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HIGHLIGHTS

e Grape residue extract maintains survival, follicular development and GSH levels.
e Grape residue extract (0.4 mg/mL) improves mitochondrial activity.

e Grape residue extract (0.4 mg/mL) promotes meiotic resumption.

e Grape extract can be an alternative supplement for the in vitro oocyte development.

Abstract: Oxidative stress resulting from the inherent conditions of in vitro culture can compromise oocyte
quality. In this regard, there is a growing interest in the use of natural products to prevent oxidative damage
and to promote in vitro follicular development. This study was conducted to evaluate the effects of the addition
of acidified extract of grape industrial residue (Vitis vinifera cv. Syrah) as a supplement to the base medium
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for in vitro culture of isolated sheep secondary follicles. Secondary follicles were isolated and cultured for 12
days in a-MEM* (control medium) or in a-MEM* supplemented with different grape residue extract
concentrations (0.1, 0.2, or 0.4 mg/ml). Follicular morphology, antrum formation, follicular and oocyte
diameter, glutathione (GSH) levels, mitochondrial activity, DNA fragmentation and meiotic resumption were
evaluated. After 12 days of culture, there was no difference (P >0.05) among the treatments in relation to
morphology, antral cavity formation, follicular diameter, DNA fragmentation and the percentage of fully grown
oocytes (= 110 ym). Furthermore, the GSH levels were similar (P >0.05) among the a-MEM?*, 0.2, and 0.4
mg/ml grape residue extract groups at the end of culture. Nevertheless, oocytes from secondary follicles
cultured in 0.4 mg/ml grape residue extract showed higher (P <0.05) mitochondrial activity and greater meiotic
resumption than oocytes cultured in the control medium. In conclusion, supplementation with 0.4 mg/ml grape
residue extract maintained survival, improved mitochondrial activity, and promoted the meiotic resumption of
oocytes from sheep secondary follicles cultured in vitro.

Keywords: Antioxidant; In vitro culture; Ovine; Preantral follicle; Oxidative stress.

INTRODUCTION

In vitro culture systems of preantral follicles are important to study early follicular biology [1], and to
provide many oocytes that will be used for in vitro maturation (IVM) and fertilization [2]. However, oxidative
stress caused by in vitro conditions may result in poor-quality oocytes [3,4]. In this context, there is a growing
interest in the use of natural products to prevent oxidative damage and to promote follicular development in
vitro. Herbal extracts with antioxidant properties have been successfully used as media or supplements for
media to culture ovarian tissue and secondary follicles. Examples include Amburana cearensis [5,6], Morus
nigra [7], and Justicia insularis [8].

Vitis vinifera, commonly known as grapevine, is a perennial woody climbing plant native to a broad region
encompassing the Mediterranean Basin, Southern Europe, and Western Asia. It is currently cultivated
throughout the world for the production of wine, juice and table grapes [9,10]. During industrial processing,
large amounts of by-products, mainly skins and seeds, are generated and represent a rich source of
structurally diverse phytochemicals. These residues contain protein, carbohydrates (fructose, glucose) lipids
(monounsaturated fatty acids), minerals (iron, zinc), vitamins (vitamin C and E), and bioactive compounds
(flavonoids, phenolic acids) with important biological properties, such as anti-inflammatory, anticancer, anti-
aging, and antioxidant [9,11,12]. Grape residues can be applied in the pharmaceutical, food, and cosmetic
industries to produce beneficial effects on human and animal health [13,14]. Supplementation of ewe diets
with grape residue flour resulted in greater antioxidant and anti-inflammatory responses, improved milk
production and quality, and reduced somatic cell count and lipid peroxidation compared with the control group
[15,16]. In suckling lambs, supplementation with grape residue flour increased weight gain, enhanced
glutathione S-transferase (GST) activity, and significantly reduced levels of reactive oxygen species (ROS).
In addition, there was an improvement in immune function, evidenced by elevated serum immunoglobulins
and reduced ceruloplasmin concentrations [57].

The health benefits of grape residues are mainly derived from its phenolic compounds with antioxidant
properties, including resveratrol, rutin, procyanidins B1 and B2, gallic acid, and p-coumaric acid [17]. These
compounds can scavenge reactive oxygen species (ROS), increase the activity of antioxidants, and attenuate
mitochondrial damage, thus preventing cellular death from oxidative stress [18-20]. In vitro studies have
demonstrated that some of these compounds induce the activation of primordial follicles (resveratrol: [21];
rutin: [22]); enhance the development of sheep secondary follicles (resveratrol: [23]; rutin: [24]; gallic acid:
[25]); and improve IVM of porcine, murine, and human oocytes (resveratrol: [26]; procyanidin B1: [27]).
However, supplementation of the culture medium of ovarian follicles with grape residue has not yet been
studied. The aim of the present study was to evaluate the effect of the supplementation of base culture
medium with acidified extract of industrial grape residue on the survival, development and meiotic resumption
of oocytes from sheep secondary follicles cultured in vitro.

MATERIAL AND METHODS

Unless indicated otherwise, the media, supplements, and chemicals used in the present study were
purchased from Sigma Chemical Co. (St. Louis, MO, USA).
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Plant material and extract preparation

Industrial grape residues were collected from Santa Maria Winery, SA, Rural Zone, in the city of Lagoa
Grande, Pernambuco (9°03'35.0"S, 40°11'32.1"W). To obtain the acidified ethanolic extract of grape residue
(V. vinifera cv. Syrah), the plant material was dried at 42 + 2 °C for 72 h. Then, the dry material was pulverized
and subjected to fractional maceration with acid aqueous ethanol (ethanol:water:acetic acid: 70:30:1 [v/v/V])
with a solid:solvent ratio of 1:10. Five extractions were performed at 72-h intervals. The solution was filtered
and concentrated on a SL-126 rotary evaporator (SOLAB Scientific, Sdo Paulo, Brazil) under a vacuum at
50 £ 2 °C. After evaporation of the solvent, the grape residue extract was diluted in a-minimum essential
medium (a-MEM), corresponding to concentrations of 0.1, 0.2, or 0.4 mg/ml. The extract was stored at 4°C
until further use. The characterization of the chemical constituents present in the grape residue extract was
performed using HPLC-DAD-ESI-QTOF-MS/MS (supplementary material).

Source of ovarian tissue

Ovaries (n = 60) from 30 adult mixed-breed sheep (1-4 years old) were collected at a slaughterhouse
and used for in vitro culture with different grape residue extract concentrations (n = 30 ovaries) and for in
vitro maturation of oocytes from in vitro grown secondary follicles (n = 30 ovaries). Immediately after
slaughter, the ovaries were removed and washed once in 70% alcohol and then twice in 0.9% saline solution
supplemented with antibiotics (100 pg/ml penicillin and 100 pg/ml streptomycin). The ovaries were
transported within 1 h to the laboratory in tubes containing 0.9% saline solution with antibiotics at 4°C [25].

Isolation, selection, and culture of secondary follicles

Isolation, selection, culture, and follicle evaluation were performed as described previously by [25].
Secondary follicles were obtained from ovarian cortical tissue. To this end, ovarian cortical slices (1-2 mm
thick) were cut from the collected ovaries and subsequently placed in a holding medium consisting of a-MEM
with HEPES and antibiotics (100 ug/mL penicillin and 100 ug/ml streptomycin). Secondary follicles (240-260
Mm) were examined under a stereomicroscope (Nikon, Tokyo, Japan) and mechanically isolated by
microdissection using 26-gauge (26G) needles. Approximately 15 secondary follicles were isolated from each
pair of ovaries, resulting in a total of about 200 follicles used for in vitro culture. After isolation, all follicles
were pooled and randomly distributed among the experimental groups, with around 50 follicles assigned to
each of the four treatments. The follicles selected for the in vitro culture had an intact basement membrane,
two or more layers of granulosa cells, and a visible and healthy oocyte that was round and centrally located
within the follicle, without any dark cytoplasm.

The follicles were cultured individually in 100-pl droplets of culture medium with mineral oil in Petri dishes
(60 x 15 mm, Corning, USA) at 39°C under 5% CO- for 12 days. The base control medium consisted of a-
MEM (pH 7.2-7.4) supplemented with 3.0 mg/ml bovine serum albumin (BSA), 10 ng/ml insulin, 2 mM
glutamine, 2 mM hypoxanthine, 5.5 pg/ml transferrin, 5.0 ng/ml selenium, and 50 pg/ml ascorbic acid; this
medium is referred to as a-MEM®. The selected follicles were cultured in a-MEM™* or a-MEM™* supplemented
with different grape residue extract concentrations (0.1, 0.2, or 0.4 mg/ml). These grape residue extract
concentrations were selected based on previous studies demonstrating that similar concentration ranges of
plant-derived polyphenolic extracts support the development of secondary follicles in small ruminants (sheep:
A. cearensis [6], M. oleifera [61]; goats: A. cearensis [5]) without inducing cytotoxic effects. In addition, grape
seed extract has been shown to exert beneficial effects on sheep embryo development within comparable
concentration ranges [28]. Every 2 days, 60 ul of the culture medium was replaced with fresh medium in each
droplet.

Morphological evaluation of follicle development

Follicular morphology was assessed on days 0, 6, and 12 of culture. Only follicles showing an intact
basement membrane, bright and homogeneous granulosa cells, and the absence of morphological
indications of atresia were classified as morphologically normal follicles. Atretic follicles contained an oocyte
with dark cytoplasm and/or surrounding granulosa cells or an abnormally shaped oocyte. The percentage of
morphologically normal follicles was calculated as the number of normal follicles divided by the total number
of cultured follicles (x100). Similarly, the percentage of atretic follicles was calculated as the number of atretic
follicles relative to the total number of cultured follicles (x100). Furthermore, the following endpoints were
assessed in the morphologically normal follicles: antral cavity formation, defined as the emergence of a visible
translucent cavity within the granulosa cell layers, which was calculated as the number of follicles exhibiting
an antral cavity divided by the total number of cultured follicles (x100); diameter, which was measured from
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the basement membrane using a pre-calibrated ocular micrometer attached to a stereomicroscope (Nikon)
at 100x magnification; the daily growth rate, calculated as the diameter of normal follicles at day 12 minus
the diameter of follicles at day 0 divided by the number of days of culture (12 days); and the general growth
rate, calculated as the average diameter increase in normal follicles between days 0 and 12 of culture. At the
end of the culture, the follicles with normal morphological features were carefully and mechanically opened
with 26G needles using a stereomicroscope for oocyte recovery. The percentage of fully grown oocytes (i.e.,
oocyte = 110 ym) was calculated as the number of acceptable quality oocytes (= 110 um) recovered from
the total number of cultured follicles (x 100).

Assessment of the glutathione (GSH) levels and mitochondrial activity

After 12 days of culture, from the 200 follicles cultured, approximately 40 oocytes per treatment were
obtained. The recovered oocytes were then used to evaluate intracellular GSH levels and mitochondrial
activity as described previously [25]. Briefly, oocytes were incubated in the dark for 30 min in phosphate-
buffered saline (PBS) supplemented with 10 mM 4-chloromethyl-6.8-difluoro-7-hydroxycoumarin
(CellTracker® Blue; Invitrogen Corporation, Carlsbad, CA, USA) and 100 nM MitoTracker Red (MitoTracker®
Red, CMXRos, Molecular Probes, Melbourne, Australia) at 39 °C to detect the GSH level and mitochondrial
activity as blue and red fluorescence, respectively. After incubation, the oocytes were washed with PBS, and
the fluorescence was observed using an epifluorescence microscope with UV filters (370 nm for GSH and
579 nm for mitochondrial activity). The fluorescence intensities were analyzed using Image J software
(National Institutes of Health, Bethesda, MD, USA) and normalized to oocytes cultured in a-MEM".

Detection of DNA fragmentation with the terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) assay

Additional pairs of sheep ovaries (n = 30 ovaries) were collected, washed, transported to the laboratory,
and the follicles were cultured (approximately 60 follicles per group) as described previously for 12 days in
a-MEM?* or in a-MEM* containing 0.4 mg/ml of grape residue extract (the concentration that produced the
most desirable outcomes). At the end of culture, approximately 50 oocytes per treatment were recovered
from the follicles and submitted to the TUNEL assay as described previously [29]. Briefly, after in vitro culture,
oocytes were washed three times in 50-ul drops of polyvinylpyrrolidone (PVP)/PBS solution. Thereafter, they
were fixed in 4% paraformaldehyde for 1 h at room temperature, washed three times in 50-pl drops of
PVP/PBS, and incubated in 100-ul drops of permeabilizing solution (0.1% [v/v] Triton X-100 in 10 mM PBS)
for 3 h at room temperature. Positive and negative controls were incubated in 100-pl drops containing DNase-
free RNase (Invitrogen Corporation) at 37 °C for 1 h and washed three times in 50-pl drops of PVP/PBS. The
TUNEL assay solution was prepared about 15 min prior to use and kept at 4 °C as recommended by the
manufacturer (In Situ Cell Detection Kit, Fluorescein: Boehringer Mannheim/Roche Diagnostics). To this end,
12.5 ul terminal deoxynucleotidyl transferase enzyme and 112.5 ul of marker solution of 2-deoxyuridine
triphosphate 5-FITC were combined. The experimental groups and the positive control were incubated with
15 ul of this solution for 1 h at 37°C in a moist chamber in the dark. The negative control was incubated with
15 ul of the marker solution alone. Oocytes were washed three times in 50-ul drops of PVP/PBS and
incubated in drops containing 10 mM Hoechst 33342 for 15 min at room temperature in the dark. Oocytes
were washed in PVP/PBS, and slides were prepared for evaluation using an epifluorescence microscope
(Nikon E200, Tokyo, Japan) at 400x magnification. DNA fragmentation was observed as green fluorescence.
The percentage of the TUNEL positive oocytes was calculated as the number of oocytes with fragmented
DNA out of the total number of oocytes (x 100).

Maturation of oocytes from in vitro—grown secondary follicles

In vitro maturation (IVM) was performed in the oocytes derived from in vitro grown secondary follicles
after 12 days of culture in a-MEM™ (control medium) or the treatment that yielded the best results (medium
containing 0.4 mg/ml of grape residue extract). For IVM, additional pairs of ovine ovaries (n = 30 ovaries)
were collected, washed, transported to the laboratory, and approximately 200 secondary follicles were
cultured as described above. After 12 days of culture, the cumulus-oocyte complexes (COCs) were
mechanically collected with 26G needles using a stereomicroscope. Only oocytes = 110 ym of diameter with
a homogeneous cytoplasm and surrounded by at least one compact layer of cumulus cells were selected for
IVM. The COCs were transferred to 100-ul drops of maturation medium composed of tissue culture medium
199 (TCM 199) supplemented with 10% fetal calf serum (FCS), 1 pg/ml follicle-stimulating hormone (human
recombinant FSH, Gonal-F, Serono Laboratérios, Sao Paulo, Brazil), and 1 ug/ml luteinizing hormone (LH,
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ovine pituitary), and incubated for 24 h at 39 °C in 5% CO. in air [30]. After IVM, the oocytes were denuded
and incubated in PBS drops containing 10 mM Hoechst 33342 for 15 min at room temperature in the dark
and visualized using a fluorescence microscope (Nikon). The chromatin configuration was analyzed and
classified as intact germinal vesicle (GV), meiotic resumption (including germinal vesicle breakdown [GVBD]
and metaphase | [MI]) or nuclear maturation (metaphase Il [MII]).

Determination of total phenolic content (TPC)

Total phenolic content was determined according to [31], with some modifications. Appropriate dilutions
of the samples were prepared with water in test tubes, to an aliquot of 0.5 mL were added 2.5 mL of Folin-
Ciocalteu reagent (diluted 1:10 with water) and 2 mL of Na>COs3 solution (7, 5%). The reaction occurred at
50 °C for 15 min and the absorbance was measured at 760 nm. The total phenolic content was measured
using a gallic acid standard and expressed as mg of gallic acid/g (GAE/qg).

Antioxidant activity by scavenging the DPPH (2,2-diphenyl-1-picrylhydrazyl) radical

The free radical scavenging activity was measured by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay
[32] with some modifications. 100 uL of samples were added to 3,900 yL of DPPH solution (60 uM in
methanol). After incubation at 37°C for 10 min, the absorbance was measured at 515 nm. The Trolox was
used as standard, and the results were expressed as mg Trolox/g of sample.

Statistical analysis

All statistical analyses were performed using BioEstat 5.3. The data for follicular survival, antrum
formation, and fully grown oocytes after culture are expressed as percentages and were compared with the
chi-square test. The data for follicular diameter, growth rates, GSH levels and mitochondrial activity were
expressed as means and standard error of the mean (SEM) and then submitted to the D'Agostino test to
verify the normal distribution, followed by the Kruskal-Wallis and Student-Newman-Keuls tests for
comparisons. The data regarding meiotic resumption after IVM are expressed as percentages and were
compared with Chi-squared test. P <0.05 was considered to indicate a statistically significant difference.

RESULTS

Follicular morphology and development after culture

Follicular morphology was assessed throughout the culture period to verify the structural integrity of the
follicles, a direct marker of their viability. The normal secondary follicles showed centrally located oocytes
and granulosa cells with normal morphology (Figure 1A). At day 6 of the culture, antral (Figure 1B) and atretic
(Figure 1C) follicles could be observed. At the end of the culture, the percentage of morphologically normal
follicles did not differ (P >0.05) among the treatment groups (93.3%, 92.6%, 97.7%, and 92.6% for a-MEM"*,
0.1, 0.2, and 0.4 mg/ml grape residue extract, respectively) (Figure 2).

Figure 1. (A) Sheep secondary follicle with nhormal morphology at day 0 of culture. (B) antral follicle after 6 days of
culture in 0.4 mg/ml acidified extract of industrial residue of grape and (C) atretic follicle after 6 days of culture in control
medium. GC: granulosa cells; O: oocyte; Arrow: antral cavity; Scale bar: 100 um (100x).
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Figure 2. Percentages of morphologically normal follicles after culture of secondary follicles in control medium (a-MEM*)
or in different concentrations of acidified extract of industrial residue of grape (0.1, 0.2 or 0.4 mg/ml). (2 ® °) Different
letters indicate significant differences among culture periods in the same treatment group (P <0.05).

Follicular development was assessed through the formation of the antral cavity, follicular diameter, and
growth rates, all morphological indicators representing the progression of follicles toward advanced stages
of growth and differentiation across different follicular categories. After 6 days, all treatment groups showed
a similar (P >0.05) percentage of antral cavity formation. However, the percentage of antrum formation
increased significantly from day 6 to day 12 of culture only in the 0.4 mg/ml grape residue extract group
(Figure 3). All treatments showed a significant increase in the follicular diameter from day 0 to day 12 of
culture (Figure 4). However, at the end of the culture period, the antrum formation rate (Figure 3), follicular
diameter (Figure 4), the daily growth rates (100%, 122%, 94.38%, and 91.54% for a-MEM™, 0.1, 0.2, and 0.4
mg/ml grape residue extract, respectively), general growth rates (100%, 119.19%, 96.68%, and 91.83% for
a-MEM?, 0.1, 0.2, and 0.4 mg/ml grape residue extract, respectively) and the percentage of oocytes = 110
um (33.3%, 22.5%, 22.2%, and 21.9% for a-MEM®*, 0.1, 0.2, and 0.4 mg/ml grape residue extract,
respectively) were similar (P >0.05) among the treatments.

100
a a
a
. 80 a 2 p a
> a :
‘é’ : a-MEM+
g 60 = 0.1 mg/mL grape residue extract
é m 0.2 mg/mL grape residue extract
% 40 m 0.4 mg/mL grape residue extract
c
<
20
0

Day 6 Day 12

Figure 3. Percentages of antrum formation after culture of sheep secondary follicles in control medium (a-MEM +) or in
different concentrations of acidified extract of industrial residue of grape (0.1, 0.2 or 0.4 mg/ml). (a, b) Different letters
indicate significant differences among culture periods in the same treatment group (P<0.05).
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Figure. 4. Follicular diameter (um) after culture of sheep secondary follicles in control medium (a-MEM*) or in different
concentrations of acidified extract of industrial residue of grape (0.1, 0.2 or 0.4 mg/ml). (*°) Different letters indicate
significant differences among culture periods in the same treatment group (P <0.05).

The GSH levels and mitochondrial activity after culture

The metabolic health of oocytes was investigated through the assessment of their antioxidant defense,
via glutathione (GSH) levels, and their bioenergetic capacity, via mitochondrial activity. After 12 days of
culture, the GSH levels were similar (P >0.05) in the oocytes cultured with a-MEM?, 0.2, or 0.4 mg/ml grape
residue extract. However, oocytes cultured with 0.4 mg/ml grape residue extract showed more (P <0.05)
mitochondrial activity compared with the oocytes cultured with a-MEM® or 0.2 mg/ml grape residue extract
(Figure 5).

A)

a-MEM* 0.1 mg/mL grape residue 0.2 mg/mL grape residue 0.4 mg/mL grape residue

B - - - -
Active
mitochondria
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Figure 5. (A) Epifluorescent images of sheep oocytes stained with CellTracker Blue and MitoTracker Red to determine
GSH concentrations and active mitochondria, respectively. Scale bars: 50 um (100x). (B) Intracellular concentrations of
GSH and active mitochondria in sheep oocytes from secondary follicles cultured in control medium (a-MEM*) or different
concentrations of acidified extract of industrial residue of grape (0.1, 0.2 or 0.4 mg/ml). (* B C) Different letters indicate
significant differences among treatments (P <0.05).

DNA fragmentation after culture

Nuclear integrity, an important indicator of oocyte quality and developmental competence, was evaluated
by analyzing DNA fragmentation at the end of the culture period. All oocyte nuclei were stained by Hoechst
33342 (Figure 6). No DNA fragmentation was observed in either the control group or the 0.4 mg/ml grape
residue extract group.

A B C

Figure 6. DNA fragmentation of sheep oocytes after in vitro culture. Normal oocyte cultured in medium containing 0.4
mg/ml grape residue extract (A and D), oocyte with DNA fragmentation in positive control (B and E), oocyte without DNA
fragmentation in negative control (C and F). O: oocyte; Arrow: nuclear chromatin. Scale bars: 50 um. Oocytes stained
with TUNEL (A-C) and Hoechst 33342 (D-F).
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Maturation of oocytes from in vitro—grown secondary follicles

Chromatin configuration analysis was performed to assess the stage of nuclear maturation achieved by
oocytes after in vitro maturation, enabling the identification of effects of grape residue extract on meiotic
progression. After IVM, the percentage of meiotic resumption was greater (P <0.05) in the 0.4 mg/ml grape
residue extract group than in the a-MEM"* group (Table 1). No oocytes reached the Ml stage.

Table 1. Meiotic stages (%) after IVM of sheep oocytes from secondary follicles cultured in control medium (a-MEM*)
or in medium containing 0.4 mg/mL grape residue.

Treatment % GV (n) % Meiotic resumption (n)
a-MEM* 66.6 (30/45) A 33.4 (15/45) A
0.4 mg/mL grape residue 47.7 (21/44) B 52.3 (23/44)B

A B Within each column, different letters denote significant difference between treatments (P<0.05). Meiotic resumption:
oocytes in GVBD + MI stages.

Determination of total phenolic content (TPC) and antioxidant activity by scavenging the DPPH (2,2-
diphenyl-1-picrylhydrazyl) radical

The antioxidant potential of the grape residue extract was evaluated by determining its total phenolic
content (TPC) and radical scavenging activity using the DPPH assay, providing insight into its ability to
counteract oxidative stress. TPC assay displayed values of 431.84, 10.41 and 15.55 GAE/g for pure grape
residue extract, a-MEM™*and 0.4 mg/mL grape residue extract, respectively. In the DPPH analysis, the values
obtained were 289.90 in 0.4 mg/mL grape residue extract and 1063.19 uM trolox/g for pure grape residue
extract. No antioxidant activity was detected in a-MEM®*, using the DPPH assay.

DISCUSSION

The present study is the first to evaluate the effects of acidified extract of industrial residue of grape (V.
vinifera cv. Syrah) as a supplement of the medium used for the in vitro culture of ovarian follicles. After 12
days of culture, supplementation of the culture medium with 0.4 mg/ml grape residue extract had improved
mitochondrial activity and oocyte meiotic resumption compared with the control medium (a-MEM®).

Mitochondria, the most abundant organelle in mammalian oocytes, play critical roles in cellular energetic
metabolism and redox homeostasis; their functional integrity is essential for cellular survival and development
[33,34]. This organelle is directly involved in several reproductive processes: It is crucial for the quality and
functional competence of oocytes, fertilizing potential, embryo pre-implantation, and subsequent embryonic
development [35-37]. Furthermore, mitochondrial dysfunction can cause excessive ROS production and
induce oxidative stress and cell apoptosis, impairing the developmental competence of oocytes [38,39].
Similarly, to our results, increased mitochondrial activity has been observed in matured porcine oocytes and
in endothelial cells cultured in vitro in medium supplemented with grape seed proanthocyanidin [40,41].
These beneficial effects are likely attributable to its phenolic compounds with antioxidant properties. These
phenolic antioxidants contribute to improved mitochondrial activity by modulating cellular redox balance and
limiting excessive reactive oxygen species (ROS) levels. Through their ability to donate electrons or hydrogen
atoms and to stabilize unpaired electrons within their aromatic structures, phenolic compounds effectively
neutralize free radicals and reduce oxidative damage to mitochondrial membranes. This attenuation of
oxidative stress helps preserve mitochondrial integrity and functionality, thereby supporting mitochondrial
metabolic activity and cellular homeostasis [62,63].

Chromatographic characterization associated with the use of mass spectrometry identified quercetin,
luteolin, chrysoeriol, and isorhamnetin in the acidified extract of grape residue used in the present study
(supplementary material). Furthermore, although there was no statistical difference the antioxidant capacity
assessed by the TPC and DPPH methods in the medium that received 0.4 mg/ml of grape residue extract
was higher compared to the control medium. These findings are in line with in vitro studies that have
demonstrated that these compounds can improve the development of ovarian cells due to their antioxidant
properties. In pigs, luteolin supplementation during IVM increased the rates of first polar body extrusion and
blastocyst formation by reducing intracellular ROS and increasing the expression of genes that encode
antioxidant enzymes (superoxide dismutase 1, superoxide dismutase 2, and catalase) [42]. In addition, IVM
of goat oocytes with quercetin resulted in more MIl oocytes by increasing mitochondrial activity [43].
Furthermore, quercetin, isorhamnetin, and luteolin increased sirtuin 1 (SIRT1) expression in different cells
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and tissues (muscle and brain: [44]; house ear institute-organ of Corti 1 cells: [45]). SIRT1 upregulates
mitochondrial biogenesis through peroxisome proliferator-activated receptor y coactivator 1-a [46] and
modulates ROS production to promote resistance to oxidative stress [47].

It is noteworthy that most control oocytes remained at the GV stage. In contrast, treatment with grape
residue extract increased meiotic resumption. It is likely that the quality of oocytes from sheep secondary
follicles cultured with 0.4 mg/ml grape residue extract is related to the higher concentration of antioxidant
components in its composition, which preserved or improved mitochondrial activity and, consequently,
induced meiotic resumption. This is an important finding because in other studies, the use of antioxidant
supplements during short-term culture (12 days) of sheep preantral follicles did not increase meiotic
resumption compared with control medium (kaempferol: [48]; protocatechuic acid: [49]). However, it is
important to note that no oocytes progressed to metaphase Il (MIl) stage, indicating that while the extract
promotes initial maturation, it does not fully support the acquisition of developmental competence. The
inability to reach MIl suggests that the extract may be sufficient to overcome the initial block at the GV stage
but lacks the necessary components, or fails to activate the specific signaling pathways, required for the
complete nuclear and cytoplasmic maturation achieved with growth factors (IGF-1: [60]) or longer term
hormonal supplementation (leptin: [51]; FSH: [50;60]). It is suggested that while antioxidants reduce oxidative
stress, an important inhibitor of meiotic resumption, the complex cascade of events leading to MIl, including
adequate cytoplasmic maturation and cytoskeletal reorganization, depends on a broader set of signals.
Therefore, our findings highlight the promising potential of grape residue extract as an additive to initiate
maturation, but future studies should explore its combination with regulatory factors, such as growth factors
and hormones, to support the oocyte through the final stages of meiotic maturation.

In this study, after 12 days of culture, oocytes treated with 0.4 mg/ml grape residue extract had similar
percentages of survival and antrum formation, follicular and oocyte diameters, and GSH levels as oocytes
cultured in a-MEM*. a-MEM has been routinely used as a base medium in the culture systems of preantral
follicles; it is a rich source of electrolytes, non-essential amino acids, carbohydrates, vitamins, and DNA
precursors, which help to maintain follicular viability and growth [48,52,53]. Furthermore, there was no DNA
fragmentation in any treatment, which may be explained by the presence of antioxidants in the medium.
Specifically, glutamine improved the DNA damage response in mouse neural cells [54], ascorbic acid reduced
DNA fragmentation after culture of isolated rat secondary follicles [55], and supplementation of the IVM
medium with selenium significantly reduced DNA damage in yak (Bos grunniens) cumulus cells [56]. Our
findings are of significant importance because grape residue extract could be an alternative supplement to
reduce the costs of the in vitro culture systems of ovarian follicles. Of note, an extended culture period may
be necessary to induce significant changes in the viability and growth of secondary follicles conferred by
grape residue extract. In addition, additional studies to evaluate whether higher grape residue extract
concentrations could have greater effects on the in vitro follicle development are warranted.

Unexpectedly, supplementation with 0.1 or 0.2 mg/ml grape residue extract resulted in reduced GSH
levels and mitochondrial activity, compared with a-MEM®*, respectively. These results indicate a non-linear
dose-response pattern, in which lower concentrations may be insufficient to maintain redox balance during
in vitro culture. At these suboptimal doses, the antioxidant components of the extract may not reach the
minimum level required for effective ROS neutralization, allowing oxidative stress to persist and impair
mitochondrial function. Similar dose-dependent behavior has been described for other plant-derived
antioxidants, where only specific concentrations are protective and lower doses produce inconsistent or
adverse effects [58,59].

While this study provides promising evidence for the use of grape residue extract, some aspects merit
consideration for future translation. The findings are based on a specific extract batch from a single cultivar
and region. Although thoroughly characterized, natural variation between batches could influence outcomes.
Future studies with standardized extracts and direct comparisons to pure antioxidants will be valuable to
consolidate these initial findings and ensure reproducibility. Furthermore, the evaluated parameters are well-
established indicators of oocyte health but represent intermediate endpoints, and their relationship with
subsequent embryonic development was not directly assessed in the present study.

CONCLUSION

The treatment with 0.4 mg/ml grape residue extract can be used as a supplement of the base medium
during the culture of sheep secondary follicles; it maintains follicular viability, increases mitochondrial activity,
and oocyte meiotic resumption, and showed greater antioxidant capacity. Grape residue extract is
inexpensive, has high biological value, and emerges as a promising and potentially cost-effective supplement
for in vitro preantral follicle development. Furthermore, our results indicate that grape residue extract could
be tested as a feed supplement to improve reproductive performance in sheep.
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