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In seasonal environments, males and females usually maintain high metabolic activity during the whole summer season, exhausting their energy reserves. In the global warming context, unpredictability of food availability during summer could dramatically challenge the energy budget of individuals. Therefore, one can predict that resilience to environmental stress would be dramatically endangered during summer. Here, we hypothesized that females could have greater capacity to survive harsh conditions than males, considering the temporal shift in their respective reproductive energy investment, which can challenge them differently, as well as enhanced flexibility in females' physiological regulation. We tackled this question on the gray mouse lemur (Microcebus murinus), focusing on the late summer period, after the reproductive effort. We monitored six males and six females before and after a 2-weeks 60% caloric restriction (CR), measuring different physiological and cellular parameters in an integrative and comparative multiscale approach. Before CR, females were heavier than males and mostly characterized by high levels of energy expenditure, a more energetic mitochondrial profile and a downregulation of blood antioxidants. We observed a similar energy balance between sexes due to CR, with a decrease in metabolic activity over time only in males. Oxidative damage to DNA was also reduced by different pathways between sexes, which may reflect variability in their physiological status and life-history traits at the end of summer. Finally, females' mitochondria seemed to exhibit greater flexibility and greater metabolic potential than males in response to CR. Our results showed strong differences between males and females in response to food shortage during late summer, underlining the necessity to consider sex as a factor for population dynamics in climate change models.
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INTRODUCTION

In highly seasonal environments, reproduction has evolved to be restrained to the most energetically favorable period to optimize young growth (Fournier et al., 1999), which is a fragile and high-stake phase though crucial to ensure population renewal (Wells, 2000). But with more frequent climatic disturbances related to global warming, there is no longer certainty that summer will support such energetic demands (Canale and Henry, 2010). This season might therefore become a risky period, where animals, exhausted after their reproductive effort, would be more vulnerable to environmental change and become unable to compensate unexpected altered food availability. Additionally, individuals forage to fill up their energy storages in late summer to face winter's own harsh conditions, such as dryness and cold temperatures (Dammhahn and Kappeler, 2008), but could face instead their physiological limit to prolonged environmental stress.

In most mammal species, males and females are invested in specific physiological tasks regarding reproduction, as males produce high quantities of spermatozoa, whereas females ovulate, complete gestation, and lactation. With a large panel of peculiarities in the animal kingdom, from mating strategies to young care sharing or even hermaphroditism, sex-specific behavior and physiology can describe little to huge dimorphism amongst species (Trivers, 1972; Zeveloff and Boyce, 1980). Additionally, seasonality could have contributed to establish a phenological shift in the energetic investment for reproduction between males and females. Indeed, males use their fat stocks for spermatogenesis, a long-standing and costly process (Dewsbury, 1982; Thomsen et al., 2006), obligating males to trigger the production of sperm by anticipation of the mating season, when food availability is still low. In contrast, females mostly invest afterwards, when the environment is energetically favorable (Trivers, 1972; Zeveloff and Boyce, 1980). The ecological “niche” in which animals enter an active metabolic status can thus drastically differ between sexes (Shine, 1989) and could expose males and females to unequal challenges. Moreover, there is growing evidence of sex-specific physiological responses to poor food conditions in various species, which are generally hinged on the reproduction event. Heterothermic females can express hypometabolism in anticipation of the mating season (Humphries et al., 2003; Jonasson and Willis, 2011; CZenze et al., 2017), during gestation and lactation (Lennox and Goodship, 2008; McAllan and Geiser, 2014), or present general self-preserving abilities (Rodriguez-Cuenca et al., 2002; Valle et al., 2007). In a context of more frequent unpredictable climatic disturbances, we ask the question of a sex-imbalance in the trade-off between reproduction and survival and consider the hypothesis of a greater exhaustion in males than in females at the end of summer.

The gray mouse lemur (Microcebus murinus) can provide experimental evidence for a sex-biased response to food shortage in summer, as it is a highly seasonal Malagasy primate, able to enter deep winter torpors (Genin and Perret, 2003; Giroud et al., 2008). Although this species is considered monomorphic, males and females express strong differences in their seasonal weight curves, as males begin to lose body mass in the middle of winter concomitantly to testicular growth (Perret and Aujard, 2001; Terrien et al., 2017) but females keep their fat storage until summer when mating takes place. Male mouse lemurs show unusual extreme large testes relative to their body size and display characteristics associated with sperm competition (high spermatogenic efficacy and motility and low percentages of defect) (Harcourt et al., 1981; Aslam et al., 2002). These features are likely to demand strong energy expenditure (Dewsbury, 1982; Wedell et al., 2002; Thomsen et al., 2006), especially since males continue to maintain sexual activity late during the 6 months long-day period (Perret and Aujard, 2001).

A previous food shortage experiment showed that male mouse lemurs can maintain their body mass under a 40% caloric restriction during short day exposure, by increasing their torpor depth and duration, while the same treatment during long days induced mass loss (Giroud et al., 2008). In another study, a 40% food restriction during summer altered learning abilities of males, which surprisingly showed increased resting metabolic rate and no change in activity patterns (Villain et al., 2016). No experimental study has yet formally compared physiological responses to food shortage between sexes, although females were already described to use deeper and longer torpor than males to face food rarefaction at the onset of winter season in field conditions (Vuarin et al., 2015). Females are receptive to copulation for a short period of a few days during the estrus at the vernal equinox in natural conditions or after the photoperiodic change to long-days in breeding colonies (Perret and Aujard, 2001). Moreover, they can maintain their body mass during gestation with small variation of food intake in captive conditions (Wrogemann et al., 2001; Canale et al., 2012a), and are also able to use torpor during gestation but lose weight when lactation occurs regardless of the feeding regimen (Canale et al., 2012b). The reproductive resilience of mouse lemur females to food shortage, i.e., their ability to restore reproductive success after an environmental pressure, seems to remain during the flexible period of lactation, which only impacts litter growth in restricted individuals, while reproductive success stays unchanged compared to ad-libitum mothers (Canale et al., 2012a). No field data comparing sexes allows us however to infer about a possible energy exhaustion of males at the end of summer in natural conditions. But we do observe a sex-imbalance in body mass in the breeding colony of Brunoy at this particular period, though animals remain under normal feeding regimen (94.5 ± 2.24 g vs. 86.7 ± 1.99 g for females and males, respectively; p < 0.001; unpublished data). This observation strengthens the hypothesis of a rougher summer for males (although animals are not energetically exhausted), even in the absence of environmental perturbations.

For such heterogeneous physiological events occurring over the 6-months period of summer, males and females would likely express variable metabolic statuses and efficacy in their response to an unpredicted environmental stress. We thus tested the occurrence of sex-variability in energy management and its physiological impact on the well-suited model of M. murinus. We monitored six males and six females over a period of 2 weeks during which they experienced a 60% caloric restriction (CR) induced at the end of summer after all reproductive events. In an integrative and comparative (females vs. males) approach, we measured various energy-management parameters at different scales, from the whole organism (respiratory metabolism using indirect calorimetry, metabolic and sexual hormones) to the cellular level (mitochondrial respiration of cultured fibroblasts) and stress-related indicators (urinary and blood markers of oxidative damage and anti-oxidant activity) to better describe the physiological mechanisms modulated by CR from perception of the stress, to response and coping. We expected evidence of a higher impact of CR on males with different metabolic strategies of coping expressed between sexes.



MATERIALS AND METHODS


Tested Animals and Ethical Concerns

Twelve gray mouse lemurs (M. murinus), 6 males and 6 females all aged from 1 to 5 years (mean age ± sd: 2 ± 1.1 years) and raised in good health in the breeding colony of Brunoy (MNHN, France, license approval n° E91-114-1), were included in the experiment. All females had just successfully raised a litter of three juveniles, which were weaned before starting the experiment, after 2 months of maternal care. All males had undergone at least one reproduction event, in the presence of one female and one or several males. These animals were thus tested at the late end of the summer-like reproductive season, after 5 months of long photoperiod exposure (14 h light/day), at the time when both sexes reached their minimal body weights (Perret and Aujard, 2001). Animals were kept in individual cages in semi-isolation from the others (visual, hearing and odorant interactions remaining possible between individuals) in climatic chambers for the duration of the experiment (1 month). Temperature and humidity were maintained constant (24–26°C and 55%, respectively). The lemurs were fed with a fresh mixture (egg, concentrate milk, cereals, spicy bread, cream cheese, and water), banana, and were provided with ad libitum water. All described experimental procedures were approved by the Animal Welfare board of the UMR 7179, the Cuvier Ethics Committee for the Care and Use of Experimental Animals of the Muséum National d'Histoire Naturelle and authorized by the Ministère de l'Enseignement Supérieur, de la Recherche et de l'Innovation (n°14075-2018031509218574) and complied with the European ethic regulations for the use of animals in biomedical research.



Experimental Design

Individuals were designed to be their own control as their physiology in late summer is supposedly not varying as long as the environment remains stable (photoperiod, temperature, food availability) (Perret and Aujard, 2001). We performed an integrative description of physiological parameters, general and cellular scaled, to decipher the energy balance of the animals, their metabolic activity, and their oxidative regulation and damage. For this, animals were fed daily with a control ration (Control treatment “CTL”) of 22 g of mixture and 3 g of banana (24.48 kcal.day−1) for 1 week and measured during four consecutive days for indirect calorimetry (Oxymax, Columbus Instrument Inc., Columbus, Ohio, USA). At the end of this procedure, animals went through a series of non-invasive (urine) and invasive sampling (blood puncture via the saphenous vein, and abdominal skin biopsy after lidocaine injection to ensure local analgesia), always performed ~3 h prior to lights off. Urine samples were used to measure creatinine, cortisol, and 8-OHdG; blood samples were used to measure glycaemia, thyroxin hormone (T4) and antioxidant activity. Finally, skin biopsies were dedicated to develop primary fibroblastic cultures to assess mitochondrial activity. After 1 day of recovery, animals were fed daily with a 60% reduced ration compared to the CTL condition (Caloric Restriction “CR,” 9.79 kcal.day−1) for 2 weeks, inducing a sufficient caloric stress to mimic food shortage, but not as much to put animals at risk considering this time of the year where body weights can be low. They were monitored with weighing three times a week to follow their body mass (“BM” in g). At the end of the treatment, they underwent the same procedures as the control period (4-days indirect calorimetry, urine/blood/biopsy sampling). Animals returned under control diet for several days to allow a full recovery from the CR treatment and returned to the breeding colony in their original social groups.



Indirect Calorimetry

Animals were put in monitored cages for 4 consecutive days to measure their consumption of O2 (“VO2” in ml.kg.h−1, see equation 1, Lighton, 2018) and production of CO2 (“VCO2” in ml.kg.hr−1, see equation 2, Lighton, 2018) in a continuous way using an automated calorimetric set-up (Oxymax, Colombus Instruments Inc., Columbus, Ohio, USA).
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FRi and FRe are the incurrent and excurrent flow rates of all the separate gas species.

FiO2 (FiCO2) and FeO2 (FeCO2) are the fractional concentrations of the incurrent and excurrent O2 (or CO2).

Fe'O2 (Fe'CO2) are the fractional concentrations of excurrent O2 (CO2), scrubbed of water vapor. m is the body mass of the individual.
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Air was dried with magnesium perchlorate columns prior to analysis. As metabolic rate (“MR”) is acknowledged to be directly linked to oxygen consumption rate (Geiser et al., 2014) we used the VO2 parameter to describe variations in mouse lemurs' metabolism. Respiratory Exchange Ratio (“RER”) was calculated as the ratio of VCO2/VO2. This parameter allows to extrapolate the nature of energy substrates used for oxidative metabolism as described in Lusk's oxidation table (Lusk, 1924), RER varying between 1 (indicating a full carbohydrate energy substrate) and 0.7 (obtained when animals only depend on fat energy substrate). Energy expenditure (“EE,” kcal.h−1) was obtained as follows: EE = (3.815 + 1.232 × RER) × VO2 × BM, an equation that also derives from Lusk's table (Lusk, 1924). Analyses were based on mean parameters over day (period under artificial light) and night (period without artificial light). Maximum and minimum values of each parameter (“Max” and “Min”) were also obtained using the changepoint package v2.2.2 (Killick and Eckley, 2014), to detect the significant maximum and minimum changes of the parameters transformed as time series. Time (“hMax” or “hMin” in hh:mm) at which Max and Min values were achieved was also analyzed and set as polar coordinates to be represented in 24 h circular diagrams.



Urine Samples: Cortisol, 8-OHdG, 17-Beta-Estradiol and Testosterone

Cortisol (ng.ml−1; Cortisol Urine ELISA from LDN®, ref MS E-5100) and 8-hydroxy-2'-deoxyguanosine (“8-OHdG,” in ng.ml−1; OxiSelect™ Oxidative DNA Damage Elisa kit, Cell Biolabs Inc., ref STA-320) were measured in duplicates from urine samples as indicators of the organisms' response to environmental stress (Miller et al., 1991) and oxidative-stress related DNA damage (Loft et al., 1993), respectively. 17-beta-Estradiol (“17-beta-Estradiol” in pg.ml−1; 17beta-Estradiol, IBL, ref RE52041) and Testosterone (“Testosterone” in ng.ml−1; Testosterone ELISA kit from Abcam, ref ab108666) were also quantified in urine. Creatinine concentration (mg.ml−1) was used to normalize all urine measurements as an indicator of renal filtration activity (Microvue™ Creatinine Elisa kit, Quidel® Corporation, ref 8009). Results are thus expressed in ng.mg Creat.−1 or pg.mg Creat.−1.



Blood Samples: Fasting Glycaemia, Thyroxin Hormone, and Antioxidant Machinery

Fasting glycaemia (mg.dl−1) was directly obtained at animals' bedside during blood sampling with a non-invasive glucometer (OneTouch® Vita glucometer, LifeScan, France). Measures were repeated twice when values were out of normal range. Thyroxin (“T4,” nmol.l−1) was assayed in plasma samples (T4 ELISA kit, LDN®, ref TF E-2400) and the 6-point standard curve was adapted from 0 to 100 nmol.l−1. Thiols (μmol.mgProtein−1, SHp Test, Diacron Labs srl, ref MC432) and Glutathione Peroxidase (“GPx,” U.mgProtein−1, RANSEL, RANDOX, with controls, ref RS 504) were assessed from haemolysates of the red blood cells pellets. These last two parameters were normalized with protein concentrations using Bradford method (for detailed method, see Costantini et al., 2017).



Cellular Culture and Mitochondrial Analysis

Skin biopsies were washed in a series of PBS−70% alcohol—PBS baths and put in 50 μl 0.25% Trypsin solution (GibcoTM, ThermoFisher scientific) for a 1-h digestion. Each sample was then transferred in a 96-well plate to form a fibroblastic cell line, and maintained in DMEM/F-12 medium (DMEM/F-12, GlutaMAXTM supplement, GibcoTM, ThermoFisher scientific) mixed with 10% fetal bovine serum, 1% Penicillin-Streptomycin (Penicillin-Streptomycin (5,000 U.ml−1), GibcoTM) and 0.1% Amphotericin B (Gibco™ Amphotericin B 250 μg.ml−1), in a 37°C incubator with 5% CO2. Cells underwent 4 passages by adding 0.25% trypsin for 10 min, from the 96-well plate to 24-, 12-, 6-well plates and finally a T75 flask. They were then counted on a Malassez cell and 100 000 cells of each cell line were put in a Seahorse XF24 Microplate (Agilent Technologies) in triplicates. The protocol followed the instructions of the XF Cell Mito Stress Test Kit and analysis was performed using the Wave Software (version 2.6.0.31, Agilent Technologies). The Oxidative Coupling Rate (“OxCR,” % of baseline OCR) was calculated as the difference between the mean of the 3 initial measures of oxygen consumption rate (“baseline OCR,” in pmole O2.min−1), and the minimum of the 3 measures following Oligomycin injection. Mitochondrial Reserve Capacity (“MtRC,” % baseline OCR) was obtained by substraction of the mean of the 3 initial measures to the maximum of the 3 measures following FCCP injection (“stressed OCR” in pmoleO2.min−1). These parameters were expressed as a percentage of the baseline OCR in order to reduce inter-well variability due to cell number bias. The Glycolytic Potential (“GlcP,” % of baseline ECAR) was extracted from ECAR measurements (in mpH.min−1), as the difference between the mean value obtained after FCCP injection (“stressed ECAR,” in mpH.min−1) and baseline ECAR (mean of the first three measures), expressed as a percentage of baseline ECAR. It represents the capacity of the cells to use glycolysis in order to produce ATP (Divakaruni et al., 2014). Finally, the Metabolic Potential is the gap between OCR / ECAR in basal conditions (“basal” cell phenotype) and OCR / ECAR after FCCP injection (“Stressed” cell phenotype) and informs on the general capacity of the cells to meet an induced energy demand either by glycolysis or oxidative respiration (referred as the metabolic potential of the cells).

After each assay, cells were trypsinized from each well and pellets were collected after centrifugation. Cells were lysed in PBS buffer containing Proteinase K (0.2 mg.ml−1), SDS (0.2%), EDTA (5 mM) for 3 h at 50°C. Total DNA was precipitated in 1.5 volume of cold ethanol with 0.2 M Sodium Acetate pH 5.2, and then centrifuged at 16,000 xg for 30 min at +4°C. After washing with 70% ethanol, pellet containing nuclear and mitochondrial DNA was resuspended in 10 mM Tris pH 8.0. DNA concentration was measured using fluorometry (Qubit™ 4 Fluorometer and Qubit™ dsDNA HS Assay Kit, Invitrogen™, ThermoFisher scientific). Mitochondrial DNA (mtDNA) and nuclear DNA (nuDNA) were quantified by qPCR using a 7300 Real-Time PCR System thermocycler (Applied BiosystemsTM). Primers for mtDNA (12S) and nuDNA (36B4) were designed from the gray mouse lemur genome as follows and ordered to Eurogentec: 12S-R: 5′-TAGCAAGAGGGGGTGAGGTT-3′; 12S-F: 5′-CCACGACAGCCAAGATCCAA-3′; 36B4-R: 5′-CCCATTCTATCATCAATGGGTACAA-3′; 36B4-F: 5′-CAGCAAGTGGGAAGGTGTAATCA-3′. We used Power SYBR® Green MasterMix (Applied BiosystemTM, ThermoFisher scientific) as reaction media. The first thermic cycle was set to 95°C for 10 min, followed by 34 cycles of 95°C (30 s)−59°C (1 min)−72°C (1 min), then one final cycle of 95°C (1 min)-−55°C (30 s)−95°C (30 s). Amplification was measured at the last step of stage 2. Each sample was measured in two-time repeated triplicates and the mean value was used as data. The mtDNA/nuDNA ratio was used to account for intracellular contents in mitochondria.



Statistical Analyses

Results shown are given as means ± standard deviation (s.d) in tables and as least square means (LSM) with 95% confidence intervals in Figures, except for T4 and GlcP whose modelization was too complex to be identifiable. All parameters were measured for the 12 animals at each regimen (N = 12), except for mitochondrial analysis due to contamination during cellular culture (N = 10 for CTL, N = 8 for CR regimen). No outlier was identified or removed from data sets after testing with Dixon's Q test. Statistical analysis was conducted by the use of R software v 3.5.1 (R Core Team, 2016), and tests were considered significant when p-values were below the significant level set at 0.05. We applied linear mixed models with random individual effect on parameters with normal distribution (see Table 2) to test the effect of sex, caloric restriction and their interaction. Body mass was included in models only when its effect on the explained variable was significant. Age had a significant effect on 8-OHdG only, and was thus included in the model. For non-Gaussian parameters, generalized mixed models with random effects were used when supported by the data sets (used family is written in Table 2). When not supported, non-parametric pairwise Wilcoxon test was used as a default analysis, as shown in Table 1, which gathered post-hoc analysis (pairwise non-parametric tests for caloric restriction effect, unpaired for sex or interaction effect). Pairwise correlations were performed using pooled data collected before and after CR for each parameter of each sex to better describe possible links between variables, and were represented into a network graphic using the “corrr” 3.5.3 package (Ruiz et al., 2019). Principal component analyses (either with females and males together, or by sex) were performed using the “FactominR” 1.34 package (Le et al., 2008), and missing values imputed with the “missMDA” 1.11 package (Josse and Husson, 2016).


Table 1. Mean and standard deviation of measured parameters for females (F) and males (M) in control treatment (ad libitum) and under 60% caloric restriction.
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Table 2. Analysis of deviance table (type II Wald Chi-square test) (***< 0.001; ** < 0.01; *<0.05; °< 0.1).
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RESULTS


Caloric Restriction Induced a Stress Response in Both Females and Males

CR had a significant impact on cortisol production in both sexes (Figure 1A), as the plasma concentration of cortisol increased drastically after treatment (Chisq= 299, p < 0.001), with a higher response in females than males (+87.3 ± 142.4% vs. +43.5 ± 34.6%, Chisq= 62, p < 0.001; Table 2). One of the first expected effects of CR is the loss of body mass (BM). Although females began the experiment with a higher BM than males (99.7 ± 3.8 g vs. 90.0 ± 6.6 g, p < 0.05; Figure 1B), CR induced similar BM loss in both females and males (−16.7 ± 4.3% of the initial BM for females and −14.2 ± 4.3% of the initial BM for males, p > 0.05, Table 1) though taking into account the significant effect of the initial BM on BM loss (p < 0.01). Concomitantly with BM levels, females maintained a higher glycaemia than males during the experiment under control (95 ± 32 mg.dL−1 in females and 65 ± 9 mg.dL−1 in males, p < 0.001) and CR (84 ± 18 mg.dL−1 in females and 72 ± 11 mg.dL−1 in males, p > 0.05) conditions. However, the effect of CR on glycaemia differed as a function of sex (Figure 1C, p < 0.05; Table 2), with no change or very modest decrease in females (−1 ± 51% of the initial glycaemia) and a mean increase in males (+12 ± 26%).


[image: Figure 1]
FIGURE 1. Levels of (A) cortisol (ng*mg Creat.−1), (B) body mass (g), and (C) fasting glycaemia (md*dl−1) exhibited by female (F) and male (M) mouse lemurs before (CTL, light gray) and after (60% CR, dark gray) a 2-weeks exposure to a 60% caloric restriction. Data are given as least square means with 95% confidence intervals. Differences within sex groups (effect of CR, lower bars) and between sex groups (effect of sex, upper bars) are represented, as well as the significance of the interaction of Sex*Diet (CTL or CR). *< 0.05.




CR Did Not Induce the Same Metabolic Adjustments in Males and Females

Mean oxygen consumption (VO2, ml.kg.h−1) was reduced after CR in males only, during both active (night: −10.2 ± 9.6%) and resting (day: −9.4 ± 8.8%) periods (Figures 2A,C, 3A; Table 2). Conversely, VO2 was increased after CR in females (+7.7 ± 15.9% during night and +9.6 ± 14.9% during day), this being significant during the day only (p < 0.05; Tables 1, 2). This sex-specific response to caloric restriction was accompanied by a modification of the temporal pattern of daily metabolic profiles (Figure 4). Indeed, the lower values of VO2 were expressed earlier during the day after CR (i.e., resting phase) in both sexes (−2 h 19 min ± 5 h 25 min for females, −2 h 53 min ± 4 h 42 min for males), with an advanced time of maximum VO2 during the night (i.e., active phase) (−41 min ± 2 h 19 min for females, −1 h 22 min ± 2 h 15 min for males) that was significantly sex-specific (p < 0.001; Table 2).


[image: Figure 2]
FIGURE 2. Daily variations (mean ± sd) of oxygen consumption (VO2 in ml*kg−1*h−1) and Respiratory Exchange Ratio (RER) measured in female (A,B, respectively) and male (C,D, respectively) mouse lemurs before (CTL, light gray) and after (60% CR, dark gray) a 2-weeks exposure to a 60% caloric restriction.
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FIGURE 3. Levels of (A) mean oxygen consumption (VO2 in ml*kg−1*h−1), (B) Respiratory Exchange Ratio (RER), (C) mean Energy Expenditure (in kcal*h−1) measured during the night (active phase) and the day (resting phase) in female (F) and male (M) mouse lemurs before (light gray) and after (dark gray) a 2-week exposure to a 60% caloric restriction. Thyroxinemia (T4, in nmol.l-1, D) was measured in the same animals during the resting period only. Boxes indicate least square means and error bars represent the 95% confidence interval, except for T4, which is represented as median and total range. Significant differences within sex groups (effect of CR, lower bars) and between sex groups (effect of sex, upper bars) are represented. *< 0.05.
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FIGURE 4. Polar graphics representing averaged time (in hh:mm) when minimum and maximum VO2 (A,B, respectively), RER (C,D), and EE (E,F) were expressed over a 24 h period. Female mouse lemurs are shown as circles, and male as triangles. CTL animals are in ligth gray, CR in dark gray. Each experimental group is represented on its own concentric circle: RM (CR males), CM (CTL males), RF (CR females) and CF (CTL females). Time shift is represented by a dashed line for each individual. The shaded phase between 17:00 and 3:00 is the dark phase of the day, when the lights are off.


During the night in CTL situation (Figures 2B,D, 3B), mean values of RER were close to 1 for both males and females (0.99 ± 0.08 for females and 0.96 ± 0.1 for males), reflecting their feeding behavior and indicating their nocturnal carbohydrate-depending metabolism. Under caloric restriction, mean nocturnal RER was decreased in both males and females (0.85 ± 0.076 for females vs. 0.90 ± 0.085 for males) indicating that animals relied less on carbs after feeding under CR as compared to the CTL situation. The daily profiles of RER (Figure 2B) clearly showed that animals had to switch from carb use to lipid oxidation earlier during the night under CR. Even though both sexes followed the same trend, the decrease in nocturnal mean RER was greater in females than in males (−13.0 ± 3.7% for females and −4.9 ± 5.9% for males, p < 0.05). However, males but not females showed a significant decrease in their mean RER during the day (−3.6 ± 1.8%), while females' response to CR was very heterogeneous (−0.9 ± 5.2%), which led to a significant sex*Diet effect (p < 0.01). The time of minimum and maximum expressions of RER during day and night (Figures 4C,D respectively), were significantly advanced after CR during the day (p < 0.01, Table 2), although it was not significant during the night and no sex effect could be pointed out (Tables 1, 2).

As a product of VO2 and RER, Energy Expenditure (EE, in kcal.hr−1) was reduced in response to caloric restriction in both sexes during the night (−11.7 ± 10.8% for females and −21.2 ± 11.6% for males) when animals were active and fed themselves (Figure 3C). The nocturnal mean levels of EE were however higher in females than in males under both CTL (1.06 ± 0.15 kcal.hr−1 for females and 0.92 ± 0.16 kcal.hr−1 for males) and CR conditions (0.93 ± 0.11 kcal.hr−1 vs. 0.71 ± 0.06 kcal.hr−1 in females and males, respectively). During the day the mean energy expenditure was decreased by caloric restriction in all animals, but at a greater extent in males (−6.7 ± 11.7% for females and −20.1 ± 8.5% for males). This adjustment in EE levels was accompanied by a temporal shift in the daily profiles of energy expenditure, which was much more pronounced in males than females (Figures 4E,F). Indeed, the shift for an earlier energetic saving was much greater in males under caloric restriction (−1 h 45 min ± 4 h 11 min for females vs. −4 h 08 min ± 4 h 55 min for males, p < 0.001; –). During the night, the level of maximum energy expenditure was also shifted due to CR, again at a greater extent in males (effect of sex in CR response p < 0.001; Figure 4 and Table 2). Overall, males seem to respond more intensely and temporally to caloric restriction than females by decreasing their overall energy expenditure.

Thyroid hormones confirmed a sex-specific variation in metabolic activity due to caloric restriction (Figure 3D), with a significant decreased concentration of T4 in males only (−6.4 ± 46.6% of in females vs. −35.6 ± 27.4% in males; Tables 1, 2).



Mitochondrial Activity Responds Differently to Caloric Restriction Between Sexes

Males' mitochondrial oxidative coupling rate (OxCR) measured from cultured fibroblasts was significantly higher than females' under control conditions (Figure 5A). OxCR's response to CR varied according to sex (sex*Diet, p < 0.05; Table 2), as it increased in females after caloric restriction (+9.77 ± 7.78% of baseline OCR), while a slight decrease was observed in males (−2.97± 12.06% of baseline OCR), thus leveling females' values to those of males' after CR. This rather opposite response of oxidative rate to CR between sexes did not prevent the decrease of mitochondrial reserve capacity (MtRC) in each case (Figure 5B), which was reduced at the same extent due to CR, although females began the experiment with a higher MtRC than males (202.4 ± 45.9% of baseline OCR vs. 152.0 ± 21.8% of baseline OCR, p < 0.1; Table 1). Glycolytic potentials (“GlcP,” Figure 5C) increased under CR showing the enhanced capacities of the cells to use glycolysis under food restriction (+35.3 ± 36.3% of baseline ECAR for females and +44.7 ± 101.0% of baseline ECAR for males, p < 0.05; Table 2). From a qualitative assessment, the OCR/ECAR quotients clearly showed a shift from a quiescent phenotype at baseline to a more energetic phenotype after FCCP exposure in all experimental groups, not favoring either the glycolytic or oxidative pathway (Figure 6). Also, caloric restriction reduced the metabolic potential (defined as the difference between the baseline and the stressed condition) of both females and males, although this reduction seemed to be greater in females than in males. However, females consistently showed a greater potential than males, both before and after CR (Figure 6). Mt/Nu DNA ratios (Figure 5D) increased after CR in both sexes (+ 3 ± 26 in females, +60.1 ± 30 in males, p < 0.1; Table 1) but males had an overall higher ratio than females before and after CR (p < 0.05, Table 2).
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FIGURE 5. Levels of (A) mitochondrial oxidative coupling rate (% of baseline OCR), (B) Mitochondrial reserve capacity (% of baseline OCR), (C) Glycolytic Potential (% of baseline ECAR), and (D) Mt/Nu DNA ratios measured in cultured fibroblasts from female (F) and male (M) mouse lemurs before (CTL, light gray) and after (60% CR, dark gray) a 2-week exposure to a 60% caloric restriction. Boxes indicate least square means and error bars represent the 95% confidence interval, except for GlcP (median and total range). Significant differences within sex groups (effect of CR, lower bars) and between sex groups (effect of sex, upper bars) are represented, as well as the significance of the interaction of Sex*Diet (CTL or CR). *< 0.05; ° < 0.1.



[image: Figure 6]
FIGURE 6. Graphic representation of the cellular metabolic potential measured in cultured fibroblasts from female (circles) and male (triangles) mouse lemurs before (CTL, white) and after (60% CR, gray) a 2-week exposure to a 60% caloric restriction. Metabolic Potentials (mean + sd) are represented by dashed lines between two cell energy phenotypes: “Basal OCR/ECAR” (sd in solid lines) and “Stressed OCR/ECAR” (sd in dashed lines; determined under FCCP conditions, chemically mimicking an induced energy demand). The 2-dimension description of the metabolic potential informs on the general capacity of the cells to meet an energy demand either by glycolysis (“Glycolytic” phenotype), oxidative respiration (“Oxydative” phenotype) or both (“Energetic” phenotype).




CR Affected the Oxidative Status, Through Different Mechanisms in Males and Females

Oxidative DNA-damage (8-OHdG, Figure 7A) showed a higher overall concentration in males than females (387.4 ± 93.0 for females vs. 591.0 ± 262.4 ng.mgCreat.−1 for males under CTL diet, p < 0.1; 214.1 ± 36.3 for females vs. 324.6 ± 110.8 ng.mgCreat.−1 for males after CR), but was decreased after caloric restriction at the same extent in both sexes (−42.4 ± 14.9% for females and −42.7 ± 12.8% for males, p > 0.1). However, thiols (Figure 7B) and glutathione peroxidase (GPx, Figure 7C), both markers of anti-oxidant activity, followed the same trend in response to CR, though with opposite directions between females and males (significant interaction effect, p < 0.01 in both parameters). Indeed, CR induced an increase in thiols (+4.9 ± 187.1%, p > 0.1) and in GPx (+28.85 ± 49.06%, p > 0.1) in females, but a decrease in males (thiols: −29.8 ± 44.8%, p < 0.1; GPx: −48.08 ± 19.71%, p > 0.1).
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FIGURE 7. Levels of (A) 8-OHdG (ng*mg Creat.−1*g.−1), (B) Thiols (μmol*mg Prot.−1), and (C) Gluthatione Peroxydase (GPx, U*mg Prot.−1) measured in female (F) and male (M) mouse lemurs before (CTL, light gray) and after (60% CR, dark gray) a 2-week exposure to a 60% caloric restriction. Boxes indicate least square means and error bars represent the 95% confidence interval, except for 8-OHdG (median and total range). Significant differences within sex groups (effect of CR, lower bars) and between sex groups (effect of sex, upper bars) are represented, as well as the significance of the interaction of Sex*Diet (CTL or CR). *< 0.05.




Caloric Restriction-Induced Modulation of Sexual Hormones

Urinary estradiol was significantly higher in females as compared to males during the experiment (Chisq= 5.11, p < 0.05; Figure 8A and Table 2). However, CR induced an increase in both sexes (Chisq = 30.28, p < 0.001; Table 2). In parallel, testosterone was very low in females as compared to males (2.8 ± 1.9 ng.mgCreat.−1 for females and 64.1 ± 31.1 ng.mgCreat.−1 for males in CTL situation, Figure 8B), and exposure to CR induced a significantly increased concentration in females only (+677.1 ± 947.8% in females against +32.8 ± 62.6% in males, <0.05; Table 1), though female levels remained much lower than males' after CR.
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FIGURE 8. Levels of (A) 17-beta Estradiol (pg.mg Creat.−1) and (B) Testosterone (ng.mg Creat.−1) measured in female (F) and male (M) mouse lemurs before (CTL, light gray) and after (60% CR, dark gray) a 2-week exposure to a 60% caloric restriction. Boxes indicate least square means and error bars represent the 95% confidence interval. Significant differences within sex groups (effect of CR, lower bars) and between sex groups (effect of sex, upper bars) are represented, as well as the significance of the interaction of Sex*Diet (CTL or CR). *< 0.05.




Integrative Analyses Confirmed an Effect of Sex in Response to CR

General PCA analysis (Figure 9) showed a clear discrimination between the 4 experimental groups around the 2 first principal components (PCs), which explained ~50% of the variation in the dataset. First, the analysis demonstrates that males and females started the experiment with different physiological states. PC1 explained about 31% of the variation and significantly discriminated CTL females (p < 0.01) and CR males (p < 0.001) from the rest of the individuals. The fattest animals (CTL females) were also the ones who had the biggest mitochondrial reserve capacity (MtRC) and the highest energy expenditure (EE) during the day. This was accompanied with a higher thyroxinemia and glycaemia than every other animal (Figure 9B). In contrast, CTL males were characterized along PC2 (which explained around 17% of variability) by their levels of oxidative damage, blood thiols and mitochondrial oxidative coupling rate (Figure 9B). Animals that had the highest levels of oxidative DNA damage (CTL males, p < 0.001) were the ones presenting the highest concentrations of thiols and also secreting the lowest cortisol. Caloric restriction induced contrasted effects between males and females along the 2 PCs. Thus, the effect of CR in females was mostly explained by parameters representative of mitochondrial respiration (GlcP, OxCR and the ratio Mt/Nu DNA) as well as estradiol and cortisol levels (Figure S1B), some of which (estradiol and cortisol) significantly contributed to discriminate the CR females from the other animals (Figure 9). Correlations networks (Figure S2) further confirmed strong differences between males and females in the relationship between metabolism and oxidative status. Indeed, energy-related parameters (energy expenditure, VO2, RER; thyroxin levels) were clearly positively correlated with oxidative damage and anti-oxidant activity in males. Such interaction was not evidenced in females, markers of anti-oxidant activity being even negatively correlated to energy expenditure before and after CR.


[image: Figure 9]
FIGURE 9. Principal Component Analysis discriminating female and male mouse lemurs before (CTL, red and green for females and males, respectively) and after (60% CR, orange and blue for females and males, respectively) a 2-week exposure to a 60% caloric restriction. Parameters indicative of energy balance (Body mass “BM”), metabolic activity (Cortisol “Cortisol,” Thyroxin “T4,” Mean EE over day “EE (day),” mitochondrial respiration (Oxydative coupling rate “OxCR”, Mitochondrial Reserve Capacity “MtRC,” Glycolytic Potential “GlcP”), Oxidative status (8-OHdG “8-OHdG,” Thiols “Thiols,” Glutathione Peroxydase “GPx”), sexual hormones (Estradiol “Estradiol,” Testosterone “Testosterone”) were included in the analysis. Individual plots are shown in (A) and grouped into sex*Diet. The contribution of each parameter is also represented by black arrows displaying the “Variable factor map.” Principal Component 1 (PC1) indicates ~31% of variability and Principal Component 2 (PC2) ~17%. (B) Table of correlation coefficients and corresponding p-values shows only the variables significantly contributing to the two first principal components of the analysis (Quantitative) and the discrimination of qualitative variables: CTL Females, 60%CR Females, CTL Males, 60%CR Males. *< 0.05, **< 0.01, ***< 0.001.





DISCUSSION

Facing food shortage after reproductive investment might be very challenging, though females and males might respond unequally to such unpredictable stress. We tackled this question by comparing the response of female and male mouse lemurs to a 2-weeks 60% caloric restriction (CR) applied at the end of the reproductive season. Our results confirmed that CR triggers a different response between males and females, characterized by sex-specific metabolic, anti-oxidant and mitochondrial regulations, which provides experimental evidence for the necessity to consider sex as a factor for population dynamics in climate change models.


Females Completed Their Summer-Like Season in Better Body Condition Than Males

At the end of summer, many different biological and behavioral events have specifically distinguished males and females, and this could introduce a bias when facing environmental perturbations. With the direct observation that the male sample in this study had an initial lower body mass (BM) compared to females, as it is also the case in Brunoy's breeding colony during this time of the life cycle, we kept in mind that initial BM could influence each sex response to CR differently. In this respect, initial BM was always included in the statistical models and was either left or removed in case of significant or non-significant weight, respectively. However, the mean initial BM in each group was far from representing the poor body condition or “exhaustion” that we could expect to find in wild populations (as animals from both sexes have been found to weight up to ~60 g during the transition to winter, Schmid and Kappeler, 1998). Also, the sex-gap of this particular parameter, although statistically significant, is very limited compared to the extreme BM variations one individual can display throughout the year (with an amplitude of ~50% of the mean BM variation over 1 year, Perret et al., 1998). Nevertheless, even after spending summer under the “favorable” conditions of Brunoy's colony, with regular and predictable food intake, our results confirmed that CR triggers different mechanisms between males and females at the end of the summer-like period, characterized by sex-specific metabolic, anti-oxidant and mitochondrial properties. In this line, results from multivariate analyses confirmed that BM was not the primary contributor of the sexual differences observed in response to CR.



Caloric Restriction Was Perceived as a Stressor During the Summer-Like Period

One remarkable result was the significant and consistent cortisol increase in urine samples after CR in both females and males, which could point out a stressed physiological status (for review, see Breuner et al., 2013). The effect of CR on cortisol concentrations seems to depend on its intensity and duration; in a recent meta-analysis, only fasting (from 2.5 to 6 days) was responsible for an increase in cortisol in human patients, while a 60% CR between 1 to 28 days did not (Nakamura et al., 2016). Previous work in rats showed a dose-dependent response of the increase in serum corticosterone after 3 weeks of CR (Levay et al., 2010). In mouse lemurs, a 60% CR applied to 24 females in winter-like period, as well as a chronic food shortage of 40% followed by a 80% acute CR in 6 individuals induced no urinary cortisol effect as well (Canale and Henry, 2011). The present experimental study was actually the first to test the effect of CR at this advanced time of the summer season, which could explain the difference with the results mentioned above. We found that a 60% CR undergone after the reproductive effort is therefore felt as a stress for these highly flexible primates, thus confirming the unexpected nature of such food shortage during a usually well supplied season (Dammhahn and Kappeler, 2008). In contrast, mouse lemurs are physiologically well-adapted to food shortage during winter (a dry period with low food availability), which thus triggers low stress response but induce hypometabolism states instead (Giroud et al., 2008; Vuarin et al., 2015).



Males and Females Show a Similar Energy Balance but Different Metabolic Responses to CR

As lemurs went through their energetic challenges of the year related to reproduction—though these challenges seem to be quite moderated for females in captive conditions (Landes et al., 2019)—late summer is considered as a period of nutritive abundance and possibly fattening in healthy natural populations that anticipate the poor season (Radespiel, 2006; Radespiel et al., 2006; Dammhahn and Kappeler, 2008). At the time of the experiment, males had undergone their reproductive investment and were sexually inactive, although testosterone levels were still high before and after CR. Females had also completed gestation and parental care, and did not exhibit late estrus. Therefore, we considered that male and female mouse lemurs probably shared equivalent energy allocations, although the experimental design did not allow to firmly rule out any confounding factor due to the natural modulations in metabolic activity that might have happened within the 2-weeks duration of the experiment, as animals were their own controls. Nevertheless, mouse lemurs are supposedly stable in their metabolic and reproductive status at this time of the year in captive conditions (Perret and Aujard, 2001). In these conditions, males and females lost similar amount of weight following CR, in total and relative to their initial body mass. The latter had an impact on the amount of weight loss, and thus erased any sex effect in the individuals' reaction to caloric restriction. In the same time, the mitochondrial reserve capacity (MtRC) decreased in both sexes, reflecting the impact of CR on the animals' ability to face new environmental stressors, as the cell's capacity to meet a new energy demand is drastically reduced under impaired caloric intake. Furthermore, MtRC was indeed positively correlated with body mass (Figure 9, Figures S1, S2), which strengthens its interpretation as an energy-balance marker.

However, the underlying metabolic indicators presented high variability between sexes, with an overall diminution in males (decrease in night and day oxygen consumption—VO2, Energy Expenditure—EE, Thyroxin parameters, no change for Oxidative Coupling Rate—OxCR) but very contrasted changes in females (mean VO2 increased during the day and did not vary with CR during the night, resulting in an unchanged EE during the day and decrease over night; no effect of CR was observed on T4 but OxCR increased). We can thus argue that even if CR was perceived as a stressor by both sexes, and induced similar energy balance, there is conclusively a sex-specific physiological response to this type of stressor at the end of summer. These results suggest that males entered a hypometabolic state, while females did not, particularly during the day when torpor, which is an energy-saving mechanism (Vuarin et al., 2015), occurs. As we used the total body mass to normalize VO2 measurements instead of the lean body mass (LBM), which is supposed to be the metabolically active portion of the total weight, the male-female VO2 gap after CR is likely to be underestimated. Moreover, in regard to the final energy balance, hypometabolism was not efficient in males and was not followed by a decrease of ATP needs, as OxCR informs on the energy production rates of the cells (Divakaruni et al., 2014). In contrast, females' ATP demand increased in response to CR, but was still significantly lower than in males. Aside from this, we observed an increase in glycolysis potentials (GlcP) after CR in both sexes, meaning that the cells were able to better use glycolysis in case of an extra fuel need under stressed conditions and maximal mitochondrial activity. CR seemed to favor a more direct type of response to environmental stress with increased glycolysis capacities, while MtRC and thus maximal mitochondrial respiratory capacity under stress lowered drastically and could not provide full proficiency. Cellular metabolic potential was decreased after CR showing an altered response toward induced cellular energy demand, but were still—although qualitatively assessed—higher in females. For these cellular-scaled parameters we can still argue on the link between metabolism and fibroblasts, whose response may not represent the one of cells more implied in the regulation of metabolic activity or “metabolic tissues” (as hepatocytes, adipocytes, pancreatic cells or myocytes) (Patel et al., 2014). However, fibroblasts are constitutive of the skin, the barrier between the internal and external environment of an organism, that is capable of integrating many signals which in fine impact homeostasis (for review see Slominski et al., 2013). As such, even if fibroblasts are not key actors in the regulation of metabolism, they can still respond to an organism's regulation, and they are known to be up and down-regulated along with key metabolic pathways, as glycolysis and fatty acid oxidation (Zhao et al., 2019). Our method showed good discrimination of mitochondrial activity under CR, sparing the necessity to perform more invasive sampling.

Observations in the little brown bat (Myotis lucifugus) converged toward the “thrifty female hypothesis” (TFH; Jonasson and Willis, 2011), in which females display a greater resistance to weight loss than males, as they supposedly experience greater energetic challenges after the dry season, when they face spring reproduction (Key and Ross, 1999). This selection pressure would have driven females to be more efficient in using energy saving mechanisms, or “thrifty phenotypes” (TP), such as torpor, hibernation or fat storage (CZenze et al., 2017; Willis, 2017). The TFH has been originally enunciated to explain sex-variability in the expression of these TP during winter (Humphries et al., 2003; Jonasson and Willis, 2011), but no study has yet explored its generality throughout the year. Indeed, if the expression of a TP in females is dependent on their energy allocation to reproduction, as stated in the TFH, it is worth considering the case of a more constitutive phenomenon, where females' TP could also be expressed after reproductive investment. There is actually growing evidence that females of different species could present physiological abilities compared to males in their response to caloric restriction and energy storage independent of or during gestation (Rodriguez-Cuenca et al., 2002; Valle et al., 2007; Lennox and Goodship, 2008; CZenze et al., 2017). Overall, in the present study, the comparison of physiological responses to CR between males and females did not support the hypothesis that female lemurs might express a more “thrifty” phenotype in late summer, as the energy balance was similar between sexes, and there was a reduced metabolic activity in males. We cannot rule out the fact that females were heavier than males before and after the experiment which might have influenced their response to CR. Indeed, body condition is known to interfere with the use of hypometabolism (Bieber et al., 2014). Given that hypometabolism is associated with adverse effects such as accumulation of molecular oxidative damages (Wei et al., 2018), the “decision” not to initiate it might be more adaptive in females at that season time, according to the fact that they had sufficient reserves to undergo the cost of CR. Whether females would have modified their response to CR with a prolonged stress remains an open question.



Sex-Specific Oxidative Status Management in Caloric Restriction Conditions

Despite CR was perceived as a stress in regard to the individuals' cortisol increase, urinary oxidative damage to DNA (8-OHdG) decreased in both sexes. It was initially lower in females (and remained lower after CR), which suggests an overall greater oxidative stress in male mouse lemurs at the end of summer. 8-OHdG positively correlated with metabolic activity parameters only in males (mean EE during the day, thyroxin—T4, OxCR see Figure 9, Figures S1B, S2) according to our expectations and the Free radical theory of aging (Harman, 1956). Indeed, intense oxidative metabolism produces reactive oxygen species (ROS) that damage molecular structures, potentially inducing cellular and tissue harm, which eventually contribute to senescence (for review, see Kregel and Zhang, 2007). Anti-oxidative machinery intervenes as a protective mechanism (Pamplona and Costantini, 2011) and could be regulated by metabolic rate as well. Here we observed contrasted relationships between metabolic rate, T4, 8-hydroxy-2'-deoxyguanosine−8-OHdG, glutathione peroxidase and Thiols in males and females mouse lemurs. Indeed, caloric restriction induced concomitant decrease in T4, 8-OHdG and antioxidant machinery in males, thus compelling with the “rate-of-living” theory. In females however no or little change in energy expenditure was observed after CR, which was corroborated by the absence of variation in T4 measurements, while thiols (and GPx to a lesser extent) significantly increased (yet very contrasted amongst the individuals) and 8-OHdG was still reduced, supposedly as a direct consequence of the anti-oxidant activity. Although metabolic activity could be directly implied to some extent in the resorption of oxidative damage (Pamplona and Costantini, 2011) as we observed in males, females seem to activate other pathways, such as the up-regulation of anti-oxidant mechanisms.

We do not know if the intersexual variability in the regulation of oxidative status is a direct effect of sex or is linked to the difference of metabolic rate response induced by CR. As it is discussed in many studies, oxidative stress could be modulated either by food shortage or sexual hormones, and the existence of a sex-specific oxidative balance is debated (Costantini, 2018). Caloric restriction has been robustly demonstrated to improve maximum life span in mammals, including primates (Masoro, 2005; Pifferi et al., 2018) and this effect was correlated with the reduction of oxidative damage accumulation in several experiments (for review, see Sohal and Weindruch, 1996). Recently the protective effect of chronic CR on oxidative stress was diminished in mice that lacked type-3 sirtuin SIRT3, a mitochondria-localized protein which promotes the anti-oxidant properties of type-2 superoxide dismutase SOD2 (Qiu et al., 2010), indicating a major upregulation of the antioxidant machinery during CR. This particular result is in line with our findings in females, but not in males (although the sex of mice was not specified, nor discussed in the above mentioned article). It is also pointed out that estrogen, in contrast to other natural steroids, possess an antioxidant activity because of the phenolic structure in the molecule, and this specificity was assessed in vitro in 1987 (Sugioka et al., 1987). Additionally, a positive correlation was observed between estrogen and GPx (Massafra et al., 1998), which supports the hypothesis of an estrogen-dependent regulation of the antioxidant machinery. In rats, castration decreased SOD activity in both sexes, although more intensely in females, and highly increased lipid peroxidation (in a model of myocardial damage) in females, but not in males (Barp et al., 2002). In healthy aged rats finally, females were proven to host lower mitochondrial content than the males (which was supported by our Mt/Nu DNA results), but with a greater differentiation degree and higher activity (Guevara et al., 2009). This was accompanied by a better “oxidative balance” in females, meaning higher respiratory function followed by equal ROS production, but greater antioxidant enzyme activity, and uncoupling proteins (Guevara et al., 2009). All these information converge to a sexual difference in the oxidative status regulation, also in a context of CR, where females are able to lower the damage induced by the perceived stress by upregulating their antioxidant machinery, while males respond by decreasing their metabolic activity, which also decreases ROS production.

As predicted from the above studies, estrogen increased in response to CR in females. The effect was also observed in males, which represents an original result as few studies gather information on the potential role of estrogen as regulator of the oxidative status in males. Our study also provides a first glimpse of Microcebus murinus males' estrogen concentrations. We did not find any estrogen-antioxidant correlation however to support the role of the sexual steroids in the regulation of oxidative status, but estradiol levels did correlate negatively with 8-OHdG (see Figure 9, Figures S1, S2).

On the other hand the anti-oxidant effect of testosterone remains unclear, as it has been shown to either depress red blood cell resistance to free radical attack in a male zebra finch model treated with testosterone (Alonso-Alvarez et al., 2007), or decrease ROS production and increase GPx activity and thiols groups content in an in vitro human neutrophil culture (Marin et al., 2010). Mouse lemur males expressed more than 20 times the testosterone concentrations of females, yet CR still had a significant impact on females' testosterone levels (Figure 8), while it remained unchanged in males. As testosterone can be metabolized into estradiol and dihydrotestosterone, their respective oxidative/antioxidant properties may be difficult to tease apart. This idea was explored in 2012 in birds (Casagrande et al., 2012), which showed an antioxidant activity of estradiol only in both sexes. The increase in female's testosterone may be due to the necessity of producing higher levels of estrogens, while the “stock” would be already available in males.



On Sex-Biased Ecological and Evolutionary Perspectives

The final energy balance in response to CR was similar between males and females in the present study. However, the metabolic rate and oxidative damage modulations were significantly different between sexes. Metabolic activity markers of females were not decreased after CR (T4, OxCR, VO2) which could illustrate how physiology is adapted to the different biological and behavioral features of sexes in Microcebus murinus during this late-summer context, when females still take care of their offspring in nature and form kin-groups to endure winter (Radespiel et al., 2001). Both body mass and mitochondrial reserve capacity were lower in males at the beginning of the experiment (and remained as such afterwards) suggesting that summer would be a more challenging period for them, even in breeding conditions. This conclusion is also supported by the higher levels oxidative damage to DNA.

The major constraint for the fitness of males that could drive sexual selection and dimorphism is thought to be the limited access to females for mating, that would thus favor larger body size or other energetically costly physical features (Darwin, 1874; Emlen and Oring, 1977; Key and Ross, 1999). As opposed to this, females' reproductive success would be constrained –only- by food resources (Trivers, 1972). In case of a monomorphic species, females' energy expenses were demonstrated to exceed that of males, mainly because of gestation and lactation, which costs can be easily monitored (Key and Ross, 1999). The males' specific energy expenditure was actually calculated during the time it took for females to produce an offspring. This particular paper did not take into account the sex-dependent phenological shift of maximal reproductive energy investment that happens in many wild species. In our point of view, spermatogenesis cost is underestimated especially when it happens during harsh environmental conditions, which introduces a bias in the ecological niche framing sex-specific biological energetics. With the tenet of gestation and lactation being energy-consuming processes, females are traditionally thought to be naturally more challenged with a higher fuel need to supply than the males. But with a high spermatogenesis rate, energy allocation for reproduction is probably very costly for male mouse lemurs also (Harcourt et al., 1981; Aslam et al., 2002), as for other species involved in sperm competition.

The ecological “niche” in which animals enter an active metabolic status can be drastically different according to sex (Darwin, 1874; Shine, 1989) and expose males and females to unequal challenges. As males use their fat storage in winter to produce high quantities of gametes in anticipation of the mating season, they are in an unbalanced situation compared to females at the beginning of summer. They thus strongly depend on good environmental conditions and food availability after the main energetic investment, when females can use their energy reserve if an unpredicted food shortage happens during gestation or lactation. Pregnant female bats were recorded to maintain normothermic body temperatures during spring migration and suffer consistently less water loss than males, which entered torpor more frequently (Cryan, 2003). This would tend to dig the gap between males and females on their ability to survive summer, and introduce a “loss of opportunity” to survive in male mouse lemurs. Indeed, field data gather evidence that goes in the direction of a rougher summer for males, with a survival 16% inferior than the one of females' at the beginning of the season (Kraus et al., 2008). It is explained in this paper by the “risky male” theory, where males face dangerous situations during territorial and dispersal behaviors at the early stages of summer during mating. Emphasizing this, male-biased predation seems to be common in nature and is largely documented (see review Christe et al., 2006). This behavioral-based hypothesis does not take into account the energy balance ensuing from physiological mechanisms linked to reproductive activity in males and the rise of testosterone levels, which could be very costly in terms of metabolic activity, immunity and thus fitness (Muehlenbein and Bribiescas, 2005). Moreover, habitat and food resources use is highly influenced by dominance relationships specific of mouse lemurs, which are in favor of females (Radespiel et al., 1998; Hohenbrink et al., 2015). Which of these processes, whether behavioral, physiological or ecological are of primary importance in the field, remains an open question.




CONCLUSIONS

We found evidence of sex-specific regulation of metabolic activity in mouse lemurs submitted to CR at the end of summer, which could compel with their own programmed physiological and behavioral agenda. Contrary to females, males tended to lower their metabolic activity, but they began the experiment with a lower body mass than females and still lost similar amount of weight. Moreover, males and females seem to differ in how they regulate their oxidative status, hormones, and energy expenditure, which appear to differ under both baseline and challenging conditions. In other words, these sex differences might point to various selective pressures across the life stages acting on the physiological machinery of males and females that need to optimize their functions to expression of life-history traits. Although our results came from animal maintained under captive conditions, they suggest that the survival probability until the next season of males is much more dependent than females on the environmental conditions experienced during summer. As the climatic evolution in Madagascar is growing unpredictable with climate change (Canale and Henry, 2010), it is hypothesized that selective pressures would favor individuals with a higher body mass or with greater capacities to store fat (Dewar and Richard, 2007). Whether this could impact sex-ratio of mouse lemur populations may depend on the rapid adaptation of males to food shortage. This type of sex-specific ecological challenge is still poorly discussed and would merit more attention, especially since two-sex models of population dynamics proved that a biased-sex ratio could lead to a rapid collapse in vertebrates (Le Galliard et al., 2005; Grayson et al., 2014).
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Figure S1. Comparison of (A) Females and (B) Males Principal Component Analysis. Parameters indicative of energy balance (Body mass “BM”), metabolic activity (Cortisol “Cortisol,” Thyroxin “T4,” Mean EE over day “EE (day),” mitochondrial respiration (Oxydative coupling rate “OxCR,” Mitochondrial Reserve Capacity “MtRC,” Glycolytic Potential “GlcP”), Oxidative status (8-OHdG “8-OHdG,” Thiols “Thiols,” Glutathione Peroxydase “GPx”), sexual hormones (Estradiol “Estradiol,” Testosterone “Testosterone”) were included in the analyses. Individual plots are shown in females (A) and males (B) and grouped into caloric treatment (CTL in red, 60%CR in green). The contribution of each parameter is also represented by black arrows displaying the “Variable factor map”. (C) Table of correlation coefficients and corresponding p-values shows only the variables significantly contributing to the two first principal components (PC1 and PC2) of the analysis (Quantitative) and the discrimination of qualitative variables: CTL and 60%CR. *< 0.05, **< 0.01, ***< 0.001.

Figure S2. Correlation networks of females and males parameters. Data before and after caloric restriction were all included in the analysis for each parameter and each sex. Each parameter is written in black (Body Mass, Glycaemia, T4, Cortisol, 8OHdG, Thiols, Gpx, Testosterone, Estradiol, mean VO2, EE and RER during day or night). The closer one variable is to another, the higher the relationship. The opposite is true for widely spaced variables. Blue lines represent positive correlations (only correlations from r = 0.5 to 1 appear, with p < 0.1), while red lines negative ones. The line shade and thickness modelize the strength of the relationship.
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0.74 £ 0.06 0.73 £ 0.02
07:00 + 083h 45 min 10:43 4 3h 12min
0.77 £0.07 0.78 £ 0.07
2,343 + 124 2,287 + 266
19:36 £ 3h 04min 19:01 = 3h 07 min
2,147 + 403 2,192 £ 510
1,075 + 135 1,183 + 162
07:569 £ 2h 09min 06:58 + 4h 32 min
1226 + 406 1296 = 425
1.18+£0.09 1.04 047
19:569 £ 3h01min  20:27 £ 3h 54
1.06 £0.15 0.92£0.16
0.50 £ 0.05 0.49 £ 0.07
08:58 +28min  08:15 = 4h 45 min
0.53 £ 0.06 0.52 £ 0.07

Initial Sex

effect
p-value

60% Caloric restriction

i m
992.3 + 604.3 596.4 +245.3
2141 £363 324.6 £ 110.8
18+£06 14+£02
0.34 +0.06 0.14.+0.04
258+88 21.3+£100

60086.8 + 13681.9 40180.7 + 14563.2

129 +16.7 94.4 £78.0
84+18 72+ 11
83.0£56.1 772+54
69.49+23 67.54£2.1
148.9 £330 1348 +41.8
407.43 +128.65  439.77 + 35.41
256+1.16 3304 1.43
0.91 +0.04 0.96 + 0.02
17h 30+ 41min  17h 17 41 min
0.85+0.076 0.90 £ 0.085
0.76 +£0.02 0.71 £0.06
08:58 + 4h 35min 4h 58 + 3h 58min
0.76 +£0.06 0.75 £ 0.07
2,301 4+ 194 2,228 + 344
18:56 £ 3h 56min 17:39 & 2h 13min
2,260 + 432 1,882 + 473
1,162 + 198 758 £ 233
05:50+3h34  04:05 % 1h08min
1328 + 598 1001 & 382
1.06 +0.22 0.85 4 0.12
17:58 = 1h 38 min 18:08 + 4h
093 £0.11 0.71 £0.06
0.45 +£0.07 0.28 £0.09
07:07 £ 4h03min 0407 £ 1h
0.49 +£0.09 0.41 £0.05

CR effect

p-value F p-value M

Sex effect in the caloric restriction response

Vo (%) vom (%)
+87.3+ 142.4 +43.5+346
—-424 £ 149 —-42.7+£12.8
+4.9 % 187.1 2084448
+28.85 + 49.06 —41.08 £ 19.71
—6.4+466 85,6+ 27.4
+1199 £ 102.9 +74.4£356
+667.1 + 10238 +32.8+ 65.7
-1+561 +12+26
—167£43 —142£43
977 £7.78 —2.97 £ 12.06
—23.63 + 24.07 —19.7 + 1851
+35.34 + 36.26 +44.70 £ 101.04
+2.99 £ 25.79 +60.06 % 30.17
~9.50 + 4.49 081678
—50min + 1 h34 min —27 min % 1 h52 min
—130£837 ~49+59
124£7.07 ~8.19£7.01
~8h08min+5h 08min  —5hd5  4h 28min
0952 -36+18
—1.7+83 —18£17.7
—41min£2h19min  —1h 22min £ 2h 15min
477 £159 ~102+£96
+82+145 356+ 184
—2h 19min £ 5h 25 min ~2h 53min & 4h 42min
9.6+ 149 -9.4+88
924826 —17.9+78
—2h02min  1h 58min ~2h 20min  3h 39min
-11.7+£ 108 =212+ 116
—95+16.1 418184

—1h4Smin £ 4h 11min —4h 08 min £ 4h 55min

67117

—20.1+85

p-value

The variation of parameters is calculated as the difference between restricted and control values. Non parametric tests were performed with or without pairing (Wilcoxon and Mann-Whitney, respectively). °<0.1, *< 0.05, < 0.01,

"< 0.001.
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