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Obesity affects oocyte mitochondrial functions and reduces oocyte quality and fertility. Obesity may also increase the risk of metabolic disorders in the offspring. Children are likely to follow their parents lifestyle and diet, which also contributes to the increased prevelance of obesity across generations. We hypothesise that the impact of obesogenic (OB) diet and obesity on oocyte mitochondrial functions is different in offspring born to obese mothers compared to those born to healthy mothers. To test this hypothesis, we fed a control (C, 10% fat, 7% sugar) or an OB diet (60% fat, 20% sugar) to female mice (for 7 weeks (w)) and then to their female offspring (for 7w after weaning) in a 2 × 2 factorial design (C » C, n = 35, C » OB, n = 35, OB » C n = 49 and OB » OB, n = 50). Unlike many other studies, we used an outbred Swiss mouse model to increase the human pathophysiological relevance. Offspring were sacrificed at 10w and their oocytes were collected. Offspring OB diet increased oocyte lipid droplet content, mitochondrial activity and reactive oxygen species (ROS) levels, altered mitochondrial ultrastructure and reduced oocyte pyruvate consumption. Mitochondrial DNA copy numbers and lactate production remained unaffected. Mitochondrial ultrastructure was the only factor where a significant interaction between maternal and offspring diet effect was detected. The maternal OB background resulted in a small but significant increase in offspring’s oocyte mitochondrial ultrastructural abnormalities without altering mitochondrial inner membrane potential, active mitochondrial distribution, mitochondrial DNA copy numbers, or ROS production. This was associated with reduced mitochondrial complex III and V expression and reduced pyruvate consumption which may be compensatory mechanisms to control mitochondrial inner membrane potential and ROS levels. Therefore, in this Swiss outbred model, while offspring OB diet had the largest functional impact on oocyte mitochondrial features, the mitochondrial changes due to the maternal background appear to be adaptive and compensatory rather than dysfunctional.
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INTRODUCTION
Obesity, linked to a sedentary lifestyle and an unbalanced diet, is a globally increasing problem leading to disappointing fertility. Obesity represents a major health issue associated with cardiovascular diseases, metabolic syndrome, insulin resistance and fatty liver disease among other metabolic disorders (Keller and Lemberg, 2003; Blondeau et al., 2011; Cardozo et al., 2011; Jialal et al., 2014; Johns et al., 2015; Broughton and Moley, 2017; Liu et al., 2021; Gonzalez et al., 2022). Almost 60% of women in Europe are overweight or obese. Furthermore, a steep increase is also seen in the proportion of children suffering from the same condition. About 30% of pregnant women suffer from obesity, which is known to increase the risk of offspring health issues (Armitage et al., 2008; Gahagan et al., 2012; Gaillard, 2015) such as metabolic syndrome, obesity and diabetes (Armitage et al., 2008; Bansal and Simmons, 2018). This could be replicated in mouse models fed an obesogenic (OB) diet during pregnancy while offspring were kept on a standard diet after weaning (Samuelsson et al., 2008; Igosheva et al., 2010; Jungheim et al., 2010; Keleher et al., 2018; Andreas et al., 2019; McMurray et al., 2019). While there is an increasing number of studies that describe an impact of maternal obesity on offspring health, the consequences for offspring fertility remain largely underexplored.
A key factor in the pathogenesis of subfertility linked to metabolic health disorders is a directly affected oocyte (Robker, 2008; Cardozo et al., 2011; Antunes et al., 2014; Leary et al., 2015). Obesity reduces oocyte quality mainly by inducing lipotoxicity. Lipotoxicity is defined as lipid accumulation in non-adipose tissue (Engin, 2017), causing inflammatory responses and oxidative stress, resulting in deleterious effects such as mitochondrial dysfunction (Wu et al., 2010; Van Hoeck et al., 2013; Leroy et al., 2022). Obesity alters the lipid composition of the ovarian follicular fluid, the microenvironment in which oocyte growth and maturation takes place. This is associated with intracellular accumulation of reactive oxygen species, altered mitochondrial membrane potential, lower mitochondrial mass and less available ATP, affecting not only cellular bioenergetics in the oocyte but also in the subsequent embryo, since mitochondria are exclusively maternally inherited. Mitophagy was shown not to be activated in oocytes in response to mitochondrial dysfunction, suggesting that dysfunctional mitochondria may be transmitted to the embryo (Boudoures et al., 2017c). This will not only lead to subfertility in the affected patient, but can also lead to mitochondrial aberrations transmitted to the offspring, as claimed by Saben et al. (2016) in inbred C57BL/6 mice. More mitochondrial ultrastructural abnormalities were detected in oocytes and muscles of adult offspring born to diet-induced obese C57BL/6 mothers, suggesting a transmission of aberrant mitochondria through the female germline (Saben et al., 2016). On the other hand, other studies show evidence of clearance of damaged mitochondria in the embryos during the peri-implantation period. At this stage, the so called bottleneck phenomenon only allows embryonic cells with healthy mitochondria to survive, which is suggested to minimize the transfer of defective mitochondria to the offspring (Lee et al., 2012; Cox et al., 2021). Of course, it can also be assumed that de novo mitochondrial dysfunction may take place in the offspring during prenatal and/or early postnatal development (during lactation) under obesogenic (OB) conditions.
In either cases, transmission or appearance of aberrant mitochondria in the early embryo and eventually the offspring, may directly influence metabolism and growth, and may render this next-generation more sensitive or vulnerable to lipotoxic conditions upon consuming an OB diet. However, it may also induce many indirect effects on the developing embryo or the offspring, through alterations in epigenetic programming (Desmet et al., 2016). Oocyte maturation under lipotoxic conditions changes mitochondrial functions and DNA methylation in the resulting preimplantation embryo (Meulders et al., 2022; Taschereau et al., 2023). This can result in epigenetic modifications in imprinted and developmentally important genes, affecting implantation, placentation, fetal development and compromising postnatal health (Dearden and Ozanne, 2015). On top, children born to obese mothers are more likely to develop the same dietary preference, which may lead to an increased preference to an OB diet with a higher risk of developing metabolic disorders and other complications such as infertility (Keleher et al., 2018; Pfledderer et al., 2021). However, the additive effect of the interaction between maternal and offspring OB conditions on the offspring’s oocyte quality, to the best of our knowledge, has not been studied yet.
Therefore we hypothesized that the impact of an OB diet on oocyte quality and mitochondrial function is influenced by the offspring’s maternal metabolic background. We aimed to study the influence of a maternal OB background on the effect of an offspring OB diet on oocyte quality and mitochondrial functions. For this an outbred mouse model was used in a two-by-two factorial design. We investigated the effect of 1) an offspring OB diet and/or 2) a maternal OB background and 3) the interaction between offspring and maternal diet, on offspring oocyte mitochondrial features. Our analyses were focused on oocyte lipid content and on oocyte mitochondrial qualitative and quantitative measures, including mitochondrial bioenergetic activity, morphology and cell metabolism.
MATERIALS AND METHODS
Animal model and experimental design
This study was approved by the Ethical Committee for Animal Testing (ECD 2018-05). All animal procedures were performed in accordance with the relevant guidelines and regulations.
We worked with outbred mice because inbred control fed C57BL/6 mice exhibit already a high rate of mitochondrial ultrastructural abnormalities in their oocytes (Marei et al., 2020) which may create a bias if used to answer the research questions listed above. A total of 26 female Swiss mice (F0) and a total of 169 of their female offspring were used in this study. The mothers were either fed a control diet (“C”, n = 11, Sniff diets D12450J, containing 10 kJ% fat and 7% sucrose (E157453-04)) or an OB diet (n = 15 (E15741-34), 60 kJ% fat (beef Tallow), 20% fructose adjusted in the drinking water) for 7 weeks starting at 3 weeks of age. Mothers were weekly weighed for 7 weeks of being fed the corresponding diet. Detailed information on maternal weight is included in Supplementary File S1. All females were mated with Swiss males (n = 4) fed a standard chow diet, in a cross over design (i.e., each male is used in both groups). Litter sizes were equalised at 10 pups, to correct for differences in nutrient availability from postnatal day 5–22 to equalize establishment of maternal imprints. Detailed information on litter size is included in Supplementary File S1. Female F1 offspring from each litter were equally divided at weaning on a C or OB diet creating a 2 × 2 factorial study design, ultimately resulting in 4 treatment groups: 1) C » C, n = 35 offspring born to control mothers and fed a control diet, 2) C » OB, n = 35 offspring born to control mothers, and fed an OB diet 3) OB » C, n = 49 offspring born to obese mothers and fed a control diet 4) OB » OB, n = 50 offspring born to obese mothers and fed an OB diet. Offspring were weaned at 3 weeks and were fed their corresponding diet for 7 weeks afterwards. Adult offspring were weighed weekly and sacrificed by decapitation at 10 weeks of age after intraperitoneal injection of 10IU PMSG (Pregnant Mare Serum Gonadotropin, Folligon 1000UI, MSD Intervet, Boxmeer, Netherlands) and 10IU hCG (human choriogonadotropin, Pregnyl 5000I.E., MSD Intervet), respectively. Decapitation was quickly performed by trained personnel (FELASA C) using a sharp blade. Blood was collected for total serum cholesterol, enzymatically analyzed (A.M.L., Antwerp, Belgium) on an Abbott Architect c16000 (Abbott, Illinois, U.S.A) as described by (Allain et al., 1974; Roeschla et al., 1974). Cumulus-oocyte complexes (COCs) were collected directly from the oviduct, i.e., after in vivo maturation and ovulation, immediately after euthanasia as described by Marei et al. (2020). One COC from each offspring was fixed in 2.5% glutaraldehyde solution for transmission electron microscopy (TEM). The remaining COCs were denuded of cumulus cells using stripper tips fitted on EZ-grip (Origio) in droplets of L15 medium (Thermofisher Scientific), supplemented with 50IU/mL Penicillin G Sodium salt, 0.3 mg/mL hyaluronidase and 10% Fetal Bovine Serum. Oocytes were denuded and used directly or after fixation (as described in the methods sections) to determine the lipid droplet content (LDC), the mitochondrial inner membrane potential (MMP), the distribution of the active mitochondria and the reactive oxygen species (ROS) accumulation. The mitochondrial DNA copy number was assessed using qPCR and the oxidative phosphorylation (OXPHOS) was estimated by assessing electron transport chain (ETC) complex markers. The lactate production and pyruvate consumption of the oocytes was analysed to estimate the cellular metabolic activity.
Assessment of oocyte lipid droplet content
Lipid droplet content (LDC) was assessed using BODIPY® staining and confocal microscopy. Offspring from 7 to 8 C mothers and 6-8 OB mothers were used for the analysis of the oocyte LDC. At least 5 oocytes per offspring (n = seven to eight offspring per group) were fixed in paraformaldehyde 4% and stored in PBP containing 1 mg/mL PVP (PBS-PVP) at 4°C for a maximum of 1 month. Oocytes were permeabilized in PBS containing saponin (0.1%w/v) and glycine 0.1 M solution, then washed and incubated in 20 μg/mL BODIPY (BODIPY® 496/503, Thermo Fisher Scientific, Belgium) in PBS for 1 h. The presence of a polar body was included in the analysis. After each step, oocytes were washed twice in PBS-PVP. Oocytes were mounted in glass-bottom dishes in droplets of PBS-PVP and immediately examined using confocal microscope (Nikon Eclipse Ti-E inverted micro-cope attached to a microlens-enhanced dual spinning disk confocal system (UltraVIEW VoX; PerkinElmer, Zaventem, Belgium)). High resolution images were acquired with 488 nm diode lasers, excitation 493 nm and 503 nm emission. Z-stack projections of 40 µm with 1 µm steps were taken for each oocytes. The volume of lipid droplets was measured using Volocity® software (Quorum Technologies Inc., Puslinch, Canada). To exclude background noise, objects smaller than 0.5 μm3 were excluded from the analysis. Finally, lipid volume per oocyte was calculated based on the oocyte diameter.
Assessment of oocyte mitochondrial DNA copy number
DNA extracts from pools of at least 15 oocytes per litter from 11 C to 13 OB mothers, were used to determine the absolute amount of mitochondrial DNA qPCR of the mitochondrial gene ND4. After simultaneous purification of genomic and total RNA using AllPrep® DNA/RNA MicroKit (#80284, Qiagen) and CYBR Green (SYBR Green supermix #172-5270, Bio-Rad) was mixed with 20 pmol/μL forward and reverse primers in nuclease-free water and sample DNA. The absolute amount of mitochondrial DNA was measured using Avogadro’s constant as “Number of copies=(ng * [6.022*1023])/(length*[1*109]*650)” in a standard curve with known concentration and copies of ND4 in Bio-Rad CFX Manager 3.1.
Assessment of mitochondrial inner membrane potential, reactive oxygen species accumulation and distribution of active mitochondria
One offspring of each of the 6–8 C and 6-8 OB mothers was used to analyse the MMP, the active mitochondrial distribution and accumulation of reactive oxygen species (ROS), using specific staining and confocal microscopy. Only mature oocytes, with a polar body, were used for this assessment. Six to eight oocytes per offspring were incubated for 30 min at 6% CO2 37°C in L15 medium containing 5 μg/mL 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolyl-carbocyanine iodide (JC-1, Invitrogen) and 2.5 mM CellROX™ Deep Red Reagent (Thermo Fisher Scientific, Belgium) as described by Komatsu et al. (2014) and De Biasi et al. (2015) directly after collection of the oocytes. i.e., without a fixation step. Afterwards, oocytes were washed and transferred to equilibrated L15 medium droplets under mineral oil on 35 mm glass-bottom dishes. Images were taken using LeicaSP8 laser scanning confocal microscope (Leica Microsystems, Machelen, Belgium) in a humid chamber at 37°C. The uptake of JC-1 and formation of J-aggregates in the mitochondria is MMP dependent and hence used to estimate mitochondrial bioenergetic activity. Images from three confocal planes from each oocyte: the equatorial plane (at largest diameter), the peri-cortical plane (closest to the objective lens), and plane in-between) were acquired at excitation/emission 488/525 nm (monomers, mitochondria with low MMP or a reduced activity; green), 561/590 nm (formation of J-aggregates with high MMP, active mitochondria; yellow) and 644/665 nm (to detect CellROX or accumulation of ROS; red). The mean grey scale intensity of the MMP and ROS was afterwards quantified using ImageJ software. Active mitochondria are reported as mean grey scale intensity of the J-aggregates. Inactive mitochondria are reported as the mean grey scale intensity of the JC-1 monomers. The presence and thickness of the active mitochondrial ring in the peri-cortical region was measured using ImageJ and used to categorize the regional distribution of active mitochondria as peri-cortical or diffuse. Mitochondria showing no activity were categorized as uncoupled and mitochondrial aggregates were classified as aberrant clustering.
Assessment of mitochondrial ultrastructure in oocytes
One COC per offspring from 8 C to 8 OB mothers was fixed upon collection in 0.1 M sodium cacodylate-buffered (pH 7.4) 2.5% glutaraldehyde solution, embedded in 2% agarose blocks and washed in 0.1 M sodium cacodylate-7.5% saccharose solution (pH 7.4). Then the blocks were incubated for 2 h in 1% OsO4 solution and dehydrated in an ethanol gradient. Sections were cut ultrathin using EM-bed812, stained with lead citrate and examined with transmission electron microscope Tecnai G2 Spirit Bio TWIN microscope (Fei, Europe BV, Zaventem, Belgium) at 120 kV. For each oocyte, 10-20 random images were acquired at ×16500 magnification. Mitochondria were morphologically evaluated and classified blindly according to (Marei et al., 2020).
Assessment of mitochondrial electron transport chain complexes
Pools of 45–80 oocytes of 2-5 offspring from 3 to 4 C and OB mothers were used to analyse the expression of the ETC, complex markers for Western blotting (WB) after collection. Different complex markers of the ETC, were analysed (from 2-5 offspring per mother), using total OXPHOS Rodent WB Antibody Cocktail (Abcam, ab110413) and GAPDH Antibody (Thermo Fisher Scientific™, US, PA1-16777) as a housekeeping protein for relative quantification. After lysis of denuded oocytes in lysis buffer containing Trizma® hydrochloride solution (Sigma-Aldrich, US, T3038, 63.5 mM), Glycerol (Sigma-Aldrich, G7893, 10% v/v), sodium dodecyl sulphate (Sigma-Aldrich, L5750, 4% w/v) and protease (Thermo Fisher Scientific™, 78,425)-phosphatase (Thermo Fisher Scientific™,78,420) inhibitor at pH 6.8, followed by freeze-thaw cycles, SDS-page electrophoresis was performed on mini PROTEAN pre-cast gels (Bio-rad, TGX Precast Protein Gels, 4561021) at 170 V and 0.5 A for 70 min. Proteins were transferred on PVDF-membranes at 50 V and 0.1 A for 1 h 35 min and blocked for 2 h in 0.1% Skimmed milk (Applichem, A0830). After overnight blotting with OXPHOS Rodent kit (dilution 1:500), Goat-anti-Mouse biotinylated antibody (dilution 1:2000, Dako E0433) was used as secondary antibody, followed by Streptavidine-HRP (dilution 1:2000, Dako P0397) blotting. As a last step, LumiGLO™ (Cell Signalling, 7003S) was utilized and images were acquired and analysed with Chemidoc XRS + Gel Documentation System (BioRad, Belgium). Antibodies were dissolved in 10% bovine serum albumin (Sigma, S2002) solution containing 0.1% of NaN3. In between different blotting steps, the membrane was washed with TBST-Tween solution for 2 × 5 minutes, followed by 20 min of washing. Negative controls, without the primary antibody, were included for validation.
Assessment of oocyte lactate production and pyruvate consumption
Six to 8 freshly collected mature oocytes of 1 offspring coming from 8 C to 8 OB mothers were immediately incubated for 4 h in 7 µL droplets of L15 lactate-free 5% CO2 and 5% O2 equilibrated medium containing 0.5 mM pyruvate under mineral oil. The fluorometric assay is based on the generation or consumption of the reduced pyridine nucleotides, NADH and NADPH, in coupled enzymatic reactions. The nucleotides fluoresce when excited at 340 nm, whereas the oxidized forms, NAD+ and NADP+, do not. The fluorometric conversion of NADH to NAD+ (or vice versa) was measured with TECAN Infinite 200Pro (TECAN Group Ltd., Männedorf, Switzerland) after adding lactate dehydrogenase (Roche, 10127876001 5 mg/mL, 1,100 U/mg), with or without adding hydrazine (Sigma, H3376) (Gardner D.K. and Lane M., 2013).
Statistical analysis
Statistical analysis was done using IBM SPSS Statistics 28 (for Windows, Chicago, IL, United States). Numerical data (e.g., LDC, MMP, ROS, OXPHOS, lactate production and pyruvate consumption) were checked for equality of variance (Levene’s Test) and normality of distribution (residual QQ-plots). The effect of the maternal diet, the offspring diet and their interactions were investigated using Two-way ANOVA. If the interaction was not significant, the interaction was omitted from the model. Comparisons of the two offspring dietary groups within each maternal group, and vice versa, were done using Independent Samples T-tests (summarised in Supplementary File S2). In all models, the maternal dietary groups and the offspring dietary groups were used as fixed factors, while the mother ID was used as a random factor if two or more sisters were present in the same offspring treatment group (e.g., offspring weight). Categorical data (e.g., proportions of different distribution patterns of the active mitochondria and ultrastructural classifications) were analysed using general linear mixed models (binary logistic regression). Pairwise comparisons within each offspring or maternal group were done using Chi-square analysis or Fisher’s Exact analysis when the expected frequency was below five (e.g., mitochondrial clustering and uncoupling (Supplementary File S2)). The differences in mean weight data recorded weekly throughout the experiment were analysed using repeated measures ANOVA, and Two-way ANOVA measurements were performed to study the effect of maternal diet and offspring diet on offspring mean weight at each timepoint. Correlations between offspring body weight and oocyte outcome parameters were done when no oocyte pooling between offspring and litters was needed to acquire sufficient sample size (i.e., this was done for JC-1 and CellROX™ data, metabolic assay measurements and ultrastructural abnormalities only).
RESULTS
In all results sections below, the results of main effects using Two-way ANOVA or binary logistic regression are reported first to show the effects of maternal diet, offspring diet and their interaction. This is followed by analysing maternal effects in pairwise comparison within each offspring diet group, or vice versa. A summary of the main effects and pairwise comparisons of all outcome parameters are shown in Supplementary Table S2 of the Supplementary File S2. Results of the maternal diet effects on mother weight and litter size are implemented in Supplementary File S1.
Offspring live body weight and total cholesterol
The body weight trajectory was significantly affected by diet, time, and the interaction between both factors (p < 0.05, Figure 1).
[image: Figure 1]FIGURE 1 | Maternal and offspring diet effects on offspring weight trajectory. The graph shows the live body weight trajectory (g) in offspring fed a control (C) or an obesogenic diet (OB) and born to mothers that were either fed a C or OB diet, in a 2 × 2 factorial design. The groups are named as MaternalDiet » OffspringDiet. Data are presented as mean ± S.E.M. and are derived from 11 litters of C mothers and 15 litters of OB mothers.
The effect of the offspring obesogenic diet on offspring body weight was significant already after 1 week of dietary exposure and was further significant until sample collection at 10 weeks of age (p < 0.05, Table 1). Maternal obesogenic diet significantly increased offspring body weight at week 1 and week 2 post-weaning, but disappeared from week 3 onwards (p > 0.05, Table 1). An interaction between maternal and offspring diet effects was only present after being fed the corresponding diet for 7 weeks (p < 0.05, Table 1). Offspring body weight was not correlated with litter size (r = 0.015, p < 0.05).
TABLE 1 | Offspring weekly weights of C- or OB-fed offspring and born to mothers that were either fed a C or OB diet, in a 2 × 2 factorial design. Data are presented as mean ± S.E.M. and are derived from 40 to 41 pups of 11 C mothers and 56-57 pups from 15 OB mothers. p-values of the main effects are stated (F0 = maternal diet effect, F1 = offspring diet effect, I = interaction).
[image: Table 1]When splitting the offspring based on their maternal metabolic background, body weights of both C-born and OB-born offspring were increased when fed an OB diet compared to the C-fed mice in the same subgroup. Interestingly, although the two-way ANOVA showed no maternal diet effect, only control offspring from OB mothers were significantly heavier compared to control offspring born to control mothers. A significantly higher weight could be detected in offspring born to OB mothers only when the offspring were fed a control diet (32.92 ± 0.5 g in OB » C vs. 30.25 ± 0.61 g in C » C, p < 0.05), but not in offspring fed an OB diet (40.90 ± 1.04 g in C » OB vs. 40.52 ± 0.73 g in OB»0B, p > 0.05).
Offspring diet caused a significant increase in offspring total serum cholesterol (C » C 112.9 ± 8.5 vs. C » OB 180.0 ± 5.4 and OB » C 126.9 ± 68.2 vs. OB » OB 193.0 ± 10.0, p < 0.05). Maternal diet and the interaction maternal x offspring diet showed no significant differences (p > 0.05). Pairwise comparison between offspring or maternal diet groups showed no significant differences (p > 0.05). Offspring total serum cholesterol was positively correlated with offspring body weight (r = 0.786, p < 0.05).
Offspring oocyte lipid droplet content
The LDC was significantly higher in oocytes collected from offspring fed an OB diet (p < 0.05) regardless of their maternal background. The LDC was significantly increased in C » OB compared to C » C (7.2 ± 0.3 vs. 5.7 ± 0.3, x102 μm3) and in OB » OB vs. OB » C (6.8 ± 0.3 vs. 5.5 ± 0.3, x102 µm3, Figure 2). Maternal diet had no effect, and there was no interaction between the maternal and offspring diet effects (p > 0.05). The presence of a polar body did not influence the LDC of the oocytes and did not influence the effect of diet on LDC (separate data not shown).
[image: Figure 2]FIGURE 2 | Maternal and offspring diet effects on offspring oocyte lipid droplet content (LDC). Representative confocal projections of oocytes stained with BODIPY® showing lipid droplets (green) from the C » C (A) and the C » OB (B) groups. Graphs showing LDC (µm3/oocyte) in oocytes collected from offspring fed a C or an OB diet and born to mothers that were either fed a C or OB diet, in a 2 × 2 factorial design using an interaction plot (C) and a dot plot (D). Data are presented as mean ± S.E.M. and are derived from 5 to 10 oocytes per litter per group, from 6-7 litters or mothers. p-values of the main effects are stated (F0 = maternal diet effect, F1 = offspring diet effect, I = interaction). Significant differences are indicated with an asterisk (*), tendencies with a dollar sign ($). Pairwise comparisons within treatment groups are presented in Supplementary File S2.
Offspring oocyte mitochondrial DNA copy number
Offspring oocyte mitochondrial DNA copy number was not affected by offspring diet, nor by maternal diet (C » C, 87.7 ± 8.9; C » OB, 89.0 ± 6.2; OB » C, 75.7 ± 4.3; OB » OB, 86.7 ± 11.1, x103 copies/oocyte, p > 0.05, Figure 3). Pairwise comparisons within maternal diet groups or offspring diet groups showed no differences (p > 0.05).
[image: Figure 3]FIGURE 3 | Maternal and offspring diet effects on offspring oocyte mitochondrial DNA copy number. Graphs representing mean mitochondrial DNA copy number (n copies/oocyte) in oocytes collected from C- or OB-fed offspring and born to mothers that were either fed a C or OB diet, in a 2 × 2 factorial design, using an interaction plot (A) and a dot plot (B). Data are presented as mean ± S.E.M. and are derived from pools of at least 15 oocytes per group per litter, from 11 to 13 litters each. p-values of the main effects are stated (F0 = maternal diet effect, F1 = offspring diet effect, I = interaction). Significant differences are indicated with an asterisk (*), tendencies with a dollar sign ($). Pairwise comparisons within treatment groups are presented in Supplementary File S2.
Offspring oocyte MMP, distribution of active mitochondria and ROS
Offspring oocyte MMP was only altered by offspring diet (p < 0.05). Maternal diet effect and maternal x offspring diet interaction were not significant (p > 0.05, Figure 4). In the pairwise comparisons within C mothers, C » OB mice had a significantly higher oocyte MMP compared to C » C (55.7 ± 2.9 vs. 46.9 ± 2.3 x 103 grey scale intensity of J-aggregates, p < 0.05), while this increase was only a tendency in OB-born offspring (OB » OB, 56.3 ± 2.7 vs. OB » C, 52.9 ± 3.0,x103 p < 0.1). In comparisons within each offspring diet group, maternal diet tended to affect MMP in oocytes from offspring fed a control diet (comparing OB » C versus C » C (p < 0.1)), whereas no differences occurred between OB » OB and C » OB (p > 0.05). Oocyte MMP was positively correlated with offspring body weight (r = 0.402, p < 0.05).
[image: Figure 4]FIGURE 4 | Maternal and offspring diet effects on offspring oocyte mitochondrial membrane potential (MMP). Representative confocal projections of oocytes stained with JC-1 (J-aggregates, yellow) from the C » C (A) and the C » OB (B) groups. Graphs representing mean MMP ((grey scale intensity)/oocyte) in oocytes collected from C- or OB-fed offspring and born to mothers that were either fed a C or OB diet, in a 2 × 2 factorial design, using an interaction plot (C) and a dot plot (D). Data are presented as mean ± S.E.M. and are derived from 8 oocytes per offspring per group per litter, from 8 litters each. p-values of the main effects are stated (F0 = maternal diet effect, F1 = offspring diet effect, I = interaction). Significant differences are indicated with an asterisk (*), tendencies with a dollar sign ($). Pairwise comparisons within treatment groups are presented in Supplementary File S2.
Oocyte ROS levels (grey scale intensity) were only affected by offspring diet (p < 0.05). Maternal diet effect was not significant (p > 0.05, Figure 5). Despite no significant interaction, the increase in oocyte ROS levels due to offspring diet was only significant in C-born offspring (C » OB, 31.9 ± 2.6 vs. C » C 24.2 ± 2.0 × 103, p < 0.05) and this was only a tendency (p < 0.1) in OB-born offspring (OB » OB, 30.6 ± 3 vs. OB » C, 25.3 ± 2.4, x103). The ratios of ROS concentrations to active mitochondria (ROS: J-aggregates) were not affected by offspring nor maternal diet (separate data are not shown). Oocyte ROS accumulation was not correlated with offspring body weight (r = 0.061, p > 0.05).
[image: Figure 5]FIGURE 5 | Maternal and offspring diet effects on offspring intraoocyte reactive oxygen species (ROS) accumulation. Representative confocal projections of oocytes stained with CellROX™ Deep Red from the C » C (A) and the C » OB (B) groups. Graphs showing intraoocyte ROS accumulation ((grey scale intensity)/oocyte) in oocytes collected from C- or OB-fed offspring and born to mothers that were either fed a C or OB diet, in a 2 × 2 factorial design, using an interaction plot (C) and a dot plot (D). Data are presented as mean ± S.E.M. and are derived from 8 oocytes per offspring per group, from 8 litters or mothers. p-values of the main effects are stated (F0 = maternal diet effect, F1 = offspring diet effect, I = interaction). Significant differences are indicated with an asterisk (*), tendencies with a dollar sign ($). Pairwise comparisons within treatment groups are presented in Supplementary File S2.
The distribution of active mitochondria was neither affected by the offspring diet nor the maternal diet (p > 0.05). Nonetheless, a small fraction (6%–8%) of the oocytes of OB-born offspring showed either clustering of highly active mitochondria (Figure 6) or, on the other extreme, very low mitochondrial activity (uncoupling). This was associated with high intra-oocyte ROS accumulation. The proportions of oocytes exhibiting these defects were 6.25% ± 4.72% in OB » C and 8.71% ± 4.60% in OB » OB compared to 0% ± 0.0% in both C » C and C » OB (p < 0.05). The distribution of active mitochondria was not correlated with offspring body weight (r = −0.047, p > 0.05).
[image: Figure 6]FIGURE 6 | Peri-cortical distribution (A) of active mitochondria in an oocyte from the C » C group and mitochondrial clustering (B) in an oocyte from the OB » OB group.
Offspring oocyte mitochondrial ultrastructure
Oocyte mitochondrial ultrastructure was classified as normal when they were spherical and homogenous, with or without regular vacuoles. Mitochondria were classified as abnormal if they showed irregular vacuolated with or without loose membranous structures, dumbbell, elongated, or rose petal shape, electron dense foci or signs of degeneration (as described in the Supplementary Material in Marei et al., 2020).
The proportions of oocyte abnormal mitochondria in total were significantly increased both by offspring and maternal OB diet (p < 0.05). In addition, maternal x offspring diet interaction was also significant (p < 0.05, Figure 7). This is because the increase in response to offspring OB diet was only significant in C-born offspring (32.11 ± 1.6 in C » OB vs. 25.7 ± 2.2 in C » C, p < 0.05), but was not significant in OB-born mice (37.3 ± 2.6 in OB » OB vs. 35.5 ± 4.48 in OB » C, p > 0.05). Maternal OB diet tended to increase the proportion of abnormal mitochondria within both offspring groups (i.e., in OB » C vs. C » C and in OB » OB vs. C » OB (p < 0.1). The percentage of oocyte abnormal mitochondria was positively correlated with offspring body weight (r = 0.613, p < 0.05).
[image: Figure 7]FIGURE 7 | Maternal and offspring diet effects on offspring oocyte mitochondrial ultrastructure. Representative TEM images of oocytes showing electron dense foci (A), degenerated (B), rose-petal (C) and elongated mitochondria with loose inner membrane (D) are shown. The graphs represent mitochondrial ultrastructural abnormalities in oocytes collected from C- or OB-fed offspring and born to mothers that were either fed a C or OB diet, in a 2 × 2 factorial design, using an interaction plot (E) and a dot plot (F). Data are presented as mean proportions ±S.E.M. and are derived from 1 oocyte per offspring per group, from 8 litters or mothers. p-values of the main effects are stated (F0 = maternal diet effect, F1 = offspring diet effect, I = interaction). Significant differences are indicated with an asterisk (*), tendencies with a dollar sign ($). Pairwise comparisons within treatment groups are presented in Supplementary File S2.
When looking at the different categories of abnormal mitochondrial ultrastructure separately, we noticed that the proportions of dumbbell shaped mitochondria and degenerative mitochondria were increased by offspring diet (p < 0.05) whereas the proportions of elongated mitochondria, mitochondria with electron dense foci and degenerative mitochondria were increased by the maternal OB background (p < 0.05). The maternal effect on the proportion of mitochondria with electron dense foci was dependent on offspring diet (interaction p < 0.05).
Detailed information about the different categories of aberrant mitochondrial ultrastructure with the corresponding p-values is shown in Table 2. The separate effects of maternal and offspring diet in the pairwise comparisons are shown in Supplementary File S2.
TABLE 2 | Mitochondrial (MT) abnormal ultrastructure in oocytes collected from C- or OB-fed offspring and born to mothers that were either fed a C or OB diet, in a 2 × 2 factorial design, categorized in elongated, rose petal shaped, e-dense and dumbbell shaped mitochondria, together with mitochondria showing lose inner membranes and mitochondrial degeneration. Data are presented as mean proportions ±S.E.M. and are derived from 1 oocyte per offspring per group, from 8 litters or mothers. p-values of the binary logistic regression are stated (F0 = maternal diet effect, F1 = offspring diet effect, I = interaction). Pairwise comparisons within treatment groups are presented in Supplementary File S2.
[image: Table 2]Expression of ETC complex markers in offspring oocytes
Complex I was not detected. Offspring diet did not influence the expression of any of the OXPHOS complexes in the offspring oocytes (p > 0.05). Maternal diet significantly reduced the expression of complex III and complex V marker, regardless of the offspring diet (p < 0.05, Figure 8). Complex II and IV were not affected by a maternal OB diet and maternal x offspring diet interaction was not significant (p > 0.05).
[image: Figure 8]FIGURE 8 | Maternal and offspring diet effects on the expression of the ETC, complexes III and V markers in oocytes. Graphs showing expression of ETC complexes III markers in oocytes collected from C- or OB-fed offspring and born to mothers that were either fed a C or OB diet, in a 2 × 2 factorial design, using an interaction plot (A) and a dot plot (B). Graphs showing expression of ETC complexes V markers in oocytes collected from C- or OB-fed offspring and born to mothers that were either fed a C or OB diet, in a 2 × 2 factorial design, using an interaction plot (C) and a dot plot (D). Data are presented as mean ± S.E.M. and are derived from pools of 40–80 oocytes per group, from 3 to 4 C and OB mothers. p-values of the main effects are stated (F0 = maternal diet effect, F1 = offspring diet effect, I = interaction). Significant differences are indicated with an asterisk (*), tendencies with a dollar sign ($). Pairwise comparisons within treatment groups are presented in Supplementary File S2.
Pairwise comparison within maternal diet groups showed no differences in expression of ETC, markers caused by the offspring diet. In pairwise comparisons within each offspring diet group, no differences were seen in the expression of complex III marker (in C » C, 0.25 ± 0.13 compared to OB » C, 0.06 ± 0.03; and in C » OB, 0.21 ± 0.03 compared to OB » OB 0.09 ± 0.02, Integral volume (iV) (p > 0.05)) but the expression of complex V marker was significantly higher in C » C (0.07 ± 0.01, iV) compared to OB » C (0.03 ± 0.01, iV, p < 0.05). It did not differ in C » OB (0.07 ± 0.02, iV) compared to OB » OB (0.04 ± 0.00, iV, p > 0.05).
Offspring oocyte metabolic activity
Oocyte pyruvate consumption was significantly reduced both by offspring and by maternal OB diets (p < 0.05). The maternal x offspring diet interaction was not significant (Figure 9, p > 0.05). In pairwise comparison within each maternal diet group, OB-fed offspring had a reduced pyruvate consumption when born to OB mothers (OB » OB, 57 ± 3.5 vs. OB » C, 65 ± 3.0, pmol/oocyte/h, p < 0.05) whereas the pyruvate consumption only tended to differ in offspring born to C mothers (C » OB, 64 ± 4.5 vs. C » C, 73 ± 3.2, pmol/oocyte/h, p < 0.1). The pyruvate consumption tended to be reduced in OB » C compared to C » C (p < 0.1). No differences were seen between OB » OB and C » OB. The oocyte pyruvate consumption was negatively correlated with offspring body weight (r = −0.449, p < 0.05).
[image: Figure 9]FIGURE 9 | Maternal and offspring diet effects on offspring oocyte lactate production and pyruvate consumption. Graphs representing lactate production in oocytes collected from C- or OB-fed offspring and born to mothers that were either fed a C or OB diet, in a 2 × 2 factorial design using an interaction plot (A) and a dot plot (B). Graphs representing pyruvate consumption in oocytes collected from C- or OB-fed offspring and born to mothers that were either fed a C or OB diet, in a 2 × 2 factorial design using an interaction plot (C) and a dot plot (D). Data are presented as mean ± S.E.M. and are derived from 6-8 oocytes per offspring per group, from 8 litters or mothers. p-values of the main effects are stated (F0 = maternal diet effect, F1 = offspring diet effect, I = interaction). Significant differences are indicated with an asterisk (*), tendencies with a dollar sign ($). Pairwise comparisons within treatment groups are presented in Supplementary File S2.
Oocyte lactate production was not affected by offspring diet (p > 0.05) and tended to be reduced by a maternal metabolic background (C » C, 1.02 ± 0.23; C » OB, 1.29 ± 0.61; OB » C, 0.55 ± 0.32; OB » OB, 0.35 ± 0.34, pmol/oocyte/h, p < 0.1). The maternal x offspring diet interaction was not significant (Figure 9, p > 0.05). Oocyte lactate production was not different between groups in pairwise comparisons within both maternal and offspring groups. Oocyte lactate production was not correlated with offspring body weight (r = −0.067, p < 0.05).
DISCUSSION
The aim of this study was to investigate the influence of a maternal OB background on offspring oocyte quality, when the offspring is fed either a control or an OB diet. A validated and robust outbred Swiss mouse model was used to increase the pathophysiological relevance and translatability to the human situation. We have previously shown that Swiss mice are sensitive to an obesogenic diet, develop hypercholesterolemia, obesity, and insulin resistance, reflecting in a reduced oocyte quality with mitochondrial functional and morphological alterations (Marei et al., 2020; Smits et al., 2021; Smits et al., 2022a; Moorkens et al., 2022). We focused on several complementary oocyte mitochondrial qualitative and quantitative parameters. We found that the majority of the assessed mitochondrial functions in oocytes were significantly affected by the offspring OB diet. However, the extent of this impact, at least for some outcome parameters, seemed to depend on the metabolic background of the mother. The mitochondrial changes in offspring oocytes associated with a maternal OB diet only were significant but relatively limited.
Most studies investigating the effect of diet-induced obesity on oocyte quality and fertility do not consider the potential interacting effects of the maternal metabolic background. In human, obese daughters are often born to obese mothers, making such interaction a very important factor to consider. The data generated in the present study in offspring born to control mothers are comparable with other studies using mice born to control healthy mothers, following standard breeding protocols. In these mice, we found that feeding a high fat and high sugar diet (in C » OB) significantly increased live body weight trajectory, total serum cholesterol, as well as oocyte LDC, MMP, ROS and mitochondrial ultrastructural abnormalities, compared to the control group (C » C). This is in line with previous findings from our laboratory using the same outbred Swiss model (Marei et al., 2020; Smits et al., 2021; Smits et al., 2022a), and also in line with other studies where the inbred C57BL/6 mouse model was used (Igosheva et al., 2010; Boots et al., 2016). On top, we showed that the offspring diet effect was already present at 1 week post-weaning and was influenced by the maternal metabolic background at week 7 post-weaning. In our study, offspring’s oocyte pyruvate consumption was reduced, and the mitochondrial activity and percentage of mitochondrial ultrastructural abnormalities were increased when offspring gained more weight. Consumption of an OB diet and development of obesity are known to alter the biochemical composition of the blood and follicular fluid (Leroy et al., 2022), leading to increased lipid accumulation in oocytes, which creates a nutrient overload and metabolic dysregulation resulting in lipotoxicity, oxidative stress, and mitochondrial dysfunction (Boudoures et al., 2017a; Zhao et al., 2017; Bradley and Swann, 2019; Marei et al., 2020; Smits et al., 2021; Leroy et al., 2022). We could also detect a tendency towards a reduced oocyte pyruvate consumption in C » OB compared with C » C mice. These results are thus in agreement with the expected increase in fatty acid beta-oxidation, and may explain, at least in part, the increased MMP and ROS accumulation in the affected oocytes.
While the direct impact of OB diet was confirmed in our experimental model, our main focus was to determine if the maternal OB background might influence the offspring oocyte quality and its mitochondrial functions and how such maternal impact may affect the effects of the offspring OB diet on oocyte mitochondrial function. For this, a 2 × 2 factorial design was used. The most prominent effect of maternal diet observed here was on offspring oocyte mitochondrial morphology. Maternal OB diet significantly increased the proportions of total mitochondrial ultrastructural abnormalities in offspring oocytes, and more specifically on the proportion of mitochondria classified as degenerated, elongated or electron dense. These abnormalities were limited to only 5%–10% of the mitochondria in total. Similar results have been previously reported by a few studies using C57BL/6 mice (Saben et al., 2016; Boudoures et al., 2017a), where oocyte mitochondria were found to be significantly larger and less round in offspring born to obese mothers compared to those born to lean mothers (Saben et al., 2016). The authors did not report the exact proportion of the abnormal mitochondria in the affected oocytes. Mitochondrial morphology can be linked to its function. Increased mitochondrial elongation may be a consequence of altered fusion and fission machinery due to high levels of cellular stress (Runkel et al., 2014) and may imply alterations in energy metabolism pathways (Boudoures et al., 2016; Saben et al., 2016). Increased mitochondrial electron density is linked with altered glucose and oxygen metabolism (Grindler and Moley, 2013). In our study, we detected both features being more prevalent in oocytes from OB-born offspring, together with a reduction in pyruvate consumption, suggesting maternally induced alterations in offspring oocyte energy efficiency mechanisms. However, the proportions of elongated or electron dense mitochondria were relatively low (about 2%) and only increased by 1%–2% in response to maternal and/or offspring OB diet, suggesting that the overall impact may be rather limited. The interaction between maternal diet and offspring diet effects on mitochondrial ultrastructural morphology was also significant, meaning that the effect of an offspring OB diet on offspring mitochondrial morphology is dependent on the maternal metabolic background.
It is important to keep in mind that the increased oocyte mitochondrial ultrastructural abnormalities in response to maternal and/or offspring OB diet does not necessarily mean that other mitochondrial or cellular metabolic functions are affected. Oocytes contain around hundred thousand mitochondria and display several adaptive mechanisms that may be used to compensate for energy deficit or overload (Runkel et al., 2014; Marei and Leroy, 2022). Previous studies from our laboratory have shown that the percentage of mitochondria with abnormal morphology in control Swiss oocytes is around 20% (Smits et al., 2022a). An increase of 5%–10% of mitochondrial ultrastructural abnormalities detected here may have no, or limited, functional impact. For a more comprehensive assessment, we investigated several other mitochondrial functions and indeed we found that MMP and intracellular levels of ROS were not affected by the maternal diet effects despite the observed effects on mitochondrial morphology. Assessment of MMP is commonly used as an indicator of oocyte mitochondrial activity (Blerkom et al., 2003). The MMP increases during the final stage of maturation in murine oocytes and is linked to an increase in oxidative phosphorylation and ATP production (Blerkom et al., 2003; Al-Zubaidi et al., 2019) and correlates with preimplantation development (Komatsu et al., 2014). Increased ROS concentrations in oocytes is also frequently used in other studies to indicate oxidative stress. Increased MMP and ROS in oocytes have both been linked with reduced oocyte quality, reduced developmental competence (Marei et al., 2019) and lower pregnancy rates in diet-induced obese mice (Smits et al., 2021). Interestingly, also in C57BL/6 mice, maternal diet-induced obesity did not influence ATP production in the oocytes of the offspring despite the associated increase in mitochondrial ultrastructural abnormalities (Boudoures et al., 2017b). Offspring in the later study were fed a normal chow diet. Here we also found no maternal effects on oocyte MMP and ROS even in offspring fed an OB diet, showing that the maternal metabolic background did not increase the sensitivity of the oocyte to a high fat and high sugar diet. It is also interesting to mention that among the different classes of abnormal oocyte mitochondria in offspring from OB mothers, degenerated mitochondria were the most prevalent. This might be a sign of clearance of damaged mitochondria rather than retaining the defective ones. We suggest that, as oocytes do not have the capacity to efficiently remove damaged mitochondria (Boudoures et al., 2017c), they eventually degenerate.
It was also important in the present study to examine the effects on mitochondrial DNA copy numbers. The results were highly variable within each treatment group and we could not detect any significant effect of maternal or offspring diet. There was a numerical decrease in mitochondrial DNA copy numbers in C » OB oocytes compared to C » C, which is in line with our previous report (Marei et al., 2020). Our data are in contrast with the data reported using the inbred C57BL6 mice were maternal obesity resulted in a significant reduction in mitochondrial DNA copy numbers in the offspring’s oocytes (Saben et al., 2016). Mitochondrial DNA copy numbers are tightly regulated by the rate of mitochondrial biogenesis and replication, as well as the rate of mitophagy by which damaged mitochondria might be removed. Mitochondrial biogenesis is active in primordial germ cells and during early stages of folliculogenesis (St John, 2019). High levels of cellular metabolic stress can influence mitochondrial regulation of fusion and fission and alter mitochondrial DNA copy numbers (Fukunaga, 2021). Therefore, if the maternal metabolic effects on oocyte mitochondrial functions would persist during prenatal and postnatal development, or if mitochondrial dysfunction would be transmitted through the female germline as suggested in inbred mice, we would expect an impact on mitochondrial DNA copy numbers and mitochondrial bioenergetic functions in the offspring oocytes. In the present study using outbred Swiss mice, we were unable to detected such impact.
Oocytes normally contain a heterogenous population of active and inactive mitochondria (Van Blerkom, 2011). Active mitochondria move towards the peri-cortical area of the oocyte during the final phase of oocyte maturation to support the cortical granule reaction to prevent polyspermy and provide energy for polar body extrusion (Kirillova et al., 2021). A peri-cortical distribution of active mitochondria also guarantees an equal division of the mitochondria among the blastomeres after cleavage and is therefore of the utmost importance for optimal embryo development (Liu et al., 2003; Van Blerkom and Davis, 2006; 2007; Van Blerkom, 2008). In our study, the mitochondrial distribution was not affected by offspring and maternal diets. We did however observe aberrant mitochondrial uncoupling and clustering in a few oocytes only in offspring born to obese mothers. Mitochondrial clustering may imply alterations in oocyte energy production due to overexpression of mitochondrial fusion proteins (Babayev and Seli, 2015). Igosheva et al. (2010) and Hou et al. (2016) reported clusters of mitochondria in some oocytes of obese mice being indicative of metabolic or functional damage, involving a greater need for energy production to preserve oocyte viability and competence. Nevertheless, since these features were only limited to 6%–8% of the oocytes, with a normal MMP and active mitochondrial distribution in all the rest, the potential impact may also be limited. In addition, not only clustering but also mitochondrial lactate and pyruvate serve as a redox buffer that equilibrates the NADH/NAD+ ratio across the cell. Lactate acts, amongst other functions, as an important redox carrier. Its production is increased in anaerobic respiration when glucose is converted into lactic acid, being energetically less efficient than oxidative phosphorylation (Lagarde et al., 2021). We could not detect differences in offspring oocyte lactate production between treatment groups. However, both offspring and maternal OB diet reduced the consumption of pyruvate, the principle energy substrate of the oocyte during final maturation (Richani et al., 2021) with the lowest pyruvate consumption seen in OB-born OB fed offspring. Oocytes with reduced pyruvate may be more sensitive towards increased ROS production, as a reduced pyruvate consumption may lead to reduced glutathione levels in oocytes (Funahashi et al., 2008). We could indeed detect dietary induced increased ROS accumulation in the oocyte, but only due to offspring OB diet and not linked with the mother’s OB background. The reduced pyruvate consumption together with the numerical reduction in lactate production may suggest a change in the metabolic preference towards β-oxidation for energy provision. However, no differences could be detected in oocyte LDC, MMP or ROS to support this notion.
Finally, this study is the first to investigate the potential effect of maternal and offspring OB diet on the expression of protein complexes of the electron transport chain in oocytes. Complex I was not detected, which is line with very recent observations reported by Rodriguez-Nuevo et al. (2022), who illustrated that supressing complex I in oocytes is an intrinsic mechanisms to maintain ROS-free mitochondrial metabolism. In the present study, this appears not to be changed by maternal or offspring diet. Also no differences in expression of complex II and IV markers were detected. Complex I and II oxidize NADH and FADH2 respectively, transferring the resulting electrons to ubiquinol, which carries electrons to complex III to be subsequently used for ATP production (Rutter et al., 2010). In the absence of complex I, complex II activity becomes crucial for the function of the ETC and for energy production but it was not influenced by diets. We also found that the expression of the complex III and V markers were significantly reduced by maternal OB diet. However, in the pairwise comparisons, this was only confirmed for complex V and only in offspring fed a control diet. There was a tendency for a lower complex III expression in OB fed offspring born to OB mothers. Complex III uses energy released in downhill electron transfers to pump more protons across the inner mitochondrial membrane (Chandel, 2010). The resulting proton gradient (MMP) is then used to produce ATP by the fifth complex, also known as ATP-synthase (Lenaz et al., 2006; Zhao et al., 2019; Maclean et al., 2022). Reactive oxygen species are produced as a by-product of the ETC (Brand, 2010). Protective mechanisms by reducing expression of ROS generating ETC, complexes have been reported by others in somatic tissue (Gleason et al., 2011; Le Vasseur et al., 2021; Groen et al., 2022). Therefore, the slightly reduced expression of complex III in OB » OB oocytes may be a beneficial compensatory mechanism for the oocytes to control ROS production. Since MMP was not affected, no consequence for energy production is expected. Lower complex V expression in OB » C oocytes compared to C » C is very interesting and may be secondary to metabolic adaptations also leading to reduced pyruvate consumption and suggesting a lower metabolic activity in these oocytes. However, these adaptations were not sufficient to impact MMP.
It is also important to highlight that, except for specific mitochondrial ultrastructural features, there was no interaction between the maternal diet and offspring diet effects. Following the systematic 2 × 2 factorial design of the data, we did not directly compare OB » OB oocyte quality measures with those of the C » C. Nevertheless, we can clearly see from the figures that the highest degree of alteration or change in most outcome parameters were due to the combined effect of maternal and offspring OB diets. The specific maternal contribution of these differences in some parameters are evident but not significant. In our study, oocytes were collected of 10 weeks old offspring. It is possible that treatment effects will become more pronounced when offspring age increases, especially since aging is linked with mitochondrial damage (Sun et al., 2016). Therefore the functional impact of the maternal OB background on offspring oocyte mitochondria may still become significant over time. Also, our experimental design tried to mimic the societal situation in which daughters may be raised in the same OB environment after weaning. Therefore, the present study does not allow to determine the specific window of impact during which the maternal diet could have resulted in reduced quality of the daughter’s oocyte. However, our data do suggest that the pool of dormant oocytes in the ovary of the foetus or the newly born pup is already sensitive to an adverse metabolic condition leading to mitochondrial defects in the offspring oocytes at adult age, even if the post-weaning diet was perfectly healthy. Similar long-term carry over effects on oocyte mitochondrial features were reported also in our previous study in obese mice submitted to diet normalisation for 4 weeks (Smits et al., 2022b). In our study, litter sizes were reduced to allow equal milk supply per pup. However, litter size is linked with offspring body weight and the expression of each phenotype as such may be relevant to fully understand maternal-offspring nutrient interactions in developmental studies. Also, artificial reduction of litter size itself can be considered as a confounding factor, as it may affect maternal care behaviour and influence offspring health (Enes-Marques and Giusti-Paiva, 2018; Briffa et al., 2019; Xavier et al., 2019). Nevertheless, our data show that litter size at birth was similar between C- and OB-fed mothers and hence did not act as a confounding factor in this study. Finally, maternal obese diets during pregnancy and lactation may redirect metabolic programming resulting in an altered offspring metabolism (Wells, 2014; Gawlinska et al., 2021; Furse et al., 2022). This may indirectly affect oocyte quality in the offspring.
This study is the first to use an outbred model to investigate the effect of both maternal and offspring OB diets and their interaction on offspring oocyte mitochondrial ultrastructure and function. We show evidence that especially the offspring diet had the most obvious impact on mitochondrial features and thus, the most obvious impact on oocyte quality. However, the extent of this impact was often dependent on the maternal metabolic background with the most prominent effects seen in oocytes from OB offspring born to OB mothers. The maternal OB background on its own appears to have a limited but significant impact on the offspring’s oocyte mitochondrial morphology but not on bioenergetic functions, on mitochondrial DNA copy numbers, mitochondrial activity (estimated by MMP), distribution of active mitochondria, as well as on ROS levels. These results strongly suggest that aberrant mitochondria in oocytes (induced by OB diet) are not transferred through the female germline to the next-generation. The majority of abnormal oocyte mitochondria in OB-born offspring were degenerated suggesting that, at least in this outbred model, defective mitochondria can be removed and replaced without compromising mitochondrial DNA copy numbers. Reduced oocyte pyruvate consumption and lower expression of the ETC complex V marker without a significant change in MMP, ROS and lactate production indicates that these adaptations may have no, or limited, functional consequences. These results are in contrast with previous reports using inbred models and highlight marked differences in responses between inbred and outbred mice strains. Therefore, extrapolation of data from inbred mouse models, particularly related to oocyte mitochondrial functions and intergenerational effects of metabolic stress, should be done with caution. Pathophysiologically relevant outbred mouse models should be used in further studies to investigate the potential effects on somatic cell functions in the offspring born to obese mothers, the developmental competence of their oocytes and potential effects on the second generation.
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