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Poloxamer 188 exerts a cryoprotective effect on rooster sperm
and allows decreasing glycerol concentration in the freezing

extender
Mahdieh Mehdipour,* Hossein Daghigh Kia,*,1 and Felipe Martínez-Pastory

*Department of Animal Science, College of Agriculture, University of Tabriz, Tabriz, Iran; and yInstitute of Animal
Health and Cattle Development (INDEGSAL) and Department of Molecular Biology (Cell Biology), University of

Le�on, Le�on 24071, Spain
ABSTRACT Glycerol is the most widely used cryo-
protectant for rooster sperm because it declines the me-
chanical damage to sperm during the freezing process.
Despite its high molecular weight and viscosity, which
may be cytotoxic, glycerol can cause damage to cells dur-
ing the cryopreservation process, resulting in less fertility.
Poloxamer 188 (P188) is an embryo cryopreservation
supplement effective in many species and also for cell lines
and plant cells. We tested the suitability of P188 in the
cryopreservation of rooster sperm, considering post-
thawing motility, abnormalities, membrane functionality
(hypo-osmotic swelling test), mitochondrial activity,
viability, apoptosis status, reactive oxygen species pro-
duction, and ATP content after thawing and the fertility
and hatchability after AI. We carried out a factorial
experiment with glycerol concentrations of 2% glycerol
(G2) and 8%glycerol (G8) and P188 concentrations of 0%
(P0), 0.1% (P0.1), 0.5% (P0.5), and 1% (P1) as fixed
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effects, with replicate (seven) as a random effect. In-
teractions between glycerol and P188 were found, with
G2P1 yielding higher quality and fertility. G8P0.5 yielded
better in most parameters, however, not reaching G2P1.
G2P1 showed significantly higher results for total and
progressive motility, kinetic parameters (average path
velocity, straight-line velocity, and linearity), membrane
functionality, viability, mitochondrial activity, and ATP
content and lower apoptosis, dead sperm, and reactive
oxygen species production. G2P1 resulted in the highest
percentages of fertilized and hatched eggs, with no effects
in the hatched eggs ratio. Interestingly, G2 was less effi-
cient inmanyparameters thanG8whencombinedwithP0
andP0.1, being equivalent toG8withP0.5 and superior to
any G8 treatment as G2P1. In conclusion, P188 could
improve rooster semen cryopreservation and allow
reduction of glycerol in extenders, with a consequent
impact in the poultry industry.
Key words: poloxamer, cryopres
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INTRODUCTION

Assisted reproductive technologies are crucial for
intensively farmed breeds and endangered species, with
small population sizes (Hezavehei et al., 2018). Cryo-
preservation allows spermatozoa to survive indefinitely,
thereby enabling the extended use of the frozen samples
and international transport. However, freezing and
thawing can decrease sperm viability and motility,
resulting in reduced fertility. This is due to a variety of
factors such as ice crystal formation, high levels of dehy-
dration, osmotic stress, changes in sperm structure, and
morphological alterations (O’Neill et al., 2019; Pabon
et al., 2019). Moreover, the generation of reactive oxygen
species (ROS) and other oxidant species during the
freeze-thawing process is a critical factor. Reactive oxy-
gen species excess due to the imbalance between their
production and the antioxidant defense systems results
in oxidative stress, causing fertility loss (Shahin et al.,
2020). In the case of poultry spermatozoa, sperm mem-
branes are rich in unsaturated fatty acids, thus being
prone to produce lipid peroxides in the presence of
ROS (Thananurak et al., 2020; Najafi et al., 2020).
Dimethyl sulfoxide, glycerol, and other cryoprotec-

tants play an essential role in preventing the harmful ef-
fects of a hypothermal situation. They prevent the
formation of ice crystals, which can damage the inner
and outer cell membranes. Glycerol is one of the most

https://doi.org/10.1016/j.psj.2020.08.041
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:daghighkia@tabrizu.ac.ir


POLOXAMER 188 IN ROOSTER SPERM FREEZING 6213
used cryoprotectants for sperm cryopreservation,
including poultry sperm (Hezavehei et al., 2018). Howev-
er, glycerol is toxic for sperm quality (Najafi et al., 2017),
and it substantially decreases hen fertility if not removed
before artificial insemination (AI). This process is both
labor-intensive and increases osmotic stress on the rooster
sperm during the dilution and reconcentration process.
Moreover, glycerol has relatively large molecular weight
and low membrane permeability compared with water,
which causes its slower crossing through the plasmamem-
brane than water. Therefore, when glycerol is added or
removed, it causes cells to experience osmotic stress
and, consequently, membrane damage by cell shrinkage
and swelling (Gao and Zhou, 2012).
P188, also known as Pluronic F68, is a nonionic sur-

factant that protects cells against membrane rupture
caused by various types of injuries (such as stroke,
diffuse cortical depression, brain injury, intracranial
hemorrhage, etc.) (Dong et al., 2019). Moreover,
poloxamers have low toxicity. In experiments with an-
imal models and humans, intravenously administered
poloxamers resulted in a rapid clearance and few
adverse effects (Singh-Joy and McLain, 2008; Hunter
et al., 2010; Kerleta et al., 2010; Mansor et al.,
2018). Indeed, P188 was approved by the Food and
Drug Administration as a blood additive for transfu-
sions 50 yr ago (Moloughney and Weisleder, 2012).
The low toxicity and the surfactant properties of
P188 make this polymer very useful in the cosmetic
and pharmaceutical industry as a detergent;
dispersing, emulsifying, and solubilizing agent; drug
delivery compound; and for cell cryopreservation
(Frim et al., 2004; Phillips and Haut, 2004; Natoli
and Athanasiou, 2008; Yuhua et al., 2012; Wang
et al., 2019).
A remarkable feature of P188 is its ability to repair

damaged cell membranes (Hellung-Larsen et al., 2000;
Riehm et al., 2018). These cytoprotective properties
could explain not only its therapeutic effects but also
its activity as a cryoprotectant (Zhao et al., 2005;
Kerleta et al., 2010). Thus, it has found application
in insect (Jordan et al., 1994) and human cell culture
systems and cryopreservation (Hern�andez and
Fischer, 2007; Kerleta et al., 2010) and plant tissue
cryopreservation (Anthony et al., 1997; Lowe et al.,
2001). Regarding assisted reproductive technologies,
several studies have also shown that P188 has a pro-
tective effect on the cryopreservation of bovine and
mouse embryos (Palasz et al., 2000).
To the best of our knowledge, there are no previous

studies on the effect of P188 on sperm cryopreservation.
Our objective was to test P188 as a supplement for
rooster semen. We hypothesized that P188 at concentra-
tions used for other cell types between 0.1% and 1.0%
could also preserve sperm quality and fertility during
cryopreservation in this important farm species. Consid-
ering the problems related to the use of glycerol in
poultry semen cryopreservation and AI, there is a prac-
tical interest in reducing its content for preserving good
sperm quality after freezing. Therefore, a second
objective was to study its interactions with glycerol con-
tent in the freezing extender.
MATERIALS AND METHODS

Chemicals

All reagents listed in the following were obtained from
Sigma Aldrich (St. Louis, MO) unless otherwise
specified.

Semen Collection, Processing, and
Cryopreservation

Fifteen healthy Ross roosters (30 wk of age) of proven
fertility were individually housed at the Education and
Research Farm of Animal Science Department (Univer-
sity of Tabriz, Iran) in cages and used for semen collec-
tion. The birds were exposed to 15 h of light and 9 h of
darkness and given commercial chicken breeder diet
and ad libitum access to drinking water. The Tabriz Uni-
versity Animal Protection Committee approved all
methods regarding rooster care and semen collection.
Sperm samples were collected from the roosters twice
per week using abdominal massage (Lotfi et al., 2017).
The experiment was performed in 7 replicates on 7
collection days with a frequency of twice per week.
Immediately after collection, the samples were sent to
the laboratory within 5 min at 37�C. Samples not
meeting the following conditions were discarded:
�3 ! 109 spermatozoa/mL, �90% normal morphology,
and �80% motility. The remaining samples were then
pooled to remove individual effects. The samples were
divided into 8 aliquots and extended with Lake extender
(composed of 8 g/L D-fructose, 3 g/L polyvinylpyrroli-
done, 19.2 g/L sodium glutamate, 5 g/L potassium cit-
rate, 0.7 g/L magnesium acetate, and 3.74 g/L glycine)
supplemented either with 2 or 8% glycerol (G2 and
G8, respectively) and either P188 concentrations of 0,
0.1, 0.5, or 1% (P0, P0.1, P0.5, and P1, respectively).
Therefore, the sperm samples were frozen with the com-
binations G2P0, G2P0.1, G2P0.5, G2P1, G8P0, G8P0.1,
G8P0.5, and G8P1, with G2P0 and G8P0 being consid-
ered as control. The extended semen was cooled gradu-
ally down to 4�C for 3 h. Then, 0.25 mL of semen
straws was filled with the extended semen samples,
placing them 4 cm above liquid nitrogen (LN2) for
7 min and then immersing them in LN2 for storage at
2196�C until analysis. This experiment was repeated 7
times under the same condition. After 4 wk of storage,
the samples were taken from LN2 and thawed in a water
bath at 37�C for 30 s for analysis and AI.
Motility Analysis

Sperm motility was objectively assessed using a
computer-assisted semen analysis system (12.3 CEROS,
HamiltonThorne Biosciences, Beverly, MA) (Mehdipour
et al., 2018). The evaluation of sperm (each sample was
adjusted to 20 ! 106 mL21) motility and velocity
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parameters was performed using a Leja chamber (depth:
20 mm, 37�C) in a microscope with a warmed stage
(37�C) ! 10 magnification (negative phase contrast).
For each semen sample, we recorded total and progres-
sive motility and kinematic parameters: straight-line ve-
locity (VSL, mm/s), curvilinear velocity (mm/s), average
path velocity (VAP, mm/s), linearity (LIN, %; VSL/
curvilinear velocity), beat cross frequency (Hz), straight-
ness (%; VSL/VAP), and amplitude of lateral head
displacement (mm).
Abnormal Forms

Abnormal forms were assessed using Hancock solution
(Najafi et al., 2019b). Semen (10 mL) was placed on a
slide and evaluated by phase-contrast microscopy
at ! 400 magnification. Spermatozoa (at least 200 per
slide) were evaluated, and the percentage of total sperm
abnormalities was determined (Figure 1A).
Membrane Functionally (Hypo-osmotic
Swelling Test)

The membrane functionally was determined with the
hypo-osmotic swelling test (Mehdipour et al., 2017).
Ten mL of thawed semen and 100 mL of hypo-osmotic
swelling (HOS) solution (100 mOsm/kg; sodium citrate
1.9 mmol, fructose 5.0 mmol) were mixed and incubated
for 30 min at 37�C. The samples were evaluated under a
phase-contrast microscope at! 400 magnification, eval-
uating at least 200 spermatozoa (Figure 1B).
Determination of Mitochondrial Activity

Rhodamine 123 (R123) and propidium iodide (PI)
were used to assess mitochondrial activity
(Mehdipour et al., 2016). Five microliters of R123
(0.01 mg/mL stock) and PI solutions (1 mg/mL stock)
were added to 250 mL of diluted semen and then incu-
bated at 37�C in the dark for 15 min. We assessed the
samples by flow cytometry, recording the percentage of
viable spermatozoa with high mitochondrial potential
(R1231/PI-) ratio.
Assessing Cell Viability and Apoptosis

Sperm cell viability and the apoptotic status were
assessed using the Annexin V-FITC (AV) programmed
cell death assay (Najafi et al., 2019a). Briefly, the sample
was suspended in a calcium solution at a concentration
of 10 ! 106 mL21, then followed by 10 mL of AV (stock
solution; 0.01 mg/mL stock) was mixed with the semen
sample, and incubated at room temperature (25�C) in
the dark for 15 min. The viability staining was per-
formed by adding 10 mL of PI (1 mg/mL stock) and
then incubated for 10 min more. Then, the samples
were analyzed by flow cytometry, recording the popula-
tions of live (AV-PI-), live-apoptotic (AV 1 PI-), and
dead spermatozoa (PI1).
Flow Cytometry Analysis

Flow cytometry analysis was performed using a
FACSCalibur (Becton Dickinson, San Jose, CA) with
an argon-ion laser at 488 nm. Sperm cells were gated
from debris by using a forward/side-scatter gate. Green
fluorescence (Rhodamine 123 and Annexin V-FITC) was
detected using the FL-1 detector using a band-pass filter
(530/30 nm), and red fluorescence (PI) was detected us-
ing the FL-3 detector using a long-pass filter (610 nm).
Acquisition and data analysis were carried out using
the CellQuest 3.3 software (Becton Dickinson). At least
10,000 spermatozoa were assessed per sample.
Determination of ATP in Sperm

ATP was measured by the method followed by
Kamali Sangani et al. (2016). Five microliters of each
sample was first diluted in 750 mL of Lake buffer. Then
5 mL of the sample was pipetted into 190 mL of perchloric
acid. The tubes were centrifuged at 12,600! g for 2 min.
The upper phase (180 mL) was transferred to another
tube and neutralized by adding 10.7 mL of 2 mol KCl,
58.7 mL of 1 mol KOH, 10.7 mL of saturated Tris, and
1 mg/mL of red phenol. Just before measuring the tubes,
we added 100 mL of luciferin–luciferase reconstituted re-
agent (in 100 mmol glycine, 20 mmol MgSO4, pH 7.4).
Standards were prepared from the ATP standard using
serial dilutions to obtain concentrations of 1027 to
10212 mol. The ATP content was expressed as pmol
ATP per 106 sperm.
Determination of ROS

Reactive oxygen species were measured by the method
followed by Kamali Sangani et al. (2016). In brief, the
semen samples were incubated for 20 min in 250 mL of
the phosphate buffered saline (PBS) at 37�C. The sam-
ples were centrifuged at 300! g for 7 min, and the super-
natant was removed. Three milliliters of PBS was added
to the pellet, centrifuging at 300! g for 7min. The sperm
concentrationwas adjusted to 20! 106mL21 by diluting
with PBS. Then, 10 mL of luminol (5 mmol, 5-amino-2,3-
dihydro-1,4-phthalazinedione; Sigma Chemical, St.
Louis, MO) was added to 400 mL of sample, and then
the tubes were placed in an Orion II Microplate Lumin-
ometer (Berthold Detection Systems Gmbh, Germany).
The results were expressed as 103 counted photons per
minute (cpm) per 106 spermatozoa.
Artificial Insemination

Artificial insemination was performed using the
method proposed by Najafi et al. (2018) with minor al-
terations. To evaluate fertility, 240 Ross 308 breeder
hens (28 wk of age) were divided into 8 groups of 30
hens. Each group of hens was kept in separate cages
(70! 70! 85 cm) and inseminated with thawed semen
from the 8 experimental treatments. Glycerol was
removed using a discontinuous Accudenz gradient,



Figure 1. Examples of spermatozoa as evaluated for (A) abnormal forms and (B) after submitting to the hypo-osmotic swelling (HOS) test for
membrane functionality assessment.
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which contained a 30% (0.5 mL) layer under a 12%
(5.0 mL) layer. After centrifugation (1,200 ! g,
20 min), the extender remained above the 12% layer,
whereas the spermatozoa formed a band between the
12 and 30% layers. The semen band was recovered and
resuspended with 500 mL of glycerol-free Lake extender.
The AI was carried out using 100! 106 sperm from each
treatment. Eggs were collected for up to 5 days after the
last insemination. After that, the eggs were set in an
incubator for 18 D at 37.7�C and then in a hatcher for
3 D. The fertility was evaluated on the 7th D of incuba-
tion by candling. After 21 D of incubation, the hatched
eggs were counted. We obtained the fertility ratio as
fertilized eggs to total eggs, the hatching ratio as hatched
eggs to total eggs, and the hatched eggs ratio as hatched
eggs to fertilized eggs.
Statistical Analysis

The experiment was performed in 7 replicates. Data
were analyzed in the R statistical environment (Team,
2019) by linear mixed-effects models, with the glycerol
and P188 treatments as fixed effects and the replicate
as the grouping factor of the random part of the model.
Results were expressed as mean 6 95% CI, except as
otherwise indicated. Fertility datawere analyzed as bino-
mial (fertilized, hatched, not fertilized, or not hatched, vs.
total number of eggs) by general linear models. Significa-
tion threshold was established at P, 0.05.
RESULTS

Figure 2 shows the effects of the treatments on
computer-assisted semen analysis parameters. The anal-
ysis showed a significant interaction of glycerol ! P188
for total and progressive motility, VAP, and VSL. In
general, G2 with the lower P188 concentrations 0 and
0.1% presented the most depressed total motility (P ,
0.05). P188 had a significant effect in both glycerol treat-
ments, with maximum motility for P1 in G2 (P , 0.05)
and for P0.5 in G8 (P , 0.05). For progressivity, VAP,
and VSL, the P188 effect was significant only at G2, with
P1 yielding higher values than the other concentrations
(P , 0.05). Linearity did not show a glycerol ! P188
interaction, with P188 being significant as a main effect
and P1 showing the highest overall value (P, 0.05). We
did not detect any significant effect for the other kine-
matic parameters.

The result of abnormal forms, HOS, cell viability,
apoptosis, mitochondrial activity, ROS, and ATP con-
tent is presented in Figure 3. We found a significant
glycerol ! P188 interaction for the results of all these
variables, except for the proportion of the abnormal
forms, which was not affected by either factor or their
interaction (P , 0.05). For the HOS, viability, mito-
chondrial activity, and ATP content tests, the G2P1
combination yielded the highest values (P , 0.05). For
these variables, G2P1 was significantly higher than
G8P1, and for HOS test, viability and mitochondrial
viability P0 and P0.1 at G2 displayed significantly lower
average values than at G8. Similarly to motility, P0.5
showed higher values at G8 for these variables, being
significantly higher than G8P0 in all cases, and G8P0.1
for HOS test, viability, and ATP content (P , 0.05).

The proportion of apoptotic and dead spermatozoa,
the apoptotic ratio, and ROS production followed the
opposite trend. P1 was significantly lower than P0 and
P0.1 at G2 (P , 0.05). In parallel, G2P1 was signifi-
cantly lower than G8P1 for these variables, with G2P0
being significantly higher than G8P0 for dead spermato-
zoa (P , 0.05).

Table 1 summarizes the fertility results. The interac-
tion of glycerol ! P188 was significant both for the
fertility and hatchability ratios (P , 0.05). The highest
values were achieved with the G2P1 combination (P ,
0.05). P1 was also significantly higher at G2 than at
G8. The hatched eggs ratio (hatched/fertilized) was
not affected by either any of the main factors or their
interaction.
DISCUSSION

For the first time, we have reported the successful use
of poloxamer 188 (P188) for freezing of spermatozoa.
Poloxamer 188 has shown beneficial proven roles in
freezing of stem cells, embryo, and plant cells. In our
particular experiment on rooster semen, we not only
achieved an improvement in sperm quality and fertility
by adding P188 but also found interactions with the
glycerol content in the extender. This opens new avenues



Figure 2. Results (mean 6 95% CI) for CASA parameters. The figures show glycerol concentrations (2 and 8%) and poloxamer 188 (P188)
concentrations (0, 0.1, 0.5, 1%). When an interaction was found between both factors (total and progressive motility, VAP, and VSL), the levels
were compared within each level of the other. Latin lowercase letters indicate differences among P188 concentrations within each glycerol concentra-
tion, whereas Greek letters show differences between glycerol concentrations within each treatment (P, 0.05). Capital Latin letters indicate no inter-
action and that P188 concentrations differ over glycerol concentrations. Plots with no letters indicate neither a significant effect of the factors nor
interaction. Abbreviations: VSL, straight-line velocity (mm/s); VAP, average path velocity (mm/s); VCL, curvilinear velocity (mm/s); LIN, linearity
(%); STR, straightness (%); ALH, mean amplitude of the lateral head displacement (mm); BCF, mean of the beat cross frequency (Hz); CASA,
computer-assisted semen analysis.

MEHDIPOUR ET AL.6216
of research on this particular supplement and the formu-
lation of new extenders for poultry semen.

Poloxamer 188 is an effective cell protector, possibly
due to its stabilizing and repairing effects on biological
membranes (Curry et al., 2004; Moloughney and
Weisleder, 2012). This effect has been observed in
many cell lines and could explain the protective effects
observed in the viability/apoptosis assay. Thus, P188
protects cells from chemical and physical stress that
causes cell death (Hellung-Larsen et al., 2000). In our



Figure 3. Results (mean6 95% CI) for physiological parameters. The figures show glycerol concentrations (2 and 8%) and poloxamer 188 (P188)
concentrations (0, 0.1, 0.5, 1%). When an interaction was found between both factors (HOS test, viability, apoptosis, dead sperm, apoptotic ratio,
active mitochondria, ROS production, and ATP content), the levels were compared within each level of the other. Latin lowercase letters indicate
differences among P188 concentrations within each glycerol concentration, whereas Greek letters show differences between glycerol concentrations
within each treatment (P , 0.05). Plots with no letters indicate neither a significant effect of the factors nor interaction. Abbreviations: HOS,
hypo-osmotic swelling; ROS, reactive oxygen species.

Table 1.Effect of poloxamer 188 on fertility and hatchability rates of rooster semen after freeze-thawing. Each
experimental group contained 195 eggs initially.

Glycerol (%) 2 8

Poloxamer 188 (%) 0 0.1 0.5 1 0 0.1 0.5 1

Fertilized eggs (N) 68 79 104 130 88 92 115 97
Fertilized eggs (%) (34.8)a,a (40.5)a,b (53.3)b (66.7)c,a (45.1)a,b (47.2)a,b (59.0)b (49.7)a,b,b

Hatched eggs (N) 43 51 69 94 56 60 77 64
Hatched eggs (%) (22.1)a (26.2)a,b (35.4)b,c (48.2)c,a (28.7) (30.8) (39.5) (32.8)b

Hatched eggs ratio (%) 63.2 64.6 66.4 72.3 63.6 65.2 67.0 66.0

Numbers are absolute counts of eggs, with percentages (ratio respect to the initial egg count) between parentheses,
except for the hatched eggs ratio (hatched/fertilized as percentage). Different Latin superscript letters indicate significant
differences between poloxamer 188 concentrations within each glycerol concentration (P , 0.05). Different Greek super-
script letters within each row indicate significant differences between glycerol treatments within each poloxamer 188
concentration (P , 0.05).

POLOXAMER 188 IN ROOSTER SPERM FREEZING 6217
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study, we have reported an improvement of sperm mem-
brane functionality and integrity and a decrease of
apoptotic markers when supplementing 0.5 and 1%
P188, most notably with the glycerol 2% combination.
These events were associated with the improvement of
several motility parameters, possibly resulting from
enhanced viability, mitochondrial activity, and ATP
content. Our findings follow previous reports on other
mammal cell types, in which P188 contributed to the
preservation of sperm viability after cryopreservation
(Hern�andez and Fischer, 2007). In another study, P188
could block the entire range of inflammation, coagula-
tion, and apoptotic responses after injury (Hunter
et al., 2010). In some studies, the effects of P188 have
been attributed to modulating gene expression, favoring
prosurvival vs. proapoptotic genes (Do�gan et al., 2013).
This would not be the case in spermatozoa. The red
blood model, a cell type with no gene expression too,
would be more comparable. Indeed, poloxamers (espe-
cially P188) prevented red blood cell hemolysis during
freeze-thawing in several studies (Armstrong et al.,
1995; Toth et al., 2000; Cancelas et al., 2017).

Different steps of cryopreservation (extension, cool-
ing, freezing, and thawing) can cause changes in the
sperm plasma membrane structure, leading to severe dis-
ruptions in the cell. In a mouse model for amyotrophic
lateral sclerosis, P188 restored membrane integrity after
damage induced by oxidative stress, by interacting with
the cell membranes (Riehm et al., 2018). However, not
only is P188 adsorbed to the cell membrane (Al-
Rubeai et al., 1993), it also incorporates into the phos-
pholipid bilayer and reduces plasma membrane fluidity
by directly interacting with the plasma membrane
(Ramírez and Mutharasan, 1990; Hellung-Larsen et al.,
2000). P188 stimulates transient “pores” of the mem-
brane by affecting lipid–lipid and lipid–protein interac-
tions and thereby increases membrane resistance to
physical force (Palasz et al., 2000; Riehm et al., 2018).

Furthermore, the insertion of P188 increases the resis-
tance of the bilayer to mechanical rupture (Houang
et al., 2017). Guzniczak et al. (2018) studied the effect
of P188 on the mechanical properties of cells. They
observed that cells responded to P188 within the first
3 h of incubation and became stiffer without affecting
cell size. Pettitt and Buhr (1998) speculated that the hy-
drophobic portion of poloxamer could serve as an “an-
chor,” allowing it to protect cells from the effects of a
harsh hydrodynamic environment. The results in other
cell types suggest that the composition of the plasma
membrane could modulate the interactions of P188.
This composition is quite particular in spermatozoa
(Thananurak et al., 2020), and it could explain why
0.1% P188 did not show significant improvements.

In contrast, we obtained the best outcomes with 0.5%
P188 with 8% glycerol and 1% P188 with 2% glycerol.
Here, we have to highlight the interaction of the P188
concentration with the glycerol concentration. The 8%
glycerol showed higher post-thawing quality and fertility
in control (0% poloxamer). The 2% glycerol results
improved when adding P188, up to the point that
G2P1 yielded the best results. Glycerol not only acts
as a cryoprotectant but also diffuses across the mem-
branes and interacts with other molecules, helping to
stabilize them during the cryopreservation process
(Sieme et al., 2016). There is a balance between the pro-
tective and toxic effects of glycerol (Hezavehei et al.,
2018). It was evident that in the absence of P188, glyc-
erol at 2% might not offer enough protection during
the freezing process. Many studies have suggested that
glycerol at low concentrations is not sufficient to
adequately protect rooster spermatozoa during cryo-
preservation (Phillips et al., 1996; Blanch et al., 2014).
For instance, rooster semen frozen using 4% glycerol
exhibited the lowest quality, which increased with its
concentration up to 8% (Blanch et al., 2014). Thus,
P188 seems to have a synergic effect with glycerol,
possibly due to its membrane-stabilizing properties,
explaining the increase in sperm quality with the rising
poloxamer concentration up to the maximum 1% tested
here. This situation seems to be similar for 8% glycerol,
but after a maximum positive effect of P188 around
0.5%, the toxic effects of glycerol might prevail, abolish-
ing this synergy at 1%.
The effects of P188 go beyond stabilizing the plasma

membrane. Poloxamer 188 inhibits cell aggregation
upon interacting with the membranes (Hellung-Larsen
et al., 2000). Sperm aggregation can often be a problem,
especially in thawed samples. Indeed, 0.5 and 1% P188
treatments could exert a part of the positive effect on
motility by preventing this issue.
We have also observed better preservation of mito-

chondrial activity with the higher proportions of P188
(G2P1 and G8P0.5) and a concomitant higher ATP con-
tent possibly associated. The mitochondrion has a
crucial function in the spermatozoon because the oxida-
tive phosphorylation and ATP production occur in this
organelle. However, this process also produces ROS,
which reduce the NADH pool, resulting in the loss of ef-
ficiency of the electron transfer chain, leading to ATP
depletion (Martin Munoz et al., 2018; Nesci et al.,
2020). Thus, the increase of ATP content and reduction
in ROS production could be a consequence of mitochon-
drial protection by P188, resulting in better motility,
increased sperm survival, and lower presence of
apoptotic markers. Bird spermatozoa are especially sen-
sitive to oxidative stress because of the composition of
their plasma membrane (Thananurak et al., 2020).
Therefore, they could benefit from this kind of protection
resulting from P188.
These events might also be associated with the higher

sperm viability and lower proportion of spermatozoa
with apoptotic features. Poloxamer 188 could also pro-
tect mitochondria by inhibiting the outer membrane per-
meabilization. In other cell models (Wang et al., 2017),
the treatment with P188 inhibited Bcl-2–associated X
protein translocation from the cytosol to mitochondria,
the release of cytochrome c from this organelle, and the
activation of caspases,mediators of cell death also in sper-
matozoa (Aitken et al., 2016; Del Olmo et al., 2016).
Therefore, the reduced incidence of apoptosis and the
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increase in sperm survival and functionality could also be
associated with the improvement of mitochondrial per-
formance. This better mitochondrial functionality could
also explain the rise of ATP content and the lower levels
of ROS. The increase in ATP content might also
contribute to improved motility.
In the present study, 1% P188, together with a

reduced glycerol concentration of 2%, improved sperm
quality and fertility after thawing rooster semen. While
this study raises many intriguing questions regarding the
effects of poloxamers at the cellular and molecular levels
on poultry spermatozoa, the practical outcomes are very
interesting for the industry. Thus, P188 is a supplement
with excellent prospects for the poultry sector, having
low toxicity, having low cost, and being easy to add to
existing extenders. The results are enticing for future
work because higher P188 concentrations could yield
further benefits at low glycerol levels, helping reduce
the problems associated with the use of high levels of
this efficient cryoprotectant in bird semen.
CONCLUSION

We have demonstrated that P188 is an effective sup-
plement for the freezing extender in rooster semen cryo-
preservation. However, its effects depend on the
concentration of glycerol in the sample. Eight percent
glycerol yielded higher sperm quality and fertility than
2%, whereas a combination of 2% glycerol and 1%
P188 achieved the highest values. The importance of
these results is twofold. First, as a supplement for cryo-
freezing extenders, P188 could be safely used for
improving fertility owing to the application of semen
by AI in the poultry industry. Second, P188 allows
reducion of glycerol concentrations in semen extenders,
a well-known toxic cryoprotectant for AI.
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