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Sex-based biological differences have a profound impact on health and disease. Historically, these disparities
were primarily attributed to differences in gonadal hormones. Recent advances in biochemistry and molecular
biology, however, have revealed additional contributing mechanisms—most notably, the critical role of genes
located on the X and Y chromosomes. The expression of Y-linked genes, increased dosage of X-linked genes in XX
compared to XY cells due to incomplete X-chromosome inactivation, genomic imprinting, and the presence of
non-coding and micro-RNAs on the X chromosome are all factors that require consideration in the development
of in vitro models addressing sex dimorphism.

In the present narrative review, we propose studies showing sex differences in vascular and cardiac cells,
skeletal muscle cells, adipose tissue, liver, immune cells, cancer tissues and brain tissues. Given the absence of
appropriate experimental methodologies for reproducing in vitro the sex differences observed in vivo and the
limited research conducted at the cellular and molecular level to elucidate the mechanisms responsible for the
observed dimorphism, the present review has two objectives. Firstly, it aims to emphasize the necessity of
incorporating sex as a variable in preclinical research. Secondly, it highlights the importance of sex chromosome
differences as a biological variable that can influence cell physiology and biological responses, which is crucial

when conducting in vitro studies.

1. Introduction

The identification of the origins of the differences between males and
females remains a significant challenge for biomedical research. While
there is compelling evidence of sex differences that has been validated
by in vivo and ex vivo data, both in health and disease conditions,
mechanistic studies analyzing the origins of these differences at the
cellular and molecular levels are still rather limited (Allen et al., 2023;
Deegan et al., 2021; Di Luigi et al., 2023; Kim et al., 2018; Marquez
et al., 2020; Ortona et al., 2016; Rich-Edwards et al., 2018; Ruggieri and
Matarrese, 2020; Young et al., 2023). Both sex (the biological charac-
teristic) and gender (belonging to one of the two sexes from a cultural
rather than biological point of view) influence molecular and cellular
metabolism, clinical characteristics, as well as the pharmacological
response (Rich-Edwards et al., 2018).

Sex hormones influence gene expression primarily through their
interaction with specific receptors, including classical nuclear receptors
(e.g., estrogen receptor, androgen receptor), orphan nuclear receptors,
and G protein-coupled receptors (GPCRs). Through these pathways, they
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can modulate the expression of autosomal as well as X- and Y-linked
genes, and, in some cases, affect gene regulation by interacting with
regions of the inactivated X chromosome (Chen et al., 2016; Dadam
et al., 2024; Rocks et al., 2022; Xiong et al., 2023). However, in many
tissues, no differential expression of estrogen receptor genes (ESR1 and
ESR2) was observed between male and female subjects, suggesting that
sexually dimorphic effects may be mediated through alterations in gene
regulatory networks, independent of sex hormone receptor expression
levels (Chen et al., 2016).

In this regard, hormonal pathways (organisational and/or activation
effects) may act independently or interact (synergistically/antagonisti-
cally) with sex chromosome-associated genes, both inducing and
reducing sexually dimorphic phenotypes (Arnold and Chen, 2009;
McCarthy, 2023; Vousden et al., 2018).

Although in vivo and ex vivo studies have started to account for sex as
a biological variable, most in vitro studies still overlook sex chromosome
complement (SCC), and frequently rely on immortalized cell lines rather
than primary cells. As a result, a significant number of experiments are
conducted using a combination of cells derived from both male and
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Fig. 1. Sexual dimorphism in pathological conditions. The effects of the same molecular variables on the prevalence and characteristics of diseases in male and

female individuals related to sex chromosomes. CVD: cardiovascular diseases; BMI: body max index.

female subjects, frequently without the awareness of their chromosomal
composition (XX or XY), which introduces variability and restricts
reproducibility (Allegra et al., 2023; Flynn et al., 2021). Consequently,
the results will be unable to provide a comprehensive analysis of the
influence and effects of the sex chromosome complement on dimorphic
responses (Aarde et al., 2021; Smiley et al., 2024). Moreover, extensive
data demonstrate the importance of sex differences in in vitro research: i.
e. the presence of Y-related genes, increased dosage of X-related genes in
XX vs. XY cells, X chromosome inactivation, that turns off entire chro-
mosomes, imprinting, that turns off only specific genes, and the occur-
rence of non coding ribonucleic acid (RNA) and micro-RNA on X
chromosomes (Fedoriw et al., 2012; Rich-Edwards et al., 2018).

It is evident that the development of rigorous in vitro models is

pivotal in elucidating the underlying mechanisms of the observed sexual
dimorphism, with a particular emphasis on pathogenesis and pharma-
cology, pivotal for ensuring the quality and reliability of studies that
contribute to precision medicine.

In this narrative review, we examine in vitro studies that highlight sex
differences in cellular models and tissues, and explore how these dis-
parities influence pathological conditions where sexual dimorphism
plays a dominant role (Fig. 1). In particular, we summarize studies
performed in blood vessels and myocardium for cardiovascular diseases;
skeletal muscle, adipose tissue and liver concerning metabolic diseases;
immune cells for immune- and autoimmune diseases; sexual differences
in cancer susceptibility; and, finally, brain tissue for neurodegenerative
diseases. Our aim is to emphasize the needed for the inclusion and detail
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of sex in preclinical research, and to highlight the importance of sex
chromosome differences as a biological variable that per se can influence
cell physiology and biological responses, which is crucial when con-
ducting in vitro studies.

2. Sexual dimorphism in cell models for cardiovascular diseases

Sex differences in cardiovascular structure and function are well
established in both humans and animal models, and they significantly
influence the onset and progression of cardiovascular diseases (CVDs)
(On behalf of EVA Collaborators et al., 2020; Prajapati et al., 2022;
Raparelli et al., 2020; Shi et al., 2021). In humans, female hearts are
typically smaller, have lower stroke volumes, and higher resting heart
rates compared to male hearts. Women also exhibit higher ejection
fractions, indicating greater ventricular efficiency. Men, by contrast,
tend to develop coronary artery disease (CAD) at younger ages and
present a higher incidence of microvascular disease. After menopause,
women experience increased rates of hypertension, which are further
exacerbated by a greater susceptibility to metabolic disorders such as
diabetes (AlSiraj et al., 2019; Arnold and Chen, 2009; Lorenz et al.,
2015; Prajapati et al., 2022; Regitz-Zagrosek et al., 2013). Although the
hormonal environment is crucial in inducing this discrepancy
(Morin-Grandmont et al., 2024), the existence of sexual dimorphism at
the cellular level, and its potential role in driving these differences, re-
mains a topic of ongoing debate and is the subject of numerous studies
(Straface et al., 2012).

In cardiomyocytes, sex-specific gene expression influences both
cellular metabolism and contractile function. Female CMs preferentially
express genes related to energy metabolism, while male CMs upregulate
those involved in cell structure, cell cycle regulation, and motility
(Walker et al., 2021). Functionally, male cardiomyocytes contract more
forcefully and rapidly, whereas female CMs exhibit slower relaxation
kinetics. Notably, female hearts contain a higher proportion of ven-
tricular CMs and display enhanced regenerative capacity, which may
contribute to the observed lower incidence of heart failure and
myocardial infarction in premenopausal women ((Litvinukova et al.,
2020; Parks et al., 2014; Vizgirda et al., 2002). Transcriptomic studies in
human tissues implicated in CVDs have revealed widespread sex-biased
gene expression, particularly in cardiomyocytes (CMs), endothelial cells,
fibroblasts, smooth muscle cells, and immune cells (Reue and Wiese,
2022; Walker et al., 2021).

The molecular basis for these differences likely originates during
embryonic development, before gonadal differentiation and sex hor-
mone production, implicating direct genetic effects of sex chromosomes
(Shi et al., 2020, 2021). Transcriptomic and proteomic analyses confirm
sex-biased expression in both fetal and adult hearts, driven by mecha-
nisms such as X-chromosome inactivation, escape from inactivation, and
Y-linked gene expression (Isensee and Noppinger, 2007; Shi et al.,
2020).

Genes located on the short arms of the X (Xp) and Y (Yp) chromo-
somes are expressed in adult human cardiomyocytes and contribute to
key aspects of cardiac cell function, including mitochondrial activity,
chromatin organization, and stress response. In addition to coding
mRNAs, cardiomyocytes express a variety of non-coding RNAs, such as
microRNAs (miRNAs), which regulate gene expression post-
transcriptionally and play critical roles in cardiac development, func-
tion, and repair. The sex-specific expression patterns of these genes and
RNAs may underlie differences in cardiomyocyte physiology and disease
susceptibility between males and females (Bondy et al., 2013; Luo et al.,
2023).

The role of sex chromosomes in cardiovascular pathology has been
further elucidated through studies using the Four Core Genotypes (FCG)
mouse model. This model decouples chromosomal sex from gonadal sex,
allowing investigation of XX vs. XY effects independent of hormonal
context. The four genotypes include XX gonadal males or females, and
XY gonadal males or females, resulting from the breeding of a female XX
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with a male XY Sry, in which the Sry gene is located on an autosome.
Consequently, the resulting offspring are XY and XX females and XY Sry
and XX Sry males, with the sex indicative of the gonadal phenotype
(Arnold et al., 2017; Sampson et al., 2012). FCG studies demonstrate
that XX mice, regardless of gonadal type, show increased vulnerability to
atherosclerosis, angiotensin II-induced hypertension, and ischemia/r-
eperfusion injury (Arnold et al., 2017; Ji et al., 2010; Li et al., 2014).
Moreover, gonadectomy in XX mice exacerbates atherosclerosis, while
XY females remain unaffected, highlighting a direct role for X chromo-
some dosage (AlSiraj et al., 2019).

Human studies in Turner syndrome further support the contribution
of X chromosome anomalies to cardiovascular malformations such as
bicuspid aortic valves and aortic coarctation (Bondy et al., 2013; Caeiro
et al., 2011).

At the vascular level, sex differences are also observed in endothelial
and smooth muscle cell responses. Female-derived human umbilical
vein endothelial cells (HUVEC)s show heightened immune responsive-
ness, increased expression of complement and major histocompatibility
complex (MHC) genes, and greater stress resistance and angiogenic
potential (Lista et al., 2011; Lorenz et al., 2015). Vascular smooth
muscle cells (SMCs) from male and female rats display sex-specific
profiles in extracellular matrix remodeling and contractile gene
expression, including differences in matrix metalloproteinase (MMP-1),
collagen I, actin alpha (ACTA)2, calponin (CNN1), and transgelin
(TAGLN), which may contribute to sex disparities in plaque formation
and vascular remodeling (Kennedy et al., 2014; Walker et al., 2021).

Transcriptomic analysis of porcine valvular interstitial cells (VICs)
identified 183 genes with sex-biased expression, including those
involved in angiogenesis (angiopoietin-like 4 (ANGPTL4)), apoptosis (B-
cell lymphoma 2 (BCL2)), calcification (stanniocalcin-1 (STC1), natri-
uretic peptide precursor C (NPPC)), and lipid metabolism (apolipopro-
tein E (APOE)) (McCoy et al., 2012). In line with these findings, secreted
factors associated with inflammation, angiogenesis, and apoptosis (e.g.,
interlukin (IL-1)B, tumor necrosis factor (TNF)-a) were found to be
elevated in male patients undergoing valve replacement (Aguado et al.,
2019; Grim et al., 2020; Parra-Izquierdo et al., 2019).

Collectively, these findings underscore the multifaceted impact of
sex chromosomes on cardiovascular structure, function, and disease
susceptibility. They highlight the importance of integrating sex as a
biological variable in cardiovascular research and emphasize that sex
chromosome complement—not only hormones—plays a crucial role in
shaping cardiovascular phenotypes.

3. Sexual dimorphism in cell models for metabolic diseases

Metabolic syndrome include a group of conditions characterized by
the presence of at least 3 of 5 conditions: hyperglycemia, hyper-
triglyceridemia, hypertension, large waist circumference, low high-
density lipoprotein (HDL) cholesterol (Antinozzi et al., 2019). The
importance of counteracting this disease lies mainly in the twofold in-
crease in cardiovascular risk associated with type 2 diabetes mellitus
and the threefold increase in the risk of developing myocardial infarc-
tion (MI), stroke and cardiovascular injury, as well as a 1.5-fold increase
in the risk of all-cause mortality (Beigh and Jain, 2012; Mottillo et al.,
2010).

The individual components of metabolic syndrome—such as hyper-
glycemia, hypertension, dyslipidemia, and abdominal obesity—are
common in both women and men. However, sex differences exist in the
timing of their onset, their relative prevalence, and their contribution to
cardiovascular risk (Meloni et al., 2023). In fact, men have a higher
percentage of lean mass, visceral adipose tissue, plasma triglyceride
levels and myocardial infarction than women, while women have a
higher percentage of fat mass, subcutaneous adipose tissue, HDL
cholesterol and ischaemic stroke than men (Anna Ciampolillo, 2019).
However, when lifestyle factors were analyzed by sex in adults with
metabolic syndrome (n = 1066), notable differences emerged.
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Women reported healthier dietary patterns, higher levels of
moderate-to-vigorous physical activity, and lower rates of smoking and
obesity compared to men. In contrast, obese or overweight men were
less likely to engage in vigorous physical activity and more likely to
consume diets high in salt and fat (Chang et al., 2019). Adipose tissue,
liver and skeletal muscle are likely to be the cellular components asso-
ciated with the onset of metabolic diseases, given their role in energy
balance homeostasis and inflammation (Duarte et al., 2022).

With regard to adipose tissue physiology, studies in animal models
have shown that sex and sex hormones influence adipogenesis, insulin
resistance gene expression, lipolysis, as well as inflammation and
obesity. In view of the diverse tissues implicated in metabolic diseases,
the paragraph has been divided into subsections, categorized as adipose
tissue, muscular tissue, and hepatic tissue.

3.1. Adipose tissue

Sex hormones clearly play a central role in sex differences in adi-
pogenesis, adipocyte distribution and inflammation (Pal et al., 2024),
However, non-gonadal factors must also be considered in the context of
adipose tissue biology. Studies using Four Core Genotype (FCG) mice, as
well as XO (Turner syndrome) and XXY (Klinefelter syndrome) models,
have shown that the number of X chromosomes significantly influences
adiposity. In particular, the presence of two X chromosomes (as in XX
and XXY mice) is associated with increased body weight and fat mass
compared to animals with a single X chromosome (XY and XO) (Chang
etal., 2018; Chen et al., 2012). Gene expression analyses in high-fat diet
(HFD)-fed male and female mice have identified thousands of
sex-specific genes differentially expressed in adipose tissue, particularly
those involved in immune responses, lipid metabolism, and insulin
signaling (Grove et al., 2010; Yang et al., 2006). Notably, approximately
100 of these genes appear to be regulated independently of circulating
gonadal hormones. Several sexually dimorphic genes have also been
found within the cytochrome P450 superfamily—including aromatase
and hydroxysteroid dehydrogenases—as well as in genes such as Nr2f1
(nuclear receptor subfamily 2 group F member 1), Thbd (thrombomo-
dulin), HoxA5 and HoxC8 (homeobox proteins), Ddx3x (RNA helicase),
Eif2s3x (translation initiation factor), and histone demethylases Kdmé6a
and Kdm5c (Chang et al., 2019; Link et al., 2020).

In particular, the genomic dosage of Kdm5c, an X-linked gene that
escapes X chromosome inactivation, plays a pivotal role in determining
the X chromosome’s impact on adiposity. Indeed, reducing the dosage of
the Kdm5c gene in female XX mice to levels comparable to those
observed in males improves body weight, fat content and food intake in
XX mice. In addition, Kdmc5 levels have been shown to influence the
expression of genes associated with extracellular matrix remodeling,
adipocyte differentiation and adipose tissue expansion (Link et al.,
2020).

3.2. Muscle tissue

Like adipose tissue, muscle tissue constitutes a fundamental element
in the regulation of systemic metabolic homeostasis (Antinozzi et al.,
2019). Males and females show a sex dimorphism in muscle morphology
and fiber type composition, which influences the type and energetic
substrates preferentially used during muscle metabolic processes
(Lundsgaard and Kiens, 2014).

Gene expression profiling of 15 normal men and 15 normal women
using oligonucleotide microarrays revealed sex differences in the
expression of several hundred genes, some of which have functions that
explain the greater muscle mass of men than women (Welle et al., 2008).
These differences involve epigenetic and transcriptional factors in both
myoblast and myotube, which in turn could affect overall tissue physi-
ology (Davegardh et al., 2019).

While men had higher expression of genes encoding mainly mito-
chondrial proteins, translation initiation factors and ribosomal proteins,
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women had higher expression of genes involved in growth factor path-
ways such as growth factor receptor-bound 10 (GRB10) and activin A
receptor [IB (ACVR2B), which encode proteins that inhibit insulin-like
growth factor-1 (IGF-1) signalling and a myostatin receptor, respec-
tively (Welle et al., 2008).

Using histochemical myosin adenosine triphosphatase (ATPase)
staining, Lundsgaard et al. observed a higher number of type I muscle
fibres in the vastus lateralis in females compared to males, and a higher
percentage of type IIA and IIX in males (Hgeg et al., 2009; Lundsgaard
and Kiens, 2014; Roepstorff et al., 2006; Steffensen et al., 2002).

In 2019, Davegérdh and colleagues reported sex-specific differences
in DNA methylation and gene expression on both autosomes and the X
chromosome, particularly in genes involved in oxidative phosphoryla-
tion and glucose homeostasis (Davegardh et al., 2019). These included
Lamp2 (lysosome-associated membrane glycoprotein 2), Sirtl, Kdm6a,
Creb5 (cAMP responsive element binding protein 5), Rps4x (ribosomal
protein S4 X-linked), Syapl (synapse-associated protein 1), Xist
(X-inactive-specific transcript), and Zrsr2 (zinc finger factor).

More recently, sex-related differences have been demonstrated in the
expression of steroidogenic enzymes and the androgen receptor (AR) in
human neonatal myoblasts with 46XX or 46XY karyotypes (Di Luigi
et al., 2023). In particular, 46XY cells showed higher mRNA expression
of 5a-reductase (5a-R2) and AR, while 46XX cells exhibited increased
expression of aromatase (Cyp19). Moreover, 46XX and 46XY myoblasts
responded differently to identical hormonal stimuli, engaging distinct
hormone biosynthetic pathways (Sgro et al., 2024). Female myoblasts
were more sensitive to androgens than their male counterparts, and even
low doses of testosterone significantly increased AR expression and
promoted receptor translocation (Di Luigi et al., 2023). Additionally,
following testosterone treatment, 46XY cells produced dihy-
drotestosterone (DHT) and androstenedione, whereas 46XX myoblasts
preferentially converted androgens into estrogens, thereby reducing
intracellular androgen levels (Sgro et al., 2024).

A further significant distinction can be made with regard to satellite
cells and their sex-related characteristics. These cells represent the most
stem cell component of muscle and become activated in response to
stimuli such as acute muscle injury, exercise, or denervation, with the
objective of reconstituting damaged tissue.

In 2011, Manzano and colleagues isolated satellite cells from male
and female fast extensor digitorum longus (EDL) and slow soleus (SOL)
mouse muscles and conducted an in vitro analysis of the expression of
genes involved in proliferation and differentiation processes. The au-
thors demonstrated that there was a higher expression of Myodl,
Myogenin and Mrf4 transcripts in male subjects compared to age-
matched females. Conversely, Pax7, which has the potential to block
myogenesis, was found to be overexpressed in females compared to
males (Manzano et al., 2011).

These data are of particular significance for research in regenerative
muscle medicine and neuromuscular disorders, as the source of the
regenerative cells must be appropriate to ensure the efficacy of satellite
cell-mediated therapy.

3.3. Hepatic tissue

Similar to adipose and muscle tissue, the liver exhibits pronounced
sexual dimorphism. Sex-specific differences in hepatocytes have been
observed in various metabolic processes, including amino acid, lipid,
drug, and xenobiotic metabolism (Hochmuth et al., 2021; Jensen-Cody
and Potthoff, 2021). A number of studies utilizing rat and mouse liver
models have identified in excess of 1000 genes whose expression is
sex-dependent, thereby inducing significant sexual dimorphism in liver
metabolism and pathophysiology (Waxman and Holloway, 2009).

In 2021, Hochmuth and colleagues isolated primary hepatocytes
from male and female mice and examined changes in transcriptome,
proteome and extracellular metabolome parameters (Hochmuth et al.,
2021). The authors observed that, over the course of 96 h of cell culture,
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there were some exceptions to the general pattern of sexual dimorphism
(Hochmuth et al., 2021). These included the increased or reversed
expression of certain genes, particularly those involved in serotonin and
melatonin degradation, amino acid degradation, beta-oxidation,
androgen signalling, and hepatic steatosis.

In FCG mouse models, elevated serum lipid levels have been
observed in XX males and females (AlSiraj et al., 2019). This phenotype
is likely attributable to altered cholesterol and lipid homeostasis in the
liver, along with increased expression of enzymes involved in lipid ab-
sorption and chylomicron assembly in the small intestine. In addition,
the expression of sex chromosome-linked genes appears to be signifi-
cantly influenced by chromosomal sex. For example, genes located in the
male-specific region of the Y chromosome—such as Kdm5d, Eif2s3y,
and others—are upregulated in XY livers, while Xist, a non-coding RNA
expressed exclusively in XX cells, shows significantly higher expression
in XX livers. Pathway analysis has revealed that numerous genes
involved in immune response pathways are differentially expressed in
the livers of XX versus XY mice, regardless of gonadal sex (AlSiraj et al.,
2019; Arnold, 2017; Arnold et al., 2017). More recently, Wiese and
colleagues (2022) demonstrated that under hypercholesterolemic con-
ditions, chromosomal sex—independent of gonadal hormones—modu-
lated the expression of nearly 1400 genes across both autosomes and sex
chromosomes (Wiese et al., 2022).

Sex differences have also been observed in humans, which are likely
due to the female-predominant expression of CYP3A4, the most
important P450 catalyst of drug metabolism in the human liver
(Waxman and Holloway, 2009). In 2012, Yang et al. demonstrated the
sex-dimorphic expression of 77 genes isolated from human male (n =
234) and female (n = 193) liver samples (Yang and Li, 2012). Among
these, the authors observed differential expression of the CYP3A7,
CYP3A4, and alcohol dehydrogenase (ADH1A) genes, which are
involved in phase I metabolism; the acyl-CoA synthetase long chain
family member (ACSL) 4, glutathione S-transferase A (GSTA) 1 and2,
and UDP-glucuronosyltransferase (UGT2B) 17 genes, which are phase II
metabolising enzymes; and the solute carrier family member (SLC3A) 1
and SLC13A1 genes, which are membrane transporters. The dimorphic
expression of these genes in males and females results in differences in
drug absorption, distribution, metabolism, and excretion.

4. Sexual dimorphism in cell models for autoimmune diseases

Autoimmune diseases consist of chronic disorders characterized by
an overactive immune response that lead to tissue damage and
dysfunction (Ortona et al., 2016). The data indicates a clear sexual
dimorphism, with a ratio of women to men patients ranging from 7:1 to
10:1 for Sjogren’s syndrome, systemic lupus erythematosus (SLE)
autoimmune thyroid disease, and systemic sclerosis, and 2:1-3:1 for
rheumatoid arthritis (RA), multiple sclerosis (MS), and myasthenia
gravis (Ortona et al., 2016). While the influence of sex hormones on
autoimmune pathogenesis is well documented, accumulating evidence
points to sex chromosome complement—particularly the presence of
two X chromosomes—as a key contributor to these differences. The X
chromosome harbors numerous immune-related genes, including cluster
of differentiation 40 (CD40) ligand, chemokine receptor (CXCR3),
toll-like receptor (TLR)7, TLRS, IL-2Ry, and IL-9R ((Fairweather et al.,
2024).Although many of these genes are subject to X-chromosome
inactivation, a subset escapes this process, resulting in higher expression
levels in XX individuals. Aberrant expression of such X-linked genes has
been associated with autoantibody production and immune hyperac-
tivity, especially in SLE and other female-predominant conditions
(Corker et al., 2023; Hewagama et al., 2013). The IL-13Ra2 gene, for
instance, exhibits higher expression in XX mice and may act as a decoy
receptor, modulating Th2 responses and influencing disease severity
(Smith-Bouvier et al., 2008).

Evidence from sex chromosome aneuploidy syndromes further sup-
ports this link. Females with Turner syndrome (45,X) display reduced
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autoimmune susceptibility, while males with Klinefelter syndrome (47,
XXY) show increased risk compared to XY males (Jgrgensen et al., 2010;
Seminog et al., 2015). These findings suggest that X chromosome
dosage, rather than hormonal environment alone, contributes substan-
tially to immune dysregulation in females.

Several studies using human immune cell models have provided
functional insight into these genetic influences. In vitro stimulation of
human peripheral blood mononuclear cells (PBMCs) revealed that fe-
male CD8" T cells exhibit stronger activation than male counterparts
across multiple subsets, including effector and memory precursors
(Abdullah et al., 2012). Female PBMCs also show higher forkhead box
(FOXP)3 expression and greater sensitivity to cytokine/chemokine
signaling and antigen presenting cell (APC)-T cell interactions.
Furthermore, female immune cells, including T and B lymphocytes and
macrophages, display enhanced phagocytic activity, toll-like receptor
(TLR) expression, and microbial killing via NADPH oxidase (Scotland
et al., 2011). Beyond functional immune differences, mitochondrial
activity in immune cells also shows sexual dimorphism. Female PBMCs
exhibit greater activity of mitochondrial complexes I, I + I, and IV, as
well as elevated electron transport system (ETS) capacity and citrate
synthase activity, reflecting enhanced cellular metabolism and bio-
energetics (Silaidos et al., 2018).

A critical component of post-transcriptional regulation is provided
by microRNAs (miRNAs), many of which are encoded on the X chro-
mosome. The X chromosome contains a higher density of miRNAs than
any autosome or the Y chromosome, which harbors only four identified
miRNAs (Bianchi et al., 2012; Westemeier-Rice et al., 2024). These
X-linked miRNAs participate in immune modulation and inflammatory
signaling. For instance, miR-18b is associated with multiple sclerosis,
miR-98 regulates TLR-mediated epithelial responses, miR-106a modu-
lates IL-10 release, and miR-223 influences granulocyte differentiation
and IFNy production (Florijn et al., 2018). The expression of these
miRNAs is influenced both by sex hormones and by incomplete
X-inactivation, further reinforcing their contribution to sex-specific
immune responses (Morgan and Bale, 2012)

In summary, sexual dimorphism in autoimmune diseases is rooted
not only in hormonal differences but also in the genetic and epigenetic
effects of sex chromosomes. Cell-based models, particularly PBMCs,
have revealed intrinsic sex-related differences in immune activation,
metabolism, and post-transcriptional regulation. These findings under-
score the need to consider sex chromosome complement as a funda-
mental variable in both mechanistic and translational immunological
research.

5. Sexual dimorphism in cell models for cancer

While a gender-based analysis of tissue physiology may be of limited
relevance in oncology—given that cancer cells exhibit markedly distinct
morphological, metabolic, and genetic profiles compared to healthy
cells (Baba et al., 2007)—sex-specific genetic and molecular factors may
still influence tumorigenesis (Ornos et al., 2023). Therefore, this para-
graph focuses on these intrinsic biological differences between males
and females that could impact cancer onset and progression.

Significant sex differences in cancer incidence and outcome have
been observed, with most tumors of non-reproductive tissues demon-
strating biological sex differences. These differences are characterized
by a higher prevalence of incidence and mortality in males than in fe-
males (Dart, 2020). In 2017, Grant and colleagues examined the statis-
tical incidence of Hiroshima and Nagasaki atomic bombings survivors
and observed a higher prevalence of solid tumors in male survivors (93.7
and 86.9 per 104 person-years, respectively) compared with female
survivors (63.7 and 48.8, respectively). Additionally, they noted a ratio
of 0.66 for female to male cases of hematological malignancies (Grant
et al., 2017).

Among the various factors that may be involved, the potential role of
immunity in females (see paragraph 4, page 9) is worthy of
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consideration. Indeed, the X chromosome contains over 50 genes that
regulate innate and adaptive immunity (Haupt et al., 2021). Despite one
of two chromosomes present in females being randomly inactivated
during embryogenesis (to avoid double dosage of the same proteins),
approximately 15 % of the genes evade this mechanism (Venanzi et al.,
2023; Dunford et al., 2017). These include genes involved in adaptive
and innate immune responses and self-tolerance. Furthermore, the X
chromosome is densely populated of miRNAs, such as miRNA-18 and
miRNA-19, identified as pivotal for the optimal functioning of both
innate and adaptive immune responses. Acting as post-transcriptional
regulators, these miRNAs fine-tune the expression of a range of
immune-related genes and modulate key cellular processes such as dif-
ferentiation, proliferation, and migration (Gareev et al., 2025; Pinheiro
et al., 2011). Furthermore, sexual differences have been observed in the
metabolism of reactive oxygen species, p53-related pathways, the
expression of mutant alleles, and DNA repair mechanisms (Venanzi
et al., 2023). Genetic analyses have revealed that the X chromosome in
females contains several genes that are not genetically or functionally
balanced through X inactivation. These include tumor suppressor genes,
epigenetic regulators and interactors with the p53 pathway, Kdmé6a,
ATP-dependent helicase (ATRX), Kdm5c, connector enhancer of kinase
suppressor of Ras (CNKSR2), DEAD-Box Helicase 3 X-Linked (DDX3X)
and family member C (MAGEC3) (Wallis et al., 2019), that exhibit
higher expression levels in female in comparison to male tissues. These
genes are involved in tumor suppressor functions, and mutated alleles of
these genes have been more frequently detected in male neoplastic
diseases, which contributes to the observed excess of male cancer cases.

6. Sex dimorphism in cell models for neurodegenerative
diseases

A significant sexual difference has been observed in the brain
metabolic environment, which may alter immune cell function and
contribute to the clinical outcome of important brain disorders (Lee
et al., 2022). Many stress-related neuropsychiatric disorders display
pronounced sex differences in their frequency and clinical symptoms
(Oakley et al., 2024). Indeed, among several disorders of the central
nervous system (CNS), females are more susceptible to multiple scle-
rosis, Alzheimer’s disease, and depression, while males are more
frequently diagnosed with Parkinson’s disease, schizophrenia, and
autism, and have worse clinical outcomes in multiple sclerosis and gli-
oma (Alzheimer’s Association, 2015; American Psychiatric Association,
2013; Developmental Disabilities Monitoring Network Surveillance Year
2010 Principal Investigators and Centers for Disease Control and Pre-
vention (CDC), 2014; Gilli et al., 2020; Gillies et al., 2014).

The reason for the sexual dimorphism observed in these diseases is
not yet fully understood, however, research has identified significant
sex-based differences in gene expression in both animal models and
human studies. It is hypothesized that the heightened susceptibility to
stress-induced changes in hypothalamic signaling—mediated by gluco-
corticoids such as cortisol or corticosterone—may be linked to the
expression and activation of stress hormone receptors, particularly
glucocorticoid receptors (GR) and mineralocorticoid receptors (MR). In
this context, both MR and GR are activated by elevated glucocorticoid
levels, and the resulting effects depend on the balance between MR and
GR activation (Karandrea et al., 2000). Female fish exhibit greater GR
expression in preoptic and thalamic nuclei compared to males (Kikuchi
et al., 2015). In rats, females show higher GR binding capacity in the
hippocampus but lower in the hypothalamus than males (Turner and
Debra A., 1985). Sex-specific GR expression patterns are also observed in
the prefrontal cortex of rats, with females displaying increased GR
expression in infralimbic excitatory neurons following stress (Oakley
et al., 2024).

Recent studies have highlighted the significant role of sex chromo-
somes in cognitive resilience, disease susceptibility, and longevity. The
presence of a second X chromosome has been shown to improve
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cognition in ageing FCG mouse models of both sexes, potentially
through increased synaptogenesis signalling in the hippocampus
(Marino et al., 2024). This cognitive resilience is also associated with
reduced tau pathology in humans (Davis et al., 2021). In multiple scle-
rosis, sex differences in disease susceptibility and progression may be
attributed to X chromosome genes, with maternal versus paternal
imprinting and differential expression of genes like Foxp3 and Toll-like
receptor 7 playing crucial roles (Voskuhl et al., 2018). Furthermore, the
female XX sex chromosome complement has been found to increase
survival during aging in both male and female mice, and in combination
with ovaries, it extends lifespan (Davis et al., 2018). These findings
underscore the importance of sex chromosomes in aging and disease
processes.

At the molecular level, gene expression differences in different brain
cell types and areas have been demonstrated for approximately 3000
genes, primarily due to escape from X chromosome inactivation and the
trans-regulatory effects of sex chromosome-linked genes on autosomal
gene expression (Lee et al., 2022; Panda et al., 2020). Moreover, the
cerebellum exhibited the lowest degree of sex-biased gene expression
among all brain regions analyzed, whereas the spinal cord and hippo-
campus demonstrated the most pronounced differences in the total
number of differentially expressed genes.

Proteomic analysis revealed differential expression of 198 tran-
scripts, several of which are involved in essential neuronal functions.
These include transcripts related to protein folding and the unfolded
protein response (UPR), which is critical for maintaining proteostasis
under stress conditions; microRNAs associated with synaptic plasticity,
potentially influencing learning and memory; and key metabolic en-
zymes such as phosphofructokinase-1 (PFK-1), a rate-limiting enzyme in
glycolysis, and glucose/pyruvate transporters, which may reflect sex-
specific energy demands in the brain. Additionally, differences in the
expression of phosphodiesterases (PDE)4C and PDE7A, which regulate
intracellular cAMP signaling, could impact synaptic signaling and neu-
roplasticity (Lee et al., 2022; Uhl et al., 2022).

The brain is composed of two main types of cells: neurons and glial
cells, also known as neuroglia. The metabolism of these cells is integral
to brain function (Molnar et al., 2021). Consequently, understanding the
differences between these cells is crucial for elucidating sex-related
dimorphism in brain function. Moreover, the female brain exhibits
augmented mitochondrial activity, elevated levels of the brain energy
metabolite N-acetylaspartate, enhanced mitochondrial function of
PBMCs, and augmented mitochondrial numbers in comparison to the
male brain (Silaidos et al., 2018). The observed sex differences in the
brain metabolic environment may contribute to the differing immune
cell functions observed between the sexes, which in turn may influence
the clinical outcomes of relevant brain disorders. The majority of
neurodegenerative diseases are characterized by inflammation and,
consequently, microglia activation (Hanamsagar and Bilbo, 2016).
Additionally, differences between males and females have been reported
for cells of both innate and adaptive immunity (Klein and Flanagan,
2016). As previously stated, females exhibit an enhanced response to
TLR7 signalling and T cells that bolster their heightened activation and
inflammatory capacity. Conversely, males demonstrate augmented re-
sponses to LPS at the macrophage, neutrophil, and dendritic cell (DC)
levels (Duan et al., 2022).

7. Conclusions and future perspective

A major challenge in translational research today is developing
experimental models that reflect the biological sex differences observed
in humans. Incorporating sex as a variable improves the rigor, relevance,
and inclusivity of biomedical studies and is central to advancing
personalized medicine. However, current methodologies often fall short
in evaluating sex-based differences, leaving the role of sex chromosome
complement (SCC) in cellular responses underexplored. Recognizing sex
as a continuous biological variable requires not only new
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Table 1

Most consistently published genes escaping from X chromosome inactivation
(Balaton et al., 2021; Youness et al., 2021). “Diseases associated” were taken
from GeneCard website (https://www.genecards.org/).

GENES DISEASES ASSOCIATED
ACRONYM FULL NAME ENDOCRINE & METABOLIC
DISEASES
ANOS1 Anosmin 1 Hypogonadotropic hypogonadism
1 with or without anosmia and
kallmann syndrome
BTK Burton tyrosine kinase Agammaglobulinemia, X-Linked
and Isolated Growth Hormone
Deficiency, Type lii, With
Agammaglobulinemia
EIF2S3 Eukaryotic translation Mehmo syndrome and
initiation factor 2 hypogonadism
FAM9C Family with sequence 46,xy sex reversal 3
similarity 9 member ¢
GYG2 Glycogenin 2 Glycogen Storage Disease
HTR2C 5-hydroxytryptamine receptor Anxiety and premature
2c ejaculation
PNPLA4 Patatin like phospholipase Cardiomyopathy, dilated, 1m and
domain containing 4 cardiomyopathy, familial
hypertrophic
TXLNG Taxilin gamma Familial isolated
hypoparathyroidism
VAMP7 Vesicle associated membrane 46,xy partial gonadal dysgenesis
protein 7
INFLAMMATORY &
AUTOIMMUNE DISEASES
CD40LG CD40 ligand Immunodeficiency With Hyper-
Igm, Type 1 and Cd40 Ligand
Deficiency
CYBB Cytochrome b-245 beta chain Immunodeficiency 34 and
granulomatous disease, chronic,
x-linked
CXCR3 C-X-C motif chemokine Cutaneous Lupus Erythematosus
receptor 3 and Pulmonary Sarcoidosis
CXorf21/ Chromosome X open reading Lupus Erythematosus and
TASL frame 21 or TLR: adaptor Immunodeficiency 33.
interacting with SLC15A4 on
the Lysosome
GEMINS Gem Nuclear Organelle Spinal Muscular Atrophy and
Associated Protein 8 Muscular Atrophy
IL9R Interleukin 9 receptor Asthma and bronchitis
IL13RA1 Interleukin 13 receptor subunit ~ Monofixation syndrome and
alpha 1 asthma
IRAK1 Interleukin 1 receptor Pediatric systemic lupus
associated kinase 1 erythematosus and mumps
PPP2R3B Protein phosphatase 2 Pulmonary systemic sclerosis
regulatory subunit beta
SLC25A6 Solute carrier family 25 Influenza and bubonic plague
member 6
TLR7 Toll like receptor 7 Systemic lupus erythematosus 17
and immunodeficiency 74,
covidl9-related, x-linked
CANCER
AKAP17A A-kinase anchoring protein 17a  Null-cell leukemia and hodgkin’s
lymphoma, mixed cellularity
ASMT Acetylserotonin o- Pineocytoma and pineoblastoma
methyltransferase
ASMTL N-acetylserotonin O- Melanotic Neurilemmoma.
methyltransferase-like protein
CD99 CD99 molecule Extraosseous Ewing Sarcoma and
Lymphoblastic Lymphoma.
CDK16 Cyclin-dependent kinase 16 Triple-negative breast cancer
CXorf38 Chromosome x open reading Myeloid leukemia associated with
frame 38 down syndrome and 46 xx
gonadal dysgenesis
EIF1AX Eukaryotic translation Thyroid Carcinoma and Choroid
initiation factor 1A Cancer
GPM6B Glycoprotein M6B Subleukemic Leukemia and Acute
Erythroid Leukemia
IL3RA Interleukin 3 receptor subunit Diphtheria and hairy cell
alpha leukemia
KDM6a Lysine demethylase 6A Cancers of the breast, esophagus,

colon, kidney, and brain, and
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Table 1 (continued)

GENES DISEASES ASSOCIATED
ACRONYM FULL NAME ENDOCRINE & METABOLIC
DISEASES
cancers of blood-forming cells
called myeloid leukemia and
multiple myeloma
MXRAS5 Matrix remodeling associated 5  Lung cancer and
phosphoglycerate dehydrogenase
deficiency
P2RY8 P2y receptor family member 8)  B-lymphoblastic leukemia/
lymphoma with iamp21 and
intellectual developmental
disorder, autosomal dominant 33
PRKX Protein kinase camp-dependent ~ Asbestos-related lung carcinoma
x-linked catalytic subunit and breast ductal adenoma
RBBP7 Rb binding protein 7, Retinoblastoma and hutchinson-
chromatin remodeling factor gilford progeria syndrome
JPX Non protein-coding RNA Hepatocellular Carcinoma
ZFX Zinc finger protein x-linked Gastric cancer
NERVOUS SYSTEM-
ASSOCIATED DISEASES
AP1S2 Adaptor related protein Fried-type syndromic mental
complex 1 subunit sigma 2 retardation
CA5B Carbonic anhydrase 5b Carbonic anhydrase va deficiency
and mixed sleep apnea
CTP62 CTP synthase 2 Parkinson’s disease and other
neurological disorders
DDX3X DEAD-box helicase 3 X-linked Genetic neurodevelopmental
disorder, intellectual disability,
autism spectrum disorder,
language delays, attention-
deficit/hyperactivity disorder,
and medical comorbidities
FUNDC1 Funl4 domain containing 1 Parkinson’s-like movement
disorder
IQSEC2 1Q motif and Sec7 domain 2 Intellectual disability, autism, and
epilepsy
KDM5C Lysine demethylase 5C Intellectual Developmental
Disorder, X-Linked, Syndromic,
Claes-Jensen Type and Syndromic
X-Linked Intellectual Disability
Claes-Jensen Type.
NLGN4X Neuroligin 4 x-linked Autistic traits, empathy, and
asperger syndrome
UBA1 Ubiquitin like modifier X-linked infantile spinal muscular
activating enzyme 1 atrophy
OFD1 Centriole and centriolar Orofaciodigital syndrome i and
satellite protein retinitis pigmentosa 23
RAB9A Member ras oncogene family Warburg micro syndrome 1
RPS4X Ribosomal protein s4 x-linked Multiple sclerosis
SMC1A Structural maintenance of Developmental and epileptic
chromosomes la encephalopathy 85 with or
without midline brain defects and
cornelia de lange syndrome 2
SYAP1 Synapse associated protein 1 Pettigrew syndrome
SPRY3 Sprouty rtk signaling Intellectual developmental
antagonist 3 disorder, x-linked 108 and
colorblindness, partial, protan
series
USP9X Ubiquitin specific peptidase 9 Neurodevelopmental and
X-linked neurodegenerative disorders
ZRSR2 Zinc finger CCCH-type, RNA Holoprosencephaly 1 and

binding motif and serine/
arginine rich 2

Holoprosencephaly

methodological approaches but also dedicated models, such as Four
Core Genotypes (FCG) mice, to disentangle chromosomal and hormonal

influences.

While male and female animal models remain useful, their ability to
fully capture human sex differences is limited by species-specific
mechanisms, such as sex chromosome inactivation. Our review high-
lights that the presence of two X chromosomes (e.g., in XX individuals)
can influence gene expression and biological responses, especially in
immune regulation, where genes escaping X-inactivation contribute to
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disease risk and phenotypic variability (see Table 1) (Balaton et al.,
2015; Youness et al., 2021; Zito et al., 2023).

The inclusion of both XX and XY cells in in vitro models is critical for
capturing sex-based responses. However, the use of immortalized cell
lines—while practical—poses challenges due to chromosomal instability
and undefined karyotypes, which can distort gene expression and
cellular behavior. Comprehensive karyotypic characterization is there-
fore essential to ensure data validity, especially in studies of sex-specific
biology, hormone signaling, or drug response. To advance the field, sex
and gender must be assessed as independent and interactive variables
affecting cell behavior, disease mechanisms, and treatment responses.
Integration of clinical and experimental datasets, with clear documen-
tation of sex, age, hormonal status, and living conditions, will improve
the interpretation of sex differences. Notably, while “gender”” now refers
to a psychosocial construct, its complexity cannot be adequately
modeled in cells or non-human animals.

Ultimately, ensuring that research is properly designed and powered
to detect sex-based differences—and that such data are appropriately
analyzed—is essential for translating basic and preclinical findings into
effective, equitable patient care.
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