0.031) and the presence of double-stranded DNA% (OR 1.13, 95% CI 1.01 to 1.25,
p = 0.026) with the outcome of assisted fertilization was observed.

Finally, we grouped patients according to embryo quality: the group with low-quality
embryos (18 patients, Veeck’s scale [22] grades 3 and 4, Figure 3a) and the group with
good-quality embryos (30 patients, Veeck’s scale [22] grades 1 and 2, Figure 3b). One couple
did not obtain any embryo.
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Semen samples producing good-quality embryos showed a higher percentage of 
sperm with double-stranded DNA (p = 0.046; Figure 4) and increased F2-IsoP levels (p = 
0.024; Figure 4) compared to those obtaining low-quality embryos. In the group with 
good-quality embryos, a positive correlation (data not shown) was highlighted between 

Figure 3. A poor-quality embryo (Veeck’s scale as 3 and 4) (a) and a good-quality embryo (Veeck’s
scale as 1 and 2) (b) on day 3 after fertilization are shown. In (a), the embryo presents uneven-sized
blastomeres, non-homogenous cytoplasm, and 35–50% fragments. In (b), the embryo presents even
sized blastomeres.

The semen variables were compared, and the results are shown in Figure 4.
Semen samples producing good-quality embryos showed a higher percentage of

sperm with double-stranded DNA (p = 0.046; Figure 4) and increased F2-IsoP levels
(p = 0.024; Figure 4) compared to those obtaining low-quality embryos. In the group with
good-quality embryos, a positive correlation (data not shown) was highlighted between the
percentage of sperm with mature chromatin and semen parameters (sperm concentration,
progressive motility, and normal morphology, all p = 0.000). In both groups, the F2-IsoP
levels negatively correlated with the percentage of sperm with mature chromatin (group
with low-quality embryos p = 0.008; group with good-quality embryos p = 0.000) and
positively correlated with the percentage of sperm with double-stranded DNA% (group
with low-quality embryos p = 0.032; group with good-quality embryos p = 0.000).
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Figure 4. Scatter plots of the variables considered in 48 patients grouped according to embryo quality:
low-quality embryos (18 patients) and good-quality embryos (30 patients). (a) sperm concentration
(mL × 106), progressive motility %, normal morphology %, volume (mL) are shown; (b) double
stranded DNA %, mature chromatin % and F2-IsoPs (ng/mL) are reported. The red symbols represent
the mean of the values. The group with good-quality embryos showed increased double stranded
DNA % (b, p = 0.046) and F2-IsoP levels (b, p = 0.024) compared to those observed in the group with
low-quality embryos.

A weak association between semen F2-IsoP levels (OR 1.08, 95% CI 1.01 to 1.15,
p = 0.019) and embryo quality was obtained (Table 3).

Table 3. Logistic regression analysis of variables with respect to embryo quality. Legend: OR (odds ratio); CI (confidence interval).

Variables Exp(B)/OR Significance (p) 95% CI for Exp(B)/OR

Lower Upper

Sperm Concentration × 106 0.994 0.473 0.977 1.011
Volume mL 1.386 0.208 0.834 2.303

Progressive Motility % 1.026 0.426 0.963 1.094
Mature Chromatin % 0.988 0.757 0.916 1.066

Normal Morphology % 0.904 0.341 0.735 1.113
Double-Stranded DNA % 1.029 0.397 0.964 1.098

Variable(s) entered in Step 1: Sperm Concentration mL × 106; Volume (mL);
Mature Chromatin; Normal Morphology; Progressive Motility; Double-Stranded DNA %

Parameters tested for embryo quality
F2-IsoPs ng/mL 1.082 0.019 1.013 1.155

4. Discussion

The relevance of isoprostanes has been demonstrated in many pathological condi-
tions [23], and their role in semen has received growing interest in the field of male infertility.

Recent surveys have reported that seminal 8-iso-PGF2α levels were significantly
higher in infertile patients than in fertile men [10–12,24,25]. In particular, the levels of
these compounds were particularly high in patients affected by varicocele, a pathology
characterized by sperm immaturity [12,25].

In this research, we found that F2-IsoPs are a sensitive marker of sperm immatu-
rity, detected with aniline blue assays, which evaluate the replacement of histones with
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protamines, confirming results previously obtained by transmission electron microscopy
(TEM) analysis [12,13,25]. In brief, some ultrastructural characteristics of sperm immaturity
are the presence of uncondensed chromatin, the presence of cytoplasmic residues, and
coiled tails. A relationship between immaturity and increased F2-IsoPs levels was also
reported in a case of globozoospermia [13], a genetic condition of male infertility charac-
terized by sperm with round heads, the absence of acrosome, and immature chromatin.
Defects in sperm chromatin, in particular alterations in histone/protamine replacement,
has been associated with low-quality embryo affecting early embryo development [26], and
increased sperm DNA fragmentation [27]. Overall, these results suggest that F2-IsoP levels
are an efficient marker of defective histone replacement, suggesting that sperm maturation
could be considered a process related to PUFA content and oxidative metabolism.

The seminal F2-IsoPs levels of the individuals considered in this research were sim-
ilar to those detected in groups of patients affected by oligoasthenoteratozoospermia
(23.42 ± 8.36) [10] and idiopathic infertility (24.30 ± 50.4) [12]. These levels were slightly
higher than those detected in fertile men [8,9,12] and lower than those measured in semen
samples from patients affected by varicocele [8,9,12].

The novelty of this study was the investigation of the relationship between semen
isoprostanes, fertilization outcome, and embryo quality. The literature on this topic is very
scant; to the best of our knowledge, only one research reported that the 8-iso-PGF2α levels,
evaluated in the urine of men from couples attending fertility treatment, did not show
significant associations with reproductive outcomes [28].

The intriguing results of the present research regards the positive effect of F2-IsoPs on
DNA susceptibility to the damage tested with an acridine orange assay.

In addition, comparing the variables in the two groups based on embryo quality, we
observed that the group with good-quality embryos showed both increased percentages of
sperm with double-stranded DNA and, unexpectedly, slightly higher F2-IsoP levels than
the group with low-quality embryos (both p < 0.05).

Analyzing the odds ratio of the variables, a slight influence of F2-IsoP levels on embryo
quality was confirmed; however, no significant influence was found for double-stranded
DNA. This discordant result could be due to the characteristics of the samples considered
in this study. DNA integrity seems to play a role in the positive outcome of fertilization.
Numerous studies investigated the relationship between DNA integrity and ART out-
come [29], even if the results are contradictory, considering different factors such as patient
selection, differences in DNA integrity detection, female age, and others. Agarwal et al. [29]
reviewed many studies on this topic and concluded that DNA integrity is detrimental to
normal fertilization, embryo development, and the success of ART, suggesting that sperm
DNA testing is important in male infertility evaluation.

The determination of F2-IsoPs represents one of the most reliable approaches to
evaluating a condition of endogenous LPO in vivo, and F2-IsoPs are considered markers
in many pathologies including reproductive ones in which OS may be involved, such as
varicocele and leukocytospermia, suggesting that arachidonic acid oxidation/metabolism
may influence different male reproductive pathological conditions. However, the results
obtained are oriented in another direction that needs to be discussed. First, F2-IsoPs are
not mere markers of OS, but they also elicit a wide variety of responses in different cell
types [23,30]. Evidence of their biological activities are reported in the literature [31–33].
In addition, the F2-IsoP receptor, thromboxane A2 receptor [31], has been localized in
rat spermatids, cells that undergo relevant chromatin modifications [34], and has been
demonstrated to be involved in the regulation of gene expression in murine Leydig cells [35].
Then, a potential biological activity of F2-IsoPs in the male reproductive system cannot
be excluded.

For these reasons, we can hypothesize that the sperm that obtained better embryo
quality are those active from a metabolic point of view, so they produce a certain amount
of ROS, leading to a moderate increase in F2-IsoPs detected in the semen. Therefore,
the role of F2-IsoPs toward spermatozoa can be different compared to other cells and
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tissues; F2-IsoPs could trigger relevant physiological events as capacitation, and only high
concentrations of these molecules play a detrimental effect. These observations agree with
those of Pasqualotto et al. [36], who analyzed LPO and total antioxidant capacity (TAC) in
follicular fluids. They found that LPO and TAC were lower in patients who did not become
pregnant than in patients who did, concluding that LPO may represent a good marker of
metabolic activity within the follicle and may be necessary to establish pregnancy.

In infertile patients without inflammatory pathologies, a mild increase in F2-IsoP levels
could enhance the activation and regulation of the Cation channel of Sperm, CatSper [37–40],
and could play a relevant physiological role in the fertilization outcome and embryo quality.

In addition, the sperm membrane of infertile men showed an altered lipid profile [41]
with consistent amounts of arachidonic acid [25] that can negatively affect the capacitation
process. A mild increase in isoprostanes in semen with respect to the data reported from
fertile subjects [9] suggested that the presence of moderate OS, probably slightly higher than
the physiological one, is able to increase LPO but unable to damage DNA. Moderate ROS
levels can also be hypothesized by observing the values of progressive motility in our cases
that, although decreased with respect to reference values [18], are not severely reduced.

High ROS concentrations are dangerous to spermatozoa, but these gametes evolved
the capacity to generate highly reactive molecules as they need them to undergo capacita-
tion and to activate motility [1]. Zhang et al. [42] demonstrated a close association between
mitochondrial function, acrosin activity, and the DNA fragmentation index in human
spermatozoa. This evidence seems to suggest that mitochondrial functional integrity is
necessary to maintain sperm fertilizing ability, also influencing DNA integrity, which is a
prerequisite for a high fertilization rate and embryo quality after IVF and ICSI [43–45].

5. Conclusions

The intriguing relationship between a mild increase in F2-IsoP levels, DNA integrity,
and good embryo quality seems to indicate that F2-IsoPs can be a marker of metabolic
activity in human semen. We are aware that these are preliminary observations that must
be confirmed by other studies, but this possibility deserves attention as it may represent a
new role of F2-IsoPs in human semen.

Author Contributions: Conceptualization, E.M. and G.C.; methodology, E.M., L.G., A.S., D.N., C.S.
and A.M. (Amra Mahmutbegovic); formal analysis, A.M. (Andrea Menchiari) and L.M.; investigation,
E.M., C.S. and G.C.; writing—original draft preparation, E.M. and G.C.; writing—review and editing,
E.M., G.C., C.S. and L.G.; supervision, E.M. and G.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and was approved by the Institutional Review Board of AGI Medica IVF
Center (Viale Toselli, 94/F, 53100 Siena), as reported in the Material and Methods.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data are contained within this article and are available from the
corresponding author upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Aitken, R.J. Reactive oxygen species as mediators of sperm capacitation and pathological damage. Mol. Reprod. Dev. 2017, 84,

1039–1052. [CrossRef] [PubMed]
2. Aitken, R.J.; Baker, M.A.; De Iuliis, G.N.; Nixon, B. New insights into sperm physiology and pathology. In Handbook of Experimental

Pharmacology; Springer: Berlin/Heidelberg, Germany, 2010; Volume 198, pp. 99–115.
3. Bisht, S.; Faiq, M.; Tolahunase, M.; Dada, R. Oxidative stress and male infertility. Nat. Rev. Urol. 2017, 14, 470–485. [CrossRef]
4. Dandekar, S.P.; Nadkarni, G.D.; Kulkarni, V.S.; Punekar, S. Lipid peroxidation and antioxidant enzymes in male infertility. J.

Postgrad Med. 2002, 48, 186–189. [PubMed]

http://doi.org/10.1002/mrd.22871
http://www.ncbi.nlm.nih.gov/pubmed/28749007
http://doi.org/10.1038/nrurol.2017.69
http://www.ncbi.nlm.nih.gov/pubmed/12432192


Life 2021, 11, 675 11 of 12

5. Collodel, G.; Moretti, E.; Micheli, L.; Menchiari, A.; Moltoni, L.; Cerretani, D. Semen characteristics and malondialdehyde levels
in men with different reproductive problems. Andrology 2015, 3, 280–286. [CrossRef] [PubMed]

6. Moazamian, R.; Polhemus, A.; Connaughton, H.; Fraser, B.; Whiting, S.; Gharagozloo, P.; Aitken, R.J. Oxidative stress and human
spermatozoa: Diagnostic and functional significance of aldehydes generated as a result of lipid peroxidation. Mol. Hum. Reprod.
2015, 21, 502–515. [CrossRef] [PubMed]

7. Signorini, C.; Moretti, E.; Collodel, G. Role of isoprostanes in human male infertility. Syst. Biol. Reprod. Med. 2020, 66, 291–299.
[CrossRef] [PubMed]

8. Collodel, G.; Signorini, C.; Nerucci, F.; Gambera, L.; Iacoponi, F.; Moretti, E. Semen Biochemical Components in Varicocele,
Leukocytospermia, and Idiopathic Infertility. Reprod. Sci. 2021, 28, 91–101. [CrossRef]

9. Longini, M.; Moretti, E.; Signorini, C.; Noto, D.; Iacoponi, F.; Collodel, G. Relevance of seminal F2-dihomo-IsoPs, F2-IsoPs and
F4-NeuroPs in idiopathic infertility and varicocele. Prostaglandins Other Lipid Mediat 2020, 149, 106448. [CrossRef]

10. Khosrowbeygi, A.; Zarghami, N. Levels of oxidative stress biomarkers in seminal plasma and their relationship with seminal
parameters. BMC Clin. Pathol. 2007, 7, 6. [CrossRef]

11. Nadjarzadeh, A.; Shidfar, F.; Amirjannati, N.; Vafa, M.R.; Motevalian, S.A.; Gohari, M.R.; Nazeri Kakhki, S.A.; Akhondi, M.M.;
Sadeghi, M.R. Effect of Coenzyme Q10 supplementation on antioxidant enzymes activity and oxidative stress of seminal plasma:
A double-blind randomised clinical trial. Andrologia 2014, 46, 177–183. [CrossRef]

12. Collodel, G.; Moretti, E.; Longini, M.; Pascarelli, N.A.; Signorini, C. Increased F2-Isoprostane Levels in Semen and Immunolocal-
ization of the 8-Iso Prostaglandin F2α in Spermatozoa from Infertile Patients with Varicocele. Oxid. Med. Cell. Longev. 2018, 2018,
7508014. [CrossRef]

13. Moretti, E.; Collodel, G.; Salvatici, M.C.; Belmonte, G.; Signorini, C. New insights into sperm with total globozoospermia:
Increased fatty acid oxidation and centrin1 alteration. Syst. Biol. Reprod. Med. 2019, 65, 390–399. [CrossRef] [PubMed]

14. Colaco, S.; Sakkas, D. Paternal factors contributing to embryo quality. J. Assist. Reprod. Genet. 2018, 35, 1953–1968. [CrossRef]
[PubMed]

15. Kini, S.; Morrell, D.; Thong, K.J.; Kopakaki, A.; Hillier, S.; Irvine, D.S. Lack of impact of semen quality on fertilization in assisted
conception. Scott. Med. J. 2010, 55, 20–23. [CrossRef] [PubMed]

16. Zeyad, A.; Hamad, M.; Amor, H.; Hammadeh, M.E. Relationships between bacteriospermia, DNA integrity, nuclear protamine
alteration, sperm quality and ICSI outcome. Reprod. Biol. 2018, 18, 115–121. [CrossRef] [PubMed]

17. Bounartzi, T.; Dafopoulos, K.; Anifandis, G.; Messini, C.I.; Koutsonikou, C.; Kouris, S.; Satra, M.; Sotiriou, S.; Vamvakopoulos, N.;
Messinis, I.E. Pregnancy prediction by free sperm DNA and sperm DNA fragmentation in semen specimens of IVF/ICSI-ET
patients. Hum. Fertil. 2016, 19, 56–62. [CrossRef]

18. World Health Organization. WHO Laboratory Manual for the Examination and Processing of Human Semen, 5th ed.; WHO Press:
Geneva, Switzerland, 2010.

19. Moretti, E.; Pascarelli, N.A.; Belmonte, G.; Renieri, T.; Collodel, G. Sperm with fibrous sheath dysplasia and anomalies in
head-neck junction: Focus on centriole and centrin 1. Andrologia 2017, 49, 7. [CrossRef] [PubMed]

20. Signorini, C.; Comporti, M.; Giorgi, G. Ion trap tandem mass spectrometric determination of F2-isoprostanes. J. Mass Spectrom
2003, 38, 1067–1074. [CrossRef]

21. Palermo, G.D.; Cohen, J.; Alikani, M.; Adler, A.; Rosenwaks, Z. Development and implementation of intracytoplasmic sperm
injection (ICSI). Reprod. Fertil. Dev. 1995, 7, 211–217; discussion 217–218. [CrossRef]

22. Veeck, L. Abnormal morphology of the human oocyte and conceptus. In An Atlas of Human Gametes and Conceptuses; The
Parthenon Publishing Group Ltd.: Lancashire, UK, 1999.

23. Milne, G.L.; Dai, Q.; Roberts, L.J., 2nd. The isoprostanes—25 years later. Biochim. Biophys. Acta 2015, 1851, 433–445. [CrossRef]
24. Mishra, S.; Kumar, R.; Malhotra, N.; Singh, N.; Dada, R. Mild oxidative stress is beneficial for sperm telomere length maintenance.

World J. Methodol. 2016, 6, 163–170. [CrossRef] [PubMed]
25. Collodel, G.; Castellini, C.; Iacoponi, F.; Noto, D.; Signorini, C. Cytosolic phospholipase A2 and F2 isoprostanes are involved

in semen quality and human infertility-A study on leucocytospermia, varicocele and idiopathic infertility. Andrologia 2020, 52,
e13465. [CrossRef]

26. Carrell, D.T.; Hammoud, S.S. The human sperm epigenome and its potential role in embryonic development. Mol. Hum. Reprod.
2010, 16, 37–47. [CrossRef]

27. Simon, L.; Castillo, J.; Oliva, R.; Lewis, S.E. Relationships between human sperm protamines, DNA damage and assisted
reproduction outcomes. Reprod. Biomed. Online 2011, 23, 724–734. [CrossRef] [PubMed]

28. Rosen, E.M.; Mínguez-Alarcón, L.; Meeker, J.D.; Williams, P.L.; Milne, G.L.; Hauser, R.; Ferguson, K.K.; EARTH Study Team.
Urinary oxidative stress biomarker levels and reproductive outcomes among couples undergoing fertility treatments. Hum.
Reprod. 2019, 34, 2399–2409. [CrossRef]

29. Agarwal, A.; Majzoub, A.; Baskaran, S.; Panner Selvam, M.K.; Cho, C.L.; Henkel, R.; Finelli, R.; Leisegang, K.; Sengupta, P.;
Barbarosie, C.; et al. Sperm DNA Fragmentation: A New Guideline for Clinicians. World J. Mens Health 2020, 38, 412–471.
[CrossRef]

30. Basu, S. Review isoprostanes: Novel bioactive products of lipid peroxidation. Free Radic. Res. 2009, 38, 105–122. [CrossRef]

http://doi.org/10.1111/andr.297
http://www.ncbi.nlm.nih.gov/pubmed/25331426
http://doi.org/10.1093/molehr/gav014
http://www.ncbi.nlm.nih.gov/pubmed/25837702
http://doi.org/10.1080/19396368.2020.1793032
http://www.ncbi.nlm.nih.gov/pubmed/32842780
http://doi.org/10.1007/s43032-020-00260-0
http://doi.org/10.1016/j.prostaglandins.2020.106448
http://doi.org/10.1186/1472-6890-7-6
http://doi.org/10.1111/and.12062
http://doi.org/10.1155/2018/7508014
http://doi.org/10.1080/19396368.2019.1626934
http://www.ncbi.nlm.nih.gov/pubmed/31204846
http://doi.org/10.1007/s10815-018-1304-4
http://www.ncbi.nlm.nih.gov/pubmed/30206748
http://doi.org/10.1258/RSMSMJ.55.1.20
http://www.ncbi.nlm.nih.gov/pubmed/20218275
http://doi.org/10.1016/j.repbio.2018.01.010
http://www.ncbi.nlm.nih.gov/pubmed/29449095
http://doi.org/10.3109/14647273.2016.1157629
http://doi.org/10.1111/and.12701
http://www.ncbi.nlm.nih.gov/pubmed/27596234
http://doi.org/10.1002/jms.520
http://doi.org/10.1071/RD9950211
http://doi.org/10.1016/j.bbalip.2014.10.007
http://doi.org/10.5662/wjm.v6.i2.163
http://www.ncbi.nlm.nih.gov/pubmed/27376021
http://doi.org/10.1111/and.13465
http://doi.org/10.1093/molehr/gap090
http://doi.org/10.1016/j.rbmo.2011.08.010
http://www.ncbi.nlm.nih.gov/pubmed/22036908
http://doi.org/10.1093/humrep/dez228
http://doi.org/10.5534/wjmh.200128
http://doi.org/10.1080/10715760310001646895


Life 2021, 11, 675 12 of 12

31. Montero, A.; Munger, K.A.; Khan, R.Z.; Valdivielso, J.M.; Morrow, J.D.; Guasch, A.; Ziyadeh, F.N.; Badr, K.F. F(2)-isoprostanes
mediate high glucose-induced TGF-beta synthesis and glomerular proteinuria in experimental type I diabetes. Kidney Int. 2000,
58, 1963–1972. [CrossRef]

32. Proudfoot, J.M.; Murrey, M.W.; McLean, S.; Greenland, E.L.; Barden, A.E.; Croft, K.D.; Galano, J.M.; Durand, T.; Mori, T.A.; Pixley,
F.J. F2-isoprostanes affect macrophage migration and CSF-1 signalling. Free Radic. Biol. Med. 2018, 126, 142–152. [CrossRef]

33. Arezzini, B.; Vecchio, D.; Signorini, C.; Stringa, B.; Gardi, C. F2-isoprostanes can mediate bleomycin-induced lung fibrosis. Free
Radic Biol. Med. 2018, 115, 1–9. [CrossRef] [PubMed]

34. Takahashi, N.; Takeuchi, K.; Abe, T.; Murakami, K.; Yamaguchi, M.; Abe, K. Immunohistochemical localization of thromboxane
receptor and thromboxane synthase in rat testis. Endocrinology 1995, 136, 4143–4146. [CrossRef]

35. Pandey, A.K.; Yin, X.; Schiffer, R.B.; Hutson, J.C.; Stocco, D.M.; Grammas, P.; Wang, X. Involvement of the thromboxane A2
receptor in the regulation of steroidogenic acute regulatory gene expression in murine Leydig cells. Endocrinology 2009, 150,
3267–3273. [CrossRef]

36. Pasqualotto, E.B.; Agarwal, A.; Sharma, R.K.; Izzo, V.M.; Pinotti, J.A.; Joshi, N.J.; Rose, B.I. Effect of oxidative stress in follicular
fluid on the outcome of assisted reproductive procedures. Fertil. Steril. 2004, 81, 973–976. [CrossRef]

37. Lishko, P.V.; Botchkina, I.L.; Kirichok, Y. Progesterone activates the principal Ca2+ channel of human sperm. Nature 2011, 471,
387–391. [CrossRef] [PubMed]

38. Brenker, C.; Goodwin, N.; Weyand, I.; Kashikar, N.D.; Naruse, M.; Krähling, M.; Müller, A.; Kaupp, U.B.; Strünker, T. The CatSper
channel: A polymodal chemosensor in human sperm. EMBO J. 2012, 31, 1654–1665. [CrossRef] [PubMed]

39. Singh, A.P.; Rajender, S. CatSper channel, sperm function and male fertility. Reprod. Biomed. Online 2015, 1, 28–38. [CrossRef]
[PubMed]

40. Lishko, P.V.; Mannowetz, N. CatSper: A Unique Calcium Channel of the Sperm Flagellum. Curr. Opin. Physiol. 2018, 109–113.
[CrossRef] [PubMed]

41. Zerbinati, C.; Caponecchia, L.; Rago, R.; Leoncini, E.; Bottaccioli, A.G.; Ciacciarelli, M.; Pacelli, A.; Salacone, P.; Sebastianelli,
A.; Pastore, A.; et al. Fatty acids profiling reveals potential candidate markers of semen quality. Andrology 2016, 4, 1094–1101.
[CrossRef]

42. Zhang, G.; Yang, W.; Zou, P.; Jiang, F.; Zeng, Y.; Chen, Q.; Sun, L.; Yang, H.; Zhou, N.; Wang, X.; et al. Mitochondrial functionality
modifies human sperm acrosin activity, acrosome reaction capability and chromatin integrity. Hum. Reprod. 2019, 34, 3–11.
[CrossRef]

43. Spanò, M.; Bonde, J.P.; Hjøllund, H.I.; Kolstad, H.A.; Cordelli, E.; Leter, G. Sperm chromatin damage impairs human fertility. The
Danish First Pregnancy Planner Study Team. Fertil. Steril. 2000, 73, 43–50. [CrossRef]

44. Collins, J.A.; Barnhart, K.T.; Schlegel, P.N. Do sperm DNA integrity tests predict pregnancy with in vitro fertilization? Fertil.
Steril. 2008, 89, 823–831. [CrossRef] [PubMed]

45. Zini, A.; Boman, J.M.; Belzile, E.; Ciampi, A. Sperm DNA damage is associated with an increased risk of pregnancy loss after IVF
and ICSI: Systematic review and meta-analysis. Hum. Reprod. 2008, 23, 2663–2668. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1523-1755.2000.00368.x
http://doi.org/10.1016/j.freeradbiomed.2018.08.007
http://doi.org/10.1016/j.freeradbiomed.2017.11.007
http://www.ncbi.nlm.nih.gov/pubmed/29129520
http://doi.org/10.1210/endo.136.9.7649122
http://doi.org/10.1210/en.2008-1425
http://doi.org/10.1016/j.fertnstert.2003.11.021
http://doi.org/10.1038/nature09767
http://www.ncbi.nlm.nih.gov/pubmed/21412339
http://doi.org/10.1038/emboj.2012.30
http://www.ncbi.nlm.nih.gov/pubmed/22354039
http://doi.org/10.1016/j.rbmo.2014.09.014
http://www.ncbi.nlm.nih.gov/pubmed/25457194
http://doi.org/10.1016/j.cophys.2018.02.004
http://www.ncbi.nlm.nih.gov/pubmed/29707693
http://doi.org/10.1111/andr.12236
http://doi.org/10.1093/humrep/dey335
http://doi.org/10.1016/S0015-0282(99)00462-8
http://doi.org/10.1016/j.fertnstert.2007.04.055
http://www.ncbi.nlm.nih.gov/pubmed/17644094
http://doi.org/10.1093/humrep/den321
http://www.ncbi.nlm.nih.gov/pubmed/18757447

	Introduction 
	Materials and Methods 
	Patients 
	Semen Analysis 
	Sperm Preparation 
	Ovarian Stimulation 
	Acridine Orange (AO) Assay to Evaluate Sperm DNA Susceptibility to Damage 
	Aniline Blue (AB) Test 
	Determination of Total F2-IsoPs 
	Oocyte Preparation and ICSI and IVF Procedure 
	Embryo Score 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

