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Male-female comparisons are
powerful inbiomedical research

Arthur P. Arnold, Sabra L. Klein, Margaret M. McCarthy & Jeffrey S. Mogil

Binary sex studies have been
denounced as too simplistic
—butabandoning them
altogether would impede
progressinalong-neglected
area of biomedicine.

emale animals and women have been
ignored or actively excluded in clini-
cal and laboratory-based biomedical
research since such research began.
This was especially true until the US
Congress passed the National Institutes
of Health (NIH) Revitalization Act in 1993,
which directed the NIH to establish guidelines
on the inclusion of women and members of

under-represented racial and ethnic groups
inclinical trials.

By 2009, a review of 10 fields in biology
found that more than 60% of studies with
human participants reported on both sexes.
For studies using non-human animals, how-
ever,only 26%included both male and female
subjects’.

To try to correct this persistent imbalance,
the NIHimplemented extraguidelinesin 2016
—this time, ontheinclusion of sex as abiologi-
calvariableinall preclinical research? At least
with respect to the inclusion of female indi-
vidualsinbasicresearch, this funding-agency
mandate and others like it have been effective.
Another bibliometric analysis found that 49%
of 720 studies on animals published in 2019
used both males and females>.

Although it is still early days and there is
much room for improvement, the inclusion
of female participants and animal subjects
is already having a revolutionary impact on
numerous areas of study — from chronic pain

tomental health. Yet we see animpending col-
lision between research policies and societal
changesregardingideas and attitudes around
sex and gender that threatens this nascent
enterprise. We also see the threat of lobbyists,
legislators and othersin the United States and
elsewhere weaponizing research on sex differ-
ences — either to marginalize individuals or
groupsthatthey deemtobe outside anarrowly
defined norm, or to reinforce derogatoryideas
about people who identify as divergent®. (In
this article, sex refers to differences between
females and males caused by biological fac-
tors, whereas gender refers to differences
caused by social factors, including gender
roles, expectations and identity.)

Our concern is that various critiques of
research on sex differences from scholars
approaching sex and gender from different
viewpoints — in combination with valid con-
cernsaround the misinterpretation or misuse
of findings — could undermine an approach
that has proved both practical and powerful.
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Sex differences in immune function might have arisen from the need for female organisms to transfer immunity to the next generation.
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As a counterweight to this possibility, here
we argue for the ongoing value of comparing
female and male individuals in biomedical
research.

Mammalian biology

Several scholars have argued in recent years
that an overempbhasis on biological sex will
distractinvestigators fromthe effects of gen-
dered environments and of non-sex-related
variables, such as age, ethnicity or socio-eco-
nomic status, on many traits. Another com-
mon criticism is that comparing female and
male participantsignores transgender people
and other individuals who do not fall within
these binary categories, leading to their fur-
ther marginalization in society®. Others have
arguedthatafocusonthe difference between
the mean values of male and female individ-
uals distracts researchers from considering
the variability around those means — the
implication being that variability within a sex
is more important than variability between
sexes. Some even question whether sex is a
viable concept®.

Before addressing these specific com-
plaints, it is worth briefly reviewing the cur-
rent understanding of mammalian biology as
itrelates tosex —aswellassome of the diverse
and surprising findings that have already
emerged fromresearch comparing two sexes.

Sex has beenwith ussince our species orig-
inated as aresult of sexual reproduction. The
division of humans and other mammals into
two sexes, female and male, derives from the
factthateachindividualis created by the union
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ofaspermand anegg. Onthebasis of the type
of germ cell (gamete) that reproducing indi-
viduals are able to produce, there are only
two sex categories in mammals. (Intersex is
not a third category with respect to the type
of gamete individuals can produce.) Indeed,
understanding of how the mammaliangenome
evolved and how it functions is based on the
foundation of sexual reproduction.

Inmammals, as in many other taxa, the bio-
logical difference between sexes starts with
the genetic difference encoded by the sex
chromosomes — typically XX and XY in mam-
mals — which are the only features that differ
infemale and male zygotes at the beginning of
life. The salientrole of the sex chromosomesis
determining whether the embryo will develop
ovaries or testes, because this specifies the
type of germ cell that will be made, and the
level and secretory patterns of testicular or
ovarian hormones. Sex-chromosome genes
and gonadal hormonesinfluence almost every
tissue in the body. The result might be sex
differences in tissue development and func-
tion, or similar phenotypes based on different
underlying mechanisms’.

As in all things in biology, in humans and
other mammals there are variations in the
number and type of sex chromosomes and
inthe downstream mechanisms determining
the phenotypic features associated with sex.
This leads to variability among individuals
in diverse sex-related traits, such as genital
anatomy, body size and some behaviours.
Also, particularlyinhumans, biological factors
that drive sex differences in cells and tissues

are confounded by social and environmental
factors that also cause differences between
individuals.

To serve all individuals equitably — includ-
ing those who experience an incongruency
between the sex they were assigned at birth
and their current gender identity, and those
who donot find that they align with either the
male or female sex category — the medical
profession and biomedical community must
identify and interrogate these variations in
biological attributes and in lived experiences,
allof which caninfluence people’s physiology,
risk of developing disease and prognosis®.
This includes carefully attending to the dis-
tinctions between cisgender, transgender
and non-binary individuals when reporting
findings.

Yet we maintain that, in humans and other
mammals, the comparison of individuals who
have XX chromosomes and ovaries with indi-
viduals who have XY chromosomes and testes
isanecessary component of basic and clinical
research that seeks toimprove human health.

Rich pickings

Male and female individuals represent most
of the mammalian population. And research
regarding biological sex differences has
focused first on the largest groups, butina
manner that provides insights about variation
within and beyond the binary.

For example, investigators have manipu-
lated factors such as gonadal hormones and
sex-chromosome genes to test their effects
on sexual differentiation and their role in sex
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differences in disease. These manipulations,
which mimic numerous intersex variations,
such as the presence of ovarian hormonal
secretions in an individual with XY chromo-
somes, have shed light on the effects of hor-
mones, sex-chromosome genes and other
factors in everyone. Studies of people with a
variety of naturally occurring hormonal and
chromosomal differences, for instance, are
consistent with the interpretation that pre-
natal exposure to androgens, such as testos-
terone, is an important component of male
psychosocial development’.

Importantly, the study of female and male
individuals, as defined here, establishes abase-
line measurement against which to compare
findings fromthose who do not fitintoabinary
categorization scheme.

Understanding the effects of sex also
anchors discussions about how different
gendered environments intersect with bio-
logical differences, to amplify or mitigate their
effects. More than half a century of animal
research hasbeen key to developing concepts
of mammalian sexual differentiation, because
inanimals, unlike in humans, researchers can
manipulate single genes or molecules to
observe their effects on phenotypes. More-
over, although numerous environmental or
social effects can be manipulated and stud-
ied in animals, such as diet, stress and levels
ofinteraction with other individuals, animals
provide useful models of the biological effects
of sexinthe absence of hard-to-controlhuman
gendered variables, such as cultural norms
and expectations around child care and work.

The power of comparing female and male
individuals in biomedical research is demon-
strated most convincingly, however, by the
datathemselves —asillustrated by four exam-
ples from our fields of expertise.

Sex chromosomes versus hormones. Until
recently, all of the biological hypotheses pro-
posed to explain the significant sex differ-
ences in body weight and metabolism found
in humans and animals (including birds and
other mammals) were centred on the action
of hormones. And extensive research during
the twentieth century supported theideathat,
in mammals, almost all sex differences in tis-
sues other than the gonads (the organs that
produce the gametes) result from the effects
of ovarian and testicular hormones.

By the early 2000s, researchers studying
gonadal development had created mouse
modelsinwhich the complement of sex chro-
mosomes could be manipulated in individu-
als with the same type of gonad'. This meant
that investigators could assess whether the
sex chromosomes cause differencesinpheno-
types, even when levels of gonadal hormones
are similar’. Studies using the modified mice,
while confirming the importance of gonadal
hormones in influencing body weight and

metabolism, uncovered the effects of sex
chromosomes'. Comparable studies have
alsoshownthat sexchromosomes have much
broader effects on physiology and behaviour
than was originally thought™.

The copy number of an X-linked gene called
Kdm5c, for example, contributes to a sex dif-
ference found in mice in the metabolism of
adipose cells. Mice with XY chromosomes
have one copy of KdmS5c. They also have less
body fat than do mice with XX chromosomes,
which have two copies of the KdmSc gene.

Over the past two decades, investigators
have found that similar sex-chromosome
effects contribute to sex differences in many
other physiological systemsinmice. And these
sex differences, in turn, affect individuals’
likelihood of developing autoimmune con-
ditions, cardiovascular diseases, cancer and
developmental defects in the neural tube, the
embryonic precursor to the central nervous
system. The X-linked gene Kdméa, for instance,
increases the severity of autoimmune disease,
and protects against bladder cancer and an
Alzheimer’s-like disease in XX mice’. Similarly,

“We support effortsto
interrogate bothbiological
and social determinants of
disease.”

the Y-linked gene Uty protects against pulmo-
nary hypertensionin mice. Sex-chromosome
genes also affect mouse behaviour, from the
social behaviour of juveniles to responses
to pain, as well as the size of certain brain
regions™®.

All of this work in mice provides investiga-
torswith clues about where to look for poten-
tialtherapeutic targetsinthe humangenome,
for diseases that tend to affect womenand men
differently.

Pain. It is well established that among peo-
ple with chronic pain, women far outnumber
men™. Also, in experimental settings, women
tend to be more sensitive than menare to pain
—induced, forinstance, by the application of
heat, cold or pressure.

Pain researchers have proposed various
gender-based and sex-based explanations for
these differences™, such as that women are
more likely than men to go to the doctor, as
shown by usage rates for health-care services.
However, investigations in male and female
mice have suggested that, at leastinrodents,
different mechanisms areresponsible for the
processing of persistent pain in females and
males.

A 2015 study in mice®, for example, and fol-
low-up findings demonstrated that awell-stud-
ied mechanism for the processing of persistent
pain—involvingimmune cells called microglia

—operatesonlyinmale rodents. (Itis well stud-
ied in males, at least.) In males, the microglia
release a factor that causes neurons in the
spinal cord toincrease their firing, which sus-
tains chronic pain. Although female mice have
just as many microglia as male mice do, their
microgliadon’t seemtobeinvolvedin the pain
circuit — or, if they areinvolved, itisinamore
complicated way. In fact, in females, T cells
might play asimilar part to microgliainmales.

Whether the microglial or T-cell mecha-
nism for the processing of persistent pain is
engaged inany oneindividual seemstobe due
to testosterone levels being above or below a
certain threshold. This dimorphism suggests
that different physiological mechanisms
could contribute to some of the differences
observed in men and women in relation to
chronic pain.

Immune function. Numerous studies that
involve comparing immune responses in
female and male organisms — whether they
arefruitflies, fish, lizards, birds or mammals —
have shown that females often generate more
robustimmune responses toantigens thando
their male counterparts'. This suggests that
sex differences inimmune function are evo-
lutionarily conserved, perhaps because of a
common need for female individuals to trans-
ferimmunity to the next generation (whether
throughbreast milk or ayolk sac), or because
of some other sex-specific selective pressure.

In humans, these immunological stimuli
can be self-antigens (proteins made by our
own cells), allergens, cancerous cells or
pathogenic microbes. Because women have
largerimmune responses than men, they are
more likely to develop autoimmune diseases
and allergies, but less likely to be diagnosed
with non-reproductive cancers, such as skin
or colon cancer”, and certain infectious dis-
eases, such as tuberculosis'® and COVID-19
(ref.18).

The difference between female and male
organisms in the amount of antibodies pro-
duced in response to immunological stimuli
changes across the life course, being most
robust during the reproductive years”. This
could explainwhy females of reproductive age
oftengenerate more antibodies inresponse to
vaccines and microbes than males do*, and
why female antibody responses are more dura-
bleand cross-reactive against diverse variants,
such as different strains of influenza virus.

Mouse models have shown that gonadal
hormones contribute more to mammalian
sex differencesin vaccine-induced immunity
than do genes linked to sex chromosomes,
at least against influenza viruses®. In both
mice and humans, concentrations of estra-
diol (a hormone that is typically produced
at higher levels in female organisms) are
positively associated with greater antibody
responses to influenza vaccines?®. In short,
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awealth of insights about the benefits (and
downsides) of abolstered immune response
have emerged only because researchers have
compared immune responses in male and
female organisms.

Mental health. Sex and gender differencesin
the prevalence of mental-health disorders in
humans span the life course. Prepubescent
boys are significantly more likely than pre-
pubescent girls to be diagnosed with autism
spectrum disorder or attention deficit and
hyperactivity disorder®. In their late teens
or early 20s, men are more likely to be diag-
nosed with early-life schizophrenia. They are
also more likely to experience a brain injury
caused by alack of oxygen at birth, and to have
neurological conditions, such as Tourette’s
syndrome. After puberty, however, disorders
involving depression, anxiety, compulsionand
obsession are more frequent in women?,

Sociocultural factors probably contribute
to the differences in the prevalence of many
ofthese conditions, including biases around
the criteria used to diagnose early-life dis-
orders by clinicians. Similarly, by the time a
womanis diagnosed with amood or affective
disorder, she has often lived for decadesina
gendered environment, making it hard for
researchers to separate the effects of biol-
ogy during development from those of life
experience. Studies conducted over the past
two decades in male and female rodents, how-
ever, have revealed an integral role for the
immune system — specifically microglial cells
— in affecting how testosterone acts on the
brain and alters the structure and function
of certain regions.

For instance, experiments measuring cel-
lular activity in post-mortem animals have
shownthat during development, male rodents
haveagreater number of activated microgliain
certainregions of their brains than do female
rodents. These activated microglia release
more of the signalling molecules thatare cru-
cial to forming synapses and controlling cell
numbers. Many of the brain regions affected
by the selective elimination of cells are also
thoseimplicated in mental-health disordersin
humans (in both sexes) that originate during
development®.

These findings could offer clues as to why
messenger RNAs obtained from the cortex of
human male fetuses indicate higher expres-
sion levels of genes involved in inflammation
than do those obtained from human female
fetuses. Post-mortem, higher levels of inflam-
mation have even been found in the cortices
of men who had been diagnosed with autism
than in those of men who had not received a
mental-health diagnosis®.

All of this suggests that, in mammals,
greater activity of the neuroimmune system
is somehow involved in the process of brain
masculinization — which means that various
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mental-health disorders that affect boys
more than girls could involve disruptions to
immune-system processes.

Early days

Ultimately, we support efforts to interrogate
both biological and social determinants of
disease. Indeed, having more information is
always preferable to having less. It is crucial
to consider how biological factors linked to
sex interact with each other and with other
biological factors, such as age and genetic
background, as well as with sociocultural or
environmental influences. But whether the
variables that have the mostimpact on physi-
ology and disease are sex-based, gender-based
or unrelated to either is a question that must
be answered by research.

Related to this, although there is always a
danger of scientists and journalists oversim-
plifying things — particularly in relation to sex
and gender — any rigorous analysis requires
the consideration of averages as well as meas-
ures of variation. Just as with the importance
of sex-related variables compared to other
variables, it is an empirical question whether
within-sex variation hasmoreorlessimpactona

“Theinclusion of female
participants and animal
subjectsisalready having a
revolutionaryimpact.”

traitof interest than between-sex variation does.

When it comes to the threat of people mis-
using statements about aninherent difference
between female and male individuals to ration-
alize continuing the historical subordination
of women, transgender people and others,
we agree that this danger is real and urgent.
Since September 2023, for instance, health-
care providers in Texas have been prohibited
from giving gender-transition surgeries,
puberty-blocking medication or hormone
therapies to people under 18. This was decided
on the basis of claims that everyone belongs
to one of two groups, and that this reality is
settled by science. The solution, however, is
nottodeny aprioritheimportance of sex dif-
ferences, butrathertoimprove understanding
of variationin human populations and how it
relates to biological and social factors. Sim-
ilarly, whereas we recognize the importance
of studying intersex, non-binary, transgen-
der and other individuals whose biology or
life experiences are not encompassed by a
simplistic binary, the neglect of such individ-
uals should not be addressed by abandoning
female-male comparisons.

Because female organisms have forsolong
beenleft out of investigations in many biomed-
ical fields, researchers are still surprisingly
ignorant of their fundamental biology across

numerous taxa, and how it does or does not
differ from that of males. There is also much
room forimprovementinresearch on sex dif-
ferences — in terms of statistical and report-
ing practices?, researchers actually splitting
their data by sex and analysing those data
appropriately?, and journals improving their
policies around sex and gender. The highly
fruitful approach of comparing female and
male organisms should notbe abandoned just
asinvestigators are starting to make progress.
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