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Abstract. Nutrition is a fundamental regulator of juvenile development. The persistently high global
prevalence of childhood undernutrition and consequent stunting underscores the urgent need to bet-
ter understand how nutritional status shapes developmental trajectories. Biological sex has recently
emerged as a key risk factor for stunting, with boys consistently exhibiting greater vulnerability. This
review examines the biological basis of sex differences in physiological adaptation to nutritional stress,
focusing specifically on dietary protein deficiency during the juvenile period. Two critical develop-
mental processes display pronounced sexual dimorphism under protein restriction: linear growth and
reproductive maturation. Evidence from both preclinical and clinical studies indicates that juvenile
protein restriction differentially affects these processes in males and females, highlighting the neces-
sity of considering sex as a biological variable in experimental design and data interpretation. Shared
endocrine signals, including Fibroblast Growth Factor 21, may contribute to these sex-specific adap-
tive responses. Further elucidating the nutritional, endocrine and metabolic mechanisms underly-
ing sexually dimorphic outcomes of juvenile development is essential for enhancing the mechanistic
value and translational relevance of preclinical and clinical research.
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1. Introduction

Dietary macronutrient content during childhood
profoundly affects key physiological processes, in-
cluding linear growth and provision of metabolic
substrates to the developing tissues. While an excess
in a child’s intake of nutrients leads to overweight and
obesity, chronic dietary protein deficiency results in
stunting (Endrinikapoulos et al., 2023). Stunting is
defined by the World Health Organization (WHO) as
a height-for-age below two standard deviations from
the median of the WHO Child Growth Standards for
the same age and sex; and affected approximately

∗Corresponding author

150 million children under 5 in 2024 (United Nations
Children’s Fund (UNICEF), World Health Organi-
zation, International Bank for Reconstruction and
Development/The World Bank, 2025).

Considerable attention has been given to the
causes and long-term consequences of stunting dur-
ing childhood (de Onis and Branca, 2016). Various
factors, encompassing socioeconomic status, sani-
tary levels and maternal education, have been iden-
tified as determinants of stunting (Bhutta et al., 2017;
Soofi et al., 2023). Alongside environmental and ma-
ternal factors, child sex is now recognized as a bio-
logical risk factor, with boys being more vulnerable
than girls to stunting (Mertens et al., 2023; Slemming
et al., 2017; Thompson, 2021; Thurstans et al., 2020;
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USAID Scaling Up Nutrition Learning and Evaluation
(SUN LE), National Food and Nutrition Commission
(NFNC), 2020). However, explanations for these sex
differences are often speculative and their biological
basis remains unclear.

The protein to carbohydrates ratio (P/C ratio) is
known to regulate various physiological processes in
both rodents and humans (Solon-Biet et al., 2015). In
adults, the response to changes in this P/C ratio, and
in particular to a reduction in dietary protein avail-
ability, is sexually dimorphic (Green et al., 2022; Lar-
son et al., 2017). However, the sex specificity of the
physiological adaptation to protein restriction dur-
ing the juvenile period has only been sparsely inves-
tigated. In this review, we will explore the molec-
ular, cellular and endocrine mechanisms that could
contribute to this dimorphism, focusing on two pro-
cesses that are key during the juvenile period and in-
trinsically dimorphic: linear growth and reproduc-
tive development. We will also discuss how sex dif-
ferences are considered in biomedical research and
how this affects research output.

2. Sexual dimorphism in growth

2.1. Are males really bigger than females?

One of the most apparent sexually dimorphic traits
in physiology is the difference in body size that can
occur between males and females. This dimorphism
in size has been considered for decades to result
from sexual selection and reproductive role division.
Sexual size dimorphism varies widely across taxa
(Hedrick and Temeles, 1989). Male-biased size di-
morphism is common in many mammals and birds,
and is often associated with sexual selection favour-
ing larger males. Female-biased size dimorphism
also occurs in numerous insects and fishes, and has
frequently been associated with selection for fecun-
dity, as the production of large gametes in females is
correlated with body size (Shingleton and Vea, 2023).

Yet, sexual dimorphism in size appears to be less
frequent than initially thought—at least in mammals.
Indeed, a 2014 study challenged this paradigm by
demonstrating that there was no significant sexual
dimorphism in size in 95 species of small mammals
(Lu et al., 2014). More recently, an analysis of more
than 400 species of mammals found that, if males
are larger in 45% of the species, 39% of the species

do not display size sexual dimorphism and 16% of
the species have larger females (Tombak et al., 2024).
However, sexual size dimorphism has been well es-
tablished in humans (Schäppi et al., 2022; WHO and
de Onis, 2006) and mice (Ruff et al., 2017).

2.2. Molecular mechanisms of sexual
dimorphism in growth

Biologically, differences in body size can originate
from differences in initial size (fetal or egg), rate
and duration of body growth or of body degradation
(Shingleton and Vea, 2023). In humans and mice,
sex differences in growth mainly arise from increased
growth rate in males (Jiang et al., 2023; WHO and de
Onis, 2006) even though males already have a signifi-
cantly higher weight at birth (Moore, 2024; WHO and
de Onis, 2006). This greater body size in males is as-
sociated with increased skeletal mass and bone mass,
at least in humans (Nieves et al., 2005).

In mammals, post-natal linear growth is regulated
by the somatotropic axis, where Growth Hormone
(GH) secreted by the pituitary gland elicits Insulin-
like Growth Factor 1 (IGF-1) production from liver
cells. Both GH and IGF-1 instruct peripheral tis-
sues to promote tissue and bone growth (Yakar and
Isaksson, 2016). Differences in body size between
males and females mainly arise from differences in
the functioning of the somatotropic axis. Indeed,
studies in rats and mice evidenced that GH secretory
patterns are different in males and females (MacLeod
et al., 1991; Tannenbaum and Martin, 1976). GH
secretion is pulsatile in males, while it is constant
in females; in addition, global GH plasma levels are
higher in males (Adams et al., 2015; Jansson et al.,
1985). This GH secretion pattern drives liver IGF-1
production and ultimately controls the sex-specific
linear growth pattern (Figure 1).

The differential activation pattern of the GH sig-
naling pathway in the liver also elicits sex-dependent
gene expression and participates in the sexually di-
morphic identity of the liver (Lefebvre and Staels,
2021). In the male liver, pulsatile GH secretion
yields intermittent activity of the transcription fac-
tor STAT5, while in the female liver, continuous GH
secretion is associated with persistent STAT5 activ-
ity (Zhang et al., 2012). This different activation pat-
tern leads to sex-specific STAT5 binding pattern and
contributes to the liver sex-biased genetic program
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Figure 1. Molecular mechanisms of sexual dimorphism in growth in rodents and humans. GHRH: Growth Hormone Releasing
Hormone, SST: Somatostatin, GH: Growth Hormone, IGF-1: Insulin-like Growth Factor 1. The roles of sex steroids in the regulation
of the somatotropic axis are complex and not exhaustively represented in this figure. This illustration was created with Bioren-

der.com.

(ibid.). Strikingly, hepatic male-biased genes are sim-
ilarly expressed in males and females at post-natal
day 28 (Nikkanen et al., 2022), suggesting that male-
specific gene expression patterns are acquired af-
ter this time point. Importantly, sex-dependent GH
secretion patterns and associated liver dimorphism
regulate other key physiological functions such as
lipid metabolism, drug metabolism and immunity
(Lefebvre and Staels, 2021; Nikkanen et al., 2022).

GH secretion is regulated by two hypothala-
mic neuropeptides: Growth Hormone Releasing
Hormone (GHRH), which stimulates GH produc-

tion, and somatostatin (SST), which inhibits GH
production. The regulation of these two signals is
intrinsically sexually dimorphic. For example, GHRH
neurons are more numerous in males than in fe-
males from post-natal day 20 (Nurhidayat et al.,
1999), which might contribute to male-specific GH
secretion patterns. In addition, male but not female
Sst-KO mice have altered GH secretory patterns and
expression of sexually dimorphic genes in the liver
(Adams et al., 2015), suggesting that the role of SST in
regulating the somatotropic axis is more prominent
in males than in females.

http://Biorender.com
http://Biorender.com


234 Amélie Joly and François Leulier

Interestingly, injection of testosterone into prepu-
bertal boys with delayed sexual maturation was suffi-
cient to elicit an increase in GH release and pulsatility
(Link et al., 1986). In addition, gonadectomy before
puberty decreased the growth of males but not fe-
males (Klappenbach et al., 2023). This suggests a cen-
tral role for androgens in mediating sex-dependent
growth phenotypes, and notably in regulating GH
sensitivity and secretion in males. In line with that,
orchidectomy decreases Ghrh and Sst expression in
the hypothalamus, which is reversed by testosterone
administration (Chowen-Breed et al., 1989; Zeitler et
al., 1990), demonstrating a role of testosterone in reg-
ulating GH production. Overall, androgens appear to
be pivotal in the regulation of the somatotropic axis,
influencing both GH secretion and hepatic sensitiv-
ity to GH (Tenuta et al., 2021). The action of estro-
gen on the GH/IGF-1 pathway is also complex and
depends on the developmental window considered
(for a review on this topic, see (K.-C. Leung et al.,
2004)). While estrogen also stimulates GH release
(Marin et al., 1994), it plays an inhibitory role on GH
signaling and liver IGF-1 output (K. C. Leung et al.,
2003).

Interestingly, mice deficient for Igf1 in the liver
displayed a sex-specific response to GH stimulation,
with females growing better than males (Liu et al.,
2000). In this model, the expression of GH recep-
tor mRNA was decreased in the liver of females and
increased in their white adipose tissue compared to
males (ibid.). This suggests that the growth of males
mainly depends on liver IGF-1 production, whereas
the growth of females might be mediated by extra-
hepatic GH signaling and sources of IGF-1. This sex-
dependent phenotype was not affected by gonadec-
tomy in both sexes and therefore likely not due to sex
hormones (ibid.).

Overall, sex differences are evident at every level
of the GH/IGF-1 somatotropic growth axis and drive
sexually dimorphic linear growth patterns. Although
the contributions of sex hormones to these processes
are complex, they highlight the tight integration be-
tween the somatotropic and gonadotropic axes.

2.3. Juvenile protein malnutrition and growth

Sex-specific regulation of linear growth implies that
responses to perturbations of the somatotropic axis
may likewise be sexually dimorphic. In the context

of malnutrition, it has been recently described that
child sex contributes to vulnerability to stunting
(Mertens et al., 2023; Slemming et al., 2017; Thomp-
son, 2021; Thurstans et al., 2020; USAID Scaling
Up Nutrition Learning and Evaluation (SUN LE),
National Food and Nutrition Commission (NFNC),
2020). A meta-analysis of 38 studies examining stunt-
ing concluded that boys have 29% higher odds of be-
ing stunted than girls (Thurstans et al., 2020), de-
spite regional exceptions where girls are more at
risk than boys (Baig-Ansari et al., 2006; Mittal et al.,
2007). Consistently, the mean height-for-age z-score
in stunted children is lower for males than for fe-
males (Bork and Diallo, 2017; Wamani et al., 2007). It
has been established that dietary protein restriction
in juvenile mice also triggers stunting in male ani-
mals (Borck et al., 2017; Ozaki et al., 2015; Schwarzer,
Gautam, et al., 2023; Soriano et al., 2010; Thoumas
et al., 2025). In a recent study, we found that juve-
nile female mice exhibited minimal growth retarda-
tion compared to males when fed a low-protein diet
after weaning (Joly et al., 2025), consistent with hu-
man data.

Several studies have demonstrated that adult fe-
male mice are relatively less sensitive to the physio-
logical consequences of dietary protein dilution than
males, displaying no major changes in body weight
and glucose metabolism compared to males (Green
et al., 2022; Larson et al., 2017). On the contrary, a
systematic review concluded that protein restriction
during prenatal life did not yield significant sexually
dimorphic adaptation (Christians et al., 2021), sug-
gesting that the sex-dependent growth response to
protein malnutrition might depend on the develop-
mental time window.

Stunted children exhibit disruption of the soma-
totropic axis, with reduced IGF-1 circulating levels
together with elevated GH production, which is typi-
cal of a GH resistant state (Olusi et al., 1977; A. T. Soli-
man et al., 1986; Fazeli and Klibanski, 2014). This al-
teration of the somatotropic axis in response to ju-
venile malnutrition has also been reproduced in ro-
dent models (Ozaki et al., 2015; Schwarzer, Makki, et
al., 2016; Takenaka, Oki, et al., 2000; Takenaka, Hiro-
sawa, et al., 1993). Several leads have been explored
to explain this GH resistance.

Fibroblast Growth Factor 21 (FGF21) is a liver-
derived hormone which secretion is triggered by
protein restriction—among other signals—in both
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Figure 2. Somatotropic axis alterations during juvenile protein malnutrition. Dysregulations induced by protein scarcity are
indicated in blue. GH: Growth Hormone, GHRH: GH Releasing Hormone, GHR: GH receptor, STAT5: Signal transducer and activator
of transcription 5, FGF21; Fibroblast Growth Factor 21, IGF-1: Insulin-like Growth Factor 1. This illustration was created with
Biorender.com.

humans and mice (Laeger et al., 2014; Na and Park,
2024). Interestingly, FGF21 induction is reproducibly
lower in female mice compared to males in response
to protein restriction (Green et al., 2022; Joly et al.,
2025; Larson et al., 2017). Experiments in Fgf21-
transgenic mice have demonstrated that Fgf21 over-
expression is associated with impaired growth, GH
resistance, decreased serum IGF-1 and STAT5 phos-
phorylation (Ding et al., 2012; Inagaki et al., 2008).
Moreover, whole-body Fgf21 KO juvenile mice had
better body and bone growth in response to calorie
restriction than their WT counterparts (Kubicky et al.,
2012). Since actived STAT5 is a major mediator of
GH effect in the liver, it has been hypothesized that
FGF21 attenuates GH signaling by decreasing STAT5
activation (Figure 2). However, a recent study chal-
lenged this view by demonstrating that inhibition of
Fgf21 expression did not prevent GH resistance and
that FGF21 alone could not impair STAT5 phospho-
rylation in cellulo (Saito et al., 2024). Consistent
with these observations, we found that liver-specific

deletion of Fgf21 did not prevent growth delay, nor
decreased IGF-1 circulating levels in malnourished
male mice (Joly et al., 2025), challenging the idea
that liver-derived FGF21 could be a regulator of lin-
ear growth.

Other molecular mediators, such as the histone
deacetylase Sirtuin 1, insulin or ghrelin, have been
suggested as possible determinants of GH resistance
upon protein restriction (Fazeli and Klibanski, 2014;
Kojima et al., 2001).

3. Sexually dimorphic effects of nutritional
stress on puberty

3.1. A brief overview of sexual maturation

The juvenile period, from weaning to young
adulthood, is a critical developmental window
that notably determines the onset of puberty.
In mammals, pubertal development is regu-
lated by the hypothalamic-pituitary-gonadal axis

http://Biorender.com
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Figure 3. Juvenile protein malnutrition and female puberty. Putative disregulations induced by protein restriction are indicated
in blue. AVPV: Anteroventral Periventricular nucleus, SCN: Suprachiasmatic nucleus, ARC: Arcuate nucleus, Avp: Vasopressin,
Kiss1: Kisspeptin, GnRH: Gonadotropin-releasing hormone, LH: luteinizing hormone, FSH: Follicle stimulating hormone. This
illustration was created with Biorender.com.

(Anderson et al., 2024). Puberty is initiated by the
release of gonadotropin-releasing hormone (GnRH)
from the hypothalamus, which drives the secretion
of two gonadotropins: luteinizing hormone (LH) and
follicle-stimulating hormone (FSH) from the pitu-
itary gland. LH and FSH then activate maturation of
the gonads and production of sex steroids (Figure 3).

The timing of activation of this hypothalamic-
pituitary-gonadal axis, particularly the timing of
initiation of the GnRH pulses, determines the tim-
ing of puberty in both males and females. This
timing is tightly regulated by many signals, espe-
cially those related to nutrition (Connor, 2011). In
particular, GnRH release is controlled by neurons
producing kisspeptin, which are located in two
nuclei of the hypothalamus: the arcuate nucleus
(ARC) and the anteroventral periventricular nucleus

(AVPV). Kisspeptin neurons of the ARC are sensitive
to insulin, ghrelin, and leptin, while those of the
AVPV are only found in females and are regulated by
sex steroids (Navarro, 2020) (Figure 3).

3.2. Nutritional effect on sexual maturation

In 1963, Kennedy and Mitra demonstrated that body
weight, and therefore nutrition, is a major determi-
nant of the timing of puberty (Kennedy and Mitra,
1963). To this aim, they modulated the size of rat
litters to create conditions of overnutrition and un-
dernutrition and observed that the onset of puberty
was delayed in larger/malnourished litters. Fur-
ther studies in rodents and humans have allowed
to establish that a sufficient energy store must be
available to allow puberty initiation (Anderson et al.,

http://Biorender.com
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2024). Consistently, obesity during childhood has
been associated with earlier puberty (Reinehr and
Roth, 2019). In addition to puberty onset, sufficient
food supply is required for the maintenance of female
fertility and ovulatory cycles (Frisch and McArthur,
1974). The relationship between food availability
and fertility has been established across kingdoms,
including in mice, Caenorhabditis elegans (Gerisch
et al., 2001), Drosophila melanogaster (Gorter et al.,
2016) and in birds such as Melozone alberti (Davies et
al., 2015). It is evaluated that nutritional status dur-
ing childhood can account for up to 25% of the vari-
ation in the onset of puberty (A. Soliman, De Sanctis
and Elalaily, 2014).

Leptin produced by the adipose tissue appears to
be a key regulator of pubertal timing. Indeed, leptin-
deficient obese mice are sterile (Ingalls et al., 1950),
which can be prevented by injection of recombinant
leptin (Chehab et al., 1996). Similarly, injection of
leptin into wild-type mice accelerates the onset of
puberty (Ahima et al., 1997). One possible interpre-
tation is that leptin indicates to the brain that energy
stores are sufficient to support the energy demand of
puberty and of future reproduction (Mauvais-Jarvis,
2024). Indeed, specific deletion of the leptin re-
ceptor in target neuronal populations has demon-
strated that leptin signals to agouti-related peptide
(AgRP)/neuropeptide Y (NPY)-expressing neurons
of the hypothalamus to regulate sexual maturation
(Egan et al., 2017).

Consistently, the stomach-derived orexigenic and
adipogenic hormone ghrelin seems to be an antag-
onist of sexual maturation. Notably, ghrelin might
participate in the fetal programming of reproduc-
tion, since the administration of a ghrelin antago-
nist in pregnant mice advanced the puberty of male
and female offspring (Torres et al., 2018). In addition,
plasma ghrelin levels have been negatively correlated
with FSH, LH and testosterone levels (El-Eshmawy et
al., 2010).

Interestingly, humans with poorly controlled
type 1 diabetes might have impaired puberty (An-
derson et al., 2024). On the contrary, hyperinsuline-
mia in female mice is associated with early puberty
(Saleh et al., 2022). These data suggest that insulin
also regulates pubertal timing. Indeed, brain-specific
knockout of the insulin receptor is associated with
impaired sexual maturation, due to dysregulation of
LH secretion (Brüning et al., 2000).

Overall, nutritional signals regulate endocrine
cues to modulate the timing of puberty, with calorie
restriction impairing or delaying reproductive devel-
opment. Consistently, endocrine signals of low en-
ergy resources, such as low leptin or insulin and ghre-
lin, tend to block reproductive maturation (Figure 3).
Interestingly, signaling of those nutrition-associated
hormones is highly dysregulated during protein ju-
venile malnutrition (Kasai et al., 2012; Volcko et al.,
2024; Yamada et al., 2019). In the next paragraph,
we will explore how dietary protein deficiency affects
reproductive maturation.

3.3. Juvenile protein malnutrition and
reproductive maturation

In rodent models, juvenile mice fed a low-protein
diet have altered reproductive development com-
pared to animals fed an isocaloric diet with nor-
mal protein content. This suggests that protein de-
ficiency itself might affect reproductive maturation,
independently of calorie restriction. For example,
weanling female rats receiving a low-protein diet dis-
played altered ovarian morphology, as well as re-
duced sex steroid receptors expression in the ovaries
(de Morais Oliveira et al., 2021). Similarly, malnour-
ished juvenile male rats had decreased testosterone
levels, hypothalamic androgen receptor expression
and testis weight (Karaca et al., 2003; Oliveira et
al., 2018). In a recent study, we directly com-
pared the effect of low-protein diet after weaning
on the puberty of juvenile male and female litter-
mates. While females exhibited a strong impair-
ment of reproductive development (delayed vagi-
nal opening and first estrus, reduced uterus weight),
males had an almost normal onset of puberty, mea-
sured as the occurrence of balano-preputial sepa-
ration (Joly et al., 2025). Malnourished males also
had normal sperm count and seminal vesicle weight
(when corrected for body weight), but reduced testis
weight.

Interestingly, maternal protein restriction dur-
ing pregnancy and/or early post-natal life has been
strongly connected to a perturbation of puberty on-
set in offspring of both sexes (Connor, 2011). In rats,
maternal malnutrition induces a delayed puberty on-
set (Brasil et al., 2005) and impaired ovarian function
(Guzmán et al., 2014) of female offspring. Similarly,
male rats underfed during fetal and post-natal life
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displayed reduced testicular weight and altered tes-
ticular structure (Genovese et al., 2010).

Malnourished children are thought to display de-
layed sexual development (A. Soliman, De Sanctis,
Alaaraj, et al., 2021; A. Soliman, De Sanctis and
Elalaily, 2014). However, to our knowledge, only
one large study directly compared puberty onset be-
tween malnourished and well-fed children (Kulin et
al., 1982). In this study, malnourished Kenyan girls
and boys displayed a delay in the occurrence of early
stages of sexual maturation, but could catch up in
later stages (ibid.). Similarly, a more recent study
assessing reproductive development using Tanner
Stages in children from Pakistan concluded that mal-
nourished children enter puberty at a slightly older
age (0.5–0.7 year delay compared to non-stunted
children), but do not display a delay in puberty com-
pletion (Campisi et al., 2021). Interestingly, a follow-
up study in Barbadian children demonstrated that
malnutrition during the first year of life was associ-
ated with delayed puberty in girls, but not in boys
(Galler et al., 1985), suggesting putative sex differ-
ences in the impact of stunting on puberty onset
in humans, consistent with our own observations
in mice.

These sex-dependent effects of malnutrition on
pubertal development may, in part, be mediated by
FGF21. Indeed, studies in mice with a transgenic
overexpression of FGF21 have demonstrated that fe-
males, but not males, display infertility (Inagaki et
al., 2008). In addition, FGF21 overexpression induces
delayed puberty, impaired mating and hypothalamic
hypogonadism in females (Owen et al., 2013). In this
model, FGF21 indirectly impairs kisspeptin produc-
tion from neurons of the anteroventral periventricu-
lar (AVPV) nucleus of the hypothalamus, which nor-
mally stimulates GnRH release (ibid.). Since AVPV
kisspeptin neurons are absent in males (Navarro,
2020), this would explain the sex-specific effect of
FGF21 on sexual maturation (Figure 3). Consistent
with the idea that FGF21 could act as a brake on fe-
male puberty, we found that the liver-specific dele-
tion of Fgf21—which abolishes FGF21 circulating
levels—partially rescued the puberty delay in mal-
nourished females but had no effect on the puberty
of malnourished males (Joly et al., 2025).

However, the role of FGF21 in regulating female
fertility and puberty is still debated. In particular, a
2016 study found that the effects of FGF21 on fertility

might be indirect (Singhal et al., 2016). Indeed, mice
fed a ketogenic diet, and thus having elevated levels
of circulating FGF21, display normal puberty and fer-
tility, and direct infusion of FGF21 in the brain does
not impair fertility (ibid.). One possibility is that the
delayed puberty and infertility observed in FGF21-
overexpressing mice might be related to an increase
in energy expenditure induced by FGF21 and the
subsequent increase in energy requirements.

Therefore, a protein deficit in the absence of a
calorie deficit is sufficient to perturb the puberty on-
set, at least in mice. In addition, the effects of protein
restriction on pubertal development might be sex-
specific and FGF21-associated.

4. From male physiology to physiology

The effects of protein and calorie deficiency on child
development have been investigated for decades
in both humans and rodent models. In contrast,
the systematic study of sex differences in this con-
text has only emerged more recently. Among bi-
ological processes, pubertal onset and reproduc-
tive maturation—owing to their pronounced sexual
dimorphism—have been the most extensively ex-
amined in both sexes. Beyond reproduction, how-
ever, sex differences have historically received far
less attention. It is now increasingly recognized
that the physiology of non-reproductive organs, in-
cluding the gut and liver, differs substantially be-
tween males and females (Ameku et al., 2025; Miguel-
Aliaga, 2022). Together with growing evidence of sex-
specific outcomes in multiple areas of biomedical re-
search (Waltz et al., 2021), these findings underscore
the need for more rigorous consideration of sex as
a biological variable in both pre-clinical and clinical
studies.

The idea that estrous/menstrual cycles increase
variability and introduce bias when analyzing data
is a misconception (Levy et al., 2023; Zucker et al.,
2022). Indeed, several reports have shown that vari-
ability in females, regardless of the stage of the es-
trous cycle, is not greater than normal variability in
males (Zucker et al., 2022). This assumption has
led to a preferential use of male animals in pre-
clinical research (Woitowich et al., 2020; Zucker et
al., 2022) as well as in clinical trials (Geller et al.,
2018). The National Institutes of Health (NIH) re-
quired the inclusion of women in clinical trials from
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1993 (Chen et al., 2022) and released in 2015 a pol-
icy of “sex as a biological variable” requiring scien-
tists to address sex-biased responses in their research
(Waltz et al., 2021). Guidelines now exist to favor bet-
ter research practices for the inclusion of both sexes
(Rich-Edwards and Maney, 2023). However, in 2020,
only 75% of American scientists declared that they re-
port the sex of the animals they use, and only half
declared that they analyze their data by sex (Waltz et
al., 2021). A follow-up study comparing papers pub-
lished in different fields of biology in 2009 and 2019
found that the proportion of studies including both
sexes increased from 28% to only 49% within 10 years
(Woitowich et al., 2020), meaning that, in 2019, half
of the studies surveyed still used only one sex or did
not report sex. Consistently, another analysis con-
ducted on papers published in surgery-related jour-
nals in 2011 and 2012 found that 80% of the studies
included only males (Yoon et al., 2014). In the field of
physiology, the proportion of studies including both
sexes jumped from 13% to 36% between 2009 and
2019. However, half of the studies surveyed in this
field were still conducted on males only (Woitowich
et al., 2020). Therefore, the knowledge generated by
half of the studies published in 2019 is restricted to
male physiology, despite often being interpreted as
broadly applicable. While female inclusion has in-
creased, most studies still fail to conduct sex-based
analyses (50% in 2009, 42% in 2019) (Woitowich et al.,
2020; Zucker et al., 2022), meaning that female biol-
ogy remains underreported.

Despite its obvious importance, the research com-
munity often fails to include sex as a biological vari-
able and to report for both sexes. How to explain this
phenomenon? Two of the main explanations to jus-
tify the lack of utilization of females or of sex-based
analyses were that “[only males were used] to min-
imize possible variability resulting from sex differ-
ences” and that “[the authors] did not have the power
to examine for sex effects” (Woitowich et al., 2020).
In addition, a common belief is that taking into ac-
count sex as a biological variable will double the
cost of research, while it might only need to choose
the right experimental design or statistical analysis
(Miguel-Aliaga, 2022; Zucker et al., 2022). Interest-
ingly, a 2019 bibliometric analysis revealed that re-
porting sex was associated with publications in jour-
nals with lower impact factors (Sugimoto et al., 2019)
and that, when the first and last author of a paper

were females, there was increased probability of sex-
reporting (ibid.).

Taken together, these considerations highlight
that our current understanding of sex differences in
biology remains sparse and incomplete. A deeper
investigation of sexual dimorphism is therefore es-
sential to strengthen the validity and translational
relevance of both preclinical and clinical research.

5. Conclusion

Juvenile development under nutritional stress is
shaped by profound sexual dimorphisms that ex-
tend beyond reproductive biology. While pubertal
development represents a clear example of such di-
morphism, linear growth is also a fundamentally sex-
dependent process, whose regulation and adaptive
responses differ between males and females. Both
processes are differentially impacted by juvenile pro-
tein malnutrition in males and females, a pattern
that might also apply to other forms of nutritional
stress.

Despite the increasing recognition of sex as a
biological variable, major gaps remain in our un-
derstanding of sex-specific developmental biology.
Identifying regulatory pathways that are shared be-
tween sexes but drive sex-specific adaptations pro-
vides a powerful framework for disentangling sex-
ual dimorphisms in physiology. Dissecting these
key nutritional, endocrine and metabolic mecha-
nisms is essential to fully capture the complexity of
sex-dependent developmental trajectories and, ul-
timately, to improve the interpretation and transla-
tional relevance of preclinical and clinical studies.
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