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Integrating sex and gender in mitochondrial science

Alex Junker 1, Robert-Paul Juster 2,3,* and Martin Picard 1,4,5,#

Mitochondria play vital roles in the production of energy and sex
hormones. To date, little is known about how sex and gender
influence mitochondrial biology in humans. Here, we first explore
available evidence of sex differences across domains of
mitochondrial biology. The existing literature largely approaches
sex through a binary construct (female/male) that assumes clear
dichotomous distribution of sex characteristics, including
chromosomes, gonads, and hormones, which only partially
captures reality. We extend this biological discussion by
considering how gender may influence mitochondrial biology in
ways that binary categories risk misattributing to sex. Integrating
gender/sex considerations in mitochondrial science provides a
framework to begin mapping the diversity of mitochondrial biology
and recalibrations across the human population.
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Introduction
Through energy transformation and signaling, mi
tochondria have enabled the evolution of multicellular
animal species [1,2] that have thrived through sexual
reproduction [3]. As evidence of the intertwined nature
of sex and mitochondria, evolution has produced three
notable expressions: i) mitochondria are uniquely
www.sciencedirect.com

inherited from the oocyte [4], ii) the first step of all
steroid hormone synthesis – including the estrogens and
progesterone that make pregnancy possible, as well as
testosterone [5] – takes place in the matrix of specialized
mitochondria [6], and iii) mitochondria contain estrogen
(ER) and androgen receptors (AR) that enable these
multifaceted organelles to sense (in addition to produ
cing) sex hormone signals [7–9]. Moreover, mitochondria
respond to and are shaped by dynamic factors such as
exercise, diet, and stress [10–12]. Thus, a number of
evolutionarily rooted, hormonally guided, and healthrelated behaviors that impact bioenergetics are known to
shape, and to be shaped by, mitochondrial biology.
In humans, sex and gender interact, and both contribute to
health outcomes [13–15]. Gender (see Glossary) impacts
one’s access to flexible resources like money, status, and
power [16–19], which influence the food people eat, how
much they engage in physical activity (PA) or in sedentary
behavior, and the psychosocial stressors they experience.
In turn, these gendered factors affect downstream neu
roendocrine pathways, including sex hormones them
selves, that are known to modulate mitochondrial biology
[20–22]. A recent study reported that ‘sex differences’ in
older adults’ activity of daily living limitations were re
duced by more than half after controlling for gendered
socioeconomic factors [23]. For health-related phenomena
like cardiovascular disease [24,25] and the ‘wear and tear’
of chronic stress [26], gender may have a greater influence
than sex. Therefore, the formative influence of gendered
behavioral exposures on mitochondria, and the central role
of mitochondria in supporting the human body and mind
[27–29], highlight the importance of considering how
gender shapes different domains of mitochondrial biology.
In this review, we discuss how gender and sex are linked
to mitochondria. We focus on humans to illustrate how
traditional measurements of sex as a binary variable
provides only a partial picture of the superb human di
versity, and omits transgender and gender diverse
(TGD) people. We then provide specific recommenda
tions about available approaches to deploy mitochondrial
science to better examine pressing questions around
gender, sex, and health across the lifespan.

There are few consistent binary sex
differences in mitochondrial biology
The existing literature on gender/sex and mitochondria
has primarily focused on binary sex classifications:
women or men in humans, female or male in rodents.
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The animal literature reviewed by Ventura-Clapier et al.
[30••] included > 60 studies of various tissues, including
skeletal muscle, liver, cerebral arteries, and cardiac
tissue. The findings indicate that mitochondria from
male rodents tend to release more reactive oxygen spe
cies (ROS) and have greater calcium (Ca2+) retention
capacity, indicating lower mitochondrial permeability
transition pore (mPTP) sensitivity. In contrast, female
rats have higher respiratory capacity, a close approx
imation of ATP (adenosine triphosphate) production
capacity (reviewed in [30••]).
The tractability of animal models can provide a valuable
opportunity to study how specific sex characteristics can
contribute to metabolism. One attempt to distinguish
between effects of chromosomal (X, Y chromosomes)
and gonadal (ovaries, testicles) sex is the four core gen
otypes (FCG) model. The FCG model (described in
detail in [31]) creates XX and XY mice with ovaries, and
XX and XY mice with testicles. Studies using this model
suggest that sex chromosomes and gonads differentially
contribute to sex differences in systemic energy meta
bolism. For example, mice with testicles were heavier
than mice with ovaries, regardless of their chromosomal
sex. However, post-gonadectomy (i.e. the removal of
gonads), XX mice increased their food intake [32] and
became heavier than XY mice [33]. This indicates that,
in the absence of high quantities of circulating sex hor
mones, chromosomes can influence physiology. When
assessed post-gonadectomy, mitochondria from XX mice
were more sensitive to mPTP opening, while mi
tochondria from XY mice showed decreased mPTP
sensitivity [34]. This suggests that XX and XY chromo
somes may be able to directly, and differentially, impact
mitochondrial Ca2+ buffering under certain conditions.
However, these studies were performed using isolated
mitochondria, an approach known to impact mPTP
sensitivity compared to less disruptive methods such as
permeabilized myofibers [35], leaving open the magni
tude of these effects.
Rodent studies can be a useful tool to examine specific sex
characteristics; however, rodent and human biology differs
in important ways [36], and rodents cannot effectively
model how humans experience sex alongside gender, as
discussed below. An extended discussion of the limitations
of animal models to understand sex differences is beyond
the scope of this review but is addressed elsewhere
[37–40]. Below, we focus our discussion on sex differences
in human mitochondrial biology.
We recently reviewed the human literature on sex differ
ences in mitochondrial biology [41••], covering 39 bio
chemical, molecular, and functional measures across > 2200
individuals. Tissues examined included skeletal muscle,
white adipose tissue, brain, and mixed or isolated subtypes
of blood leukocytes (i.e., white blood cells). As in rodents,
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binary sex differences varied by tissue and cell subtype.
For example, a small study from our group showed that the
magnitude of sex differences varied dramatically between
different immune cell subtypes (e.g. neutrophils, mono
cytes, CD4+ and CD8+ naive and memory lymphocytes)
(Figure 1) [42]. In the meta-analysis of all human studies,
two binary sex differences emerged: higher mitochondrial
content (citrate synthate (CS) activity) in women’s white
adipose tissue (χ2 p = 0.01), and higher ROS production in
men's skeletal muscle (χ2 p < 0.0001). Both results were of
small-to-moderate overall effect sizes (Hedges g = 0.20 and
0.49, respectively; Figure 1); , strengthened by tissue and
methodological specificity, and limited by an imprecise
binary measurement of sex, as discussed below.
Across existing studies, other measures of mitochondrial
biology, including respiratory capacity, mtDNA copy
number (mtDNAcn), and mitochondrial morphometry,
show inconsistent sex differences with small-to-large
effects within specific domains, although studies were
generally limited by their small sample sizes (Figure 1b)
[41••]. Few studies have been designed to examine sex
differences, and no study reported sex beyond a binary
designation or stated how sex was measured. Additional
studies designed with sufficient biological specificity
(cell types, tissues, sex-related variables), in adequately
powered cohorts, are needed to capture sex–related in
fluences on human mitochondrial bioenergetics.

Human sexual characteristics are diverse,
variable, and poorly captured by binary
categories
We now turn to sex-related traits in humans, where a
binary framework provides only a partial, oversimplified
picture of human diversity. Human sex characteristics in
clude, but are not limited to, chromosomes, gonads, organs,
and hormones, which combine in many ways. Female/male
categories are built upon two common correlations of these
traits: i.e., higher androgens and sperm-producing, or es
trogenic and egg-producing. While these categories can
have uses, a designation of ‘female’ or ‘male’ does not
provide adequate biological information for sex-related
hypotheses to be formed or tested. Assessing sex as female
or male assumes a binary distribution for a broad array of
sex characteristics, which obscures the polymorphic varia
tion of sex-related characteristics within - and lack of sys
tematic dimorphism between - constructed binary sex
categories (Figure 2a and b) 43,44,93.
Three observations illustrate how biological sex exists
not as a binary but as a spectrum of traits . First, there are
broad within-sex variations in sex hormone concentra
tions (in blood or saliva), such that estrogens and tes
tosterone concentrations significantly overlap between
cisgender women and men (Figure 2c). Second, psy
chology and neuroscience researchers increasingly view
www.sciencedirect.com
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Figure 1
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Investigating sex differences in mitochondrial biology requires adequately powered studies with sufficient biological specificity. (a) Standardized mean
difference (Hedge’s g, 95% CI) pooled overall effect estimate by domain of mitochondrial biology listed on the vertical axis, measured from a variety of
tissues, meta-analyzed in [41]. Values > 0 indicate higher average value in women, and values < 0 indicate higher average in men. Total number of
participants (n, women and men combined) per domain is noted in the table (right), along with the significance value representing the imbalance of
studies reporting a sex difference (Chi-square test). (b) Spearman’s r between sample size and effect size for all mitochondrial measures (electron
microscopy, biochemical, respirometry, magnetic resonance spectroscopy) in studies from (a), illustrating that studies with smaller sample sizes
consistently report larger binary sex differences. (c-d) Immune cell type differences in mtDNA copy number (mtDNAcn) and oxidative phosphorylation
(OxPhos) complex I activity in mixed white blood cells (peripheral blood mononuclear cells, PBMCs) and specific cell subtypes isolated by cell surface
markers and flow cytometry. For each individual (n = 21), only the 6 most abundant cell types were analyzed, yielding 12–18 individuals per cell
subtype. (e-f) Standardized mean difference (Hedge’s g, 95% CI) pooled overall effect estimate for mtDNAcn and OxPhos complex I activity.
Values > 0 indicate higher average value in women, and values < 0 indicate higher average in men.
(b) reproduced from [41]. (c-d) reproduced from [42]. (e-f) reproduced from [42].

the brain as demonstrating a ‘mosaic’ of sexual variation,
combining patterns of brain structure and activity tradi
tionally associated with one binary sex [45]. Third, in
tersex individuals — who represent 1.7% of the
population [46] — demonstrate that sexual
www.sciencedirect.com

characteristics, including chromosomes, organs, and sex
hormone levels, exist along a continuum of natural var
iation. Thus, from a strictly biological perspective, sex is
more accurately conceptualized as an array of continuous
traits.
Current Opinion in Physiology 26( 2022) 100536
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Figure 2
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Human models of sex differences and circulating sex hormone concentrations highlight continuous variation in human sexual characteristics. (a) The default binary model of sex used in most of the
biomedical and mitochondrial research. (b) Sex-related characteristics are distributed in non-dichotomous patterns throughout the population. Two common intersex karyotypes are presented: XXY
for Klinefelter syndrome (1 in ~700 babies AMAB), and XO for Turner syndrome (1 in ~2,000 babies AFAB). (c) Salivary sex hormone data from a cohort of healthy adults (n = 291, contributed by
author RPJ), analyzed as described in [87,90]. Each datapoint represents a person, color-coded by sex assigned at birth (binary). Frequency distributions are shown for estradiol, testosterone, and
the estradiol/progesterone ratio. One data point with low estradiol (0.036) is not shown. (d) Sex hormone concentrations from both saliva (triangles), contributed by author RPJ, and serum (circles)
samples from healthy adults (n = 54) as described in [91,92]. Of the 345 participants, three individuals on GHT are highlighted. *Binary sex is listed as reported on demographic questionnaires, which
required a binary choice (female/male) without specifying whether it was sex assigned at birth, current legal sex designation, or gender identity. Here, as in other studies, the collection of only binary
sex data limited the conclusions around potential sex differences.
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Around half the population is assigned female at birth
(AFAB), and half is assigned male at birth (AMAB). In
the last two decades, many efforts to increase knowledge
of sex differences have focused on including more cis
gender women (i.e. AFAB individuals who identify as
women) as research participants. This is an essential first
step toward exploring sex diversity [47]. However, our
knowledge of sex differences remains limited by a) the
flattening of sex diversity into a dichotomous variable 94,
as discussed, and b) the exclusion and/or misclassifica
tion of TGD people. TGD individuals, who identify as a
gender other than their sex assigned at birth, represent
between 0.3% and 2.7% of the population, depending on
age group [48]. They often pursue gender-affirming
medical processes, such as gender-affirming hormone
therapy (GHT) that changes circulating hormone con
centrations (Figure 2d). This is difficult to account for
within a binary framework that conflates sex hormone
concentrations with chromosomes, gonads, and other
unmeasured sex characteristics. One study of trans
gender men showed that taking testosterone (masculi
nizing GHT) decreased mitochondrial O2 consumption
and increased ROS emission in leukocytes after three
months [49]. Longitudinal studies of individuals on
GHT could provide insight on the extent of mitochon
drial adaptations over time, and on how sex hormones
impact mitochondrial biology independent of chromo
somal sex [50,51].
Overall, adequately exploring sex differences in human
mitochondrial biology will require moving beyond
modeling sex as a binary and static trait, to instead use
nuanced, dynamic measurements that differentiate be
tween chromosomal, hormonal, gonadal, and other sexrelated influences on health.

Pathways linking gendered exposures to
mitochondria
Human behaviors and exposures including, but not
limited to, PA and diet, are known to shape mitochon
drial biology through well-defined pathways [10,11,52].
Importantly, these are in part shaped by gender
53–55,58,64,67. Below, we discuss three exposures
— physical activity, diet, and stress — that illustrate how
gender can impact mitochondrial biology through welldefined physiological and cellular pathways (Figure 3).
PA is a gendered behavior that influences mitochondrial
biology. In skeletal muscle and other tissues, PA in
creases mitochondrial biogenesis, fusion, and cristae
density, while lack of activity can lead to excessive fis
sion and mitophagy [10,52]. Levels of PA also vary by
gender, with men generally reporting more high-in
tensity PA and women more sedentary behavior [53],
differences that are apparent early in childhood [56]. A
study of > 12 000 individuals found that PA levels
www.sciencedirect.com

strongly depended on within-sex gender conformity
(i.e. whether someone thinks of themselves as tradi
tionally masculine or feminine) [57]. How much people
move, and the types of movement they do, are linked to
their gender. As a result, one’s gender may indirectly
alter mitochondrial biology through the same pathways
that regulate mitochondrial biogenesis and dynamics.
In relation to diet, men generally report eating more
meat than women [58], a difference that remains for
European countries after controlling for age, education,
and rural versus urban dwelling [54]. Men who are
gender conforming (i.e. consider themselves tradition
ally masculine) also have lower macronutrient diet
quality than gender non-conforming men and/or sexual
minority men [59]. Again, fairly well-defined cellular
pathways translate lower diet quality (e.g. high glucose,
calorie-dense foods) into mitochondrial fragmentation
and increased ROS production [11], while slight re
striction of calories can promote fusion and elongation of
mitochondrial networks [60]. Further, when men are
told their masculinity is being evaluated, their diet
preferences change to include more meat and fewer
vegetables [61]. In this manner, men’s diets — and
therefore their nutrients and mitochondrial metabolites
— change not because they are male, but because they
live as men [62]. Individual gender is ‘acted out’ through
diet, physical activity, and other health behaviors
[63–65], and people often align their actions with what
they imagine other people of the same gender do
[66,67]. The relevance of gendered differences in nu
trition and exercise means that binary sex differences in
mitochondrial biology, including ROS production and
mitochondrial dynamics, cannot be understood as bio
logical traits entirely divorced from gender.
Lastly, stress provides a lens into how sex and gender
impact mitochondrial biology. Responding to perceived
stress requires substantial energy consumption that di
rectly involves mitochondria [12]. Molecular signaling
pathways allow mitochondria to sense and respond to
stress mediators. For example, the stress hormone cor
tisol triggers the translocation of the glucocorticoid re
ceptor inside mitochondria where it interacts with the
mtDNA and influences mitochondrial OxPhos [68–70]
and calcium handling [71]. Stress-related release of
norepinephrine can also cause mitochondrial fission and
the uncoupling of OxPhos in some tissues [72]. Further,
stress can alter sex hormone levels among people of the
same chromosomal sex [21]. In relation to gender, stress
psychophysiology is modulated by gendered factors like
gender roles [55]. For example, higher allostatic load,
representing the ‘wear and tear’ of chronic stress, has
been observed among both men and women with more
traditionally masculine behaviors (e.g. assertiveness) [73]
as well as men reporting low masculine and feminine
(e.g. understanding) gender roles [74].
Current Opinion in Physiology 26( 2022) 100536
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Figure 3
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Gendered exposures and environments shape mitochondrial biology. (a) Sex differences observed in mitochondrial biology are shaped within
gendered environments. Gender roles and relations are created and enacted across structural, community, and individual levels, with downstream
effects on cellular signaling and mitochondrial biology. Domains of mitochondrial biology may therefore differ between women and men due to
differential exposures and experiences, rather than intrinsic sexual characteristics (e.g. chromosomes). (b) Gender influences health behaviors and
exposures such as physical activity, diet, and stress, which influence mitochondrial biology through well-defined physiological and cellular signaling
pathways. OxPhos; mtDNAcn, mitochondrial DNA copy number; ATP; ROS; AMPK, adenosine monophosphate-activated protein kinase; FOXO,
forkhead box O.

In summary, exercise, diet, and stress, exposures known
to impact mitochondrial biology, are inherently gen
dered. They are shaped by dynamic interactions of in
dividuals and their social environment (see Figure 3a)
Current Opinion in Physiology 26( 2022) 100536

[14–18,75–77]. Considering how gendered exposures are
dynamically transduced into different domains of mi
tochondrial biology shows how binary constructs can
misattribute gender effects to sex, wrongly depicting
www.sciencedirect.com
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Figure 4
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Methods of incorporating sex and gender analyses in mitochondrial biology. (a) Overarching approaches to conceptualizing and measuring sex, with
short descriptions of methods, example tools, benefits/drawbacks, and example conclusions for each approach. (b) Methods of incorporating
categorical sex and gender analyses to existing datasets. For TGD participants, analyze and report their data as separate categories alongside
information about medical transition-related care (e.g. hormones). (c) Examples of how to include analyses of continuous gender scores, and sexual
orientation.

malleable responses to one's environment as static and
dimorphic traits. Using nuanced, contextualized mea
sures of sex may help avoid the misattribution of genderwww.sciencedirect.com

driven differences to binary sex, and simultaneously
help formulate coherent hypotheses for specific sources
of interindividual variation in bioenergetics.
Current Opinion in Physiology 26( 2022) 100536
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Incorporating sex analyses in mitochondrial
science
Considering sex and gender in mitochondrial research
can enhance our understanding of energetic influences
on human health. How can we, as a community of mi
tochondrial biologists, physiologists, and translational
scientists, better measure and report sex in our research?
The sex-related variables that matter — hormones, chro
mosomes, organs, and so on — depend on the question
being asked in a study 93. Once these variables are de
termined, they can be collected in a number of ways, in
cluding sex hormone assays, karyotyping, organ inventories
[78], and so on. In the methods section, it's important to
explicitly state how 'sex' was operationalized 79,94. If
‘male’ or ‘female’ categories are used, explain whether this
refers to sex assigned at birth, current identity, or another
metric. Detailed methods will clarify whether sex is ex
amined through a specific variable (e.g. sex hormones or
chromosomes) or uses broad categories (e.g. female and
male) rather than specific traits. Given the complexity of
human sex, the sensitivity of discussing it, and the realities
of research funding [80], there is no perfect approach to
measurement. But recognizing where binary constructs are
inadequate, and how alternative approaches can provide
clearer data to support greater insight 81,93, helps us to
better conceptualize sex influences on mitochondria
(Figure 4a).
In studies comparing two or more study groups (casecontrol, treatment groups) and measuring sex categori
cally, two possible analytic approaches include i) ana
lyzing differences between sex categories within each
treatment group, and ii) disaggregating the data such
that differences by treatment group are evaluated for
each sex category independently (examples provided in
Figure 4b) [82,83]. These analyses can depict quantita
tive differences between women and men in a given
sample. However, as discussed above, male/female ca
tegories lack the biological specificity to support sexrelated causal inferences, and conclusions will need to
be hedged appropriately. To consider one aspect of
gender, composite indices of masculinity and femininity,
as well as sexual orientation, can also be considered as
categories (group differences) or continuous variables
(regression analyses) (Figure 4c). Although both ap
proaches involve partitioning the study group(s) into
smaller groups, thus reducing statistical power, they can
yield valuable knowledge that feeds into the inter
pretation of the primary results. If binary differences are
found between women and men, it is best to avoid su
perficially attributing these differences to sex hormones
before other possible causes are explored [84]. If a da
taset includes TGD participants, we recommend that
they are analyzed and reported as a distinct group,
alongside available information about their medical
transition process (e.g. if, and how long, they have been
Current Opinion in Physiology 26( 2022) 100536

on GHT), in a Supplemental Table. Even if there are
too few participants for valid statistical analysis (e.g. n =
1 or 2), these data can provide explanatory richness.
In studies with no prespecified hypothesis around sex dif
ferences, better measurements of sex and gender can in
crease the precision of the data. For studies that specifically
seek to understand sex-related effects, foregoing binary
categories to measure context-specific sex-related variables
will refine hypotheses, reduce noise within groups, and
enable discovery of meaningful sources of variation in mi
tochondrial biology. When broad categories (e.g. male and
female) are used, the explanatory potential of findings
could be improved through collaborations with researchers
in other disciplines (e.g. sociology, medical anthropology,
history, etc.), whose scholarship provides meaningful con
text for quantitative data [85]. Further, considering race,
ethnicity, disability, sexual orientation [86,87], and other
relevant intersecting identities of specific populations under
study can further increase our understanding of gendered
influences on mitochondrial biology and health.

Conclusions
Mitochondrial science has emerged as a productive en
deavor for scientists with the shared goal to understand the
basis for common disease risk, and the basis of health and
resilience [27,29,88,89]. As discussed above, mitochondria
are shaped by gendered and sexed pathways running the
gamut from intrinsic factors (chromosomes), to extrinsic
factors (physical activity, diet, stress), to somewhere in
between (sex hormones). Moving beyond binary frame
works enables us to more accurately capture the natural
diversity and variation of human sex, and to recognize that
sex differences do not purely arise from biology [13–18,44].
Gender and sex are reciprocally intertwined within the
body and as social positions that leave biological footprints
[75–77]. The transduction of gendered positions and ex
posures into mitochondrial recalibrations remains to be
explored, but may implicate some well-defined in
tracellular pathways for physical activity, diet, and stress,
among others. Reconsidering how we approach sex and
gender, coupled with nuanced molecular, biochemical, and
functional mitochondrial measures in specific tissues and
cell types, will help us better understand the determinants
of mitochondrial biology and human health.
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Sex: Biological attributes of humans and animals that include physical features, chro
mosomes, gene expression, hormones, and anatomy.
Sex assigned at birth: Categorization as male or female on one’s birth certificate, primarily
based on medical examination of genitals.
Intersex: Individuals with variations or combinations of what are considered male-typical
and female-typical chromosomal, gonadal, and genital characteristics, that do not fit
neatly into one binary sex category.
Gender: Socioculturally constructed roles and behaviors for, and relations between,
women, men, boys, girls, and individuals of other identities [77].
Gender identity: A person’s innate sense of being male, female, both, or neither.
Transgender: Umbrella term that refers to individuals for whom gender identity does not
align with sex assigned at birth. Some examples include transmasculine, transfe
minine, gender non-binary, genderqueer, genderfluid, Indigenous two-spirit, and/or
bigender.
Cisgender: Individuals whose gender aligns with their sex assigned at birth.
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