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ABSTRACT
In vitro maturation (IVM) is a form of assisted reproductive technology (ART) applied to obtain mature oocytes in culture. Decline in IVM success rates by age has led consideration of novel approaches based on cellular dynamics. Our aim was to achieve proteostasis in old bovine oocytes by removal of protein aggregates. Lysosomal activation was achieved through increasing concentrations of proton pump activators PIP2 (P1-P4), PMA (M1-M4) and DOG (D1-D4) at 6, 12, 18 and 24 hours of IVM in old bovine oocytes. Morphological analysis was performed and IVM rates were determined. DQ-Red BSA was applied to live oocytes to determine proteolytic activation while lysosome density was determined by Lysotracker probe. Protein carbonylation was detected through oxyblot analysis. PBE was observed in P1, P2-6h; P4-12h; M1-18h; P1, P2-24h groups. Oocyte diameter was the highest in D2-6h, M1-12h, P3-18h and P2-24h groups. Morphological scores of oocytes were higher in young and old control groups. Lower concentrations of activators resulted in similar oocyte scores to control groups at 6, 12 and 18h of culture. Proteolytic activation was achieved in all groups at 6h of culture. At all other time points PIP2 and PMA groups showed a better response to proteolytic activation.  Lysosome density was increased in P4-6h; P1,P3-12h; P3, P4-18h as well as M1-6h; M2, M3-12h; M2-18h; D4-6h and D1-12h. Protein carbonylation was the lowest in P1 groups at 12h, 18h and 24h. PIP2, PMA and DOG affected oocyte quality and proteostasis through lysosome activation during IVM in a time and dose-dependent manner.
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INTRODUCTION
The mammalian oocyte arrested at prophase of meiosis I, called the germinal vesicle (GV), undergoes several morphological and molecular changes to complete meiosis I and switch to metaphase of meiosis II during a process called meiotic maturation [1]. In vitro maturation (IVM), through which GV oocytes are matured in an appropriate culture environment, is an ideal way of yielding high-quality oocytes by optimisation of the culture conditions [2]. Although this technique is advantageous for women with low response to gonadotropins or the ones suffering from ovarian hyperstimulation syndrome [3], the success rate is reported to be low and becomes even lower by increased age [4]. One of the potential reasons for lower IVM success rates in elderly women is considered to be the protein aggregation in the oocyte cytoplasm [5].  
During maturation, the asymmetric division of the oocyte yields a small polar body and a larger oocyte that preserves its size and includes all the maternal depot accumulated through the oogenesis. This asymmetry in division sustained by the migration of the metaphase plate to the periphery of the oocyte has a critical importance in terms of successful fertilization in addition to healthy embryonic development [6]. The studies conducted through live-cell imaging techniques have shown cytoplasmic streaming of oocytes activated through actin-related mechanisms, resulting in chromosome migration [7]. Thus, the appropriate composition of oocyte cytoplasm has a critical importance for chromosome migration and successful completion of meiosis.
Cdc2-cyclin B, a cell cycle complex required for completion meiosis, is found in aggregates in immature sea urchin oocytes and the aggregate dissolves when it is activated during the maturation [8]. The studies on C. Elegans and X. Laevis oocytes showed that protein aggregates accumulated in the oocyte cytoplasm caused errors in the meiotic division [9]. It was revealed that the prevention or removal of protein aggregates and protection of proteostasis of oocyte cytoplasm is dependent on lysosomes and lysosomal acidity is a key factor in increasing its effectiveness [9]. The proteases with optimal activity at lower pH levels (pH of 4.5–5.5) are occupied in lysosomes. This low pH rate is sustained by the membrane-bound proton pumps [10]. 
To obtain an ideal lysosomal acidity, the proton pumps have to be activated. X. Laevis oocytes activated by progesterone, were shown to have several acidic lysosomes. The mechanism of this activation is considered to be preserved in mammalian species [9]. Lysosomes are acidified through a V-ATPase proton pump, through regulation of H+ ion concentration by proton movement as a result of rotation of proteolipid c-ring [11]. PKC activators DOG and PMA were shown to activate V-ATPase proton pumps in previous studies [12, 13]. In addition, PIP2 was shown to activate V-ATPase proton pumps through stabilising the V1-V0 domain interaction [14].
In this study, the potential V-ATPase proton pump activators including PIP2, PMA, and DOG were applied to the IVM culture environment of old bovine oocytes. The effects of these activators on oocyte morphology, lysosome acidification, and proteolytic activation as well as protein aggregation levels were investigated.

MATERIAL AND METHODS
Bovine Ovary Collection, Oocyte Retrieval and Culture
The ovaries were obtained from 3-6 (young) and 13-16 (old) years old bovines slaughtered at the local abattoir (Narmanlar ET, Istanbul, TURKEY) under the control of a veterinarian. The ovaries were placed into a thermos bottle including phosphate-buffered saline (PBS) at 38.50C and aiming to sustain the temperature, transferred to the laboratory within two hours. The ovaries were placed in a beaker containing the collection medium (M199 medium supplemented with HEPES (20mM), amphotericin B (2.5 mg/ml), pyruvic acid (25 mg/ml), penicillin G (75 mg/ml) and streptomycin (50 mg/ml). An 18G needle was used to pull the cumulus-oocyte complexes (COCs) from antral follicles into the injector. The COCs were placed in petri dishes including the collection medium and oocytes were denuded mechanically, with the help of the needle and mouth pipette under the stereomicroscope (Zeiss, , Axio Zoom.V16, Oberkochen/Germany). Isolated oocytes were placed in 50 µL drops of IVM media (M199 with L-Glutamine (Capricorn Scientific, Ebsdorfergrund/Germany) supplemented with LH (75 mIU/ml), FSH (75 mIU/ml) (Prospec/Germany), pyruvate (0,25 mM), glucose (5,5 mM), penicillin/streptomycin (1%), fetal calf serum (FCS) (10%), estradiol (1 μg/ml), insulin transferrin selenium ITS (1%). The incubation was conducted at 38.50C for 6, 12, 18 and 24 hours in polystyrene sterile petri dishes.
Lysosomal Activation
Lysosomal activation was achieved through the activation of V-ATPase proton pumps. For activation of these proton pumps, phosphatidylinositol 4,5-bisphosphate (PIP2) (850174-P) (Sigma Chemical Co., St. Louis, MO, USA) at 0.1μM (P1), 0.5 μM (P2), 1 μM (P3) and 5 μM (P4) doses; phorbol 12-myristate 13-acetate (PMA) (ab120297) (Abcam, Cambridge, MA/USA) at 0.1μM (M1), 1 μM (M2), 10 μM (M3) and 50 μM (M4) doses; diacylglycerol (DOG) (ab143805) (Abcam, Cambridge, MA, USA) at 0.1μM (D1), 1 μM (D2), 10 μM (D3) and 50 μM (D4) doses was applied during IVM of old oocytes from 13-16-year-old bovines. All doses were applied for 6h, 12h, 18h and 24h of IVM. In addition to activator groups, old oocytes (old control) and young oocytes (young control) from 3-6-year-old bovines were cultured without activators. 
DQ-Red BSA Analysis
DQ-Red BSA (D12051) (Thermo Fisher Scientific, Waltham, MA, ABD) analysis was used to assess proteolytic activity in oocytes. DQ-red-BSA is an artificial substrate for the evaluation of lysosomal proteolytic degradation [15]. The destruction of this substrate proves increased proteolytic activity through lysosome acidity. The small peptides as the yield of destruction of DQ-Red BSA, turn into fluorescence products and can be observed under a fluorescent microscope. During the analysis in this study, DQ-Red BSA (10 μg/mL) was added to the oocyte cultures and was applied for 2 hours at 37°C. After removal of the medium including DQ-Red BSA, the oocytes were cultured in serum-free medium for 4 hours. Live oocytes were observed under a fluorescent stereomicroscope (Zeiss, Axio Zoom.V16, Oberkochen/ Germany) with appropriate filters. The images of the oocytes were obtained just after the DQ-Red BSA application (DQ-Red BSA-1) and after 4 hours of culture period following the DQ-Red BSA application (DQ-Red BSA-2). The fluorescent intensity in the images was determined through Image-J (National Institutes of Health, Bethesda, MD, USA).
Determining the Lysosome Acidity by Lysotracker 
Lysotracker, a probe for acidic organelles, was used to detect lysosomes in live oocytes. The oocytes washed with PBS after DQ-Red-BSA analysis, were placed in a solution derived from a Lysotracker kit (Abcam, ab112137) and were incubated for 30 minutes at 37 °C. The oocytes were observed under Zeiss Axio Zoom.V16 stereomicroscope with appropriate filter after washing with PBS. The fluorescent intensity in the images was determined through Image-J (National Institutes of Health, Bethesda, MD, USA).
Morphological Evaluations
The oocytes were fixed in 4% paraformaldehyde at room temperature for 30 min and observed and their images were captured under a stereomicroscope (Zeiss, Axio Zoom.V16, Oberkochen/ Germany). The rate of GV, GVBD and PBE oocytes were determined. The oocyte diameters were measured by the Image-J (National Institutes of Health, Bethesda, MD, USA) through the images. 
The oocyte morphology was evaluated in terms of vacuole content, perivitellin space and integrity of zona pellucida and oocytes were scored between 1-5. An “oocyte score (OS)” value was obtained through the sum of scores of each category [16]. The oocytes had a total OS value between 0-15. The criteria for the evaluation were as follows: 
Vacuole content 1- Vacuoles constitute more than 80% of the oocyte volume. 2- Vacuoles constitute 50% - 80% of the oocyte volume 3- Vacuoles constitute 20% - 30% of the oocyte volume 4- Vacuoles constitute less than 20% of the oocyte volume 5- No vacuoles. Perivitellin space (PVS)  1- Abnormally large PVS 2- Large PVS 3- Small PVS 4- Small and granular PVS 5- Small and non-granular PVS Zona pellucida (ZP) integrity 1- No ZP integrity 2- ZP is too thin (< 12μm) 3- ZP is too thick (>18 μm) 4- ZP is in normal dimension (12μm<ZP<18 μm), but morphology is disrupted  5- ZP is in normal dimension (12μm<ZP<18 μm) and morphology is ideal.
Protein Aggregation and Oxyblot Analysis 
The protein carbonyl groups formed in oocytes following the IVM were determined through an oxyblot analysis kit based on an immunoblot (OxiSelect protein carbonyl immunoblot kit, STA 308, CellBiolabs, San Diego, CA, USA). Polyacrylamide gel electrophoresis was applied to the oocytes that were placed in the Laemmli solution following IVM. 10 oocytes of each experimental group were collected to load in each lane. After the electrophoresis, immunoblot was applied to transfer the proteins to a PVDF membrane. Then the membranes were incubated with DNPH (2,4- dinitrophenylhydrazine) within the kit to form   DNP (2,4-dinitrophenyl) hydrazone derivates. The proteins including DNP were detected through the rabbit DNP anti-serum (1:1000) and HRP (horseradish peroxidase) labelled goat anti-rabbit IgG (1:2000) antibodies within the kit. Each incubation was followed by 3 times 10 minutes of wash steps with TBS-T solution. The membranes were subjected to the chemiluminescence solution (CST 7003S) for a suitable time and the signal obtained was visualized through radiographic imaging. The proteins (Akt) on the membranes without DNPH application were detected through Akt primary antibody (CST 9272S) (1:1000) and appropriate secondary antibody (CST 7074S) (1:2000) and their levels were compared with the ones subjected to the DNPH. The band intensities were determined through Image-J (National Institutes of Health, Bethesda, MD, USA).
Statistical Analysis
The data obtained by the ImageJ from fluorescent images and western blot bands were analysed by Sigma Stat program (Sigma Stat for Windows, version 3.0, Jandel Scientific Corp., San Rafael, CA, USA). Parametric One-way ANOVA, Holm Sidak method was applied, and the values were presented as mean ± SEM. Statistical significance was defined as P <0.05.
RESULTS
1. IVM Rates
GV oocyte rates, pointing out a meiotic arrest or incompetent oocytes for completion of meiosis especially after long hours in the culture, were the highest in young control oocytes at 6h of culture (67%). Among the proton-pump activator groups, PMA displayed the highest GV rates (64%-M1-12h). GVBD rates were the highest in PIP2 (54% for P1-12h) in addition to young (44%) and old (50%) control group oocytes at 12 hours of culture. PBE, an indicator of completion of meiosis I, was at the highest rate for the oocytes matured in the presence of PIP2 (17% for P4-12h and 6.5% for P1-6h). 2% of oocytes treated with PMA also displayed PBE (M1-18h). Among D group oocytes, only the oocytes cultured for 6 hours and the D1 group for 12h were able to display integrity. The oocytes in the P4 group for 24h were also disrupted. The maturation rates for these oocytes could not be determined (Figure 1).



2. Oocyte diameters
Among 6-hour culture groups, D2 oocytes had the largest (101.1 ± 0.623) and old oocytes had the smallest (61.9 ± 3.199) diameters. The M1 group had the largest oocyte diameters after 12h of culture (96.4 ± 6.052), whereas the young control group oocytes had the smallest (76.6 ± 1.077). P3 group oocytes displayed the largest (97.4 ± 0.806) and M4 had the smallest (51.8 ± 1.873) diameters after 18h of culture. Oocytes of the P2 groups had the largest (109.6 ± 1.400) and old control group oocytes (73.8 ± 2.021) had the smallest diameter at 24h (Table 1).

3. Oocyte scores
Oocyte score (OS) values were determined by evaluation of vacuole content, perivitelline space and integrity of zona pellucida at the end of the IVM process as indicated in materials & methods. OS was higher in the early hours of culture compared to the 18h and 24h culture periods. Young oocytes (6h:15, 12h:12, 18h:14.3) had a higher OS compared to the old (6h:14.3, 12h:10.3, 18h:11) control group oocytes except in 24h (YC: 7.67, OC: 8.67). Both young and old control group oocytes had a higher OS compared to the activator groups. Among PIP2 groups, P1-6h (12.3), P3-6h (12.7) and P4-6h (13) had the closest OS value to the control oocytes at 6h culture. M1 (6h:12.3, 12h:11.7, 18h:12.3) and M2 (6h:12.7, 12h:13.3) group oocytes had a similar OS value when compared to the controls at both 6h and 12h of IVM. D1 (14) and D3 (13.3) group oocytes had the closest OS score to the control groups at 6h of culture (Figure 2).

4. DQ-Red BSA Analysis
DQ-Red BSA analysis was conducted by comparison of fluorescent intensity just after DQ-Red BSA addition (DQ-Red BSA-1) and after 4 hours of culture in serum-free medium (DQ-Red BSA-2) as indicated in material & methods. After 6 hours of IVM, all control and experimental groups showed an increased proteolytic activity based on the DQ-Red BSA analysis (Figures 3, 4, 5 and 6). All PMA doses (Figure 5), higher doses of PIP2 (P4) (Figure 4) and low doses of DOG (D1) groups (Figure 6), in addition to the young control group displayed a significant increase in fluorescence intensity after 12h of IVM. The remaining D groups for 12h, 18h and 24h could not be evaluated due to loss of cellular integrity.  Following 18 hours of IVM, control group oocytes and oocytes subjected to the higher doses of PIP2 (P2, P3 and P4) (Figure 4) and particular doses of PMA (M1 and M3) (Figure 5) showed an increased fluorescence intensity due to proteolytic activity. Old control group oocytes did not show a significant difference in fluorescence intensity regarding DQ-Red BSA after 24h of IVM (Figures 3 and 4). Lower doses of PIP2 (P1 and P2) (Figure 4) and all doses of PMA (Figure 5) had a significant impact on proteolytic activity in these oocytes following 24h of IVM based on the DQ-Red BSA analysis. The effects of P4 at 24h could not be evaluated due to loss of cellular integrity in oocytes. 
 
5. Lysotracker analysis
Based on the fluorescent intensity of the lysotracker, different doses of PIP2 succeeded in increasing lysosomal acidity at different time points of the culture (P4-6h; P1, P3-12h; P3, P4-18h) (Figure 8). Among PMA groups; M1, M3-6h; M2, M3-12h; M2-18h showed the highest lysosome acidity (Figure 9). D4-6h and D1-12h groups displayed an increase in the acidity of lysosomes (Figure 10). After 24h of culture, the highest fluorescence intensity for the lysosomes was detected in young control oocytes and the closest to this level of intensity was the M1 among the proton pump activator groups (Figures 7 and 9). Lysotracker analysis could not be conducted for P4-24h and D groups at 12h, 18h and 24h (except for D1-12h) due to loss of cellular integrity of the oocytes. 

6. Oxyblot Analysis for Protein Carbonylation

Protein carbonylation was the highest after 24h of IVM in PIP2-treated oocytes. The oocytes subjected to the lowest dose of PIP2 (P1 group) displayed a lower level of protein carbonylation following 12, 18 and 24h of culture based on the oxyblot analysis. Among PMA- treated oocytes, most of the groups were found to have high levels of protein carbonylation. M1, M2-12h; M1, M2-24h groups had relatively lower levels of carbonylation compared to the other groups. Oxyblot analysis revealed that the carbonylation rate was the highest in D3 and D4 group oocytes following 24h of IVM (Figure 11). 





DISCUSSION
Media supplements of IVM culture are the key factors for obtaining a successful meiotic resumption and enhancing the developmental competency of the oocytes. To increase the success rate of IVM, a wide range of strategies have been used in terms of supplementing the culture media. These strategies include using exogenous hormones, amino acids, antioxidants [17] as well as addition of chemicals aiming to activate or inhibit a particular molecular target regarding oocyte maturation [18] or embryonic development [19].
The current study focuses on expanding the IVM technology by implementing chemical activation of lysosomes to achieve degradation of unwanted protein masses within the oocyte cytoplasm which potentially blocks cytoplasmic streaming required for chromosome migration to complete a successful meiotic division. The results of this study reveal that proton pump activators PIP2, PMA and DOG affect maturation rates and morphological quality of the oocytes as well as proteolytic activity, lysosome acidity and protein aggregation in a time and dose-dependent manner during IVM. Achievement of PBE by applying particular doses of PIP2 (P1-6h, P2-6h, P4-12h, P1-24h, and P2-24h) and PMA (M1-18h) nominates these proton pump activators as potential enhancers of oocyte IVM.
Maturation rates of the oocytes in IVM were reported to be significantly lower than the ones obtained through a natural cycle [20]. The reasons for these low maturation rates in IVM were suggested to be a lack of the maturation factors of the oocytes due to insufficient culture environment [4]. In addition, these rates were even lower with increased maternal age [21]. Proteostasis imbalance in oocytes are associated with increased maternal age through a decline in molecular pathways that could prevent the formation of misfolded and aggregated proteins. This proteome imbalance has been linked to poor oocyte quality and a decline in meiotic resumption [22]. In this study, we aimed to eliminate protein aggregates that could not be removed due to deteriorated molecular mechanisms as a result of reproductive aging by activation of lysosomes through proton pump activators. Old bovine oocytes were activated to complete 1st meiotic division by the addition of PIP2 and PMA in the IVM culture environment, demonstrating a potential for these activators to increase IVM rates of oocytes from aged women. 

The oocyte diameter was found to be positively correlated with resumption of nuclear maturation [23]. Our study suggests that the inclusion of proton pump activators in the IVM media significantly alters the size of the oocytes, especially at 6h (D2), 12h (M1), 18h (P3) and 24h (P2) of IVM.  Evaluation of the oocyte morphology has been considered to be vital for successful fertilization and embryonic development [24]. In the current study, long-term culture had a negative impact on the oocyte scores achieved by evaluation of vacuole content, perivitelline space and zona pellucida integrity. The addition of proton pump activators also resulted in lower oocyte scores compared to control group oocytes. Since vacuole content, perivitelline space, and zona pellucida integrity have been known to affect IVM as well as fertilization and embryonic development [16, 25], the candidates to enhance IVM process should be selected from the ones with closest scores to the control oocytes. In our study at 6h of culture, most of the proton pump activator groups achieved a similar level of oocyte score compared to control oocytes. M1 and M2 groups at 12h, P2 and M1 groups at 18h had the closest oocyte scores to the controls. 
Protein aggregates which have been known to increase during oocyte maturation [22] must be eliminated for a successful maturation process. As a triggering factor to destroy protein aggregates, maintaining proteolytic activation is of vital importance for the completion of oocyte maturation. In previous studies, several protease families including cysteine proteases, serine proteases, and metalloproteases have been linked to the proper functioning of female reproduction regarding oocyte physiology [5]. In the current study, DQ-Red BSA analysis revealed that young oocytes had a higher proteolytic activity compared to old oocytes. When proton pump activators were applied in the culture media of old oocytes, lower doses of PIP2 and PMA resulted in an increase in proteolytic activity at all 4 different time points of maturation (6h, 12h, 18h and 24h). Lysotracker showed that lysosome activation occurred in low-dose PMA groups and particular doses of PIP2 and DOG during IVM of old oocytes. In DOG groups, although proteolytic activation was achieved, the oocytes were not able to complete maturation, potentially related to DOG’s interfering with the metabolic activity of the oocytes [26]. Lysosome activation through low doses of PMA was common at all different time points of IVM. Consistent with the data regarding proteolytic activation through DQ-Red BSA analysis and Lysotracker, oxyblot analysis also revealed a lower protein aggregation rate at lower doses of both PIP2 and PMA proving that proteolytic activation through these proton pump activators resulted in the elimination of protein aggregates.
Activation of lysosomes are critical for both oocyte maturation and further embryonic development since lysosomal protein degradation facilitates cell cycle progression through cyclin degradation [27]. Protein degradation is also critical in terms of the elimination of maternal factors during embryonic development [28]. It also provides appropriate chromosome segregation and prevents chromosomal instability [29].
PIP2 and PMA were shown to enhance protein degradation through lysosome activation in cumulus cells in a previous study [30]. Since transzonal projections of the oocyte allow direct transfer of small and large molecules between oocyte and cumulus cells [31, 32], application of these proton pump activators to IVM culture in the presence of cumulus cells has the potential to boost protein degradation in oocytes.
Conclusion
In this study, analysis of proteolytic activity and morphological evaluation of in vitro matured oocytes in the presence of lysosome activating factors was performed. The findings revealed that proton pump activators PIP2 and PMA successfully increased proteolytic activity through lysosome activation and the oocytes treated with these activators displayed a better morphology with relatively higher PBE rates. Achievement of a balanced protein distribution among the oocyte cytoplasm leads to meiotic resumption as well as fertilization and embryonic development eliminating conditions related to abnormal chromosome segregation and instability. Considering all these benefits, IVM culture media components should be re-shaped to involve chemicals inhibiting protein aggregation and providing higher IVM success rates as well as a healthy molecular and morphological composition.





Acknowledgments
This work was supported by The Scientific and Technological Research Council of Turkey (TUBITAK) (Project Number: 118S772).
The authors would like to thank Narmanlar ET company executive Yusuf Narman and veterinary Yilmaz Kucukafacan for their technical support during the study.
Competing Interests: The authors declare that they have no competing interests.
Author contributions
Filiz Tepekoy: Conceptualization, methodology, writing, supervision, funding acquisition. Berk Bulut: Methodology, writing. Erdal Karaoz: Methodology, writing, funding acquisition

REFERENCES

1.	Albertini, D.F., A. Sanfins, and C.M. Combelles, Origins and manifestations of oocyte maturation competencies. Reprod Biomed Online, 2003. 6(4): p. 410-5.
2.	Yang, Z.Y. and R.C. Chian, Development of in vitro maturation techniques for clinical applications. Fertil Steril, 2017. 108(4): p. 577-584.
3.	Rose, B.I., A new treatment to avoid severe ovarian hyperstimulation utilizing insights from in vitro maturation therapy. J Assist Reprod Genet, 2014. 31(2): p. 195-8.
4.	Das, M. and W.Y. Son, In vitro maturation (IVM) of human immature oocytes: is it still relevant? Reprod Biol Endocrinol, 2023. 21(1): p. 110.
5.	Kiyozumi, D. and M. Ikawa, Proteolysis in reproduction: lessons from gene-modified organism studies. Frontiers in Endocrinology, 2022. 13: p. 876370.
6.	Yi, K. and R. Li, Actin cytoskeleton in cell polarity and asymmetric division during mouse oocyte maturation. Cytoskeleton (Hoboken), 2012. 69(10): p. 727-37.
7.	Yi, K., et al., Sequential actin-based pushing forces drive meiosis I chromosome migration and symmetry breaking in oocytes. J Cell Biol, 2013. 200(5): p. 567-76.
8.	Slepchenko, B.M. and M. Terasaki, Cyclin aggregation and robustness of bio-switching. Mol Biol Cell, 2003. 14(11): p. 4695-706.
9.	Bohnert, K.A. and C. Kenyon, A lysosomal switch triggers proteostasis renewal in the immortal C. elegans germ lineage. Nature, 2017. 551(7682): p. 629-633.
10.	Korovila, I., et al., Proteostasis, oxidative stress and aging. Redox Biol, 2017. 13: p. 550-567.
11.	Breton, S. and D. Brown, Regulation of luminal acidification by the V-ATPase. Physiology (Bethesda), 2013. 28(5): p. 318-29.
12.	Winter, C., et al., Nongenomic stimulation of vacuolar H+-ATPases in intercalated renal tubule cells by aldosterone. Proc Natl Acad Sci U S A, 2004. 101(8): p. 2636-41.
13.	Lessig, J., et al., Phagocytotic competence of differentiated U937 cells for colloidal drug delivery systems in immune cells. Inflammation, 2011. 34(2): p. 99-110.
14.	Li, S.C., et al., The signaling lipid PI(3,5)P(2) stabilizes V(1)-V(o) sector interactions and activates the V-ATPase. Mol Biol Cell, 2014. 25(8): p. 1251-62.
15.	Marwaha, R. and M. Sharma, DQ-Red BSA Trafficking Assay in Cultured Cells to Assess Cargo Delivery to Lysosomes. Bio Protoc, 2017. 7(19).
16.	Lazzaroni-Tealdi, E., et al., Oocyte Scoring Enhances Embryo-Scoring in Predicting Pregnancy Chances with IVF Where It Counts Most. PLoS One, 2015. 10(12): p. e0143632.
17.	Bahrami, M. and P.A. Cottee, Culture conditions for in vitro maturation of oocytes–A review. Reproduction and Breeding, 2022. 2(2): p. 31-36.
18.	Tscharke, M., et al., The phosphodiesterase inhibitor, isobutyl-1-methylxanthine prevents the sudden drop in cyclic adenosine monophosphate concentration and modulates glucose metabolism of equine cumulus–oocyte complexes matured in vitro. Journal of Equine Veterinary Science, 2020. 91: p. 103112.
19.	Bellido-Quispe, D.K., et al., Effect of chemical activators after intracytoplasmic sperm injection (ICSI) on embryo development in alpacas. Animal Reproduction Science, 2024. 263: p. 107432.
20.	Nogueira, D., J.C. Sadeu, and J. Montagut. In vitro oocyte maturation: current status. in Seminars in reproductive medicine. 2012. Thieme Medical Publishers.
21.	Wiser, A., et al., How old is too old for in vitro maturation (IVM) treatment? European Journal of Obstetrics & Gynecology and Reproductive Biology, 2011. 159(2): p. 381-383.
22.	Sala, A.J. and R.I. Morimoto, Protecting the future: balancing proteostasis for reproduction. Trends in cell biology, 2022. 32(3): p. 202-215.
23.	Pors, S., et al., Oocyte diameter predicts the maturation rate of human immature oocytes collected ex vivo. Journal of Assisted Reproduction and Genetics, 2022. 39(10): p. 2209-2214.
24.	Gardner, D.K., et al., Analysis of oocyte physiology to improve cryopreservation procedures. Theriogenology, 2007. 67(1): p. 64-72.
25.	Ubaldi, F. and L. Rienzi, Morphological selection of gametes. Placenta, 2008. 29: p. 115-120.
26.	Kolczynska, K., et al., Diacylglycerol-evoked activation of PKC and PKD isoforms in regulation of glucose and lipid metabolism: a review. Lipids in health and disease, 2020. 19: p. 1-15.
27.	Yang, C. and X. Wang, Lysosome biogenesis: Regulation and functions. Journal of Cell Biology, 2021. 220(6): p. e202102001.
28.	Tsukamoto, S. and T. Tatsumi, Degradation of maternal factors during preimplantation embryonic development. Journal of Reproduction and Development, 2018. 64(3): p. 217-222.
29.	Almacellas, E., et al., Lysosomal degradation ensures accurate chromosomal segregation to prevent chromosomal instability. Autophagy, 2021. 17(3): p. 796-813.
30.	Coruhlu, I. and F. Tepekoy, Regulation of proteolysis in bovine cumulus cells with possible inclusion of proton pump activators. Reprod Domest Anim, 2023. 58(7): p. 912-919.
31.	Albertini, D.F., et al., Cellular basis for paracrine regulation of ovarian follicle development. Reproduction, 2001. 121(5): p. 647-653.
32.	Macaulay, A.D., et al., Cumulus cell transcripts transit to the bovine oocyte in preparation for maturation. Biology of reproduction, 2016. 94(1): p. 16, 1-11.

FIGURE CAPTIONS
Figure 1: The rate of oocytes at GV, GVBD and PBE stages among in-vitro matured oocytes for 6 hours (6h), 12 hours (12h), 18 hours (18h) and 24 hours (24h) in the presence of PIP2, PMA and DOG. P1:0,1μM, P2:0,5μM P3:1μM P4:5μM of PIP2;  M1:0,1μM, M2:1μM, M3:10μM, M4:50μM of PMA;  D1:0,1μM, D2:1μM, D3:10μM, D4:50μM of DOG were included in the IVM culture media. YO: Young Oocytes, OO: Old Oocytes cultured without proton pump activators. *(P < 0,05) (One-way ANOVA, Holm Sidak).
Figure 2: Oocyte scores (OS) of oocytes after 6, 12, 18 and 24 hours of IVM. OS was determined by scoring of vacuole content, perivitelline space and zona pellucida integrity. P1:0,1μM, P2:0,5μM P3:1μM P4:5μM of PIP2;  M1:0,1μM, M2:1μM, M3:10μM, M4:50μM of PMA;  D1:0,1μM, D2:1μM, D3:10μM, D4:50μM of DOG were included in the IVM culture media. YO: Young Oocytes, OO: Old Oocytes cultured without proton pump activators.
Figure 3:  DQ-Red BSA fluorescence in young and old control oocytes after 6, 12, 18 and 24 hours of IVM. Fluorescent images were obtained at the time of application (DQ-Red BSA-1) and after a 4-hour culture period (DQ-Red BSA-2).
Figure 4:  DQ-Red BSA fluorescence in PIP2 treated oocytes after 6, 12, 18 and 24 hours of IVM. Fluorescent images were obtained at the time of application (DQ-Red BSA-1) and after a 4-hour culture period (DQ-Red BSA-2). P1:0,1μM, P2:0,5μM P3:1μM P4:5μM of PIP2. *(P < 0,05) (One-way ANOVA, Holm Sidak).
Figure 5:  DQ-Red BSA fluorescence in PMA treated oocytes after 6, 12, 18 and 24 hours of IVM. Fluorescent images were obtained at the time of application (DQ-Red BSA-1) and after a 4-hour culture period (DQ-Red BSA-2). M1:0,1μM, M2:1μM, M3:10μM, M4:50μM of PMA. *(P < 0,05) (One-way ANOVA, Holm Sidak).
Figure 6:  DQ-Red BSA fluorescence in DOG treated oocytes after 6 and 12 hours of IVM. Fluorescent images were obtained at the time of application (DQ-Red BSA-1) and after a 4-hour culture period (DQ-Red BSA-2). D1:0,1μM, D2:1μM, D3:10μM, D4:50μM of DOG. *(P < 0,05) (One-way ANOVA, Holm Sidak).
Figure 7:  Lysotracker fluorescence in young and old control oocytes after 6, 12, 18 and 24 hours of IVM. Fluorescent images were obtained after 30 min. of applying the probe.
Figure 8:  Lysotracker fluorescence in PIP2 treated oocytes after 6, 12, 18 and 24 hours of IVM. Fluorescent images were obtained after 30 min. of applying the probe. P1:0,1μM, P2:0,5μM P3:1μM P4:5μM of PIP2. Different letters mark statistical significance (P < 0.05) (One-way ANOVA, Holm Sidak).
Figure 9:  Lysotracker fluorescence in PMA treated oocytes after 6, 12, 18 and 24 hours of IVM. Fluorescent images were obtained after 30 min. of applying the probe. M1:0,1μM, M2:1μM, M3:10μM, M4:50μM of PMA. Different letters mark statistical significance (P < 0,05) (One-way ANOVA, Holm Sidak).
Figure 10:  Lysotracker fluorescence in DOG treated oocytes after 6 and 12 hours of IVM. Fluorescent images were obtained after 30 min. of applying the probe. D1:0,1μM, D2:1μM, D3:10μM, D4:50μM of DOG. *(P < 0,05) (One-way ANOVA, Holm Sidak).
Figure 11:  Protein carbonylation rates and Western blot bands of oocytes after 6, 12, 18 and 24 hours of IVM. P1:0,1μM, P2:0,5μM P3:1μM P4:5μM of PIP2;  M1:0,1μM, M2:1μM, M3:10μM, M4:50μM of PMA;  D1:0,1μM, D2:1μM, D3:10μM, D4:50μM of DOG were included in the IVM culture media. Y: Young Oocytes, O: Old Oocytes cultured without proton pump activators. *(P < 0,05) (One-way ANOVA, Holm Sidak).

	Table 1. Oocyte diameters (μm) after 6h, 12h,18h and 24h of IVM

	
	6h
	12h
	18h
	24h

	YO
	75.2 ± 1.474b
	76.6 ± 1.077a
	85.7 ± 2.436b
	86.2 ± 1.467b 

	OO
	61.9 ± 3.199a 
	91.1 ± 1.748b 
	88.1 ± 1.464b
	73.8 ± 2.021a

	P1
	83.4 ± 1.447c
	83.2 ± 1.489a 
	73.3 ± 1.557a 
	87.9 ± 1.169bc 

	P2
	80.4 ± 1.249bc
	89.2 ± 1.988b
	77.7 ± 2.825ab
	109.6 ± 1.400d

	P3
	73.4 ± 1.002b
	93.7 ± 1.334b 
	97.4 ± 0.806c 
	92.2 ± 1.373c 

	P4
	80.4 ± 1.013bc
	91.6 ± 2.045b 
	83.6 ± 2.810b 
	

	M1
	90.4 ± 1.267cd
	96.4 ± 6.052b
	80.1 ± 1.048c
	76.9 ± 1.337a

	M2
	94.8 ± 0.964d
	93.5 ± 0.957b
	93.6 ± 1.746e
	79.9 ± 2.002ab

	M3
	89.6 ± 1.077c
	91.3 ± 0.967b 
	73.1 ± 1.923b
	87.3 ± 1.291c 

	M4
	64.1 ± 3.002a
	80.2 ± 1.041a
	51.8 ± 1.873a
	84.5 ± 1.470bc

	D1
	80.5 ± 1.249c
	81.3 ± 1.106cd 
	

	D2
	101.1 ± 0.623e 
	
	
	

	D3
	83.6 ± 2.130d
	
	
	

	D4
	73.5 ± 0.637b 
	
	
	

	Different letters mark statistical significance among the columns (P < 0,05) (One way anova, Holm Sidak method).
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