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Abstract: This study aimed to evaluate the impact of a vapor freezing protocol on antioxidant enzyme
activity (superoxide dismutase (SOD) and glutathione reductase (GR)), sperm with active mitochon-
dria, DNA damage, and spermatic parameters. Twenty-six semen samples from men undergoing
infertility investigation were cryopreserved in liquid nitrogen (LN) vapors and plunged into LN,
with (method A) and without (method B) a commercial sperm freezing medium (SFM) and inherent
removal with a sperm preparation medium (SPM). Most parameters were assessed before and after
freezing, except for SOD and GR activity, which were only assessed after freezing. Although method
A promoted better results than method B, the percentage of spermatozoa with active mitochondria,
motility, vitality, and normal morphology decreased significantly. DNA damage (determined by
comet assay) increased similarly with both methods, but the percentage of spermatozoa with frag-
mented DNA (by TUNEL assay) remained similar to fresh values when method A was applied. GR
activity was higher and SOD activity lower with method A. The addition of SFM coupled with the
sperm wash with SPM seems essential to preserve the quality of most of the analyzed spermatic
parameters and active mitochondria. The detrimental effects promoted by freezing were shown to
depend on the quality of the fresh semen, according to correlation coefficients. Interestingly, thawed
samples of both methods shared similar DNA damage. These results highlight the need to find more
effective protocols, especially for the freezing of low-quality semen samples.

Keywords: cryoprotectant; cryopreservation; sperm oxidative stress; superoxide dismutase; glutathione
reductase; active mitochondria; DNA damage; sperm parameters

1. Introduction

Freezing with permeable cryoprotectants prevails, and several cryopreservation meth-
ods have emerged over the years. Although cryoprotectant’s mode of action is known, few
studies have analyzed its effects in detail (reviewed in [1]). Additionally, an optimal and
standardized protocol does not yet exist [2]. One of the most frequently applied protocols
is the vapor freezing protocol (VFP), based on placing the samples with cryoprotectant in
liquid nitrogen (LN) vapors (≈−80 ◦C) and then immersing the samples in LN (≈−196 ◦C),
using cryovials or straws [3,4]. Some fertility centers also perform cooling at slower and
gradual rates. The major problem with these techniques is the formation of ice crystals if
freezing is too fast or cell shrinkage if freezing is too slow [5,6]. Given the disadvantages of
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those techniques, one of the most widely used protocols for human semen cryopreserva-
tion remains the VFP, particularly in academic research laboratories and small andrology
laboratories with funding and equipment availability constraints.

However, this freezing procedure is not innocuous for sperm cells and may increase
oxidative stress [7]. Oxidative stress per se can promote DNA damage and lead to low
overall sperm quality. In previous work, we have already verified that correlations between
antioxidant enzymatic activity, the effect of ROS on proteins and lipids, and the classic
sperm analysis indicators seem to exist [8]. Therefore, the use of cryoprotectants prior to
freezing can be helpful to assure a better semen quality after thawing, but the extent of this
effect is not so well defined.

Therefore, the purpose of this pilot study was to perform a complete evaluation of the
impact of one of the most applied VFPs using a commercial sperm freezing medium (SFM)
and washing step with a sperm preparation medium (SPM) on antioxidant enzyme activity,
spermatic parameters, DNA damage, and mitochondrial activity. We expect to obtain a
better understanding of the impact of cryopreservation on sperm parameters associated
with infertility and how they correlate by correlating all these variables for the first time.

2. Materials and Methods
2.1. Study Design and Sample Collection

This pilot study was performed on anonymous semen samples provided by adult men
living in Trás-os-Montes and Alto Douro (Portugal) who attended fertility consultations at the
Hospital Centre of Trás-os-Montes and Alto Douro (CHTMAD). From 100 participants, samples
with a sperm concentration less than 2× 106 spermatozoa/mL (SPZ/mL) and/or a volume less
than 1.5 mL were not considered, resulting in 26 semen samples (from 35± 5-year-old men).

Immediately after liquefaction, part of the semen samples was used to assess the
spermatic quality of the fresh samples. The other part of the samples was used to continue
the experiment, which consisted of cryopreserving the sperm samples and re-evaluating
the sperm quality after thawing. All 26 samples were cryopreserved using a VFP with an
SFM and washed after thawing with an SPM to remove the SFM (method A (MA)). The
first 13 samples were also cryopreserved using the same VFP without the SFM and the
inherent washing step after thawing (method B (MB)). This allowed us to observe which
sperm parameters benefit the most from the use of SFM and the washing step after thawing
with an SPM.

The percentage of spermatozoa with active mitochondria, DNA integrity, and the
spermatic parameters (motility, vitality, morphology, and concentration) were assessed
before and after cryopreservation by MA and MB. Superoxide dismutase (SOD) and
glutathione reductase (GR) activities were only evaluated after thawing the cryopreserved
sperm samples from both studied protocols. The experimental design is shown in Figure 1.

This study was approved by the ethics committee of the CHTMAD (434/2017—P.C.A).
Participants were informed of the study, and informed consent and a statement of responsi-
bility were obtained, following the Declaration of Helsinki.
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Figure 1. Schematic diagram of the experimental design. Figure 1. Schematic diagram of the experimental design.
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2.2. Vapor Freezing and Thawing

Immediately after liquefaction, approximately 1.2–1.8 mL of the semen samples was used
to test a VFP with (MA) and without (MB) SFM and sperm wash with SPM. For the first
13 semen samples, the semen was divided into 8 aliquots of 100–150 µL (4 for MA and 4 for MB)
and for the other 13 samples, the semen was only divided into 4 aliquots of 100–150 µL for MA.
For MA, the SFM (Sperm Freezing Medium; Origio, CooperSurgical®, Måløv, Denmark)
was added dropwise to the cryovials (1:1 (v/v)) and carefully mixed. Mixtures were left
at room temperature (RT) for 10 min to equilibrate. For method B, samples were left for
10 min at RT without the addition of any freezing medium. Then, all cryovials were frozen
with a VFP. The VFP consisted of suspending the cryovials horizontally 15–20 cm above
the LN surface for 30 min, transferring them to a cryobox, and then storing the box in the
LN container (MVE CryoSystem 4000). After 1 month of storage, samples were thawed
(37 ◦C, 5–6 min) and immediately processed. Samples with SFM (MA) underwent an
additional step, compared to the aliquots cryopreserved by MB, for SFM removal. The
SFM was removed by washing the samples with SPM (Sperm Preparation Medium, Origio,
CooperSurgical®; 1:1 (v/v), 400× g, 10 min) and the pellets were resuspended in SPM to
obtain the initial cryopreserved volume.

2.3. Semen Analysis

The semen analysis, supervised by internal and external quality controls (United Kingdom
National External Quality Assessment Service for Reproductive Science, UK NEQAS, Game-
teExpert), was performed according to the World Health Organization guidelines (2010) [9]
before and after cryopreservation by MA and MB for all samples. After 2–5 days of sexual
abstinence, the semen samples were obtained by masturbation and collected into the pro-
vided sterile plastic container. The samples were analyzed after complete liquefaction at
37 ◦C within 1 h of ejaculation. Semen volume (mL) and pH (pH indicator strips MQuant®,
Supelco®, Bellefonte, PA, USA) were measured. Manual evaluation of sperm motility (%)
was performed and motility was classified into progressive (PR), non-progressive (NP), im-
motile, and total motility (PR + NP). Vitality (%) was evaluated by counting the percentage
of viable spermatozoa (green) under a bright field microscope (400×magnification) after
incubating 10 µL of the semen sample for 5 min with 10 µL of Eosin Y 0.5%. Sperm morphol-
ogy (%) was analyzed after the Papanicolaou–Shörr staining procedure. For the staining
procedure, one smear per sample was left to dry for at least 4 h. Then, the slides were
immersed in methanol for 10 s, dried for 5 min, immersed in Papanicolaou stain (Merck)
for 15 min, rinsed under running water, immersed in Shorr’s stain (Merck) for 5 min,
rinsed under running water, immersed again in methanol for 10 sec, and then allowed to
dry. After the definitive preparation with Entelan (Merck), spermatozoa were classified
morphologically under a bright field microscope (1000× magnification). The percentage of
morphologically normal spermatozoa and the percentage of spermatozoa with abnormal
head/midpiece/tail and/or excess residual cytoplasm were registered. Each sample was
tested at least in duplicate for all mentioned analyses and a total of 200 spermatozoa were
evaluated. For the determination of sperm concentration (×106 SPZ/mL), samples were
diluted with a fixative solution and, after incubation, at least 200 complete spermatozoa
were counted in the central grid of a Neubauer chamber.

2.4. Percentage of Spermatozoa with Active Mitochondria

The percentage of spermatozoa with active mitochondria was assessed using the
MitoTrackerTM Red FM (MTRFM) dye (ThermoFisher Scientific, Waltham, MA, USA) on
26 samples for MA and 13 samples for MB, as previously described (Figure S1) [10,11]. In
brief, 10 × 106 SPZ/mL/sample were incubated (37 ◦C, 20 min, dark) with fresh secondary
stock solution (10 µM) (primary stock solution (1 mM, in DMSO) mixed with PBS (pH 7.2)) at
a final concentration of 300 nM. Then, two drops (10 µL) were slightly smeared, stained (5 µL,
DAPI 125 ng/mL), and covered with a coverslip. After fluorescence stabilization (10 min, RT,
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dark), at least 200 spermatozoa/replicate were classified and the percentage of spermatozoa
with active mitochondria/sample (midpiece with red fluorescence) was determined.

2.5. DNA Integrity

The DNA damage was assessed by the alkaline comet assay (ACA; Figure S2) and
the percentage of spermatozoa with fragmented DNA from application of the terminal
deoxynucleotidyl transferase dUTP nick-end labeling assay (TUNEL; Figure S3). Due to
the scarcity of the sample, whenever we did not have enough volume to perform the two
complementary techniques, we chose to perform the ACA since it is quantitative, provides
more information than the TUNEL assay, and has shown to be better at predicting male
infertility [12]. Therefore, the ACA was performed on 26 samples for MA and 13 samples
for MB, and the TUNEL assay was performed on 7 samples for both methods.

2.5.1. ACA

The semen samples were processed based on Sipinen et al. (2010) [13]. In brief, two
slides per sample were pre-coated with 1% normal melting point agarose (MPA). A total
of 12 × 104 fresh SPZ/sample were washed with 1× PBS (1500× g, 10 min). Then, the
pellet was mixed with 280 µL of low MPA (37 ◦C) and 70 µL was pipetted in duplicate
onto each slide. Each gel was immediately covered by a coverslip. After 5 min at 4 ◦C,
coverslips were removed and cells were lysed in two consecutive lysis solutions (4 ◦C,
1 h each). Lysis solution I consisted of 40 mL of a base lysis solution (2.5 M sodium
chloride (NaCl); 0.1 M ethylenediamine tetraacetic acid (EDTA); 10 mM Tris Base; and 8 M
sodium hydroxide (NaOH) to adjust the pH to 10.0) supplemented with 400 µL of Triton X
and 1 mL of DTT (0.01 g/mL). After the first lysis, slides were placed in lysis solution II.
This solution consisted of 40 mL of the base lysis solution, supplemented with 400 µL of
Triton X and 100 µL of proteinase K (20 mg/mL). Then, slides remained in electrophoresis
buffer for 30 min (1 L: 30 mL of 10 M NaOH, 10 mL of 0.1 M EDTA, and 960 mL of distilled
water; pH 13.2) at 4 ◦C to unwind DNA and were subjected to electrophoresis at 17 V and
300 mA for 20 min (CSL-COM20, Cleaver Scientific Ltd., Rugby, UK; 31 × 34 × 9 cm, filled
with 20 slides and 1.2 L of buffer). The slides were neutralized with 1× PBS for 10 min
and then with distilled water for a further 10 min. After drying at RT, slides were stained
(DAPI 125 ng/mL). A total of 50 comets/gel were analyzed by visual scoring on a scale of
0–400 arbitrary units (AU) according to Collins (2004) and represented in Figure S2 [14].

2.5.2. TUNEL

The TUNEL assay detects free 3′-OH ends of the DNA and was performed using the
In Situ Cell Death Detection Kit (Roche Diagnostics, Basel, Switzerland), based on Muratori
et al. (2000) [15]. For each sample, 150 µL of semen was washed three times in 1× PBS
(pH 7.2), fixed in 4% paraformaldehyde, and frozen (−20 ◦C) until use. After thawing,
the samples were centrifuged (500× g, 10 min) and two consecutive washes were carried
out in 1× PBS supplemented with 1% BSA. The pellet was resuspended in permeabilizing
solution for 2 min (2–8 ◦C) and two more washes were performed. Then, the samples
were divided into 3 aliquots (sample, negative control, and positive control) and incubated
with different solutions at 37 ◦C for 1 h in the dark. Both the sample and the negative
control were incubated with 10 µL of TUNEL reaction (TR) solution, with and without the
enzyme terminal deoxynucleotidyl transferase (TdT), respectively. For the positive control, the
same protocol was used but with an additional treatment, where the samples were incubated
(37 ◦C, 20 min) with 50 µL of recombinant DNase I before the reaction with the TR/TdT
solution. After the 1h incubation, all aliquots underwent two consecutive washes (500× g,
10 min) to reduce nonspecific fluorescence and the pellet was resuspended in 25 µL of
1× PBS. For each sample, several drops were placed on a slide (overlapping) and dried. Af-
ter staining with DAPI 125 ng/mL (4 ◦C, 15 min, dark), the percentage of spermatozoa with
fragmented DNA (green fluorescence) was determined by observation of 400 SPZ/sample.



Physiologia 2022, 2 85

2.6. Antioxidant Enzymes Activity

SOD activity and glutathione reductase (GR) activity were assessed in 10 thawed
samples cryopreserved by both methods. For samples cryopreserved using MA, the SFM
was removed and the pellet was resuspended in ultra-pure deionized water. Samples
cryopreserved using MB were directly assessed. All samples were sonicated (pulse 15 s,
amplitude 70%, time 1 min), centrifuged (12,000× g, 15 min, 4 ◦C), and the supernatants
were used in the following protocols. When needed, the supernatants were stored (−20 ◦C)
for later assessment (Figure S4).

2.6.1. Superoxide Dismutase (SOD)

The activity of the superoxide dismutase enzyme was determined spectrophotometrically,
according to the method described by Payá et al. (1992) [16], with some alterations. The
molecule used for detection was nitrotetrazolium blue chloride (NBT). The reaction medium
was composed of phosphate buffer, pH 7.4, NBT (10 mM), and hypoxanthine (10 mM). The
sample supernatant (30 µL) was incubated at 25 ◦C (2 min) and the reaction was initiated by
the addition of xanthine oxidase. SOD activity is expressed as U min-1 mg protein−1, which
corresponds to the amount of SOD that inhibits 50% of the reduction of NBT.

2.6.2. Glutathione Reductase (GR)

The activity of the glutathione reductase enzyme was determined spectrophotometrically
using an adapted method described by Carlberg and Mannervik (1985) [17]. The reaction
medium was composed of phosphate buffer (pH 7.4) and sample supernatant (50 µL) to a
final volume of 2 mL. The mixture was incubated at 25 ◦C (2 min) and then NADPH was
added. The reaction started 1 min after with the addition of GSSG and was monitored (25 ◦C,
3 min, 340 nm). GR activity is expressed as µM NADPH/NADP+ min−1 mg protein−1.

2.6.3. Protein Quantification Assay

The total protein content of the samples was determined using a modified Bradford
method [18], on a 96-well plate using BSA (2 mg/mL) as a standard.

2.7. Statistical Analysis

The statistical analysis was performed using IBM SPSS Statistics v25 software and a
p-value ≤ 0.05 was considered statistically significant. Data were tested for normal distributions
with the Shapiro–Wilk test. Considering that most of the parameters did not follow a normal
distribution, only non-parametric tests were applied. For comparisons between the fresh raw
samples and the post-thaw samples (groups A and B), the Wilcoxon signed-rank test was used.
The strength of the correlation between the spermatic characteristics on fresh samples and the
impact of MA on them was expressed using Spearman’s rank correlation coefficients (ρ).

3. Results
3.1. Spermatic Parameters

Cryopreservation by MA and MB resulted in a significant reduction in total sperm
motility (A: decreased 65.2%, p < 0.001; B: decreased 98.5%, p = 0.001) and progressive
motility (A: decreased 78.0%, p < 0.001; B: decreased 99.0%, p = 0.001). Only MB promoted
a significant decrease in non-progressive motility (A: decreased 7.3%, p > 0.05; B: decreased
95.9%, p = 0.001) (Table 1). Motility was more affected by MB (p = 0.001, n = 13; Figure 2).
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Table 1. Spermatic parameters (motility, vitality, morphology, and sperm concentration) before and
after cryopreservation with (method A) and without (method B) sperm freezing medium and inherent
wash with sperm preparation medium 1.

Spermatic
Parameters

Method A (n = 26) Method B (n = 13)

Fresh Cryopreserved Change p-Value Fresh Cryopreserved Change p-Value

PR motility (%) 57.4 ± 16.3
(13.0–80.0)

12.6 ± 8.0
(0.7–30)

−78.0%
(49.2–98.8) 0.000 59.8 ± 12.8

(36.0–80.0)
0.6 ± 1.1
(0.0–4.0)

−99.0%
(94.9–100.0) 0.001

NP motility (%) 12.7 ± 4.9
(6.0–26.0)

11.7 ± 6.6
(1.7–24.4)

−7.3%
(4.3–90.0) >0.050 13.2 ± 4.9

(6.0–20.0)
0.5 ± 0.6
(0.0–2.0)

−95.9%
(77.8–100.0) 0.001

Total sperm
motility (%)

70.0 ± 14.1
(26.0–86.0)

24.3 ± 12.3
(3.0–46.0)

−65.2%
(37.0–95.9) 0.000 72.9 ± 9.8

(53.0–86.0)
1.1 ± 1.4
(0.0–5.0)

−98.5%
(94.2–100.0) 0.001

Vitality (%) 77.3 ± 13.0
(28.0–91.0)

26.7 ± 12.7
(3.5–47.0)

−65.4%
(35.6–95.3) 0.000 80.5 ± 4.1

(73.0–89.0)
4.7 ± 4.9
(0.6–19.6)

−94.2%
(78.0–99.3) 0.001

Morphologically
normal SPZ (%)

3.6 ± 1.8
(0.0–7.0)

1.5 ± 1.3
(0.0–4.0)

−59.6%
(0.0–100.0) 0.000 4.1 ± 1.7

(1.0–6.0)
1.1 ± 1.3
(0.0–4.0)

−73.6%
(33.3–100.0) 0.002

SPZ with
abnormal head (%)

96.3 ± 1.8
(93.0–
100.0)

98.5 ± 1.3
(96.0–100.0)

+2.3%
(0.0–5.3) 0.000 95.8 ± 1.7

(94.0–99.0)
98.8 ± 1.6

(95.0–100.0)
+3.0%

(1.0–6.4) 0.006

SPZ with abnormal
midpiece (%)

46.5 ± 7.8
(28.0–57.0)

51.8 ± 9.9
(34.0–74.0)

+11.4%
(0.0–128.6) 0.043

47.3 51.8 ±
7.8

(33.0–57.0)

51.5 ± 9.4
(35.0–68.0)

+8.9%
(0.0–42.1) >0.050

SPZ with abnormal
tail (%)

4.8 ± 4.0
(1.0–20.0)

16.2 ± 10.3
(4.0–52.0)

+239.5%
(22.2–

1900.0%)
0.000 4.8 ± 2.8

(1.0–10.0)
8.6 ± 7.9
(2.0–32.0)

+80.6%
(25.0–400.0) >0.050

SPZ with excess
residual

cytoplasm (%)

2.1 ± 1.6
(0.0–6.0)

0.3 ± 0.7
(0.0–3.0)

−85.5%
(0.0–100.0) 0.000 2.2 ± 1.5

(0.0–4.0)
0.4 ± 0.8
(0.0–2.0)

−82.8%
(0.0–100.0) 0.011

Sperm
concentration

(×106 SPZ/mL)

80.9 ± 70.1
(3.1–338.5)

41.9 ± 43.5
(1.3–203.3)

−48.2%
(31.9–87.2) 0.000 84.1 ± 88.6

(4.7–338.5)
74.2 ± 89.1
(3.7–341.5)

−11.8%
(6.0–31.7) 0.007

1 Data are shown as mean ± SD (minimum-maximum) OR mean (minimum-maximum). p-value ≤ 0.05 indicates
a statistically significant difference between the fresh and cryopreserved samples values as determined by
Wilcoxon signed-rank test. SPZ—spermatozoa; PR—progressive; NP—non-progressive; “−” indicates a decrease,
and “+” an increase in the sperm parameter.

Sperm vitality decreased significantly with cryopreservation (A: decreased 65.4%,
p < 0.001; B: decreased 94.2%, p = 0.001) (Table 1) and was more affected by MB (p = 0.002)
(Figure 2).

The percentage of morphologically normal spermatozoa decreased significantly with
cryopreservation, regardless of the cryopreservation method (A: decreased 59.6%, p < 0.001;
B: decreased 73.6%, p = 0.002) (Table 1) and was significantly more affected by MB (p = 0.020)
(Figure 2).

Concerning morphological abnormalities, the excess residual cytoplasm decreased sig-
nificantly after both cryopreservation methods (A: decreased 85.5%, p < 0.001; B: decreased
82.8%, p = 0.011) (Table 1). All other head, midpiece, and tail abnormalities increased in
frequency significantly after the application of MA, while when applying MB, only the
frequency of abnormal heads increased (p = 0.006) (Table 1). After thawing, samples of
MA and MB differed significantly in the rate of abnormal heads (A: 98.5% vs. B: 98.8%,
p = 0.039) and abnormal tails (A: 16.2% vs. B: 8.6%, p = 0.019), with a notable increase
in coiled tails when applied MA (Figure 2). A representative figure can be found in the
supplemental data file (Figure S5).

Sperm concentration decreased with cryopreservation (A: decreased 48.2%, p < 0.001;
B: decreased 11.8%, p = 0.007) (Table 1) and was more affected by MA (p = 0.002; Figure 2).
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(II) sperm vitality, n = 13; (III) sperm morphology, n = 13; (IV) sperm concentration, n = 13; (V) 
sperm with active mitochondria, n = 13; (VI) DNA damage assessed by comet assay, n = 13; (VII) 
sperm with fragmented DNA assessed by TUNEL assay, n = 7; (VIII) SOD activity, n = 10; and (IX) 
GR activity, n = 10. p ≤ 0.05 indicates a statistically significant difference between methods A and B. 
as determined by Wilcoxon signed-rank test. PR—progressive; NP—non-progressive. 

Figure 2. Post-thaw parameters of sperm samples cryopreserved by both methods with (method
A) and without (method B) Sperm Freezing Medium (mean values ± SEM). (I) Sperm motility,
n = 13; (II) sperm vitality, n = 13; (III) sperm morphology, n = 13; (IV) sperm concentration,
n = 13; (V) sperm with active mitochondria, n = 13; (VI) DNA damage assessed by comet assay, n = 13;
(VII) sperm with fragmented DNA assessed by TUNEL assay, n = 7; (VIII) SOD activity, n = 10; and
(IX) GR activity, n = 10. p ≤ 0.05 indicates a statistically significant difference between methods A
and B. as determined by Wilcoxon signed-rank test. PR—progressive; NP—non-progressive.
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3.2. Percentage of Spermatozoa with Active Mitochondria

The percentage of spermatozoa with active mitochondria decreased with cryopreser-
vation (A: decreased 67.6%, p < 0.001; B: decreased 95.8%, p = 0.001) (Table 2) and was
significantly more affected when applied the MB (p = 0.002) (Figure 2).

Table 2. Percentage of sperm with active mitochondria before and after cryopreservation with
(method A) and without (method B) sperm freezing medium and inherent wash with sperm prepara-
tion medium 1.

Cryopreservation
Protocol

Sperm with Active Mitochondria (%)

Fresh Cryopreserved Change p-Value

Method A (n = 26) 65.7 ± 14.5
(21.0–92.5)

21.3 ± 10.7
(2.6–39.1)

−67.6
(33.3–95.8) 0.000

Method B (n = 13) 72.0 ± 10.6
(57.5–92.5)

3.0 ± 2.4
(0.4–8.8)

−95.8
(88.8–99.5) 0.001

1 Data are shown as mean ± SD (minimum–maximum); p-value ≤ 0.05 indicates a statistically significant dif-
ference between the fresh and cryopreserved samples values as determined by the Wilcoxon signed-rank test;
“−” indicates a decrease in the sperm parameter.

3.3. DNA Integrity

The DNA damage, as assessed with the ACA, increased significantly after both cryop-
reservation methods (A: increased 95.3%, p < 0.001; B: increased 88.9%, p = 0.001) (Table 3).
MA and MB promoted similar DNA damage on the thawed samples (p > 0.05) (Figure 2).
Regarding the assessment of the percentage of spermatozoa with fragmented DNA using
the TUNEL assay, due to limitations in the volume of semen samples only seven were
evaluated. Although the percentage of spermatozoa with fragmented DNA only increased
significantly when MB was applied (A: increased 71.7%, p > 0.05; B: increased 119.9%,
p = 0.043) (Table 3), thawed samples of both MA and MB shared similar results (p > 0.05)
(Figure 2).

Table 3. DNA damage, assessed by alkaline comet assay and TUNEL assay, before and after cryop-
reservation with (method A) and without (method B) sperm freezing medium and inherent wash
with sperm preparation medium 1.

Cryopreservation
Protocol

Comet Assay (AU)

Fresh Cryopreserved Change p-Value

Method A (n = 26) 87.8 ± 50.9
(18–197)

171.5 ± 57.8
(27–300)

+95.3%
(8.1–782.8%) 0.000

Method B (n = 13) 96.6 ± 50.3
(47–197)

182.5 ± 27.9
(99–204)

+88.9%
(3.8–304.2%) 0.001

TUNEL Assay (%)

Fresh Cryopreserved Change p-Value

Method A (n = 7) 5.9 ± 4.5
(1.0–13.4)

9.5 ± 6.8
(1.0–19.3)

+71.7%
(0.0–1440.0%) >0.050

Method B (n = 7) 5.9 ± 4.5
(1.0–13.4)

12.2 ± 8.5
(3.0–28.0)

+119.9%
(100.0–336.0%) 0.043

1 Data are shown as mean ± SD (minimum–maximum); p < 0.05 indicates a statistically significant difference
between the fresh and cryopreserved samples values as determined by Wilcoxon signed-rank test; “+” indicates
an increase in the sperm parameter.

3.4. Antioxidant Enzymes Activity

SOD activity was significantly higher in the samples cryopreserved by MA (A: 2.7 vs.
B: 2.1 U min−1 mg protein−1, p = 0.011). Interestingly, the GR activity was significantly
higher on the samples cryopreserved by MB (A: 0.4 vs. B: 2.3 µM NADPH/NADP+ min−1
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mg protein−1, p = 0.018). GR activity varied more between samples cryopreserved by MA
and MB than SOD activity (Figure 2).

3.5. The Influence of Spermatic Quality on Cryopreservation

The impact of cryopreservation by MA on the spermatic parameters was shown to
be influenced by the quality of the fresh sperm samples. Based on correlations, it was
observed that the higher the progressive motility (ρ = −0.659, p < 0.01) or the percentage
of spermatozoa with active mitochondria (ρ = −0.428, p < 0.05) in fresh samples, the less
non-progressive motility decreases with cryopreservation. Furthermore, the higher the
percentage of morphologically normal spermatozoa in fresh samples, the less progressive
motility (ρ = −0.474), total motility (ρ = −0.431), and vitality (ρ = −0.466) are affected by
cryopreservation (p < 0.05). On the other hand, the higher the non-progressive motility
in fresh samples (p < 0.01), the more total motility (ρ = 0.557), vitality (ρ = 0.564), and
percentage of spermatozoa with active mitochondria (ρ = 0.652) are affected by cryopreser-
vation. In addition, the higher the level of DNA fragmentation in fresh samples, the more
progressive motility (ρ = 0.599, p < 0.01), total motility (ρ = 0.539, p < 0.01), and vitality
(ρ = 0.495, p < 0.05) decrease with cryopreservation.

4. Discussion

Human semen cryopreservation is an everyday practice in assisted reproduction and
VFPs with commercial cryoprotectants and a washing step after cryopreservation with
sperm medium are commonly applied. The SFM used in this protocol contains glycerol and
sucrose as cryoprotectant agents, but it also contains numerous constituents that promote
better sperm protection and recovery common to the composition of SPM. One of these
constituents is human albumin solution, which operates as an antioxidant, a scavenger
of overabundant ions, and a reservoir for fatty acids, vitamins, and cholesterols. Sodium
bicarbonate is also present to simulate in vivo conditions, which promotes better motility
and supports sperm capacitation, as is synthetic serum replacement, which is a pro-survival
factor for spermatozoa [19,20]. Similar media are used to cryopreserve and wash sperm
samples; therefore, we expected better results when using MA. However, to understand
the extent of the usefulness of both procedures, we also performed MB, where none of the
media and respective procedures were applied. This study differs from previous studies
since it allows us to observe the impact and importance of adding cryoprotectants and
washing the samples with an SPM after cryopreservation based on a global analysis of the
sperm quality. Simultaneously considering key factors in semen samples allowed for a
better understanding of how the factors are related and how they influence the impact that
cryopreservation has on sperm samples.

Overall, regardless of the freezing protocol applied in our study, the analyzed sper-
matic parameters worsened with freezing, especially with MB. The drastic results obtained
with MB were similar to those of Lusignan et al. (2018) [21]. The only parameter that
improved was the residual cytoplasm, which decreased, probably as a consequence of their
release from spermatozoa due to ice crystals formed during freezing. As expected, sperm
motility, vitality, normal morphology, and head defects were less affected when SFM and
sperm wash was applied (MA). These results are consistent with other works, such as the
study of Raad et al. (2018) [22], where the impact on progressive motility and head defects
was comparable to that observed in the present study. However, two parameters were more
affected by MA. Compared to MB, we observed (1) more coiled tails, which has also been
reported in two other studies that evaluated sperm morphology [23] and ultrastructural
morphology [24] after a rapid freezing protocol in nitrogen vapors. and (2) a major sperm
concentration decrease. The latter may be due to the SFM removal process. Especially
in viscous samples, the spermatozoa did not always form a compact cell pellet, which
hampered the washing of the sample and may have contributed to a loss in spermatozoa
when aspirating the supernatant.
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Therefore, the SFM and/or the washing step with SPM help, but they are not a perfect
solution. It has been proposed that the main reason for cell changes during the freezing
of extracellular fluids results from the formation of ice crystals [24]. Additionally, solute
exchanges, promoted by the addition and removal of the cryoprotectant, cause swelling
and cellular shrinkage, which can be intolerable for most organelles [7] and cause the
destruction of the plasma membrane in the spermatozoa tail [24].

Mitochondria are an important energy source for sperm, necessary for good motility
and fertilization capacity, and their integrity is essential for proper cell function [25].
Using the MTRFM probe, we observed that the percentage of spermatozoa with active
mitochondria decreased significantly after both VFPs, with worse results in MB. Still, MA
promoted less damage to mitochondria (decreased by 68%) than the VFP presented by
Pabón et al. (2019) (decreased by 80%) [26], where semen with cryoprotectant was frozen
on the surface of dry ice and pellets stored in cryotubes immersed in LN. We noticed that
both methods led to a greater decrease in progressive motility than in the percentage of
spermatozoa with active mitochondria. This probably occurred not only as a consequence
of mitochondrial damage and changes in the membrane integrity and sperm chromatin but
also due to the increase in morphological defects, namely in the tail.

The influence of cryopreservation on sperm DNA is still a topic of discussion [4]. Some
authors argue that damage generally increases [27], while others argue that it only increases
in infertile men [28] or that it has no impact on DNA damage [29]. In our research, we
employed two tools to assess DNA integrity: TUNEL and ACA. They detect distinct types
of DNA damage and hence complement one another. TUNEL is a qualitative assay that only
detects DNA fragmentation and, therefore, it is mostly used to assess apoptosis (reviewed
by [27]). On the other hand, the comet assay is a quantitative method for classifying DNA
damage in AU. In addition to determination of the presence of DNA single and double-
strand breaks, it is more sensitive than TUNEL, as it identifies lower levels of damage which
can be repaired after fertilization. Additionally, since we performed the ACA instead of the
neutral comet assay (NCA), we were able to detect other forms of damage, such as alkali-
labile sites (e.g., apurinic and apyrimidinic sites) not detected by TUNEL [14,30,31]. The
ideal scenario would be to perform both techniques on all samples to obtain an overview of
what would be occurring during the cryopreservation process and to indirectly validate one
technique with the other. However, because only seven samples could be analyzed by the
TUNEL assay, the results must be interpreted carefully. Our results showed that MB caused
a substantial increase in both TUNEL and ACA-measured DNA damage, but MA only
promoted a significant increase in ACA-measured DNA damage. Nevertheless, the DNA
damage assessed on thawed samples A and B did not differ substantially. This suggests
that while MA appears to be more protective than MB, the overall DNA damage following
cryopreservation seems to be identical whether SFM is applied or not. Furthermore, the
increase in DNA damage was overall more substantial when assessed via ACA, rather than
the TUNEL assay. As a result, we hypothesized that this VFP causes mostly DNA damage
that can be repaired (as quantified by ACA) and not necessarily apoptosis (as detected by
the TUNEL assay).

Levels of reactive oxygen species, oxidized and reduced glutathione, and antioxi-
dant enzymes such as glutathione reductase determine the most suitable conditions for
redox control within a cell. As we were interested in comparing the antioxidant activity
of the semen samples after both protocols and found no other studies that analyzed this,
GR and SOD activities were also assessed. GR catalyzes the reduction of oxidized glu-
tathione (GSSG) to glutathione (GSH), which is the main endogenous antioxidant in most
cells [32]. The excessive production of reactive oxygen species during sperm freezing and
thawing [33] will lead to the oxidation of endogenous GSH. The SFM contains glycine,
known for scavenging radicals [34] and those that form during cryopreservation [35]. Sam-
ples cryopreserved by MA were subjected to the SFM removal without resuspending the
spermatozoa in the SPM for this analysis and showed lower GR activity and higher SOD
activity than samples cryopreserved by MB. Seminal fluid was not eliminated for this
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analysis. GR is responsible for keeping cell glutathione reduced. Since the SFM provides
better antioxidant protection, we were expecting no excessive oxidation of GSH. Samples
treated with MA also had a greater number of functional mitochondria. The mitochondrial
electron transport chain is the major source of superoxide anion (O2

−•), during cellular
metabolism [36]. Thus, it is admissible that during thawing and manipulation of the sample,
there is an increase in superoxide ions that may subsequently induce SOD activity.

The impact of cryopreservation on the different sperm parameters remains contro-
versial and different results are obtained by researchers. This may be due to the different
cryoprotectants and sperm evaluation techniques used, as well as variations in the freezing
and thawing protocols. The diverse groups (fertile vs. infertile) and the sample size may
also promote these dissimilarities. We controlled the dissimilarities in our work since we
used the same VFP conditions, but the impact on sperm characteristics varied between
the samples. Thus, in our study, the obtained Spearman’s correlation coefficients demon-
strated that not only the freezing protocols, but also the quality of the fresh sperm samples
influence post-thaw sperm quality. Overall, the better the percentage of sperm with active
mitochondria, the DNA integrity, and the spermatic parameters of fresh samples, the
less they were affected by cryopreservation. Several works support that variations in the
capacity of resistance to cryopreservation may be due to differences in the phospholipids,
glycolipids, and sterol content of the sperm membrane [37], chromatin stability [38], and
seminal plasma antioxidant capacity [39].

We are aware that the sample size is sometimes too small to draw definite conclusions
about some variables. With our pilot study, we aimed to verify the tendencies for each
sperm parameter and its correlations with cryopreservation, with and without SFM and
SPM, hoping to draw cohesive internal conclusions. Although our results should be
considered exploratory due to the small n in some groups, we believe it remains a proof of
concept in nature.

5. Conclusions

Regardless of the SFM use and inherent wash and resuspension of the spermatozoa in
SPM, freezing showed a detrimental effect on the sperm quality which we demonstrated
to be related to the quality of the fresh semen samples. The use of SFM and SPM on the
VFP seems to be essential for conserving the quality of most of the analyzed spermatic
parameters and active mitochondria, but not so important when it comes to DNA integrity,
since both protocols promoted a relatively similar negative impact. The two VFPs and
subsequent sample treatments performed in this analysis induced differences in the an-
tioxidant response. The increase in SOD observed in samples A could mean a greater
production of superoxide radicals and a consequent cellular response for its neutralization.
As for samples B, the observed increase in GR activity could indicate a greater involvement
of GSH in response to cryopreservation. This aspect justifies clarification, even though the
cellular regulation of the glutathione system is highly complex and involves a sophisticated
signaling network that is not entirely understood. Our results highlight the need to find
more effective cryopreservation methods. This is particularly important when cryopreserv-
ing sperm samples from infertile patients, where the reduced initial quality makes it more
difficult to obtain viable and intact spermatozoa after the freeze–thaw cycle.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/physiologia2030008/s1, Figure S1: representative scheme of the protocol applied to assess
the percentage of spermatozoa with active mitochondria, using the MitoTrackerTM Red FM (MTRFM)
dye; Figure S2: representative scheme of the protocol applied to assess the sperm DNA damage
by alkaline comet assay; Figure S3: representative scheme of the protocol applied to assess the
percentage of spermatozoa with fragmented DNA with the terminal deoxynucleotidyl transferase
dUTP nick-end labeling (TUNEL) assay; Figure S4: representative scheme of the protocol applied to
assess the activity of the antioxidant enzymes superoxide dismutase (SOD) and glutathione reductase
(GR); and Figure S5: sperm morphology assessment after Papanicolaou–Shörr staining of a sperm
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sample cryopreserved by method A (MA) (1000×magnification). A large number of spermatozoa
with coiled tails (circled in blue) are evident when MA is applied.
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