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Abstract: Vaginally administered postbiotics derived from Lactobacillus were recently demonstrated
to be effective in alleviating bacterial vaginosis and increasing pregnancy rates. However, their
potential effect on sperm quality has not been well investigated. This controlled in vitro study aimed
to assess the dose- and time-dependent effects of postbiotics derived from Lactobacillus rhamnosus
PB01 (DSM 14870) on sperm quality parameters. The experiment was conducted in vitro to eliminate
potential confounding factors from the female reproductive tract and vaginal microbiota. Sperm
samples from 18 healthy donors were subjected to analysis using Computer-Aided Sperm Analysis
(CASA) in various concentrations of postbiotics and control mediums at baseline, 60 min, and 90 min
of incubation. Results indicated that lower postbiotic concentration (PB5) did not adversely affect
sperm motility, kinematic parameters, sperm DNA fragmentation, and normal morphology at any
time. However, concentrations exceeding 15% demonstrated a reduction in progressively motile
sperm and a negative correlation with non-progressively motile sperm at all time points. These
findings underscore the importance of balancing postbiotic dosage to preserve sperm motility while
realizing the postbiotics’ vaginal health benefits. Further research is warranted to understand the
underlying mechanisms and refine practical applications in reproductive health.

Keywords: probiotics; postbiotics; sperm motility; DNA fragmentation; Lactobacillus rhamnosus

1. Introduction

A healthy women’s vagina is colonized with various aerobic and anaerobic bacte-
ria, collectively known as the vaginal microbiome [1,2]. Within the vaginas of women
of reproductive age more than ten different species can be found. This microbiome has
an established role in retaining the physiological function of the female reproductive
system, pathogen defense, and preventing urogenital diseases [3-7]. Lactobacillus domi-
nates the healthy vaginal microbiota, exerting beneficial effects through various potential
mechanisms [8-11]. Conversely, a lack of dominant Lactobacillus is associated with vari-
ous reproductive system disorders and adverse pregnancy outcomes [12,13], which has
led to the concept of vaginal probiotic supplementation as a potential treatment strategy.
Therefore, Lactobacillus, as the most documented strain used as a probiotic or postbiotic
supplement, has been suggested as an adjuvant to antibiotics to mitigate the potential
antimicrobial resistance [14-16], especially in the treatment of various obstetric and gyne-
cological conditions [17]. Even though probiotics have been proven generally safe, people
are still concerned about the potential risk of administering “live bacteria” in some specific
situations, such as pregnancy or active preparation for motherhood pregnancy [18,19]. On
the other hand, maintaining the stability of probiotic products during the rigorous handling,
transportation, and storage to ensure the presence of a sufficient number of viable bacteria
(probiotics) to confer the benefits of probiotics brings about some practical challenges in
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the industrial production and marketing phase [20]. Due to these challenges, postbiotics,
inactivated probiotics, and products formed when probiotic bacteria break down have
attracted a great deal of research focus, resulting in growing evidence on the ability to
promote health and treat disease through modulation of the gut microbiota [21].

In 2021, ISAPP (The International Scientific Association of Probiotics and Prebiotics)
issued a postbiotic consensus statement, defining postbiotics as a preparation of inanimate
microorganism and/or their components (including just the fermentation supernatant
and/or bacterial cell wall and content) that are helpful to the host’s health [20]. Therefore,
postbiotics research is gaining widespread interest in modern medicine, with compelling
evidence supporting their efficacy as therapeutic and preventive agents, exhibiting anti-
inflammatory, immunomodulatory, antioxidant, and anti-cancer properties [22].

The potential benefits of Lactobacillus-based bioactive compounds (postbiotics) on vagi-
nal health have also gained increasing research attention in recent years [23-26]. A recent
study demonstrated the positive impact of Lactobacillus-based postbiotics, administered
in the form of vaginal gel, on BV [27]. While probiotic and postbiotic interventions can
potentially enhance the female host’s ability to reproduce, the sperm would encounter a
significantly higher concentration of Lactobacillus and Lactobacillus-based postbiotics in the
vagina. Post-liquefaction, unprotected sperm navigate the vaginal environment to cross
the cervix. At this stage, the liquid Lactobacillus-rich vaginal environment including both
vaginal and probiotic secretions plays a delicate role in sperm viability and function [28,29],
consequently affecting fertilization and pregnancy rates.

Despite the availability of several vaginal probiotic suppositories as commercial over-
the-counter supplements (e.g. Ecovag®, Deerland Probiotics & Enzymes A /S, Hundested,
Denmark), the potential impact and dose dependency of the resulting increase in the con-
centration of postbiotics on human sperm quality has not yet been thoroughly investigated.

In the context of a post-ejaculation in vivo scenario, in addition to postbiotics, sperm
quality is influenced by both the beneficial and detrimental effects of live and active vaginal
microbiota [30] and the inherent dynamics of the female reproductive system [31]. Addi-
tionally, probiotics may induce different effects under different bacterial concentrations [32].
The varying composition of the microbiota and, consequently, postbiotics in different
individuals could also affect the results and make them incomparable.

Conventional semen analysis, notably concentration, motility, and morphology, re-
mains the standard for evaluating male fertility potential [33]. While routine semen analyses
are imperative in the initial identification and evaluation of the severity of male factor
infertility [33,34], their limited scope does not allow them to fully elucidate sperm fertil-
ization potential or identify the underlying etiology of infertility, especially in cases of
unexplained infertility [35]. Several studies have emphasized the correlation between
sperm DNA damage and its impact on fertilization and embryo development [36-38].
Clinical studies have also shown that the DNA fragmentation index assessed by the sperm
chromatin dispersion (SCD) test [39,40] alongside routine semen analysis provides a much
more accurate diagnosis of IVF outcomes [41].

Therefore, to rigorously evaluate the potential effects of Lactobacillus rhamnosus PB01
(DSM 14870) postbiotics on sperm quality, this study was designed as a controlled in vitro
experiment. By conducting the study in vitro, we aimed to eliminate potential confounding
factors from the female reproductive tract and physical effects from vaginal bacteria, such
as the reduction in sperm motility due to physical adherence [30]. In addition to routine
semen analysis, sperm DNA fragmentation index (DFI), and morphology were assessed
to provide a comprehensive evaluation of sperm quality. To the best of our knowledge,
this is the first prospective controlled in vitro study to assess the effects of a postbiotic on
motility, kinematic parameters, DNA fragmentation, and morphology of normozoospermic
human sperm.
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2. Materials and Methods
2.1. Ethical Approval

This study was performed at the Department of Health Science and Technology at
Aalborg University (Aalborg, Denmark), following approval from the Scientific Ethics
Committee of the Northern Jutland Region, Denmark, according to the committee law
(§ 14, stk. 1, cf. §2, nr. 1-3). Prior to the experiment, all participants received written
and oral information about the study, provided signed informed consent, and completed a
comprehensive health questionnaire.

2.2. Study Population

Healthy male participants aged between 18 to 30 were included in this study. Subjects
exhibiting ejaculatory disorders or impaired semen quality due to any known genetic
abnormalities like Y-microdeletions and abnormal karyotypes were not included. History
of diabetes, cardiovascular disease, vasectomy, orchitis, removed one testicle, ejaculatory
disorders, and psychological illnesses requiring continuous medical treatment, use of
antibiotics, cyclosporine, allopurinol, glucocorticoids, colchicine, or antidepressants within
the last three months were also considered as exclusion factors.

2.3. Preparation of Postbiotics

The postbiotics were prepared by incubating 1 x 10'* CFUs of L. rhamnosus PBO1
(ADM Denmark A/S, Hundested, Denmark) in 15 mL “De Man, Rogosa, and Sharpe”
(MRS) broth (Thermo Fisher, Waltham, MA, USA) at 37 °C for 45 h under anaerobic
conditions. The supernatant was collected following centrifugation of the suspension at
1000x g for 10 min at 4 °C. Any residual bacteria were removed by filtering the supernatant
through a 0.22 um Millipore filter aliquoted in 5 mL batches and stored at —18 °C until
use. Before the experiment, the pH of the thawed (at room temperature) supernatant
was adjusted to neutral (pH = 7) using 1 M NaOH and used to prepare the different
postbiotic concentrations.

2.4. Semen Collection and Experimental Protocols

Participants were asked to maintain 3-7 days of sexual abstinence before semen
samples were collected by masturbation into a sterile cup in a private room close to the
laboratory. The samples were weighted to evaluate volume and allowed to liquefy for
3045 min at room temperature. After liquefaction, 10 pL of the fresh semen was loaded
onto a 20 um deep chamber of a Leja slide (Leja, Nieuw-Vennep, The Netherlands) to
assess sperm concentration and motility by the Sperm Class Analyzer (SCA®; version 5.6;
Microptic S.L., Barcelona, Spain) computer-aided sperm analysis (CASA) system, ensuring
compliance with the inclusion criteria. Samples with a concentration >15 million/mL, total
sperm count >39 million/sample, total motility >40%, and progressive motility >32%
were considered normozoospermic (according to the WHO 2010 criteria [42]) and included
in this study. Each of the included samples was divided into seven parts (200 puL each)
and mixed with 200 pL Pure Sperm Wash (SW; Nidacon, Gothenburg, Sweden) as control,
required concentrations of MRS Broth in SW to form 50% (MRS50), 15% (MRS15), and 5%
(MRS5) sham groups, and different concentrations of postbiotics from L. rhamnosus (PB01)
in SW to form the 50% (PB50), 15% (PB15), and 5% (PB5) postbiotic groups.

2.4.1. Motility and Kinematic Parameters

Sperm motility (including the percentage of total motile sperm, progressive sperm,
non-progressive sperm, and immotile sperm), detailed kinematic parameters, and percent-
age of hyperactivated sperm were evaluated by the Motility /Concentration module of the
SCA® CASA system at baseline (T1), and after 60 min (T2) and 90 min (T3) of incubation at
room temperature.

In brief, samples from each group were loaded into a 20 um deep chamber slide. One-
second videos from at least five different fields (or more to ensure a minimum of 400 sperm)
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along the center of the chamber were captured (50 fps) using a Basler Scout A780-54fc
camera (Basler, Ahrensburg, Germany), mounted on a Nikon Eclipse 50i microscope with
a 10x positive phase contrast objective (Nikon, Minato city, Tokyo, Japan) and a green
filter, as previously described by Dardmeh et al. [43,44]. The SCA® software was used to
analyze the recorded videos, while an expert technician manually corrected any possible
errors in the detected spermatozoa. The SCA® categorized spermatozoa into progressively
motile (STR > 80%), non-progressively motile (80% > STR > 0%), and immotile (STR = 0%)
according to WHO criteria [42]. The different sperm categories and kinematic parameters
assessed by the Sperm Class Analyzer® computer-aided sperm analysis system are pre-
sented in Table 1. A representative example of the sperm trajectory detected by the SCA®
CASA system is presented in Supplementary File S1.

Table 1. The different sperm motility categories according to WHO 5 criteria [42], and kinematic
parameters assessed by the Sperm Class Analyzer® computer-aided sperm analysis system (adapted
from Alipour et al. 2017 [45]).

Parameter/Unit Description of the Parameter

Motility categories

PR (%) Spermatozoa move actively, linearly or in a large circle, regardless of speed
NP (%) All other patterns of motility with an absence of progression

M (%) No movement

Kinematic parameters

VCL (um/s) Curvilinear velocity along the actual swimming path

VSL (um/s) Straight-line velocity along shortest path from start to end point
VAP (um/s) Average path velocity based on every 11th frame of VCL path
LIN (%) Linearity of a curvilinear path expressed as VSL/VCL

STR (%) Straightness expressed as VSL/VAP

WOB (%) Oscillation index expressed as VSL/VAP

ALH (um) Amplitude of lateral head displacement

BCF (Hz) Beat cross-frequency based on VCL crossing VAP per second
Hyperactivated (%) 150 < VCL (um/s) < 500; Lin (%) < 50%; ALH (um) > 3.5 *

PR: Progressively motile spermatozoa; NP: Non-progressively motile spermatozoa; IM: Immotile spermatozoa;
VCL: Curvilinear velocity; VAP: Average path velocity; VSL: Straight line velocity; STR: Straightness; LIN:
Linearity index; WOB: Wobble; ALH: Amplitude of lateral head displacement; BCF: Best cross frequency. * Most
CASA systems use ALH Max, which is ~2 x ALH.

The assessed kinematic parameters can be divided into velocity parameters, including
straight-line velocity (VSL), curvilinear velocity (VCL), average path velocity (VAP), and
motion-path parameters, including linearity (LIN), straightness (STR), wobble (WOB),
the amplitude of lateral head displacement (ALH), and beat-cross-frequency (BCF), as
previously described by Alipour et al. [45]. Hyperactivated sperm motility was classified
as 150 < VCL (um/s) < 500, Lin (%) < 50%, and ALH (pm) > 3.5 [45].

2.4.2. Sperm DNA Fragmentation Index (DFI)

DFI assessment was evaluated based on the Sperm Chromatin Dispersion (SCD)
test [46] using the GoldCyto Sperm DNA kit (Goldcyto Biotech Corp., Guangzhou, China)
according to the manufacturer’s instructions. Due to the limited volume of samples,
evaluation of DFI at baseline and after 90 min of incubation at room temperature in
different groups was performed in two subsets of the samples. Five randomly selected
samples were used to evaluate DFI in the control and high-concentration sham (MRS50)
and postbiotic (PB50) groups (subset A), while another five randomly selected samples
were used to evaluate DFI in the Control, and PB50, PB15, and PB5 test groups (Subset B).

For each sample, A minimum of 400 spermatozoa were observed using the 20X
objective (brightfield), and the halo sizes were quantified and evaluated by the DNA
module of the SCA®. Spermatozoa demonstrating a halo width equivalent to or less than
one-third of the core’s diameter and those with no halo were considered “spermatozoa with
DNA fragmentation” and degraded, respectively. The DFI was calculated as the percentage
of fragmented and degraded spermatozoa to the total number of cells counted.
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2.4.3. Morphology

The percentage of sperm with normal morphology was evaluated in the subsets
described above at baseline and after 90 min of incubation at room temperature.

In brief, a routine sperm smear was fixed in SpermBlue® fixative (Microptic, Barcelona,
Spain) for 10 min, stained using the SpermBlue® stain (Microptic, Barcelona, Spain) for
8 min, washed by gently dipping in distilled water, and air-dried at room temperature. The
slides were then evaluated using a 60x objective (brightfield) and the SCA® morphology
module, which automatically quantified sperm head and midpiece measurements [47]. An
expert technician controlled all assessments and corrected possible errors.

2.5. Statistical Analysis

Data were analyzed for normal distribution using the Shapiro-Wilk test. Data are pre-
sented as means + standard deviation (SD) unless stated otherwise. A repeated measures
analysis of variance (ANOVA) was used to compare the motility, kinematic parameters,
hyperactive motility, and morphology among the groups and at different time points. Pair-
wise comparisons were performed using the Bonferroni post hoc test, wherever ANOVA
yielded a statistically significant difference. A simple effects analysis was used to compare
the percentage of mucus penetration ability and DFI values among groups at different time
points. All statistical analyses were performed using the SPSS software (Version 29; IBM
Corporation, Armonk, NY, USA). p < 0.05 was considered significant.

3. Results

A preliminary investigation revealed that the spermatozoa exhibited complete im-
mobility when exposed to postbiotic solutions higher than 50%. Consequently, postbiotic
concentrations of PB5, PB15, and PB50 were included in this study.

This study included 18 healthy male participants with a mean age of 25.37 (+3.39)
years. All 18 samples were examined for sperm motility, kinematic parameters, hyperactive
sperm. Five randomly selected samples were evaluated for the percentage of normal
morphology and sperm DNA fragmentation index.

3.1. Seminal Parameters in Donor Samples

Table 2 presents the seminal characteristics, motility categorization (according to WHO
5 criteria [42]), and kinematic details for samples from the participating donors.

Table 2. Seminal characteristics and kinematic details of donor samples (1 = 18).

Parameter Median (25-75 Percentiles)
Seminal characteristics
Volume (mL) 3.47 (2.57-5.05)
Concentration (M/mL) 50.8 (32.1-62.31)
Motile sperm (%) £80.72 (62.25-89.23)
Motility categorization (WHO 5 criteria)
PR % 58.63 (40.62-66.68)
NP % 20.39 (18.17-26.1)
M % 19.28 (10.77-37.75)
Kinematic details
VCL 40.38 (34.36-46.55)
VAP 25.22 (21.74-28.57)
VSL 15.86 (14.99-19.48)
STR 63.43 (60.32-66.45)
LIN 40.65 (35.74-43.13)
WOB 62.66 (58.88-63.68)
ALH 1.97 (1.82-2.33)
BCF 6.18 (5.51-6.86)

PR: Progressively motile spermatozoa; NP: Non-progressively motile spermatozoa; IM: Immotile spermatozoa;
VCL: Curvilinear velocity; VAP: Average path velocity; VSL: Straight line velocity; STR: Straightness; LIN:
Linearity index; WOB: Wobble; ALH: Amplitude of lateral head displacement; BCF: Best cross frequency.
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3.2. The Effect of Different Postbiotic Doses on Sperm Motility

The higher concentration postbiotic (PB50) group demonstrated significantly lower
percentages of total motile sperm (p < 0.01) compared to the control (SW), higher con-
centration sham (MRS50), medium (PB15), and lower concentration (PB5) of postbiotic
groups throughout the study. However, in medium (PB15) and lower concentrations of the
postbiotic groups (PB5), no difference in motile sperm was observed at any time compared
with the control and sham groups.

The higher concentration postbiotic solution (PB50) showed significantly lower (p < 0.01)
progressive motility compared to the control group (SW) and sham group (MRS50) at all
time points. The percentage of progressively motile spermatozoa in the sham (MRS50)
group demonstrated significantly lower values than the control group (SW) at all time
points (Figure 1).
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Figure 1. Mean percentage of progressively motile, non-progressively motile, and immotile sperma-
tozoa, incubated in control (SW), 5% MRS broth (MRS5), 15% MRS broth (MRS15), 50% MRS broth
(MRS50), 5% postbiotics (PB5), 15% postbiotics (PB15), and 50% postbiotics (PB50) at baseline (0 min),
and after 60 and 90 min of incubation (n = 18). Error bars demonstrate standard deviation. * marks
p <0.05, ** marks p < 0.01.

The PB15 solution indicated significantly lower progressive motility (p < 0.05) com-
pared with the control group throughout the study. In contrast, the lower concentration
postbiotic (PB5) showed no significant difference compared to the control group throughout
the study (Figure 1).
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The percentage of progressive sperm in the higher concentration postbiotic (PB50)
group was significantly lower (p < 0.01) than in the medium and lower concentration of
the postbiotic solutions (PB15 and PB5) group at all time points. Progressive sperm in the
PB15 group showed a significantly lower value (p < 0.01) than the lower concentration of
the postbiotic solutions (PB5) at 60 min of incubation (Figure 2).
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Figure 2. Mean percentage of progressively motile, non-progressively motile, and immotile sper-
matozoa, incubated in 5% postbiotics (PB5), 15% postbiotics (PB15), and 50% postbiotics (PB50) at
baseline (0 min), and after 60 and 90 min of incubation (n = 18). Error bars demonstrate standard
deviation. * marks p < 0.05, ** marks p < 0.01.

In higher concentrations (PB50) of the postbiotic solution, the percentage of progressive
sperm decreased over time. However, there was no difference in the lower postbiotic group
(PB5) concentration throughout the study.

Both the PB50 and MRS50 demonstrated higher non-progressive sperm motility im-
mediately after incubation (p < 0.05) compared with the control group (SW). However,
lower postbiotic (PB5) concentration did not exhibit a significant difference at any time
compared with the control group (Figure 1). Notably, non-progressive motility in the
higher-concentration postbiotic (PB50) group was significantly higher (p < 0.05) than in the
lower-concentration postbiotic (PB5) group (Figure 2).

The higher concentration postbiotic (PB50) group demonstrated higher percentages
of immotile sperm (p < 0.01) compared to the control (SW) (Figure 1), medium (PB15)
(p < 0.05), and low postbiotic group (PB5) (p < 0.01) throughout the study (Figure 2).

In both the PB50 and sham (MRS50) groups, the immotile sperm value was signif-
icantly higher in 60 min compared to the baseline. The rest of the groups did not show
changes over time.

The percentage of hyperactivated sperm showed no significant difference between
groups throughout the study.

3.3. The Effect of Different Postbiotic Doses on Kinematic Parameters

The control group contained higher mean velocity values of VCL, VSL, and VAP
compared with the higher postbiotic group (PB50) (p < 0.01) at all time points. Lower
concentration of the postbiotic group (PB5) showed no difference compared with the
control group at baseline but lower values of VCL, VSL, and VAP after 60 min (p < 0.01) of
incubation (Figure 3).

The mean motion-path parameters of STR, WOB, and BCF were significantly higher
(p < 0.05) in the control group (SW) compared with the PB50 group at all time points. Still,
they presented no significant difference between the PB5) and the control group at any time.
The mean ALH in the PB5 group showed no difference from the control at baseline but a
significantly lower value after 60 min of incubation. No difference in LIN was detected
among all groups at all time points (Figure 4).



Nutrients 2024, 16, 1781

8 of 15
VCL VSL VAP
SW SW
aoSW 60 60
PB5 /40’\ MRS50 PB5 40 MRS50 PB5 40 MRS50
/' 20 \ 20,4, 2071 S
‘ 0 l 0 } Lo }
MRS5 \\/ PB50 MRS5S g PB50 MRS5 \‘_ PB50
PB15 MRS15 PB15 MRS15 PB15 MRS15
—+—0min —*—60mins 90mins

Figure 3. Velocity parameters in control (SW), 5% MRS broth (MRS5), 15% MRS broth (MRS15),
50% MRS broth (MRS50), 5% postbiotics (PB5), 15% postbiotics (PB15), and 50% postbiotics (PB50)
at baseline (0 min), and after 60 and 90 min of incubation (n = 18). The radius demonstrates the

percentage of sperm in the respective group. VCL: Curvilinear velocity; VSL: Straight-line velocity;
VAP: Average path velocity.
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Figure 4. Motion-path parameters in control (SW), 5% MRS broth (MRS5), 15% MRS broth (MRS15),
50% MRS broth (MRS50), 5% postbiotics (PB5), 15% postbiotics (PB15), and 50% postbiotics (PB50)
at baseline (0 min), and after 60 and 90 min of incubation (n = 18). The radius demonstrates the
percentage of sperm in the respective group. Lin: Linearity; STR: Straightness; WOB: Wobble, ALH:
Amplitude of lateral head displacement; BCF: Beat cross frequency (BCF).

3.4. The Effect of Different Postbiotic Doses on Sperm DNA Fragmentation Index

The PB50 group exhibited a significantly higher DFI after 90 min of incubation com-
pared with baseline (p < 0.01) in both subsets of samples. The control and MRS50 in subset
A, and control, PB15, and PB5 in subset B did not significantly differ over time. Further-
more, there were no significant differences among any groups in any subsets at baseline or
after 90 min of incubation (Figure 5).
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Figure 5. Box and whisker plots demonstrating the percentage of sperm DNA fragmentation index.
(DFI) in control (SW), 5% postbiotics (PB5), 15% postbiotics (PB15), and 50% postbiotics (PB50) at
baseline (0 min), and after 90 min of incubation (n = 5) in sample subsets A (n =5), and B (n = 5). The
box spans the interquartile range (25-75); geometric symbols (squares, triangles, and circles) denote
individual data points; whiskers demonstrate the range (min, max), and the horizontal line inside the
box presents the median; ** p < 0.01.

3.5. The Effect of Different Postbiotic Doses on Sperm Morphology

The percentage of sperm with normal morphology did not show differences between
any of the groups compared to baseline and 90 min of incubation in the two subsets.
Furthermore, there was no difference between the three postbiotic and control groups at
baseline and 90 min of incubation.

4. Discussion

This manuscript presents the results of the first prospective in vitro study investi-
gating the impact of postbiotics on sperm motility, comprehensive kinematic parameters
morphology, and DNA fragmentation in normozoospermic men. The findings underscore
the safety of a PB5 of Lactobacillus rhamnosus PB01 (DSM-14870) postbiotics, confirming
their benign effect on sperm quality.

The indirect effects of the probiotics have been associated with the bioactive com-
pounds secreted by them or released after their disintegration and lysis, also called “postbi-
otics” [21], which can contain cell components such as lipopolysaccharide, peptidoglycan,
lipoteichoic acid, extracellular vesicles and enzymes, peptides, organic acids, and other
bioactive compounds [48]. A recent clinical trial demonstrated the efficacy of postbiotics
from Lactobacillus paracasei ProSci-92 and Lactobacillus rhamnosus ProSci-109 in alleviating
the clinical symptoms associated with bacterial vaginitis indicated by improvement of
abnormal vaginal secretions, through increasing the relative abundance of vaginal Lac-
tobacillus and regulating the vaginal microbiota composition [27]. The postbiotic in the
mentioned study was prepared as a gel by incorporating the fermentation solution from
1 x 10° L. paracasei ProSci-92 and 1 x 10° L. rhamnosus ProSci-109 (fermented to pH 4.60 at
37 °C) with adding Kabo 940, triethanolamine, propylene glycol, PEG-90M, moisturizing
gel, and phenoxyethanol), and a daily dose of 3 mg was administered into the deep part
of the vagina using a gel catheter for one week [27]. A healthy vagina generally produces
4.65 £+ 1.8 mg of vaginal discharge in 24 h [49]; thus, the 3 mg gel would have resulted
in a vaginal postbiotic concentration between 48.72% to 68.25%. In such a scenario, the
elevated level of postbiotics could also exert effects on spermatozoa deposited within the
vaginal environment.

The current study assessed the potential effect of L. rhamnosus PB01 fermentation
solution (culture supernatant) on sperm quality in vitro. This solution would contain non-
viable bacterial-free extracts and bioactive compounds secreted by the probiotics or released
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after their disintegration and lysis, which would be considered L. rhamnosus postbiotics
according to the definition. Postbiotics are considered superior to probiotics owing to
their higher safety, and economic benefits while providing the same beneficial therapeutic
effects as probiotics [22]. They have the advantage of ease of use and storage, stability in a
broad range of environments, and simultaneously deliver beneficial effects in metabolic,
immunomodulatory, anti-cancer, and antioxidant functions [50,51].

Our initial pilot study (results not presented) demonstrated that a postbiotic concentra-
tion higher than 50% resulted in complete loss of motility in all spermatozoa within 30 min
in vitro. Therefore, only the PB15 and PB5 postbiotics were considered as test groups, while
the PB50 was kept in the study as the negative control group.

Sperm motility is a key predictor of male fertility [52]. The percentage of total motile
sperm did not differ between the control, PB5, and PB15 groups. However, further catego-
rizing the sperm as progressively motile and non-progressively motile sperm [53] could
provide additional biological insight and serve as a diagnostic and prognostic factor, partic-
ularly with pregnancy rates [54,55]. The results showed a significant drop in the percentage
of progressively motile sperm in the PB15 compared to the control group throughout the
study. In contrast, PB5 did not show any difference. Thus, it is safe to speculate that PB15
negatively affected the successful conception rate.

Around 3045 min after ejaculation, the semen sample liquefies, and the spermatozoa
reach their peak motility, allowing the sperm to leave the seminal plasma and enter the
cervical mucus. The spermatozoa that remain in the vagina will start losing their motility
within the next 30 min, with the majority gradually becoming immotile within 120 min [56].
Thus, the presented study assessed the progressive motility of sperm immediately after
exposure, as well as at 60- and 90-minute post-exposure to postbiotics.

The kinematic parameters reflected these trends, with PB50 showing significantly
lower VSL, VCL, VAP, STR, WOB, ALH, and BCF values at all time points. While PB5 did
not show any effect at baseline, VCL, VSL, and VAP demonstrated lower amounts after
60 min of incubation. These changes were, however, not substantial enough to affect the
percentage of total motile and progressive spermatozoa in PB5, implying that the lower
concentrations of postbiotic supplementation would not affect the sperm’s ability to reach
the oocyte during migration within the female reproductive tract.

Although the specific mechanisms underlying postbiotic bioactivities remain unclear
and may vary across different target hosts, there are indications that postbiotics share
mechanisms of action similar to probiotics in certain cases [20]. In line with this assumption,
the significantly lower progressive sperm motility in the PB50 group complies with the
previous findings on the potential inhibitory effects of probiotics [30,32,57].

The study by Li et al. [58] illustrated that Lacfobacillus can adhere and adversely affect
intracellular Ca?* concentrations in sperm. Ca?* plays a pivotal role in regulating sperm
motility and successful fertilization [59,60]. Thus, it can be suggested that vaginal postbi-
otic suppositories might impact sperm function and motility by blocking the intake and
consequently reducing the intracellular concentrations of essential nutrients (e.g., Ca®*).
Furthermore, probiotics could also indirectly affect the sperm through their secretions. Fu-
jita et al. elucidated that lipopolysaccharide (LPS) located on the bacterial surface possesses
a detrimental capacity by selectively interacting with Toll-like receptor 2 (TLR2) situated
on the acrosome surface, resulting in diminished motility of human sperm and the initia-
tion of spermatozoa apoptosis [61,62]. On the other hand, probiotic secretions could also
provide a more favorable environment for the spermatozoa by impeding the proliferation
of pathogenic microorganisms through the secretion of diverse secondary metabolites with
antibacterial properties (e.g., lactic acid, hydrogen peroxide, and biosurfactants [63]). These
findings can be considered as potential mechanisms of action of postbiotics.

Several studies have demonstrated the positive regulatory impact of oral probiotic
consumption on sperm quality via the modulation of the reproductive hormone levels or
anti-inflammatory response in male animal models [64,65] and humans [66,67]. Concerning
postbiotics, a study by Diaz et al. [68] examined the impact of oral postbiotics on sperm
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motility. This study, conducted on rabbits, revealed that 11 weeks of oral supplementation
with postbiotics based on lactic acid bacteria led to fewer abnormal spermatozoa and
increased acrosome integrity. Another study on rats reported that intraperitoneal injection
of L. rhamnosus GR-1 supernatant helped reduce inflammation caused by lipopolysaccharide
and the incidence of preterm birth in pregnant mice [69].

However, it is important to note that oral administration of probiotics and postbiotics,
as well as intraperitoneal administration of postbiotics, will result in a systemic effect, while
the vaginal microbiome, probiotics, or postbiotics delivered via intravaginal suppository
could also have a more local impact, potentially affecting the sperm deposited in the vagina
through their byproducts [61-63], physically adhering to them [30,32,58], or indirectly via
their effect on the vaginal environment [27,70].

Spermatozoa do not possess a DNA damage repair system [71]. Consequently, exces-
sive oxidative stress or other substances in seminal plasma (e.g., free nuclease) can disrupt
sperm DNA integrity post-ejaculation [72,73], potentially negatively affecting fertilization
rate and embryo development [74,75].

The PB50 exhibited a significantly higher DFI, while the PB15 and PB5 showed no
change in DFI after 90 min of incubation. This suggests that lower doses of postbiotics did
not affect sperm DNA quality or perhaps even played a protective role against the negative
effect of incubation time on DNA integrity [76].

Previous studies have shown that oral probiotic supplementation can reduce DFI
in human sperm [77,78]. However, there is a gap in the literature regarding the effect
of postbiotics on sperm DNA integrity. Our findings offer an initial perspective on the
in vitro effect of postbiotics on sperm DFI, but further comprehensive studies are required
to establish the in vivo and in vitro effects of postbiotics on sperm DFIL

Sperm structure and morphology predominantly develop during spermatogenesis [79].
However, certain environmental factors may affect some morphological parameters, as
evidenced by the hypo-osmotic swelling test [80]. Despite this, morphology assessments
showed no difference in any groups at any time during the study, suggesting that post-
ejaculation exposure to postbiotics did not adversely affect sperm morphology.

However, it is important to recognize certain limitations in our study. Firstly, the study
focused on particular levels of L. rhamnosus postbiotics and is not indicative of postbiotics
from the diverse spectrum of probiotics in the reproductive tract [81]. Additionally, this
study was carried out in vitro and not equipped to assess the underlying mechanisms of
action or the potential effect of the probiotic secretions in the physiologically dynamic envi-
ronment of the vagina, in the presence of the vaginal cells and their secretions, or through
their effects on pathogenic microorganisms in the vaginal area. Thus, further in vitro and
in vivo studies are required to validate these findings and evaluate the potential effects of
the probiotic secretions on sperm quality, fertilization rates, and pregnancy outcomes in
sub-par samples, unfavorable conditions, or in the presence of pathogenic microorganisms.

5. Conclusions

The results of this study showed that lower concentrations (5%) of Lactobacillus rham-
nosus PB01 (DSM 14870) postbiotic did not adversely impact sperm quality in normo-
zoospermic samples in vitro. However, 15% postbiotic concentration significantly reduced
the percentage of progressively motile sperm, while a 50% concentration resulted in a
significant increase in the percentage of immotile sperm immediately after exposure, with
this effect continuing to increase up to 90 min. Sperm morphology was not affected by
postbiotic supplementation. However, 90 min of exposure to 50% concentration resulted
in a significant increase in sperm DNA fragmentation. This underscores the necessity of
further studies to strike a balance between the advantageous vaginal effects and preserving
optimal sperm functional quality, during the production and utilization of suppositories,
particularly in couples attempting conception. Subsequent research is warranted to eluci-
date potential mechanisms, establish a “safe dose” of Lactobacillus concentration, and refine
practical recommendations for applications in reproductive health.
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