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Abstract

Mitochondrial bioenergetics in females and males is different. However, whether mitochondria
from male and female brains display differences in enzymes of oxidative phosphorylation remains
unknown. Therefore, we characterized mitochondrial complexes from the brains of male and
female macaques (Macaca mulatta).

Cerebral tissue from male macaques exhibits elevated content and activity of mitochondrial
complex | (NADH: ubiquinone oxidoreductase) and higher activity of complex Il (succinate
dehydrogenase) compared to females. No significant differences between sexes were found in
the content of a-ketoglutarate dehydrogenase or in the activities of cytochrome ¢ oxidase and
F1F, ATPase. Our results underscore the need for further investigations to elucidate sex-related
mitochondrial differences in humans.
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Due to different hormonal statuses, adult healthy mammals exhibit sex differences in brain
metabolism. Female hormone estradiol has a significant neuroprotective effect, increasing
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mitochondrial membrane fluidity and respiration [1]. In addition, estrogen receptors were
found to be associated with brain mitochondria [2]. There are several, albeit controversial,
reports on sex-dependence of the content and activity of brain mitochondrial enzymes in
rodents [3-6] but very few reports on primates [7-9]. A recent meta-analysis [10] did not
reveal any significant differences between sexes in humans, but tissues other than the brain
were mostly considered. It is essential to perform an accurate evaluation of brain samples
from non-human primates including both the content and function of the proteins involved
in energy production. To address potential sex-related differences in the mitochondrial
oxidative phosphorylation system, we analyzed the content and activity of respiratory chain
enzymes in brain mitochondria from adult non-human primate Macaca mulatta using a novel
approach recently developed in our laboratory [11,12].

The grey matter from snap-frozen prefrontal cortex was homogenized and processed for
high-resolution Clear Native (hrCN) electrophoresis or activity measurements, as previously
described [12,13] (see Supplementary data for details). Values of content and activity of
several mitochondrial complexes for both sexes are shown in Fig. 1. After separation of the
large membrane complexes by hrCN and fluorescent scanning of the gel, three main bands
were determined: pyruvate dehydrogenase, a-ketoglutarate dehydrogenase and complex |
(Fig. 1A). After calibration of the fluorescent signal [11], a-ketoglutarate dehydrogenase
content was not significantly different between male (44.3 + 12.0 pmol/mg of protein) and
female (44.4 + 5.8 pmol/mg of protein) brains (Fig. 1B). A key control point for oxidative
phosphorylation is mitochondrial complex | or NADH:ubiquinone oxidoreductase [14,15],
which governs the electron entry flux to the respiratory chain and also determines the
availability of NAD* for TCA cycle dehydrogenases, such as pyruvate and a-ketoglutarate
dehydrogenase. In many pathologies, alterations of mitochondrial complex | function are a
hallmark of central nervous system injury or degeneration. Macaque brains mitochondrial
complex I content was found to be higher in males (6.9 + 1.0 pmol/mg of protein) than in
females (5.9 + 0.4 pmol/mg of protein) (Fig. 1C). These values correspond to 81 + 10 and
72 + 11 pmol of complex | FMN per g of wet brain tissue in males and females, respectively
(Supplementary data, Table 2S). Complex | content showed a trend towards increased

levels in males and decreased levels in females with age (Fig. 1S). Specific complex |
NADH oxidation activity with artificial acceptor hexaammineruthenium (HAR) was also
significantly higher in male brain mitochondria (Fig. 1D), confirming the FMN content
measurements. Next, we measured the activity of complex Il (succinate dehydrogenase) and
ATP hydrolysis by F1F, ATP-ase. In male brains, the activity of succinate dehydrogenase
was higher than in female brains, contrary to the results reported in humans [8]. No
statistically significant differences were found for complex IV cytochrome ¢ oxidase or
ATP hydrolytic activity of complex V.

Most of the mitochondrial studies in mammals regarding sex differences have been
performed in rodents, whereas data on sex-related mitochondrial differences in primates or
humans are limited. In this study, we analyzed binary sex differences in specific components
of the mitochondrial oxidative phosphorylation machinery in brains of adult non-human
primates. Unlike previous reports in rodents [5,6] and humans [8], we did not observe

the elevated function of mitochondria enzymes in females. On the contrary, we found

that the content of mitochondrial complex | was higher in males. Complex | provides the
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electron entry to the respiratory chain and its activity defines overall flux through complexes
I-1V as well as the rate of the TCA cycle via NAD* availability. Since mitochondria
complex I is one of the major contributors to the production of reactive oxygen species in
mitochondria [16], higher content of this enzyme could underlie elevated levels of oxidative
stress in males as proposed for the rat brain [17]. Previously, higher content of other

brain mitochondria components, such as uncoupling protein 1 was also reported in male
brains [7]. It is worth noting that studies like the present one have limitations due to the
difference in postmortem period, initial sample processing, storage time, and possible tissue
heterogeneity. For example, due to the high variability between samples, it was not possible
to estimate the content of pyruvate dehydrogenase (Fig. 1A, band 3).

Undoubtedly, the evidence of sex-dependent differences in mitochondria enzymatic
activities in primates including humans is growing. With an increasing number of new
mitochondria-targeted medicines, the physiologic and mechanistic implications of these
differences remain to be appreciated. Recognizing the unique sex-based dissimilarities in
mitochondrial function would have a big impact on the design of personalized drugs or
therapeutic protocols and ensure more targeted and effective treatments for both men and
women.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Functional measurements of mitochondrial oxidative phosphorylation in males (M) and
females (F) monkey’s brain. A, representative image of an SDS-treated hrCN gel showing
flavin fluorescence originated from complex | (1), a-ketoglutarate dehydrogenase (2) and
pyruvate dehydrogenase (3) complexes. B, C, quantitative measurement of a-ketoglutarate
dehydrogenase FAD (B) and complex | FMN (C) content. D-F, complex | NADH:
hexaammineruthenium (HAR) reductase (D), complex |1 succinate dehydrogenase (E),
complex 1V ferrocytochrome ¢ oxidase (F) activities and ATP hydrolysis by complex V
(G) of brain mitochondria homogenates from males and females. Values of content and
activity were normalized per tissue homogenate protein, mean + SD, n= 7-10 for each
group, Student’s £test.
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