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Eugenol Improves Follicular Survival and Development During in vitro Culture of Goat Ovarian Tissue
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This study evaluated the effects of different concentrations (10, 20, or 40 μM) of eugenol (EUG 10, EUG 20, or EUG 40), ascorbic acid (50 μg/mL; AA) or anethole (300 μg/mL; ANE 300) on the in-vitro survival and development of goat preantral follicles and oxidative stress in the cultured ovarian tissue. Ovarian fragments from five goats were cultured for 1 or 7 days in Alpha Minimum Essential Medium (α-MEM+) supplemented or not with AA, ANE 300, EUG 10, EUG 20 or EUG 40. On day 7 of culture, when compared to MEM, the addition of EUG 40 had increased the rate of follicular development, as observed by a decrease in the proportion of primordial follicles alongside with an increase in the rate of normally developing follicles. Furthermore, EUG 40 significantly increased both follicular and oocyte diameters. Subsequently, ovarian fragments from three goats were cultured for 1 or 7 days in α-MEM+ supplemented or not with AA, ANE 300 or EUG 40. All tested antioxidants, except ANE 300, were able to significantly decrease the levels of reactive oxygen species in the ovarian tissue, but EUG 40 could most efficiently neutralize free radicals. All ovarian tissues cultured in the presence of antioxidants, especially EUG 40, presented a significant decrease in H3K4me3 labeling, indicating a silencing of genes that play a role in the inhibition of follicular activation and apoptosis induction. When compared to cultured control tissues, both EUG 40 and ANE 300 significantly increased the intensity of calreticulin labeling in growing follicles. The mRNA relative expression of ERP29 and KDM3A was significantly increased when the culture medium was supplemented with EUG 40, indicating a response to ER stress experienced during culture. In conclusion, EUG 40 improved in-vitro follicle survival, activation and development and decreased ROS production, ER stress and histone lysine methylation in goat ovarian tissue.
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INTRODUCTION

The mammalian ovary contains thousands to millions of immature oocytes, of which most (circa 90%) are enclosed in ovarian preantral follicles (PAFs—primordial, primary and secondary ones). Despite this large oocyte population, only around 0.1% will be ovulated; the remaining ones will suffer atresia (1). To safeguard part of the follicular population before degeneration, the in-vitro culture of PAFs has been developed. Such a procedure supports the preservation of genetic material from the farm and endangered animals (2, 3), the treatment of infertility in humans (4) and for the testing of chemical compounds (3, 5–7). Preantral follicles can be cultured in situ (enclosed in ovarian tissue) or in isolated form (8). In-situ culture aims to study the initial development of primordial and primary follicles (2, 8), whereas the culture of isolated follicles can be applied for the study of secondary follicles (8).

In-vitro culture of PAFs enclosed in the ovarian tissue may result in remarkable follicular losses (50–70%), which may be related to the high production of reactive oxygen species (ROS), leading to oxidative stress (9, 10). The ROS are substances normally produced through cellular metabolism and some cellular processes such as oocyte maturation (11), follicular steroidogenesis and ovulation (12). However, in stressful situations, such as under in-vitro culture conditions, the exceeding ROS can cause DNA damage, peroxidation of membrane phospholipids and cell death (13, 14). Oxidative stress will interfere with protein folding, which can be assessed by the activation of chaperones such as calreticulin and endoplasmic reticulum (ER) (15). Epigenetically, the methylation of histone residues plays an important role during folliculogenesis. For instance, oxidative stress interferes with histone methylation (16, 17), and such an effect is also observed during the in-vitro maturation of oocytes (18). The methylation of the histone 3 (H3), such as the methylation of H3K4me3 and H3K9me3, is associated with the activation and the silencing of gene expression, respectively (19, 20), and their demethylation is controlled by the lysine demethylases KDM1AX1 and KDM3A.

To avoid the negative impacts of ROS, antioxidants are added to the culture media. These antioxidants are classified as enzymatic when they are produced by cells (e.g., glutathione) or as non-enzymatic when they are obtained via the diet (e.g., ascorbic acid, anethole). Both ascorbic acid and anethole have previously been tested in the in-vitro culture of PAFs, resulting in a survival rate ranging from 40 to 60% and in follicular activation of around 65% (9, 10). A promising antioxidant that may increase the rate of viable follicles during in-vitro culture is the phenolic compound eugenol, due to its positive results obtained with other cell types (20, 21).

Eugenol is a phenolic compound, chemically designated as 4-allyl-2-methoxy-phenol, commonly known as clove essence because it is present in large quantities in clove essential oil (Eugenia aromatica), which has antimicrobial, anti-inflammatory, antiseptic, antipyretic and antioxidant properties (22). As an antioxidant, eugenol added to the in-vitro culture medium improves the viability (90%) of neuronal stem cells (23) and increases the expression of antioxidant enzymes (reduced glutathione, peroxidase, catalase and superoxide dismutase) in human mononuclear cells (20). Furthermore, eugenol is chemically stable during culture, with direct and indirect effects against ROS (24). Based on a previous study, eugenol supports the viability of bovine large secondary follicles in vitro (25). However, to the best of our knowledge, the effect of eugenol on in-vitro early folliculogenesis, i.e., survival and activation of the primordial follicle and initial growth of these follicles, is still unknown.

Although in-vitro culture of preantral follicles is a promising alternative to understand early folliculogenesis, oxidative stress during culture remains a challenge (9, 10). Based on this, the present study evaluated the effects of adding different concentrations of eugenol on the in-vitro development of goat preantral follicles. Additionally, in-vitro culture was also performed in the presence of the antioxidants commonly added to the medium for the culture of preantral follicles, i.e., anethole 300 μg/mL and ascorbic acid 50 μg/mL. The following endpoints were evaluated: follicular survival, activation, viability methylation profile (H3K4me3 and Calreticulin), gene expression (CAT; ERP29; KDM1AX1 and KDM3A) and antioxidant capacity.



MATERIALS AND METHODS


Chemicals and Media

Unless otherwise mentioned, the culture media, ascorbic acid, anethole, eugenol and other chemicals used in the present experiments were purchased from Sigma-Aldrich (USA).



Source of Ovaries

All procedures were approved by the Ethics and Animal Use Committee of State University of Ceara, Brazil (Protocol N. 05498214/2019). A total of eight ovarian pairs from eight adult crossbred goats (1–3 years old) were collected at a local slaughterhouse. The surrounding fat tissue and ligaments were removed, and the ovaries were washed in 70% alcohol, followed by two washes in minimum essential medium (MEM) plus HEPES (MEM-HEPES). The ovaries were placed into tubes containing 15 mL of MEM-HEPES, supplemented with penicillin (100 μg/mL) and streptomycin (100 μg/mL) and then transported to the laboratory at 4°C within 1 h.



Culture Medium

The basic medium used was α-MEM+ (M5650, pH 7.2 −7.4) supplemented with 1.25 mg/mL bovine serum albumin (BSA), ITS (10 μg/mL insulin, 5.5 μg/mL transferrin, 5 ng/mL selenium), 2 mM glutamine, and 2 mM hypoxanthine, which was also named α-MEM+. Incubation was carried out at 38.5 °C in 7.5% CO2 in air for 1 or 7 days. Fresh media were prepared immediately before use and incubated for 1 h prior to use, with 1 mL in each well. The fragments were individually cultured in a 24-well plate containing 1 mL α-MEM+ culture medium. The culture medium was replaced with fresh medium every 2 days. Each treatment was replicated five times.



Experimental Design

In the laboratory, the ovarian cortex of five ovarian pairs was removed with a sterile scalpel and divided into 14 fragments (3 x 3 x 1 mm). Two fragments were randomly taken and immediately fixed for the non-cultured control treatment as described below. The remaining fragments were randomly distributed (two fragments per treatment) into the six treatments as follows: α-MEM+ (cultured control treatment) either or not supplemented with ascorbic acid 50 μg/mL (AA treatment), anethole 300 μg/mL (ANE 300 treatment), or eugenol at three different concentrations of 10, 20 and 40 μM, which were termed as EUG 10, EUG 20, EUG 40 treatments, respectively. The concentration of ascorbic acid (9), anethole (10), and eugenol (10 μM/mL, 20 μM /mL or 40 μM/mL; 25) were chosen based on previous studies. At the end of each culture period (days 1 and 7), ovarian fragments from each treatment were evaluated for morphology and development (follicular class and growth of follicle and oocyte diameters). In addition, spent culture media at the end of 24 h of culture at day 1 and at day 7 of culture (after medium replacement at day 6) were stored at −80°C for ROS analysis and quantification of thiol groups.

Based on the results of the morphologic analysis, the viability, immunofluorescence detection of histone H3 methylated and calreticulin assays were performed only in the treatments with the concentration of eugenol that maintained follicular morphology and increased follicular activation and diameter. For this, three ovarian pairs collected at a slaughterhouse were prepared in the laboratory as aforementioned and then cut into fragments. One fragment was immediately processed for follicle isolation (fresh control) or fixed, and the remaining fragments were cultured for 7 d in basic culture medium (α-MEM+) in the absence or presence AA, ANE 300 or in the eugenol treatment that provided the best outcome, i.e., a significantly higher percentage of morphologically normal follicles at day 7 of culture when compared with the other treatments.



Morphological Analysis and Assessment of in vitro Follicular Growth

Tissues from all treatments (fresh control or cultured for 1 and 7 days) were fixed in Carnoy's solution for 12 h and were processed for histology. The follicle stage and survival were assessed microscopically on serial sections. Coded anonymized slides were then examined by microscopy (Nikon, Sendai, Japan) at 400 × magnification.

The developmental stages of follicles have been defined as primordial (oocyte surrounded by a few flattened granulosa cells) or developing, i.e., intermediate (oocyte surrounded by flattened and at least one cuboidal granulosa cell), primary (oocyte surrounded by a complete layer of cuboidal granulosa cells), or secondary (oocyte surrounded by two or more complete layers of cuboidal granulosa cells). These follicles were classified as morphologically normal (follicles containing an intact oocyte and granulosa cells well-organized in layers without a pyknotic nucleus) and degenerated follicles (oocyte with a pyknotic nucleus, retracted cytoplasm, or disorganized granulosa cells detached from the basement membrane), as described Silva et al. (26).

Overall, 150 follicles were evaluated for each treatment (30 follicles per treatment in one repetition x 5 repetitions). To calculate follicular activation and growth, only morphologically normal follicles with a visible oocyte nucleus were recorded, and the proportion of primordial and growing follicles was calculated at day 0 and after day 7 of the culture in all treatments. In addition, from the basement membrane, the diameter of each normal oocyte and follicle were measured using a light microscope fitted with an eyepiece micrometer (Zeiss, Cologne, Germany) under 400 × magnification.



Assessment of Preantral Follicle Viability by Trypan Blue

Each ovarian pair of ovaries (n = 3) collected at a slaughterhouse was cut into fragments. Two fragments were immediately processed for follicle isolation (non-cultured tissue), and the remaining fragments were cultured for 7 days in basic culture medium (α-MEM+), and ANE 300 or in the treatment group (40 μM/mL eugenol treatment) that provided the best outcome, i.e., a significantly higher percentage of morphologically normal follicles at day 7 of culture when compared with the other treatments. Goat preantral follicles were isolated from ovarian fragments using the mechanical method and stained with trypan blue as previously described (27). The viability of the isolated preantral follicles was assessed by the trypan blue dye exclusion test. The follicles were examined with an inverted microscope (Nikon, Tokyo, Japan) and classified as nonviable or viable if they were positively or negatively stained with trypan blue, respectively.



Immunofluorescence Detection of Histone H3 Methylated and Calreticulin

The ovarian fragments were fixed with 4% paraformaldehyde in PBS (pH 7.2) for 4 h and later dehydrated, diaphanized, and included in paraffin. Briefly, tissue sections (5 μm) were mounted on Superfrost Plus slides (KnittelGlass, Bielefeld, Germany), dewaxed with Citrisolve (Fisher Scientific, Ottawa, Canada), and rehydrated with increasing ethanol concentration. Antigen recovery was performed by incubating tissue sections in 0.01 M sodium citrate buffer (pH 6) for 5 min under a pressure cooker. After cooling to 37°C, the tissue sections were washed in PBS and blocked for 1 h at room temperature using PBS containing 1% (w/v) BSA. After antigenic recovery, the slides were incubated overnight at 4°C with polyclonal primary antibodies H3K4me3 (Abcam ab8580) and calreticulin (Abcam ab2907). The negative control was obtained by omitting the primary antibodies. Subsequently, the slides were incubated with secondary IgG antibody labeled (Alexa Fluor® 488; Abcam ab150077) for 1 h at room temperature and mounted with Fluoroshield Mounting Medium With DAPI® (Abcam ab104139). Finally, the slides were viewed using a fluorescence microscope (Nikon, Tokyo, Japan) with 20 × magnification. The images were individually saved using a monochrome digital camera to measure fluorescence intensities (FIs). Exposure gains and rates were consistent across samples. The FIs were quantified only in the limited area of normal (n = 230) preantral follicles using the software Image J 1.4.7 (NIH, Bethesda, MD, US). All evaluations were performed by a single operator.



RNA Extraction and Real-Time PCR (QPCR)

Total RNA was isolated from frozen-thawed samples (non-cultured and cultured) using the Trizol® reagent, according to the manufacturer's recommendations (Invitrogen, Carlsbad, CA, USA). Isolated RNA was further purified (PureLink™ RNA Mini Kit; Ambion®, Carlsbad, CA, USA), treated with DNase I, and RNA samples were quantified with a spectrophotometer. Isolated RNA served as a template to synthesize the complementary DNA using the Superscript™ II RNase H-reverse Transcriptase (Invitrogen, São Paulo, SP, Brazil), followed by quantitative polymerase chain reaction (qPCR) in a final volume of 20 μL containing 1 μL of each complementary DNA, one x Power SYBR Green PCR Master Mix (10 μL), 7.4 μL of ultra-purewater, and 0.5 μL (final concentration) of both sense and antisense primers. Primer pairs (sense and antisense) and sequences for target genes are shown in Table 1. Peptidylprolyl isomerase A (PPIA) gene was selected as the endogenous control for normalizing gene expression among samples. The PCR conditions consisted of an initial step for denaturation and polymerase activation for 15 min at 94°C, followed by 40 cycles of 15 s at 94°C, 30 s at 60°C, and 45 s at 72°C. A final extension was performed for 10 min at 72°C. The specificity of each primer set was tested with melting curves that were carried out between 60°C and 95°C. All amplifications were carried out in a Bio-Rad iQ5 (Bio-Rad, Hercules, CA). Data were analyzed using the efficiency-corrected Delta-Delta-Ct method (28). The fold-change values of the genes of interest were normalized using the geometric mean of the fold-change values of a housekeeping gene.


Table 1. Primer pairs used for Real-Time Reverse-Transcriptase PCR analysis.
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Evaluation of the Antioxidant Potential Through Concentration of Reactive Oxygen Species and Quantification of Thiol Groups in the Medium After in vitro Culture

For the quantification of ROS and thiol groups, 60 μL of each spent culture medium was centrifuged (720 × g, 4°C) for 10 min to eliminate cells and cell debris before quantification. The supernatant was used for the analyses.

The concentration of ROS was assessed through the Amplex Red/HRP (Molecular Probes) method which detects the clotting of fluorescent oxidized substances in the reacting mixture. 10 μL of the medium were incubated with SOD (SOD 100 IU/mL; Sigma-Aldrich, St. Louis, MO, USA), the horseradish peroxidase (PRF 0.5 U/ml; Sigma-Aldrich, St. Louis, MO, USA) and AmplexRed (50 M; Sigma-Aldrich, St. Louis, MO, USA). The fluorescence was measured through a microdishes reader (Victor3, Perkin Elmer) at 595 nm of excitation. The levels of ROS were expressed in micromoles of hydrogen peroxide (H2O2).

For the analysis of thiol groups, 60 μL the supernatant of the centrifuged medium was added mixed with 930 μL of 10 mM Tris-HCl, 0.9% NaCl (w/v), pH 7.4 buffer and methanol with an ultra-turrax homogenizer (Jamke & Kunkel IKA Labortechnik, Germany). The quantification of free thiol groups in the medium was performed using 10 μL of dithiolnitrobenzoic acid (DTNB) in a spectrophotometer (Hitachi U-3300). Thiol groups react with DTNB releasing the disulfide joined to the molecule, leading to the formation of 2-nitro-5-benzoato (NTB-) which ionizes the c in aqueous medium with neutral or alkaline pH. The NTB2- is quantified with spectrophotometer at a wavelength of 412 nm.



Evaluation of Antioxidant Capacity by Reducing ABTS and DPPH Free Radicals in the Medium After in vitro Culture

Antioxidant activity was measured in 96-well flat-bottom plates using BIOTEK Elisa reader (model ELX 800, software “Gen5 V2.04.11”). For the ABTS method, ABTS+ solution (7 mM, 5 mL) was mixed with 88 μL of potassium persulfate (140 mM). The mixture was stirred and kept in the dark at room temperature for 16 h. Then, 1 mL of this solution was added to 99 mL of ethanol. In 96-well plates, 300 μL of ABTS solution and 3 μL of the culture medium (sample) were used per well. For the DPPH analysis, the following solutions were used per well: 180 μL of DPPH (2,2-diphenyl-1-picrylhydrazyl) methanolic solution and 20 μL of the culture medium (sample).

The dilutions of samples and positive standards used in the quantitative microplate evaluations, starting from a stock solution with a concentration of 20 mg/mL were: 200 μg/mL, 100 μg/mL, 50 μg/mL, 25 μg/mL, 12.5 μg/mL, 6.25 μg/mL, 3.12 μg/mL, 1.56 μg/mL, and 0.78 μg/mL.

The absorbance for the ABTS method was measured at 630 nm up to a total of 10 min of incubation. As a negative standard, all solutions except the sample were used. For DPPH, the absorbance was measured at 490 nm for a total of 60 min of incubation.

The results were expressed as a percentage of inhibition and calculated according to the following formula:

[image: image]

AC: Absorbance of the ABTS or DPPH control at time 0.

AS: Absorbance of the sample containing ABTS at time 6 and 10 min or DPPH at time 60 min.



Statistical Analysis

Statistical analysis was carried out using Sigma Plot 11 (Systat Software Inc., USA). The normality (Shapiro-Wilk test) and homogeneity of variance (Levene's test) were initially evaluated. All parameters were analyzed with one-way ANOVA followed by Kruskal-Wallis and Mann-Whitney tests, when appropriate. Data are reported as mean (±SEM). Values with P < 0.05 were considered statistically significant.




RESULTS


Follicle Survival Before and After Culture

A total of 2,632 preantral follicles were analyzed by classical histology. Representative images of the follicles after 7 days of culture are shown in Figure 1. The percentages of morphologically normal preantral follicles in each follicular category (primordial, intermediate and primary follicles) in the non-cultured control and after 1 or 7 days of in-vitro culture in all treatments are shown in Table 2. After 1-day culture, a significant reduction in the percentage of normal follicles was observed when compared to the control, except for primordial follicles cultured in the presence of EUG 20 or EUG 40, intermediate follicles cultured in the presence of ANE 300 or EUG 40 and growing follicles cultured in the presence of EUG 40. A significant decrease in the percentage of normal primary follicles was observed only when culture was performed for 1-day in the presence of ANE 300. On day-7 of in-vitro culture, except for the culture in the presence of ANE 300, a significant decrease in the percentage of normal primordial follicles was observed, whereas a decrease in the percentage of normal primary follicles was observed only when culture was performed in the presence of EUG 10. Although in-vitro culture decreased the morphology of growing follicles, the significantly highest percentages of normal growing follicles were observed after culture in the presence of EUG 40 and ANE 300. Moreover, a lower rate of normal primordial follicles was observed at day 7 when compared with day 1 when culture was performed in the presence of EUG, regardless of the tested concentration.


[image: Figure 1]
FIGURE 1. Representative images showing histological aspects of morphological normal preantral follicles before culture (A) and after culture in the absence of antioxidants (B), degenerated follicles when cultured in the absence of antioxidants (B.1), and normal follicles when cultured in a medium supplemented with EUG 10 (C), or AA (D), or EUG 20 (E), or ANE 300 (F,F.1), or EUG 40 (G). Bar 50 μm. Staining: Periodic Acid-Schiff (PAS) and hematoxylin. Assessment of the viability of preantral follicles using trypan blue staining after 7-days culture. Viable (H) and non-viable (I) isolated preantral follicle after in vitro culture in α-MEM+. O, Oocyte; GC, Granulosa cells. Scale bar 20 μm.



Table 2. Mean (±SEM) percentage of morphologically normal preantral follicles in each follicular category non-cultured ovarian tissue (control) and tissue cultured for 1 or 7 days in control medium without or with ascorbic acid 50 μg/mL (AA), anethole 300 μg/mL (ANE 300) or eugenol at 10 (EUG 10), 20 (EUG 20) or 40 μM/mL (EUG 40).
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Distribution Rates of Morphologically Normal and Degenerated Preantral Follicles (Primordial and Growing) Before and After in vitro Culture

The proportions of morphologically normal primordial (Figure 2A) and growing follicles (intermediate + primary—Figure 2B) as well as degenerated primordial (Figure 2C) and growing (Figure 2D) follicles were determined in non-cultured ovarian tissue or in tissues cultured for 1 or 7 days. Regardless of the cultured treatment, from day 1 to day 7, there was a significant reduction in the percentage of normal primordial follicles, with a concomitant increase in the percentage of normally growing follicles. On days 1 and 7 of in-vitro culture, a decrease in the percentage of normal preantral follicles was observed in all treatments, except on day 1, when tissue was cultured in the presence of EUG 40. On day 7, medium supplementation with EUG 40 resulted in a decreased rate of normal primordial follicles together with the highest percentages of normally developing follicles.


[image: Figure 2]
FIGURE 2. Mean (±SEM) percentage of normal (A,B) and degenerated (C,D) primordial and growing follicles in non-cultured ovarian tissue (control) and tissue cultured for 1 or 7 days in control medium with or without supplementation with ascorbic acid 50 μg/mL (AA), anethole 300 μg/mL (ANE 300), or eugenol at 10 (EUG 10), 20 (EUG 20) or 40 μM/mL (EUG 40). A−FDiffers significantly among treatments (P ≤ 0.05). 1−2Differs significantly between days of culture within the same treatments (P ≤ 0.05).




In vitro Growth of Preantral Follicles and Oocytes

The follicular and oocyte diameters in the non-cultured control treatment and after 1 or 7 days of culture are shown in Tables 3, 4, respectively. When compared to the non-cultured control, smaller follicular diameters were obtained when cultured in the presence of MEM alone (primordial—day 7, intermediate—days 1 and 7) or supplemented with AA (primordial and primary—day 7, and intermediate—days 1 and 7), ANE 300 and EUG 10 (primordial, intermediate and primary—day 7), EUG 20 (primordial, intermediate and primary—days 1 and 7) and EUG 40 (primordial—day 1). Moreover, the intermediate follicles from the EUG 40 presented a greater diameter than the non-cultured control group (Table 3). Regarding the oocyte diameter, regardless of the follicular category and the day of culture, the lowest diameters were obtained in groups grown in vitro in the absence or presence of antioxidants, except for the EUG 40 treatment. In this treatment, regardless of the follicular category, oocyte diameter was significantly higher than in the non-cultured control (Table 4). In general, in the tested treatments, a reduction in follicular and oocyte diameter was observed from day 1 to day 7 only in primordial and intermediate follicles. However, the EUG 40 treatment was the only treatment in which both follicular and oocyte diameters were increased significantly throughout the culture, regardless of the follicular category (Tables 3, 4). When compared to MEM, after 7 days of culture, except for the primordial follicle category in AA treatment, the addition of AA, ANE and EUG (regardless of the concentration) resulted in primordial, intermediate and primary follicles with significantly greater diameters. Concerning oocyte diameter, the addition of AA (only for intermediate follicle), ANE (primordial and intermediate follicles), EUG 10 and 20 (only for intermediate follicles) and EUG 40 (primordial, intermediate and primary follicles) significantly increased oocyte diameter after 7 days of culture. When the tested antioxidants were compared, except for the oocyte diameter of primary follicles, greater follicular and oocyte diameters were observed after 7 days of culture when EUG at 40 μM was added to the culture medium. Considering primary follicles, after 7 days of culture, a greater oocyte diameter was observed in the EUG 40 treatment when compared to the AA treatment (P < 0.05).


Table 3. Mean (±SEM) follicular in non-cultured ovarian tissue (control) and tissue cultured for 1 or 7 days in control medium without or with ascorbic acid 50 μg/mL (AA), anethole 300 μg/mL (ANE 300) or eugenol at 10 (EUG 10), 20 (EUG 20) or 40 μM/mL (EUG 40).
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Table 4. Mean (±SEM) oocyte diameter in non-cultured ovarian tissue (control) and tissue cultured for 1 or 7 days in control medium without or with ascorbic acid 50 μg/mL (AA), anethole 300 μg/mL (ANE 300) or eugenol at 10 (EUG 10), 20 (EUG 20) or 40 μM/mL (EUG 40).
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In the present study, the follicular and oocyte diameters were compared among the follicular categories, i.e., primordial, intermediate and primary follicles within the same treatment and day of culture (Table 3). Except for the MEM treatment, when similar (P < 0.05) follicular (day 7) and oocyte (days 1 and 7) diameters were observed between primordial and intermediate follicles, a significant and progressive increase in follicular and oocyte diameter was observed from the primordial to the primary follicle category both in the non-cultured control and in the cultured treated groups, regardless of the day of culture.



Assessment of Follicle Viability After Culture

Follicles were classified as viable (Figure 1H) or non-viable (Figure 1I) if they were negatively or positively stained with trypan blue, respectively. After 7 days of culture, the percentages of viable follicles were similar among MEM (68.6%) ANE 300 (75.0%), AA (65.7%), and EUG 40 (83.9%) treatments. However, lower rates of viable follicles were observed in MEM and AA treatments than in the non-cultured control (88.2%) (Figure 3).


[image: Figure 3]
FIGURE 3. Percentages of viable goat preantral follicles in the non-cultured control group and after 7 days in control medium with or without ascorbic acid 50 μg/mL (AA), anethole 300 μg/mL (ANE 300) or eugenol 40 μM /mL (EUG 40). A, BDifferent superscripts in a row indicate significant differences among treatments (P ≤ 0.05).




Antioxidants Test

The quantification of H2O2 production and thiol groups was performed after 7 days of culture (Figure 4). In all treatments, H2O2 production was similar, except when EUG 40 was added to the medium, which resulted in a decrease in H2O2 production. No differences were observed when comparing thiol levels.
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FIGURE 4. Mean (±SEM) levels of H2O2 production [microM; (A)] and reactive protein thiol (mmol reduced DTNB/mg protein) (B) in ovarian tissue cultured for 7 days. A, BDifferent superscripts in a row indicate significant differences among treatments (P ≤ 0.05).


The neutralizing capacity against ABTS and DPPH on day 7 is shown in Figure 5. All tested antioxidants, except ANE 300, were able to significantly decrease the levels of ABTS and DPPH when compared to the control. The highest capacity to neutralize free radicals was observed with EUG 40, whereas AA was similar to EUG 20 and 40.
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FIGURE 5. Mean (±SEM) reduction of ABTS (A) and DPPH free radical (B) levels after exposure to culture medium without or with supplementation with ascorbic acid 50 μg/mL (AA), anethole 300 μg/mL (ANE 300) or eugenol 40 μM /mL (EUG 40). Culture medium collected at day 7 of culture. A−DValues with different superscripts differ among treatments (P ≤ 0.05).




Immunofluorescence Detection of H3K4me3 and Calreticulin

Representative staining images of H3K4me3 (Figures 6A–F) and calreticulin (Figures 6G–L) follicles after 7 days of culture are shown. The labeling intensity of H3K4me3 after 7 days of in-vitro culture is shown in Figure 6M. All cultured tissues presented a similar intensity of H3K4me3 labeling, regardless of the follicular class, except when the ovarian tissue was cultured in the presence of EUG 40, resulting in a significant decrease of H3K4me3 labeling. All ovarian tissues cultured in the presence of antioxidants, especially EUG 40, presented a significant decrease in H3K4me3 labeling.


[image: Figure 6]
FIGURE 6. Immunofluorescence results showing the mean (±SEM) levels of H3K4me3 (A–E) and calreticulin (G–K), negative control with DAPI (F,L), quantification of H3K9me3 (M) and of calreticulin (N) signals in non-cultured ovarian tissue and tissue cultured for 7 days in medium without or with ascorbic acid 50 μg/mL (AA), anethole at 300 μg/mL (ANE 300) or eugenol 40 μM/mL (EUG 40). (Scale bar = 20 μm). A−FDifferent superscripts indicate significant differences among treatments (P ≤ 0.05). +Differs significantly between follicular category within in the same treatments (P ≤ 0.05).


Figure 6N shows the labeling intensity for calreticulin after 7 days of in-vitro culture. Only culturing of primordial and growing follicles in the presence of EUG 40 resulted in a labeling intensity similar to that observed in the non-cultured tissue. When compared to cultured control tissues, both EUG 40 and ANE 300 significantly increased the labeling intensity of calreticulin in growing follicles. Such effect was observed in all follicular categories when EUG 40 was added to the culture medium.



Relative Gene Expression

Figure 7 depicts the mRNA expression of the markers CAT (7A), ERP29 (7B), KDM1AX1 (7C) and KDM3A (7D). The mRNA expression of CAT was not affected by the treatments, whereas the mRNA relative expression of ERP29 and KDM3A was significantly increased when the culture medium was supplemented with EUG 40. The mRNA relative expression of KDM1AX1 was significantly increased when the culture medium was supplemented with EUG 40 or ANE 300.
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FIGURE 7. Mean (±SEM) relative mRNA expression of genes involved in cellular stress [CAT (A) and ERP29 (B)] and methylation [KDM1AX1 (C) and KDM3A (D)] in goat preantral follicles in the non-cultured control group and after 7 days in control medium without or with supplementation of 50 μg/mL of ascorbic acid (AA) or anethole at 300 μg/mL (ANE 300) or eugenol 40 ng/mL (EUG 40). A, BDifferent superscripts indicate significant differences among treatments (P ≤ 0.05).





DISCUSSION

The present study investigated the effects of eugenol (10, 20, and 40 uM), ascorbic acid (50 μg/mL) and anethole (300 μg/mL) on the in-vitro culture of caprine preantral follicles enclosed in ovarian tissue. In general, EUG 40 improved follicle survival, activation, and both follicular and oocyte growth and decreased ROS production and histone methylation in ovarian tissue after 7 days of culture.

During the first day of culture, only EUG 40 maintained follicular survival similar to non-culturedtissue, regardless of the follicular class, whereas ANE 300 maintained the morphology of intermediate follicles. Regardless of the treatment, 7-day in-vitro culture decreased the survival rates of the primordial, intermediate and growing follicles, except for ANE 300, which preserved the morphology of primordial and primary follicles. Only medium supplementation with EUG 40 or ANE 300 enhanced the survival rates of growing follicles. In-vitro culture of ovarian follicles enclosed in ovarian tissue requires a medium that supports the maintenance of the ovarian cortex, because stromal cells support the follicular development (29, 30). Sá et al. (10) demonstrated that anethole can support the maintenance of follicular morphology after 7 days of culturing by decreasing the ROS production. The antioxidant capacity of eugenol was confirmed by its ability to decrease the H2O2 production. Eugenol not only decreases the excess of ROS (24) but also enhances the activity of enzymatic antioxidants (25). Ighodaro and Akinloye (31) showed that eugenol mitigates the effects of H2O2 via the regulation of glutathione peroxidase levels. Furthermore, eugenol inhibits iron oxidation, regulating superoxide and hydroxyl levels (22, 23). In the present study, eugenol was able to decrease the levels of both ABTS and DPPH after a 7-day culture, indicating that this antioxidant has a long-term effect in culture. Chemically, eugenol is more stable and has a more long-term activity than anethole because of the presence of a –OH group in its aromatic ring (24). Such chemical stability is also found in ascorbic acid, and its antioxidant activity was previously compared with that of eugenol (32). However, when culturing ovarian tissue, we could not observe similar effects when comparing both antioxidants.

The mRNA relative expression of ERP29 and the increased expression of the protein calreticulin were observed in the tissue cultured in the presence of EUG 40, indicating that this antioxidant was protecting the follicles from ER stress. This was confirmed by a decrease in ROS production. The EPR29 regulates the connexin 43 in the Golgi complex, stabilizing these monomers (33). Connexins are membrane proteins that play a role in intercellular communication, allowing the transfer of ions, such as AMPc (34, 35). Tokuhiro et al. (36) demonstrated that calreticulin regulates the folding of the proteins Growth and Differentiation Factor 9 (GDF9) and Bone Morphogenetic Protein 15 (BMP15) in the ER. Both GDF9 and BMP15 are involved in the survival and growth of oocytes and follicles (17, 37, 38).

The addition of EUG 40 to the control medium improved follicular development after a 7-day culture. Besides the ability of eugenol to stimulate the production of antioxidant substances (glutathione peroxidase, superoxide dismutase and glutathione-S-transferase), this compound also enhances the synthesis of the protein zona occludens (39) and decreases the expression of interleukin-6 (IL-6) and Tumor Necrosis Factor-alpha (TNF-alpha) (21). The zona occludens proteins are present in developing follicles, favoring the antrum formation and the subsequent follicular development (36). Silva et al. (40) showed that during the initial folliculogenesis, TNF-α increases the number of apoptotic cells in cultured bovine ovarian tissue, and Manabe et al. (41) observed an impaired survival of primordial follicles.

The H3 is one of the constituents of the nucleosome protecting the DNA; the methylation of these proteins is associated with a decreased or increased transcription (42). In the present study, we evaluated the expression of markers for the two enzymes lysine demethylase, responsible for the removal of methyl radicals from the H3, KDM3A, and KDM1AX1. The KDM3A decreases gene silencing, including those related to the inhibition of primordial follicle activation and the induction of apoptosis (43–45). The relative mRNA expression levels for KDM3A and KDM1AX1 were increased in anethole and EUG 40 treatments when compared to the non-cultured control. However, EUG 40 was the only treatment that decreased H3K4me3 expression. Therefore, we suggest that the higher rates of follicle survival and activation observed in the EUG 40 may be explained by the silencing of pro-apoptotic genes as well as genes related to the maintenance of primordial follicle quiescence. To date, studies have shown that decreased H3K4me3 levels lead to a reduction in the expression levels of pro-apoptotic genes [Bax, Bad and Bid (44, 45)].

In conclusion, eugenol at 40 μM improved follicle survival, regardless of the follicular class, at day 1 of culture. At day 7, EUG 40 was the most efficient supplement to improve the survival of growing follicles and protected the ovarian tissue against ROS, ER stress as well as histone lysine methylation.
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