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Simple Summary: Sperm cells are specialized cells highly susceptible to different kind of damage 20 
impairing the success of in vitro fertilization and, consequently, of assisted reproductive techniques 21 
(ART). Oxidative stress plays a significant role in this context, causing DNA injury, reduced motility, 22 
and compromising the fertilization ability of sperm. The use of antioxidants aims to mitigate the 23 
oxidative stress, protect sperm cells from damage, and enhance their fertilization potential. Uro- 24 
lithin A (UA) is a natural compound with proven anti-aging and antioxidant effects in various cells, 25 
but its effect on bovine sperm has not been tested yet. The objective of this study was to investigate 26 
the impact of UA on bovine sperm function and fertilization rate, thus contributing to animal re- 27 
productive development. The results showed that UA improved sperm motility quality and re- 28 
duced oxidative stress levels in a dose-dependent manner. The use of UA as an antioxidant therapy 29 
may have a significant impact on the advancement of reproductive biotechnologies. 30 

Abstract: Reactive oxygen species (ROS) play a critical role in the functional competence of sperm 31 
cells. Conversely, excessive generation of ROS can impair sperm function, including their ability for 32 
fertilization. Urolithin A (UA), a natural metabolite with anti-aging and antioxidant properties, was 33 
investigated for the first time in bovine sperm cells in the present study. Firstly, different doses of 34 
UA (0, 1, and 10 µM; 8-16 sessions) were used during the capacitation process of frozen-thawed 35 
bovine sperm. Sperm motility was assessed using optical microscopy and CASA. Sperm vitality 36 
(eosin-nigrosin), ROS and ATP levels, as well as mitochondrial membrane potential (JC1) and oxy- 37 
gen consumption were evaluated. A second experiment to test the effect of different doses of UA (0, 38 
1, and 10 µM; 6 sessions) in both the capacitation medium, as above, and the fertilization medium, 39 
was also implemented. The embryonic development and quality were evaluated. UA at a concen- 40 
tration of 1 µM significantly improved sperm movement quality (p < 0.025). There was a trend to- 41 
wards an increase in the oxygen consumption rate (OCR) of capacitated sperm with 1 µM and 10 42 
µM UA supplementation. Moreover, an increase in ATP levels (p < 0.01) was observed, accompa- 43 
nied by a reduction in ROS levels at the higher UA concentration. These results suggest that UA 44 
may enhance spermatozoa mitochondrial function. UA almost doubled the number of produced 45 
embryos without significant differences in quality. Presented results further support previous find- 46 
ings indicating the potential therapeutic value of UA for addressing reproductive sub/infertility 47 
problems and improving ART results.  48 
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 51 

1. Introduction 52 
Urolithins are natural compounds produced by the gut microbiota from ellagic acid 53 

and ellagitannins found in fruits such as pomegranates, strawberries, and nuts. Urolithin 54 
A (UA), also known as 3,8-Dihydroxyurolithin (C13H8O4) (Figure 1), is one of the most 55 
important compounds in this group [1]. Recently several tests were conducted to investi- 56 
gate the activity and safety of UA isoforms. Studies have shown that UA has a good bio- 57 
accessibility and safety profile, with potential to modulate oxidative stress and recover 58 
tissue damage through different mechanisms [2]–[7]. 59 

The impact of UA on the prevention of aging [8] and disease processes was postu- 60 
lated, as it enhances cellular health by increasing mitophagy and mitochondrial function 61 
[9]. Mitochondria are organelles that have been described as the "Powerhouses of the Cells” 62 
but are also responsible for producing ROS [10]. The overproduction of ROS, together 63 
with a failure of balance in the body's antioxidant enzyme systems, can result in a situation 64 
of oxidative stress that is a determining factor in the etiology of many pathologies, includ- 65 
ing the reproductive ones [11]–[13]. Indeed, dysfunctional mitochondria cannot provide 66 
the energy needed by cells, particularly those with high energy consumption, such as 67 
spermatozoa (spz) [11]. 68 

Conversely, the oxidative stress has a critical role in the life and death of specialized 69 
mammalian spz. These cells produce reactive oxygen species (ROS) from three different 70 
sources, which include sperm mitochondria, cytosolic L-amino acid oxidases, and plasma 71 
membrane nicotinamide adenine dinucleotide phosphate oxidases (NOXs). Physiological 72 
levels of ROS promote sperm capacitation, while excess ROS exposure, or depleted anti- 73 
oxidant defenses, yields a state of oxidative stress, which disrupts their fertilizing capacity 74 
[14], [15]. ROS-induced spz changes include the activation of extracellular signal regulated 75 
kinase-like proteins, up-regulation of tyrosine phosphorylation in the tail, and the induc- 76 
tion of sterol oxidation, which are triggered by the stimulation of a cyclic adenosine mono- 77 
phosphate (AMPc)/protein kinase A phosphorylation cascade [14]. However, excessive 78 
generation of ROS can lead to lipid peroxidation, which disrupts membrane characteris- 79 
tics that are essential for maintaining sperm function, including their ability to fertilize 80 
oocytes [8], [9]. Furthermore, lipid aldehydes produced due to lipid peroxidation can bind 81 
to proteins in the mitochondrial electron transport chain, triggering a cycle of further ROS 82 
generation. Ultimately, the high levels of oxidative stress can damage the DNA in the 83 
spermatozoon nucleus [14]. Guanine is the most readily oxidized of the four DNA bases 84 
being converted to the mutagenic form 8-hydroxy-deoxyguanosine (8-OHdG) [14], [15]. 85 
Overall, this evidence indicates sperm sensitivity to this type of stress that can affects 86 
every aspect of the reproductive process from gametogenesis to the birth of healthy off- 87 
spring [14], [16]. 88 

Sperm cells require a balance of oxidants and antioxidants to function properly, and 89 
sperm preservation methods can cause oxidative stress [17]. There are still challenges as- 90 
sociated with semen cryopreservation and the harmful effects of oxidative stress on sperm 91 
quality. Spermatozoa mitochondria generate ROS during oxidative phosphorylation, 92 
which plays a vital role in signaling pathways essential for sperm fertilizing ability. Dur- 93 
ing cryopreservation, excessive ROS production leads to mitochondrial dysfunction, 94 
which causes a decrease in mitochondrial membrane potential and altered sperm func- 95 
tions. The processes of osmotic and thermal stress, as well as intracellular ice crystal for- 96 
mation, also contribute to this excessive ROS production. These events potentiate cryo- 97 
protectant-induced calcium overload in the mitochondrial matrix, triggering the opening 98 
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of mitochondrial permeability transition pores and resulting in the release of pro-apop- 99 
totic factors from the mitochondria, initiating an apoptotic cascade [18].  100 

According to Fonseca and col. [8], UA was tested for the first time in animal repro- 101 
duction, namely in bovine oocytes subjected to in vitro maturation. In this cited study, a 102 
model for aging the female gamete was implemented and the negative effect of oocyte 103 
aging on its developmental competence was confirmed. The model proved to be very ef- 104 
ficient and useful regarding reproductive diseases, gamete ageing and consequent de- 105 
crease in fertility. UA supplementation to the maturation medium was established as a 106 
new therapeutic approach in assisted reproductive biotechnologies, as UA could prevent 107 
or delay female gamete ageing. Moreover, UA has improved blastocyst formation and 108 
fertility outcomes. However, UA has never been tested on bovine or other species sper- 109 
matozoa. 110 

The present study intended to evaluate the impact of UA on bovine sperm function, 111 
fertilization, and embryo production rates. This approach makes this study innovative, 112 
which may contribute to the development of therapies for male sub/infertility and repro- 113 
ductive biotechnologies, an area that is expanding but lacks research.  114 
 115 

Figure 1. Chemical structure of the Urolithin A (UA; modified from https://pub- 116 
chem.ncbi.nlm.nih.gov/compound/5488186). 117 

 118 
2. Materials and Methods 119 
   2.1. Experimental Design 120 
 121 

This study was approved by the Ethical Commission of EUVG (nº 15/2022) with the 122 
following objectives:  123 

a) to test the effect of different concentrations of UA (0, 1 and 10 µM; 8 - 16 replicates) 124 
in the capacitation process of frozen-thawed bovine spz on their morphology, motility, 125 
viability, ROS production and mitochondrial quality. The process of maturation in the 126 
capacitation medium (CAP; CAP0 - 0 µM of UA, CAP1 – 1 µM of UA and CAP10 – 10 µM 127 
of UA) was carried out by the swim-up method for one hour. Then, spz were observed 128 
using optical microscopy to characterize them in terms of morphology, motility, and vi- 129 
tality. Additionally, through Computer Assisted Sperm Analysis (CASA) parameters such 130 
as total motility, progressive motility, curvilinear velocity parameters, were evaluated. 131 
The Seahorse XFe96 technique allowed the quantification of mitochondrial respiration, to 132 
achieve a better understanding of cellular metabolism and mitochondrial function. Sperm 133 
ATP and ROS levels were also measured. For this purpose, spz from two bulls of proven 134 
fertility (pools of 4 straws from ejaculates from two collection days), were used. 135 

b) to test the effect of different doses of UA in both the capacitation medium, as above, 136 
and the fertilization medium (Fert0, Fert1 and Fert10), on sperm fertilizing ability and 137 
subsequent early embryo development (6 sessions). For this purpose, bovine ovaries (n = 138 
642) were collected in a local abattoir, immediately after slaughter, in 6 sessions, for oocyte 139 
collection (n = 2200) at the Embryology Laboratory of Instituto Nacional de Investigação 140 
Agrária e Veterinária (INIAV). After oocyte selection, oocytes were matured for 22 hours 141 
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and transferred to UA supplemented fertilization medium. Then mature oocytes were in- 142 
seminated with the capacitated spz, with UA at the concentration of 0 (control), 1 and 10 143 
µm, totalizing seven groups (Table 1). After 22 h of co-incubation, presumptive zygotes 144 
were transferred to culture medium and afterwards the cleavage rate, the blastocyst rates 145 
on days 7 (D7) and 8 (D8), and the quality of the embryos were evaluated. 146 

 147 
 148 

Table 1. Experimental design of the second experiment to study the effect of UA in the process 149 
of the capacitation of bovine spermatozoa and fertilization of oocytes. UA was added to the capaci- 150 
tation medium (CAP) and/or the fertilization medium (FERT) at the concentration of 0 (control), 1 151 
and 10 µM originating seven groups.  152 

 153 
CAP FERT Groups 

CAPcontrol 
FERTcontrol CAPcontrol x FERTcontrol 
FERT1 CAPcontrol x FERT1 
FERT10 CAPcontrol x FERT10 

CAP1 
FERTcontrol CAP1 x FERTcontrol 
FERT1 CAP1 x FERT1 

CAP10 
FERTcontrol CAP10 x FERTcontrol 

FERT10 CAP10 x FERT10 
 154 
                                                                                   155 
     2.2. Oocyte Preparation 156 
 157 

   At an abattoir in Santarém, bovine ovaries were collected to thermos bottles with a 158 
solution of Dulbecco's Phosphate Buffered Saline (PBS) at 37 ºC and transported to the 159 
laboratory. The PBS was previously supplemented with 0.15 % (w/v) bovine serum albu- 160 
min (BSA) and 0.05 mg mL-1 of kanamycin. At the laboratory, the ovaries were washed 161 
with the same solution and the cumulus oocyte complexes (COCs) were obtained by post- 162 
mortem follicular aspiration, from a heterogeneous pool of antral follicles, with 2 to 8 mm 163 
in size [19]. Then, the collected COCs presenting more than three layers of cumulus cells 164 
and homogenous ooplasm were selected for maturation in an incubator at 38,8 ºC, with a 165 
maximum humidity atmosphere and 5 % CO2, for 22 hours. Maturation medium consisted 166 
of TCM199 without Hepes, with 10 % fetal bovine serum (FCS), 10 ng ml-1 epidermal 167 
growth factor (EGF), 0.1 ml sodium pyruvate and antibiotic (4 µl ml-1 gentamicin) [20].  168 

 169 
 2.3. Spermatozoa Preparation and Analysis 170 
 171 

Bovine semen from two bulls of proven fertility was thawed (4 straws for each ses- 172 
sion, 6-8 sessions) at 37 ºC for 30 seconds. Then, it was carefully deposited in equal doses 173 
at the bottom of the tubes containing the CAP consisting of modified Tyrode´s medium 174 
without calcium supplemented with 2.4 mM of caffeine [21], that was previously prepared 175 
and supplemented with different concentrations of Urolithin A (0; 1 and 10 µM). After- 176 
wards, spermatozoa were placed in the incubator for 1 hour in an atmosphere of 5 % CO2, 177 
at 38.8 ºC with maximum humidity [19], [22]. 178 

The in vitro capacitation process (swim up) occurs during this period when the most 179 
active spz migrate to the surface of the liquid. The supernatant was collected and centri- 180 
fuged at 2300 rpm for 10 minutes. The supernatant was again aspirated and discarded. 181 
The motility and concentration of spz were immediately evaluated.  182 

 183 
 184 
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2.3.1. Evaluation of Spermatozoa Movement 185 
 186 
    After the swim up process, semen motility was evaluated to assess their quality, 187 
through CASA assay. This assay is a reliable tool that provides precise and accurate infor- 188 
mation on kinematic parameters [23]. The parameters evaluated were total and progres- 189 
sive motility (%); curvilinear velocity (VCL, µm s-1); average path velocity (VAP, µm s-1); 190 
static (%), slow, medium and rapid motile spz (n); straight-line velocity (VSL, µ ms-1); am- 191 
plitude of lateral head displacement (ALH, µm); linearity; straightness; wobble VAP/VCL 192 
and beat cross frequency (BCF, Hz).  193 
 194 
2.3.2. Evaluation of Spermatozoa Vitality and Morphology 195 
    Spermatozoa vitality and morphology were evaluated using the eosin-nigrosine dye, 196 
following a procedure adapted from Pereira and col. [24]. To conduct the analysis, equal 197 
amounts of capacitated sperm samples and the dye were mixed on a microscope slide. A 198 
cover slip was used to smear the mixture, which was then air-dried and directly examined. 199 
At a magnification of 1000× under oil immersion, at least 100 sperm cells were evaluated 200 
in each sample. The cells that remained unstained were classified as live, while those that 201 
showed any pink or red coloration were classified as dead. Moreover, the presence of any 202 
morphological abnormalities in the sperm’s tail, midpiece, and head was also examined. 203 

 204 
2.3.3. Evaluation of Mitochondrial Membrane Potential 205 
    The mitochondrial membrane potential (MMP) is a measure of mitochondrial activity 206 
and was assessed in this study using a fluorescent probe called JC-1 (Invitrogen, UK). JC- 207 
1 can differentiate between fully functional midpiece mitochondria, which exhibit or- 208 
ange/red fluorescence, and cells with lower inner mitochondrial membrane potential, 209 
which exhibit green fluorescence. Spermatozoa were subjected to different treatments 210 
(CAPcontrol, CAP1, and CAP10) during the swim-up process and then incubated with 211 
JC-1 in a solution containing Hanks, HEPES, and BSA for 30 minutes at 38.8 °C and 5 % 212 
CO in humidified air, in the absence of light. After incubation, sperm samples were placed 213 
on warmed glass microscope slides, with coverslips, and examined using a fluorescence 214 
microscope (Olympus BX51) with a blue fluorescence filter (BP 470-490, objective UPlanFI 215 
20×/0.50). One hundred spermatozoa in each sample were examined for staining patterns.  216 
 217 
2.3.4. Intracellular ATP Levels  218 
    To determine intracellular ATP levels, (2 x 106) swimmed-up spermatozoa from dif- 219 
ferent treatments were seeded in a 96-well plate with a white opaque bottom and cultured 220 
in 50 µL of medium. The CellTiter-Glo Luminescent Cell Viability Assay (Promega, WI, 221 
USA) was used to measure ATP levels as per the manufacturer's protocol. In brief, 50 µL 222 
of CellTiter-Glo Reagent (CellTiter-Glo Buffer + CellTiter-Glo Substrate) was added to the 223 
cells and the mixture was shaken on an orbital shaker for 2 minutes to induce cell lysis. 224 
The luminescence signal was then monitored after incubation at 22 °C for 10 minutes, 225 
using a Cytation 3 reader (Biotek Instruments, Winooski, VT, USA). 226 
 227 
2.3.5. Evaluation of Intracellular Oxidative Stress  228 
    To evaluate the intracellular oxidative stress, (2 x 106) swimmed-up spz were seeded 229 
in 96-well plates after being treated with CAPcontrol, CAP1, and CAP10. The report mol- 230 
ecule CM-H2DCFDA (5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate, 231 
acetyl ester) (Life Technologies, Invitrogen) was used for this purpose. The cells were 232 
loaded with 5 µM of CM-H2DCFDA in assay buffer, and fluorescence signals were meas- 233 
ured with 520 nm excitation and 620 nm emission wavelengths during 30 minutes at 234 
38.5 °C, to determine the CM-H2DCFDA oxidation rate in a microplate reader (Cytation 235 
3; BioTek Instruments, Winooski, VT, USA). The sulforhodamine B (SRB) assay was used 236 
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to normalize the results for cell mass content after cell fixation with trichloroacetic acid 237 
(TCA) 60 % (w/v). 238 

 239 
2.3.6. Evaluation of Cell Mass 240 
    To evaluate the cell mass content, the sulforhodamine B (SRB) assay was used. Briefly, 241 
fixation solution was discarded, and the plates were dried in an oven at 37 ºC. One hun- 242 
dred and fifty microliters of 0.05 % SRB in 1 % acetic acid solution were added and incu- 243 
bated at 37 °C for 1 h. The wells were then washed with 1 % acetic acid in water and dried. 244 
Then, 100 µL of Tris (pH 10) was added, and the plates were stirred for 15 min. The optical 245 
density was measured at 540 nm in Biotek Cytation 3 reader (Biotek Instruments, Winoo- 246 
ski, VT, USA). 247 

 248 
2.3.7. Analysis of Cellular Oxygen Consumption Rate 249 
     Following capacitation, the spz (CAPcontrol, CAP1, and CAP10 groups) were sepa- 250 
rated by centrifugation and added to a pre-coated 96-well plate containing 0.5 mg mL-1 251 
Concanavalin A (ConA) in a modified synthetic oviductal fluid (SOF) medium [16]. The 252 
concentration used was 1 x 106 cells per well, with 8 wells assigned for each group and 253 
bull (16 replicates). Cellular oxygen consumption was measured at 37 ºC utilizing a Sea- 254 
horse XFe96 Extracellular Flux Analyzer (Agilent, Germany) [25]. An XFe96 sensor car- 255 
tridge was placed in a 96-well calibration plate containing 200 µL well-1 calibration buffer 256 
to hydrate at 37 ºC, a day prior to the experiment. The OCR measurements were initiated 257 
by injecting 1 µM rotenone and 1 µM antimycin A into reagent delivery port A. Then, 25 258 
µL of compounds were loaded into the ports of each well in the XFe96 sensor cartridge, 259 
and both the sensor cartridge and the calibration plate were loaded into the XFe96 Extra- 260 
cellular Flux Analyzer for calibration. Once the calibration was completed, the calibration 261 
plate was replaced with the study plate. Three OCR baseline rate measurements were 262 
performed using a 3-minute mix, 5-minute measure cycle. The compounds were pneu- 263 
matically injected by the XFe96 Analyzer into each well, mixed, and OCR measurements 264 
were taken using a 3-minute mix, 5-minute measure cycle. Finally, the results were ana- 265 
lyzed using Software VersionWave Desktop 2.6.  266 
 267 

 2.4. Oocyte Insemination, Embryo Culture and Development 268 
 269 

In this study, spermatozoa (2 x 106 spz mL-1) were introduced into droplets of fertili- 270 
zation medium (40 µL), each containing 10 mature oocytes. The in vitro fertilization me- 271 
dium was composed of modified Tyrode’s medium enriched with 5.4 USP mL-1 of heparin, 272 
10 mM of penicillamine, 20 mM of hypotaurine, and 0.25 mM of epinephrine, as described 273 
by Fonseca and col. [8]. The medium was supplemented with Urolithin A (0; 1; e 10 µM). 274 
The spz and oocytes were co-incubated for 20 h at 38.8 ºC and 5 % CO2 in humidified air. 275 
Then denuded presumptive zygotes were cultured in 25 µL droplets of SOF supple- 276 
mented with minimum essential medium (MEM) non-essential amino acid solution, basal 277 
medium eagle (BME) amino acids solution, glutathione, and BSA. Embryo culture was 278 
maintained at 38.8 ºC in a humidified atmosphere with, 5 % CO2, 5 % O2 and 90 % N2. 279 
Cleavage rates were assessed at 48 hours post-insemination, and embryo development 280 
continued for 10 days in SOF + BSA supplemented with 10 % fetal calf serum (FCS) (IVF 281 
= day 0) under the same conditions.  282 
    The assessment of embryo development included cleavage rates as a proportion of 283 
cleaved embryos and inseminated oocytes. Days 7 and 8 embryo (morula and blastocysts) 284 
developmental rates are used as a proportion of morula and blastocysts and cleaved em- 285 
bryos [19]. In addition, on D7/D8, the quality of embryonic development was assessed 286 
and classified based on International Embryo Technology Society (IETS) guidelines as 287 
good, fair, or bad [26]. The different stages of embryonic development at D7 and D9 were 288 
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identified as morulae (M), young blastocysts (YBL), blastocysts (BL), expanded blastocysts 289 
(EBL), and hatched blastocysts (HBL). 290 

 291 
2.5. Statistical Analysis 292 
    To analyze the data from sperm parameters, the MIXED procedure of the Statistical 293 
Analysis Systems Institute (SAS Inst., Inc., Cary, NC, USA) was used. This procedure em- 294 
ployed a mixed linear model that considered the treatment (CAP) and bull as fixed effects, 295 
allowing the calculation and comparison of means for each treatment. Sessions were con- 296 
sidered a random effect. Embryo production data were analyzed with the procedure 297 
GLIMMIX using the binary distribution and the logit as link function. The generalized 298 
linear mixed model included treatment (CAP x FERT) and session as fixed and random 299 
effects, respectively. Comparisons between groups were performed using the PDIFF test. 300 

GraphPad Prism 8.0 software (GraphPad Software, Inc., San Diego, CA, USA) was 301 
used for data analysis of intracellular oxidative stress, ATP levels, and oxygen consump- 302 
tion. The results were presented as means ± standard error of the mean (SEM) for the 303 
indicated number of experiments. One-way ANOVA analysis, followed by Dunnet's post- 304 
test, was used to compare groups with one independent variable and determine statistical 305 
significance. A significance level of p ≤ 0.05 was used to determine statistical differences 306 
in the values. 307 

 308 
3. Results 309 

3.1. Effect of UA in Spermatozoa Kinematic Parameters 310 
 311 

Results obtained with the supplementation of the capacitation medium with UA 312 
were depicted in Table 2.  313 

 314 
Table 2. Effect* of supplementation of the capacitation medium with Urolithin A (UA) on the kine- 315 
matic parameters of semen using Computer Assisted Sperm Analysis (CASA, 8 replicates). 316 

*The data are represented as estimated mean ± standard error of the mean. Different letters indicate significant 317 
differences (p < 0.05). VCL: curvilinear velocity; VAP: average path velocity; spz: spermatozoa; VSL: straight- 318 
line velocity; ALH: lateral head displacement amplitude; BCF: beat cross frequency. CAP 0: capacitation medium 319 
without supplement (control); CAP 1: capacitation medium supplemented with 1 µM UA; CAP 10: capacitation 320 
medium supplemented with 10 µM UA. 321 
 322 

Kinematic Parameters 
Groups 

CAPcontrol CAP1 CAP10 

Total Motility (%) 65.9 ± 5.32a 63.5 ± 5.19ab 56.1 ± 5.34b 
Progressive Motility (%) 32.4 ± 5.75ab 34.2 ± 5.66a 23.1 ± 5.76b  
VCL (µms-1) 70.9 ± 6.54  68.0 ± 6.32  65.9 ± 6.55 
VAP (µms-1) 41.3 ± 5.66 45.7 ± 5.52 43.5 ± 5.67 
Static spz (n) 33.3 ± 5.36b 35.7 ± 5.21ab 43.3 ± 5.36a 
Slow motile spz (n) 2.7 ± 0.75 3.0 ± 0.72 2.2 ± 0.75 
Medium motile spz (n) 20.9 ± 6.05 26.4 ± 6.05 2.1 ± 1.65 
Rapid motile spz (n) 12.0 ± 2.27a 8.3 ± 2.13ab 5.9 ± 2.27b 
VSL (µms-1) 35.1 ± 5.77 43.6 ± 5.61 38.1 ± 5.78 
ALH (µm) 2.7 ± 0.24 2.1 ± 0.23 2.2 ± 0.24 
Linearity 47.8 ± 3.44b 60.8 ± 3.21a 56.4 ± 3.43ab 
Straightness 78.5± 3.32b 90.7 ± 3.03a 82.8 ± 3.30ab 
Wobble VAP/VCL 56.6 ± 2.77b 65.2 ± 2.59a 63.1 ± 2.76ab 
BCF (Hz) 6.89 ± 0.51 7.3 ± 0.47 6.6 ± 0.51 
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Urolithin A at a concentration of 1 µM improved (p < 0.025) sperm movement quality 323 
evaluated through CASA: linearity (p = 0.0016), straightness (p = 0.0065) and wobble (p = 324 
0.0094) when compared to the control group. 325 

Urolithin A at a concentration of 10 µM impaired total (p = 0.0124) and progressive 326 
(p = 0.0108) motility when compared to CAPcontrol or CAP1 groups, respectively. More- 327 
over, higher number of static spermatozoa (p = 0.0105) and lower number of the rapid 328 
ones (p = 0.0137) were evaluated than in control (Table 2).  329 

Significant differences (p < 0.05) in sperm quality were identified between bulls A and B. 330 
The better kinematic features were observed in bull A (Total Motility, VCL, ALH and 331 
Rapid motile spz). 332 
 333 
3.2. Effect of UA on Semen Vitality, Abnormalities, and Mitochondrial Membrane Potential 334 

 335 
Sperm quality can be determined by measuring three important parameters: motility, 336 

morphology, and vitality [27]. Furthermore, a deepen analysis of this quality can be 337 
achieved through accurate measures of sperm mitochondrial functionality [16], [20]. After 338 
capacitation with UA, the sperm samples were evaluated for concentration, vitality, as 339 
well as for the presence of head, intermediate piece, and tail anomalies. Mitochondrial 340 
membrane potential was also assessed. The results obtained showed an effect (p = 0.0016) 341 
of UA at the concentration of 10 µM increasing head defects of spermatozoa when com- 342 
pared to the control group (Table 3). No significant differences were observed in the re- 343 
maining morphological and vitality parameters. However, differences (p < 0.05) were 344 
identified between bulls A and B. In terms of vitality features, bull A showed increased 345 
vitality (bull A = 52.9 % and bull B = 26.2 %). Fewer anomalies (head defect: bull A = 6.9 %; 346 
bull B = 10.7 %; intermediate piece defect: bull A = 3.2 %, bull B = 5.3 %) were observed in 347 
bull A.  348 

Mitochondrial function was evaluated by measuring the mitochondrial membrane 349 
potential (MMP). Depolarized mitochondria, characterized by a low MMP, predomi- 350 
nantly exhibit green fluorescence due to the presence of JC-1 monomers. On the other 351 
hand, hyperpolarized mitochondria with a high MMP accumulate JC-1 aggregates, emit- 352 
ting red fluorescence [28]. Results of MMP were represented in Table 3 but there were no 353 
significant effect of UA or differences between bulls (p > 0.05). 354 

 355 
Table 3. Effect* of supplementation of the capacitation medium with UA on sperm concentration, 356 
vitality, morphology, and mitochondrial membrane potential (8 replicates). 357 

 358 

Parameters 
Groups 

CAPcontrol CAP1 CAP10 
Concentration (x106 spz mL-1) 36.7 ± 6.23 36.4 ± 6.23 40.9 ± 6.23 
Vitality (%) 39.2 ± 3.38 42.8 ± 3.16 36.6 ± 3.16 
Head defect (%) 7.2 ± 1.04b 7.9 ± 0.97ab 11.2 ± 0.97a 
Interm.piece defect (%) 3.9 ± 0.56 4.2 ± 0.51 4.8 ± 0.51 
Tail defect (%) 2.9 ± 0.61 3.2 ± 0.58 3.1 ± 0.58 
Red-orange fluorescence (%) 83.4 ± 3.03 83.7 ± 3.03 84.2 ± 2.52 
Green fluorescence (%) 16.6 ± 3.03 16.3 ± 3.03 15.8 ± 2.52 
Ratio (%) 6.8 ± 3.96 9.3 ± 3.96 6.7 ± 3.38 

*The data is presented as the mean value ± standard error of the mean. CAPcontrol: capacitation medium with- 359 
out supplementation; CAP1: capacitation medium supplemented with 1 µM of UA; CAP10: capacitation me- 360 
dium supplemented with 10 µM of UA. Different letters indicate significant differences (p < 0.05). 361 

 362 
 363 
 364 
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3.3. Effect of UA on spermatozoa Oxygen Consumption Rate, Cellular Oxidative Stress and       365 
Intracellular ATP Levels 366 
 367 

The OCR is a crucial indicator of mitochondrial activity, specifically the electron 368 
transport rate [28], [29]. The Seahorse XF-96 Extracellular Flux Analyzer was used to meas- 369 
ure the impact of UA on the mitochondrial oxygen consumption of spermatozoa after ca- 370 
pacitation. Results showed that UA tended to increase basal OCR regardless of the dose 371 
(control = 32.31 ± 4.19 pmol min-1 1M spz-1; CAP1 = 46.01 ± 7.35 pmol min-1 1M spz-1; and 372 
CAP10 = 46.99 ± 9.45 pmol-1 min-1 1M spz-1) (Figure 2A).  373 
Oxidative stress impacts male and female germ lines, with moderate ROS levels benefiting 374 
sperm function and the enhancement of sperm capacitation [12]. In the present study, the 375 
impact of the UA on oxidative stress in spermatozoa was evaluated after capacitation, 376 
using a fluorescent reporter molecule (CM-H2DCFDA). In this case, results showed that 377 
UA tended to decrease ROS levels in a dose-dependent manner (control = 100.0 ± 31.02; 378 
CAP1 = 81.14 ± 36.80; and CAP10 = 26.12 ± 4.77) (Figure 2B).  379 

Sperm motility hinges on the energy obtained through ATP hydrolysis, which is fa- 380 
cilitated by mitochondria located in the sperm's intermediate piece. Sperm cells acquire 381 
their energy from two main pathways: OXPHOS and glycolysis. In the case of bovine 382 
sperm, OXPHOS appears to be favored over glycolysis [28]-[30]. After capacitation, UA 383 
increased ATP levels in a dose dependent manner (p < 0.01) (Figure 2C), when compared 384 
to control group (control = 100.0 ± 26.6; CAP1 = 104.1 ± 6.9; and CAP10 = 304.4 ± 36.9). 385 

 386 
 387 
 388 

                            A                             B                         C 389 

 390 
                                                                                                                        391 

 392 

 393 
 394 
Figure 2. Effect of Urolithin A supplementation (0, 1, and 10 µM), on mitochondrial oxygen con- 395 
sumption rate, ATP levels, and ROS levels during the capacitation process of bovine sperm. (A) 396 
Basal oxygen consumption rate (OCR) was analyzed using the Seahorse XFe96 Extracellular Flux 397 
Analyzer. Data are means ± standard error of the mean of 16 replicates (8 for each bull), and results 398 
are expressed in pmol O2-1 min-1 cell mass-1. (B) Mean fluorescence signal of the cellular oxidation 399 
product CM-H2DCFDA in bovine sperm in the presence or absence of UA supplementation (1 and 400 
10 µM) during the capacitation process. Data are means ± standard error of the mean of 8 replicates, 401 
and results are expressed as CM-H2DCFDA fluorescence cell mass of sperm. (C) Intracellular ATP 402 
levels in bovine sperm in the presence or absence of UA supplementation (1 and 10 µM) during the 403 
capacitation process. Data are means ± standard error of the mean of 8 replicates, and results are 404 
expressed as cell mass ATP levels per sperm. **** Indicates differences at p < 0.01; Control: capacita- 405 
tion medium without supplementation; Urolithin#1: capacitation medium supplemented with 1 µM 406 
of UA; Urolithin#10: capacitation medium supplemented with 10 µM of UA. 407 
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3.4. Effect of UA on Embryo Production Rates and Quality 410 
 411 

The results obtained after the supplementation of UA to the CAP medium and/or to 412 
the FERT medium were represented in Table 4 and Figure 3.  413 

 414 
 415 

Table 4. Effect* of different concentrations of UA during capacitation and/or fertilization processes 416 
on cleavage and embryo production rates (6 sessions).  417 
 418 

Groups Inseminated Cleavage D7 Embryos 
  Oocytes (n) (%)    (n)             (%) 

CAPcontrol x FERTcontrol 254 66.2 ± 3.00 15           9.0 ± 2.30 
CAPcontrol x FERT1 265 70.6 ± 2.83 27          15.8 ± 2.85 
CAPcontrol x FERT10 323 68.7 ± 2.65 23          11.3 ± 2.33 
CAP1 x FERTcontrol 256 72.1 ± 2.84 25          15.0 ± 2.92 
CAP1 x FERT1 319 67.7 ± 2.69 27          13.9 ± 2.65 
CAP10 x FERTcontrol 214 75.8 ± 2.94 25          16.7 ± 3.11 
CAP10 x FERT10 264 66.7 ± 2.94 19          12.5 ± 2.80 

*The data is presented as the mean value ± standard error of the mean. CAPcontrol: capacitation medium without 419 
supplementation; CAP1: capacitation medium supplemented with 1 µM of UA; CAP10: capacitation medium 420 
supplemented with 10 µM of UA. FERTcontrol: fertilization medium without supplementation; FERT1: fertiliza- 421 
tion medium supplemented with 1 µM of UA; FERT10: fertilization medium supplemented with 10 µM of UA  422 

 423 

 This supplementation did not present a significant influence on the embryo cleavage (p 424 
= 0.2890) (Table 4) and production rate at D7/8 (p > 0.05, Figure 3). Nevertheless, the num- 425 
ber of produced embryos almost double after UA supplementation, exception made for 426 
the CAP10 x FERT10 group (Figure 3).  427 

 428 

 429 

430 
 431 

Figure 3. Effects of different concentrations of UA during capacitation and/or fertilization processes 432 
on embryo production rates at day 7/8 (mean ± SEM, 6 sessions). 433 

 434 
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No significant differences (p > 0.05) were observed in the quality rates of the pro- 437 
duced embryos (Table 5). 438 

 439 

Table 5. Effect* of UA supplementation during capacitation and/or fertilization processes on the 440 
quality of Day 7/8 embryos (mean ± SEM, 6 sessions). The embryo quality was classified based on 441 
morphological criteria, by International Embryo Technology Society (IETS) guidelines, as excel- 442 
lent/good (Grade 1), fair (Grade 2), or poor (Grade 3). 443 
 444 
 445 

*The data is presented as the mean value ± standard error of the mean. CAPcontrol: capacitation medium with- 446 
out supplementation; CAP1: capacitation medium supplemented with 1 µM of UA; CAP10: capacitation medium 447 
supplemented with 10 µM of UA. FERTcontrol: fertilization medium without supplementation; FERT1: fertiliza- 448 
tion medium supplemented with 1 µM of UA; FERT10: fertilization medium supplemented with 10 µM of UA.  449 
 450 

 451 
4. Discussion 452 
    453 

The impact of UA on bovine spermatozoa capacitation and fertilization processes, 454 
and embryonic development was demonstrated for the first time in the present study. 455 
This antioxidant, at a concentration of 1 µM improved sperm linearity, straightness, and 456 
wobble and therefore the sperm movement quality. Moreover, a positive effect of UA sup- 457 
plementation seems to be reflected on the number of produced embryos. Although the 458 
technology for in vitro embryo production still requires considerable refinement, the pro- 459 
duction of higher number of good quality embryos can allow higher gestation rates and 460 
therefore, a higher number of neonates [31]–[33]. These results are of primordial im- 461 
portance for ART success [34]. 462 

Despite more than 60 years of optimization of semen cryopreservation protocols, the 463 
freezing process remains highly damaging for spermatozoa. In bovine artificial insemina- 464 
tion centers, 40 – 50 % of sperm cells do not support cryopreservation, which generates 465 
high economic loses [32], [35]. Moreover, differences in the male reproductive ability for 466 
field reproduction compared to artificial insemination or embryo production, as in the 467 
present study, were often reported [24], [36]. It is very desirable to have a positive effect 468 
of UA supplementation on the gametes collected from different animals, especially of 469 
those with greater limitations in terms of fertility. 470 

Several studies have already shown that UA regulates mitochondrial function, re- 471 
duces ROS, prevents cellular damage, and various pathologies [2]–[4], [6], [37]. In the pro- 472 
cesses of in vitro fertilization, sperm cells, which are specialized cells with high energy 473 
consumption, are subjected to excessive ROS production during semen collection, cryo- 474 
preservation and laboratory procedures [14], [15], [18], [38]–[40]. Oxidative stress is not 475 
only relevant in sperm but also in oocytes and is a major contributing factor to low oocyte 476 
maturation efficiency and deterioration of their quality, resulting in decreased fertilization 477 
and embryo production [41]. Therefore, UA by improving mitochondrial health and res- 478 
piration might contribute to improve ART results. However, the biological effects of UA 479 
on gametes and embryos remain poorly characterized demanding further studies. 480 

Groups                                          n Embryos G1 Embryos G2 Embryos G3

Total (%) n  (%) n  (%)      n

CAPcontrol x FERTcontrol         15 33.3 ± 12.17    5     53.3 ± 12.88    8    13.3 ± 8.78  2

CAPcontrol x FERT1              27 40.7 ± 9.46    11     37.0 ± 9.29    10    22.2 ± 8.00   6

CAPcontrol x FERT10             23 43.5 ± 10.34   10    34.8 ± 9.93   8    21.7 ± 8.60   5

CAP1 x FERTcontrol              25 28.0 ± 8.98    7    24.0 ± 8.54    6    48.0 ± 9.99  12

CAP1 x FERT1                   27 25.9 ± 8.43    7     37.0 ± 9.29   10    37.0 ± 9.29  10

CAP10 x FERTcontrol             25 32.0 ± 9.33    8     32.0 ± 9.33    8    36.0 ± 9.60   9

CAP10 x FERT10                 19 36.8 ± 11.07   7     47.4 ± 11.45   9    15.8 ± 8.37  3
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In the context of in vitro fertilization (IVF) systems, various parameters are com- 481 
monly assessed to evaluate sperm quality, such as morphology, concentration, and motil- 482 
ity [27]. However, more refined methodologies can be used to improve this evaluation, 483 
such as ATP and ROS production, OCR, and MMP. The primary function of mitochondria 484 
is to carry out the oxidative phosphorylation (OXPHOS), which results in the production 485 
of ATP, a vital metabolic energy source required for flagellar beating and sperm motility 486 
[42]. In the present study, UA supplementation at the highest concentration induced an 487 
increase of ATP production during the capacitation process. However, this dose (CAP10) 488 
has also reduced total motility with a decrease of rapid spermatozoa and increase of the 489 
static ones. According to Aitken, in 2017 [14] the loss of motility was one of the first and 490 
most-powerful impacts of oxidative stress on sperm. Conversely, a reduction of ROS lev- 491 
els was identified when spermatozoa were supplemented with the highest UA dose dur- 492 
ing capacitation. Recently, Santos and col. [20] have shown that the mitochondrial-tar- 493 
geted antioxidant, AntiOxBEN2, supplemented to the capacitation and fertilization media 494 
positively influenced both bovine sperm capacitation and fertilization processes, inducing 495 
a substantial reduction in ROS production, thereby improving early embryonic develop- 496 
ment. In accordance, Tripathi and col. [43], showed that the antioxidant supplementation 497 
reduced oxidative stress by decreasing ROS levels, thus improving embryo quantity and 498 
quality. 499 

According to the results obtained, there was a tendency towards an increase of the 500 
OCR of capacitated sperm with 1 µM and 10 µM UA supplementation. As referred, OCR 501 
is a crucial indicator of mitochondrial activity, specifically of the electron transport rate. It 502 
serves as a representative measure of OXPHOS, the process by which spermatozoa uti- 503 
lized oxygen. In the case of bovine sperm, OXPHOS predominantly serves as their main 504 
energy-generating pathway [28], [29]. Accordingly, it was shown an increase of ATP lev- 505 
els of capacitated spermatozoa concomitant with a reduction of ROS levels at the highest 506 
concentration of UA. Thus, UA might have increased the mitochondrial function present- 507 
ing some nuances in a dose-dependent manner. This result is relevant because excessive 508 
ROS can lead to oxidative stress and negatively affect sperm function during fertilization. 509 
ROS can be originated from both endogenous sources, such as sperm metabolism, and 510 
exogenous sources, like ART. It is important to maintain an appropriate balance of ROS 511 
to support sperm health and functionality [11], [14], [39], [44]. 512 

Presented results demonstrate, for the first time, the beneficial effect of UA on bovine 513 
sperm capacitation and in vitro fertilization. Although no significant differences were 514 
found in embryo quality rates, supplementation of CAP and/or FERT with UA increased 515 
the number of produced embryos compared to the untreated control group. The positive 516 
effect of UA is noteworthy. These results were obtained using semen of two bulls with 517 
distinct characteristics and demonstrates that UA supplementation provides a benefit in 518 
increasing in vitro embryo production. It would be interesting to conduct a more extensive 519 
approach, for example, by increasing the sample size of bulls with different reproductive 520 
characteristics to assess whether the results with UA were similar. Additionally, it could 521 
also be tested an intermediate concentration of UA, as the concentration of 10 µM showed 522 
better outcomes in reducing ROS and increasing ATP levels, while the concentration of 1 523 
µM has induced better morphological and kinematic parameters, particularly in sperm 524 
movement quality.  525 

The importance of ART and the expansion of reproductive biotechnologies in the 526 
context of animal production and reproductive efficiency has a significant socio-economic 527 
impact worldwide. The selection of breeds for fertility is highly significant, as they can 528 
contribute with valuable genetic material to their offspring, allowing for a greater selec- 529 
tion differential compared to females [45]. Moreover, the use of cryopreserved semen con- 530 
tributes to maintain the genetic diversity within a population while mitigating the effects 531 
of inbreeding [46]. Therefore, the extensive implementation of antioxidant therapies, em- 532 
ployed for the prevention, treatment, and enhancement of reproductive efficiency, holds 533 
unparalleled significance. 534 
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 535 
5.  Conclusion 536 

 537 
Obtained results showed that supplementation of UA at a concentration of 1 µM 538 

improved sperm movement quality, while the highest concentration decreased total mo- 539 
tility and spz speed. A positive trend in increasing the oxygen consumption rate of capac- 540 
itated sperm with both 1 µM and 10 µM UA supplementation was also identified. Addi- 541 
tionally, 10 µM UA supplementation increased ATP and reduced ROS levels in capaci- 542 
tated sperm, indicating an enhanced mitochondrial function and reduced oxidative stress. 543 
Although no significant differences were observed in embryo quality rates, UA supple- 544 
mentation almost doubled the number of produced embryos. These results further sup- 545 
port previous findings indicating the potential therapeutic value of UA in addressing re- 546 
productive sub/infertility problems and improving ART results making it a highly rele- 547 
vant and timely topic of interest that demand further research. 548 
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