
Contents lists available at ScienceDirect

Frontiers in Neuroendocrinology

journal homepage: www.elsevier.com/locate/yfrne

The biological basis of sexual orientation: How hormonal, genetic, and
environmental factors influence to whom we are sexually attracted
Yan Wanga,1, Haoda Wua,b,1, Zhong Sheng Suna,b,c,⁎

a Beijing Institutes of Life Science, Chinese Academy of Sciences, Beijing 100101, China
b Sino-Danish College, University of the Chinese Academy of Sciences, Beijing 100190, China
c Institute of Genomic Medicine, Wenzhou Medical University, Wenzhou 325000, China

A R T I C L E I N F O

Keywords:
Sexual orientation
Neural correlate
Hormone
Genetics
Epigenetics

A B S T R A C T

Humans develop relatively stable attractions to sexual partners during maturation and present a spectrum of
sexual orientation from homosexuality to heterosexuality encompassing varying degrees of bisexuality, with
some individuals also displaying asexuality. Sexual orientation represents a basic life phenomenon for humans.
However, the molecular mechanisms underlying these diverse traits of sexual orientation remain highly con-
troversial. In this review, we systematically discuss recent advancements in sexual orientation research, in-
cluding those related to measurements and associated brain regions. Current findings regarding sexual or-
ientation modulation by hormonal, genetic, maternal immune system, and environmental factors are
summarized in both human and model systems. We also emphasize that future studies should recognize the
differences between males and females and pay more attention to minor traits and the epigenetic regulation of
sexual orientation. A comprehensive view of sexual orientation may promote our understanding of the biological
basis of sex, and that of human reproduction, and evolution.

1. Introduction

Sexual orientation constitutes the stable sexual attraction toward
the opposite sex (heterosexuality), the same sex (homosexuality), or
both sexes (bisexuality), or showing no interest in individuals of either
sex (asexuality) after maturity (Balthazart, 2011; Rosario and
Schrimshaw, 2014). Sexual orientation is conceptually distinguishable
from other related phenomena, such as sexual partner preference,
gender identity, and sexual behavior (Rosario et al., 2006). Sexual
partner preference is highly sexually dimorphic, and refers to the sexual
attraction of an animal to a partner of the same or opposite sex when
given a choice. Gender identity represents the concept that an in-
dividual perceives itself as male, female, a blend of both, or neither,
whereas sexual behavior refers to the actual sexual interactions per-
formed by the individual (Bailey et al., 2016; Bailey and Zuk, 2009).
Sexual orientation and gender identity refer to only humans, while
sexual partner preference and behavior occur in humans as well as
other animals. Recent epidemiological surveys of U.S. adults aged
≥18 years reported that 97.6% of individuals self-defined as hetero-
sexual, with the remainder attesting to the other various sexual or-
ientations. Notably, the prevalence of homosexuality is relatively low

(1.6%), albeit constant across human populations (Srivastav et al.,
2019; Ward et al., 2014). Sexual partner preference and behavior to-
wards members of the same sex have also been observed in a variety of
other species, including flies (Napolitano and Tompkins, 1989; Ryner
et al., 1996), ants (Matsuura et al., 2002; Zucker et al., 1996), flour
beetles (Levan et al., 2009), rodents (Olvera-Hernandez and Fernandez-
Guasti, 2015; Slob et al., 1987), flying foxes (Sugita, 2016), ruminant
species (Ungerfeld et al., 2014), orangutans (Fox, 2001), and macaques
(Gunst et al., 2015; Vasey et al., 2014). Sexual orientation represents
one of the basic phenomena in nature; nevertheless, how these diverse
traits of sexual orientation develop and evolve remain challenging is-
sues.

The development of sexual orientation involves a complex interplay
of diverse factors. Recently, studies have reported extensive findings in
the fields of hormonal regulation (Abi Ghanem et al., 2017; Meerts
et al., 2017), genetics (Ganna et al., 2019; Sanders et al., 2017, 2015),
Y-chromosome immunization (Bogaert et al., 2018), neural correlates
(He et al., 2018; Jordan et al., 2018; Safron et al., 2017; Taziaux et al.,
2016; Wei et al., 2018), and epigenetics (Ghahramani et al., 2014) with
regard to male homosexuality along with bisexuality and female
homosexuality (Camperio Ciani et al., 2018). Numerous studies have
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indicated that prenatal exposure to gonadal hormones or endocrine
disruptors can lead to irreversible changes in the nervous system as well
as sexual behavior and orientation in offspring (Hines, 2011; Schulz
et al., 2009). The link between animal and clinical/human literature on
the neuroendocrine control of sexual partner preference, behavior, and
orientation has previously been reviewed (Baum, 2006; Gooren, 2006).
The contributions of genetic factors to sexual orientation have also been
investigated through family and twin studies (Alanko et al., 2010;
Langstrom et al., 2010), along with segregation and genome-wide as-
sociation analyses (Mustanski et al., 2005; Ramagopalan et al., 2010;
Sanders et al., 2017; Sanders et al., 2015). In particular, a recent
genome-wide association study on 493,001 participants identified five
autosomal loci significantly associated with same-sex sexual behavior in
humans, which also indicate the high polygenicity of sexual orientation
(Ganna et al., 2019). Moreover, the role of the immune system in sexual
orientation has also been explored (Bogaert and Skorska, 2011; Bogaert
et al., 2018). Thus, the goal of this review was to provide an integrative
overview of current scientific understanding with regard to sexual or-
ientation. We mainly focused on the biological basis of sexual or-
ientation, including the associated brain regions and the influence of
hormones, genetics, and environmental factors. Recent progress in the
molecular mechanisms of same-sex preference and behavior in model
organisms is also summarized. In addition, we suggest future research
perspectives in this area and provide novel insights regarding our un-
derstanding of the biological basis of sexual orientation.

2. Measurements of sexual orientation in humans

Although sexual orientation is quite complex, several questionnaire-
and psychophysiological-based measurements have been developed to
operationally assess sexual orientation. For example, the Kinsey scale,
the most widely used questionnaire-based method, is based on de-
scriptions of an individual’s gender identity, sexual behaviors, and
fantasies related to sexual partners to classify sexual orientation (Kinsey
et al., 1948). The Kinsey scale typically conceptualizes sexual orienta-
tion on a continuum that possesses seven ordered scores. Men and
women exhibit variable distributions of sexual orientation on the
Kinsey scale. Men usually fall within a bimodal distribution and rate
themselves as predominantly heterosexual (Kinsey score 0–1) or
homosexual (Kinsey score 5–6) (Bailey et al., 2016). In contrast, women
have lower rates of homosexuality and higher rates of bisexuality,
showing a more continuous distribution across the non-heterosexual
orientations. It remains unclear how these different patterns developed
between men and women and whether innate sex differences in brain
circuits and in some peripheral trait (s) contribute to sexual orientation.

The Klein Sexual Orientation Grid (KSOG), another traditional
sexual orientation scale, encompasses several modifications of variables
related to sexual orientation in the present and past along with ideal
choices thereof (Weinrich et al., 2014). In addition, it includes multiple
questions relating to mental affective behavior, sexual behavior, social
life, and lifestyle, which are not included in the Kinsey scale (Weinrich
et al., 2014). Such multi-dimensional information allows the KSOG to
measure sexual orientation across several contexts. However, the mul-
tiple ratings are not integrated into the final score in the continuum,
thereby limiting the interpretation of group differences in the research.
In addition, researchers have reported that applying the KSOG may be
complicated or confusing (Galupo et al., 2018). The self-report-based
measurements mentioned above require individuals to define their
gender identity when describing their sexual attraction, which can be
also subjective and thus somewhat inaccurate, particularly for in-
dividuals who are confused regarding their sexual orientation or those
that tend to hide or deny their sexual orientation. In addition to the
one-dimensional scale, a two-dimensional conceptualization, Storms’
model (1980), sets hetero- and homo-sexuality on two perpendicular
axes and can present four types of sexual orientation, including bisexual
and asexual. Storms’ conceptualization concentrates on sexual

attraction and can distinguish between strong attraction to both males
and females (bisexual), and little to no attraction to either (asexual).
Storms’ model can thus accurately describe bisexuality and predict
asexuality.

In comparison to questionnaire-based measurements, patterns of
sexual arousal can provide direct evidence regarding the sexual self-
identification of an individual. Physiological measurements based on
sexual arousal, such as penile plethysmography (PPG), which measures
blood flow in the penis, have been used to indicate male sexual or-
ientation (Murphy et al., 2015). Generally, heterosexual men are more
aroused by female- than male-based stimuli, whereas homosexual men
strongly respond to male- rather than female-based stimuli, with adult
bisexual men exhibiting an intermediate pattern (Attard-Johnson et al.,
2016). Notably, PPG is more commonly used for diagnosing erectile
dysfunction and detecting pedophilia than for classification of male
sexual orientation (Blanchard et al., 2001; Broderick, 1998). For female
sexual arousal, vaginal photoplethysmography (VPP) is commonly used
to measure the amount of blood in the walls of the vagina (Huberman
and Chivers, 2015; Kukkonen, 2015). However, heterosexual women
are aroused approximately equally by male- and female-based erotic
stimuli, with homosexual women only showing a slightly stronger
genital arousal for female- compared to male-based stimuli, thus dif-
fering from the typical category-specific responses of men (Chivers
et al., 2004, 2007). Therefore, the sexual orientation of women does not
appear to be closely linked to their pattern of sexual arousal.

Other physiological arousal-based methods have been utilized, in-
cluding evaluation of activated brain regions in response to viewing
erotic images of males or females by functional magnetic resonance
imaging (fMRI) (Safron et al., 2007), pupil dilation (Attard-Johnson
et al., 2016; Rieger and Savin-Williams, 2012), and implicit measure-
ments to reflect immediate automatic reactions (Snowden et al., 2008).
However, the extent to which men and women are category-specific in
their genital patterns or other physiological characteristics, and the
theoretical models that underlie these phenomena remain to be estab-
lished.

3. Brain regions involved in sexual orientation

During the critical embryonic period of sexual development in hu-
mans and rodents, the brain can sense and respond to external hor-
monal signals owing to the abundant expression of steroid hormone
receptors in a subset of brain structures (Celotti et al., 1997; McCarthy
et al., 2009; Melcangi et al., 1998). Thus, the brain develops masculi-
nized characteristics when the immature testes secrete testosterone in
males, or develops feminized characteristics in females by default,
owing to the lack of testes thus failing to effect exposure to high levels
of sex steroids (Bao and Swaab, 2011; McCarthy et al., 2009). More-
over, accumulating evidence also suggests the active feminization of the
brain by estrogens (Bakker and Baum, 2008; Bakker et al., 2003; Dodd
et al., 2019). Multiple brain regions including the preoptic area (POA),
the ventromedial nucleus of the hypothalamus (VMH), and the bed
nucleus of the stria terminalis (BNST) have established sex dimorphic
features in terms of size, cell numbers, neural phenotypes, and synaptic
connections (Hines et al., 1985; Jacobson et al., 1981; Jacobson et al.,
1980; Madeira et al., 2001; Murray et al., 2009; Roselli et al., 2009). In
particular, the POA, a region in the anterior hypothalamus, constitutes
a well-known structure in sexual dimorphism and has been found to
differ between males and females in almost all examined species to date
(Jacobson et al., 1981; Jacobson et al., 1980).

3.1. Brain regions involved in the sexual behaviors of animals

In mice and rats, neural circuits in the brain are sensitive to the
effects of gonadal steroids from the late embryonic to the early post-
natal period (McCarthy and Arnold, 2011). During this perinatal period,
the male brain is exposed to the masculinizing effects of testicular
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testosterone, which is driven by kisspeptin, a potent regulator of go-
nadotropin-releasing hormone (GnRH) secretion, and gonadotropin
released by hypothalamic neurons (Clarkson et al., 2014). Notably,
brain masculinization in rodents is largely induced by estradiol con-
verted from testosterone by the aromatase (Arom) enzyme, rather than
via a direct effect of testosterone as in humans (Matsumoto et al.,
2003).

In rats, the POA structure contains two main sexually dimorphic
nuclei: the sexually dimorphic nucleus of the preoptic area (SDN-POA, a
tiny structure with a volume ranging from 0.001 to 0.007mm3 in rats)
(He et al., 2012) and the anteroventral periventricular nucleus (AVPV).
The typical size of the POA is regulated by testosterone and established
around the end of the embryonic period (Roselli et al., 2007). Males and
females initially possess the same number of neurons in the SDN-POA;
however, apoptotic cell death via caspase-3 activation occurs more
frequently in females during the early postnatal period, resulting in
more neurons in males than females in adult animals (Tsukahara, 2009;
Yoshida et al., 2000). In adulthood, the volume of the SDN-POA in male
rats is approximately six-times larger than that in females, and can no
longer be altered by castration or treatment with steroid hormones
(Jacobson et al., 1981; Jacobson et al., 1980; Roselli et al., 2009). In
addition, female rats have a higher cell density in the AVPV, which
controls the luteinizing hormone (LH) surge that is essential for ovu-
lation in adult females (Smith et al., 2006).

Similarly, in sheep, the POA of rams (oPOA) is approximately three-
times larger and contains approximately four-times more neurons than
that of ewes (Roselli et al., 2004). The volume of the oPOA correlates
with male-typical partner preference in sheep. For example, 8–10% of
domestic rams show spontaneous alterations in sexual attraction and
exhibit a sexual partner preference for other males (male-oriented
rams) and the volume of the oPOA was shown to be smaller in male-
oriented than in female-oriented rams (Roselli et al., 2004). The medial
POA also regulates male-specific partner preference in rats and ferrets.
For example, male rats and ferrets with an experimental lesion of the
medial POA preferred to interact with other males than with sexually
receptive females; however, females with a POA lesion maintained the
same behaviors as control females (Paredes and Baum, 1995; Paredes
et al., 1998), suggesting a sex-specific effect. In addition to male partner
preference, the medial POA was recently found to correlate with male-
typical mounting and female-typical pup retrieval, and to mediate
sexually dimorphic behaviors, regardless of sex, in mice (Wei et al.,
2018). Recent studies that begin to explore the neural component of the
SDN-POA have found that it encompasses neuronal projections that are
interfused with tyrosine hydroxylase-positive projections in rats (He
et al., 2018). However, the precise neuronal components and functional
connections within the POA remain to be identified, and techniques
more specific than structural lesions are needed for future analyses.

The VMH, a region involved in sexual activity, is another structure
with sex-typical size, and is larger in males than in females (Madeira
et al., 2001; Matsumoto and Arai, 1983). In the VMH of newborn rats,
males have twice the number of dendritic spines and more dendritic
branches than females (Matsumoto and Arai, 1983, 1986; Todd et al.,
2007). This sexual dimorphism can be attributed to the effects of es-
tradiol, as this hormone, centrally aromatized from testosterone, can
promote spine formation by enhancing glutamate release (Schwarz
et al., 2008). Accordingly, the treatment of female rats with testos-
terone at birth increases the number of dendritic spines to that observed
in males (Todd et al., 2007). However, the correlation of these neural
differences with specific sexual behaviors remains to be established.

Additional sex-typical morphological features exist. For example,
the principal nucleus of the BNST, a region involved in the control of
male sexual behavior (Liu et al., 1997), is larger and contains more cells
in male than in female pigs and mice, owing to higher cell death in
females (Hines et al., 1985; Murray et al., 2009). In the central nervous
system of mice and rats, the density of oligodendrocytes was found to
be 20–40% greater in adult males than that in females in the corpus

callosum and other white matter tracts (Cerghet et al., 2006). A recent
study indicated that these sex differences emerge during the first 10
postnatal days, a period in which a late wave of oligodendrocyte pro-
genitor cells begins to differentiate, and when male mice exhibit higher
androgen levels than females (Abi Ghanem et al., 2017). Treating male
pups with an androgen receptor antagonist, or female pups with an
androgen receptor agonist, persistently affected the density of oligo-
dendrocytes and the structure of the myelin sheaths (Abi Ghanem et al.,
2017). However, the correlation of these neural differences with sex-
atypical physiological/behavioral traits remains undefined.

3.2. Brain structural and functional differences related to sexual orientation
in humans

Similar to the vertebrates mentioned above, steroid receptors are
expressed in the human brain; thus, sex steroids control the differ-
entiation of gender-typical external and internal genital structures
during embryonic life (Ball et al., 2014). The regional size and cell
density in several brain structures have been shown to differ between
men and women and between homosexual and heterosexual individuals
(Poeppl et al., 2016). A summary of the differences in brain structure
and function along with structural connection and functional responses
related to sexual orientation is shown in Fig. 1.

The interstitial nuclei of the human anterior hypothalamus
(INAH1–4) have been considered as candidates for the potentially
homologous SDN-POA nucleus in rats (LeVay, 1991). A sexually di-
morphic difference in the INAH was first reported in a cell group in the
intermediate nucleus, later known as INAH1 (Swaab and Fliers, 1985).
Although subsequent studies failed to verify the sex difference in this
nucleus, the volumes of two other nuclei, namely INAH2 and INAH3,
were found to be larger in males, particularly the INAH3, which was
three-times larger in men than in women (Allen et al., 1989; LeVay,
1991). Subsequent studies confirmed the sex difference in the INAH3
volume and found that presumed heterosexual men possess larger sand
more densely packed neurons than presumed heterosexual women
(Byne et al., 2000, 2001; Garcia-Falgueras and Swaab, 2008). More-
over, the volume of the INAH3 and the number of neurons in male-to-
female transsexuals resemble those of females, suggesting that this area
represents the early atypical sexual differentiation of the brain related
to gender identity (Garcia-Falgueras and Swaab, 2008). With regard to
sexual orientation, the volume of the INAH3 in homosexual individuals
that had died of acquired immune-deficiency syndrome (AIDS) has been
reported to be smaller than that in heterosexual men who had also died
of AIDS (LeVay, 1991). However, subsequent studies only reported a
statistical trend for the difference of INAH3 volumes between homo-
sexual and heterosexual men, and found no difference in the number of
neurons with regard to sexual orientation (Byne et al., 2000, 2001).
Thus, the finding suggesting a key role of the INAH3 in sexual or-
ientation was not well replicated in subsequent studies. Considering
that INAH3 is too small to be accurately measured and the sample sizes
in the abovementioned studies were small, the contribution of the
INAH3 to sexual orientation remains an open question deserving of
further exploration.

Several other brain structures have been reported to differ between
individuals with different types of sexual orientation. For example, the
central clock suprachiasmatic nucleus (SCN) was shown to be larger in
homosexual men than that in heterosexual men (Swaab and Hofman,
1990). The size of the anterior commissure in the midsagittal plane (the
median vertical longitudinal plane), which is known to be larger in
women than in men, was also reported to be larger in homosexual than
in heterosexual men (Allen and Gorski, 1992). Moreover, heterosexual
men and homosexual women showed larger right cerebral hemispheres
and their functional connections were derived from the right amygdala,
whereas the volumes of the cerebral hemispheres were symmetrical in
homosexual men and heterosexual women, who exhibited more wide-
spread connections from the left amygdala (Savic and Lindstrom,
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2008). In addition, several studies consistently found that women have
a greater number of neurons positive for kisspeptin in the human in-
fundibular nucleus (INF) than men (Hrabovszky et al., 2010;
Hrabovszky et al., 2011; Rometo et al., 2007). However, no differences
in the number of kisspeptin neurons were observed between homo-
sexual and heterosexual men, although female transgender (male sex
assigned at birth) individuals exhibited a female-typical number of
kisspeptin neurons (Taziaux et al., 2016). Thus, the potential causes of
these differences and their potential correlation with sexual orientation,
remain to be assessed and interpreted.

Sex-typical brain structures may result in differential processing of
sex and gender stimuli associated with sexual attractions. For example,
in homosexual men, the preoptic and ventromedial hypothalamic nu-
clei were activated when smelling progesterone-derivative steroids, and
olfactory regions were activated when smelling estrogen-like steroids,
which is similar to the results observed in heterosexual women but
unlike those in heterosexual men (Savic et al., 2005). In contrast,
homosexual women processed progesterone-derivative steroids via the
olfactory networks and activated the anterior hypothalamus when
smelling estrogen-like steroids, a trait that was partly shared with
heterosexual men (Berglund et al., 2006). In addition, homosexual
males have been reported to exhibit higher sensitivity to oxytocin, a
neural peptide, than heterosexual males (Thienel et al., 2014) and
showed the “male-favoring” pattern in brain imaging in response to
viewing erotic multimedia, which was unlike the female-favoring pat-
tern observed in heterosexual men (Jordan et al., 2018; Safron et al.,
2017). Sex-typical brain structures may also correlate with differential
processing of other external stimuli and behaviors in humans. For ex-
ample, homosexual individuals have been reported to perform similar
to their heterosexual opposite-sex counterparts (e.g., homosexual
women performed like heterosexual men and homosexual men per-
formed like heterosexual women) in cognitive tests related to spatial
cognition and verbal fluency (Xu et al., 2017). Moreover, in a large
study investigating the wiring patterns in white matter (referred to by
the authors as the “brain structural connectome”) using diffusion tensor
imaging (DTI), a form of magnetic resonance imaging, Ingalhalikar
et al. found that the brains of men exhibit relatively higher connectivity
within the hemisphere and within frontal, temporal, and parietal lobes.

In contrast, female brains have greater interhemispheric connectivity
and greater cross-hemispheric participation (Ingalhalikar et al., 2014).
This suggested that the brains of men are optimized for more localized,
modular function; in contrast, the brains of women are conferred with
connectional, cross-module function. Future study should investigate
whether these fundamental sex differences in the brain structural con-
nectome are associated with sexual orientation.

4. Effects of hormones on sexual orientation

Sex hormones, such as androgens and estrogens, have been shown
to affect the development of male- and female-specific phenotypes
during gestation (Arnold, 2012; Hines, 2011). The question of whether
hormone differences underlie sexual orientation has been heatedly
discussed. Evidence from studies on animals subjected to prenatal
hormonal manipulation (Bakker et al., 1993; Baum et al., 1990) and on
humans with atypical hormonal levels during development has in-
dicated that sexual orientation is modulated largely by the hormonal
environment at an early, probably perinatal, sensitive period (Cohen-
Bendahan et al., 2005). Moreover, environmental factors also exert
influence on sexual orientation, possibly through interaction with pre-
natal endocrine effects.

4.1. Effects of hormones on sexual behavior in animals

Androgens, in particular testosterone, are pivotal for brain mascu-
linization during embryogenesis and maintenance of the male pheno-
type and sexual behavior in adulthood (Morris et al., 2004; Sato et al.,
2004). In diverse mammalian species, including rodents and pigs, ex-
posure to endogenous testosterone during perinatal development in-
creases male-typical behavior and decreases female-typical behavior,
and causes alterations in brain regions that mediate male- and female-
typical responses (Henley et al., 2011). These effects of testosterone
during pre- and postnatal development are often referred to as “orga-
nizational effects”. Testosterone can also exert activated effects during
pubertal periods (Schulz et al., 2009). Moreover, environmental factors,
such as prenatal exposure to stress, can lead to irreversible changes in
the sexual behavior of offspring by altering the levels of testosterone. In

Fig. 1. Brain structural differences between homosexual and heterosexual individuals. The brown region represents the cerebral hemisphere. Heterosexual women
and homosexual men have symmetrical hemispheres, whereas heterosexual men and homosexual women possess a larger right cerebral hemisphere (Savic and
Lindstrom, 2008). The yellow region highlights the anterior commissure: women possess a larger anterior commissure than men; homosexual men possess a larger
anterior commissure than heterosexual men (Allen and Gorski, 1992). The red region highlights the hypothalamus: the sizes of third interstitial nuclei of the human
anterior hypothalamus (INAH3) are larger in men than in women (Allen et al., 1989; Garcia-Falgueras and Swaab, 2008), and are larger in heterosexual than in
homosexual men (Byne et al., 2001; LeVay, 1991). Green highlights the olfactory regions: different regions are activated in heterosexual and homosexual individuals
when smelling pheromones (Savic et al., 2005). Blue highlights the amygdala: the functional connections in the amygdala correlate with different traits of sexual
orientation (Savic and Lindstrom, 2008). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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guinea pigs, for example, prenatal stress resulted in decreased female-
typical behavior and increased male-typical behavior in female off-
spring (Sachser and Kaiser, 1996), but strengthened intercourse beha-
vior in male offspring (Kaiser and Sachser, 2001). The different effects
of prenatal stress on sexual behavior between sexes may be due to
different responses of males and females to stress-induced changes in
testosterone levels (Hines, 2011).

Estrogens play essential roles in the regulation of sexual behavior
(Couse and Korach, 1999). In the rodent brain, two types of estrogen
receptor (ER) that exhibit similar affinity to estradiol, ERα (encoded by
Esr1) and ERβ (encoded by Esr2), have been identified (Kuiper et al.,
1997). ERα activation by estrogen is critical for the expression of
normal sexual behavior in both female and male mice. Female mice
lacking Esr1 showed deficient sexual behaviors and repelled normal
sexual behavioral interactions by male mice (Ogawa et al., 1998;
Ogawa et al., 1996). The development of female-typical sexual behavior
also requires the organizing role of prepubertal estradiol (Brock et al.,
2011). Although Esr1 knockout male mice showed normal sexual mo-
tivation to females, they achieved less intromissions and almost no
ejaculations, and thus failed to exhibit normal masculine sex behaviors
(Ogawa et al., 1997). In contrast, male and female mice lacking Esr2
exhibited sexual behaviors that were generally normal (Ogawa et al.,
1999). However, when gonadectomized male Esr2 knockout mice were
treated with female priming hormones, they exhibited enhanced female
sex behavior, defined as keeping the lordosis posture and allowing
males to mount (Kudwa et al., 2005), suggesting that defeminization of
the male brain and behavior is regulated by ERβ. Notably, mice lacking
the genes for both Esr1 and Esr2 showed no sexual behaviors, including
simple mounting behavior (Ogawa et al., 2000), suggesting that the two
ERs have redundant function in the expression of sexual behaviors in
male mice. In addition to sexual behavior, estrogen, which is synthe-
sized from testosterone by aromatase in vivo, is also important for
masculinization of the developing brain and neural circuits that control
male territorial behaviors (Wu et al., 2009).

4.2. Effects of hormones on sexual orientation in humans

In humans, studies investigating the effects of prenatal hormones on
sexual orientation are challenging. An extensively studied model used
to address this topic is congenital adrenal hyperplasia (CAH). CAH
comprises a group of inherited genetic disorders resulting from muta-
tions in genes encoding enzymes that regulate the biosynthesis of sex
steroids, such as the CYP21A2 gene encoding 21-hydroxylase (White
and Speiser, 2000). Male and female fetuses with CAH are exposed to
high levels of testosterone prenatally. Most women with CAH are ex-
clusively heterosexual with regard to sexual arousal and behavior;
however, 15–30% of women with CAH exhibited greater sexual arousal
and fantasies toward women than to men and reported non-hetero-
sexual fantasies and behavior (Frisen et al., 2009; Meyer-Bahlburg
et al., 2008; Zucker et al., 1996). These observations suggested a
moderate effect size of CAH on female sexual orientation. In addition,
considering the high prenatal androgen levels in men with CAH, their
core gender identity and sexual orientation are unaffected (Hines et al.,
2004).

Testosterone has been proposed to stimulate the prenatal growth of
an offspring’s fourth finger, whereas estrogen promotes the growth of
the second finger (Martin and Nguyen, 2004). The ratio between the
second and fourth fingers (2D:4D) has been reported to be larger in
women than in men, with a moderate sex difference, especially on the
right hand (Honekopp and Watson, 2010). This sex-specific differential
ratio emerges in childhood and is negatively correlated with masculi-
nity, but not with femininity (Mitsui et al., 2016). Moreover, women
with CAH exhibit smaller 2D:4D ratios (Honekopp and Watson, 2010),
suggesting that prenatal androgen levels are associated with this trait.
In addition, a meta-analysis on sexual orientation showed that homo-
sexual and heterosexual women differed in their 2D:4D ratios, with a

smaller value (that is, more masculine) observed in homosexual women
(Grimbos et al., 2010), suggesting that they may have been exposed to
higher concentrations of androgens during early development. How-
ever, most studies failed to detect a difference in the 2D:4D ratio be-
tween heterosexual and homosexual men (Grimbos et al., 2010;
Williams et al., 2000), indicating that prenatal androgen may not be
responsible for sexual orientation in men. Thus, the validity of the
2D:4D measure as a proxy for relative prenatal androgen exposure is
controversial (Berenbaum et al., 2009; van Hemmen et al., 2017;
Wallen, 2009).

Handedness is related to innate characteristics of brain sexual dif-
ferentiation. Men have a higher prevalence (20% greater odds) of left-
handedness than women (Papadatou-Pastou et al., 2008). Handedness
has been associated with sexual orientation in multiple studies
(Blanchard et al., 2006; Bogaert et al., 2007; Kishida and Rahman,
2015; Swift-Gallant et al., 2019). In particular, a meta-analysis of 20
studies including 6987 homosexual and 16,423 heterosexual partici-
pants reported that non-right-handedness is more common among
homosexual individuals than among heterosexual individuals
(Lalumiere et al., 2000). Homosexual participants had a 39% greater
chance of being non-right-handed. Specifically, homosexual men had a
34% greater chance of being non-right-handed than heterosexual men,
and homosexual women had a 91% greater chance of being non-right-
handed than heterosexual women (Lalumiere et al., 2000). These data
suggest that the developmental mechanisms underlying handedness
may also contribute to some proportion of homosexual behavior.

An extensive morphometric study also examined the relationship
between facial structure and sexual orientation (Skorska et al., 2015).
Most differences in facial structure have been reported to be sex aty-
pical, with four facial features that differed between heterosexual and
homosexual women and three facial features that differed between
heterosexual and heterosexual men (Skorska and Bogaert, 2017;
Skorska et al., 2015). These seven unique facial features were further
validated as multivariate predictors of sexual orientation (Gonzalez-
Alvarez, 2017), suggesting that prenatal hormones likely contribute to
the facial structures associated with sexual orientation. In addition, an
anthropometric analysis indicated that the length of bones that become
sexually dimorphic in childhood differed in homosexual and hetero-
sexual individuals (Martin and Nguyen, 2004). In particular, men and
women with a sexual partner preference for males had less long bone
growth in the arms, legs, and hands compared with those having a
sexual partner preference for females (Martin and Nguyen, 2004).

A number of studies have compared the concentrations of sex hor-
mones between homosexual and heterosexual populations to in-
vestigate the potential influence of steroids on human sexual orienta-
tion. For example, bisexual/homosexual women were found to possess
significantly higher levels of cortisol, a hormone regulating the re-
sponse to environmental stressors, than those heterosexual women after
exposure to the stressor; conversely, bisexual/homosexual men dis-
played lower cortisol levels than did heterosexual men (Juster et al.,
2015). Lesbian/bisexual women also had higher overall testosterone
and progesterone concentrations than heterosexual women, whereas no
differences were found among gay/bisexual men in comparison to
heterosexual men (Juster et al., 2016). Conversely, homosexual males
exhibited higher sensitivity to oxytocin, another hormone involved in
social bonding, than did heterosexual males. In young men, intranasal
oxytocin administration increased attractiveness and approachability
for male faces among homosexual participants; however, no effects on
facial stimuli were observed in heterosexual individuals (Thienel et al.,
2014). These results suggest that differences in sexual orientation may
indicate specific differences in oxytocinergic signaling.

5. Genetic control of sexual orientation

Genetic studies, in particular twin and family studies, have helped
to explain the biological basis underlying many important
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psychological traits, including sexual behavior (Harden, 2014). To date,
the contributions of genetic factors to sexual orientation have been
investigated through family and twin survey studies (Bailey and
Benishay, 1993; Bailey and Pillard, 1991; Bailey et al., 1993; Kendler
et al., 2000; Langstrom et al., 2010; Levan et al., 2009; Pillard and
Weinrich, 1986; Schwartz et al., 2010), population-based segregation
analyses (Bailey et al., 1999; Rice et al., 1999; Schwartz et al., 2010),
focused or candidate gene-based approaches (DuPree et al., 2004;
Hamer et al., 1993; Hu et al., 1995; Macke et al., 1993; Rice et al.,
1999), and genome-wide association studies (GWAS) (Mustanski et al.,
2005; Ramagopalan et al., 2010; Sanders et al., 2017; Sanders et al.,
2015) (Table 1). Generally, genetic factors may explain 34–39% of the
heritability of sexual orientation in men (Langstrom et al., 2010). In
addition, female sexual orientation also exhibited moderate heritability
(Bailey et al., 2000; Burri et al., 2011).

5.1. Genetic evidence of sexual orientation in humans

5.1.1. Chromosome Xq28
Early family studies reported that male homosexuality was more

common among maternal cousins of homosexual individuals, such as
the brothers or the sons of the brothers/sisters of their mothers, than
among their fathers or paternal relatives (Hamer et al., 1993; Hu et al.,
1995; Sanders et al., 2015). Further paired-sibling analysis using gene
markers on the X chromosome linked male sexual orientation to a re-
gion of chromosome Xq28 (Hamer et al., 1993). However, several
subsequent studies failed to identify a link between male homosexuality

and Xq28, or an increased maternal relative to the paternal transmis-
sion of male homosexuality (Bailey et al., 2000; Bailey et al., 1999;
Mustanski et al., 2005; Rice et al., 1999). Recently, a genome-wide
screening provided suggestive support for linkage to the previously
reported Xq28 region (Sanders et al., 2015), suggesting the etiologic
heterogeneity with regard to the proposed Xq28 locus and male
homosexuality. Nevertheless, the Xq28 region contains several genes
that may bear potential relevance to sexual orientation. For example,
arginine vasopressin receptor (AVPR) 2 mediates social and affiliative
behavior (Ebstein et al., 2012), and cyclic nucleotide gated channel
alpha 2 (CNGA2) has been shown to be critical for the regulation of
odor-evoked socio-sexual behaviors in mice (Mandiyan et al., 2005).

5.1.2. Chromosomes 7 and 8
In the first genome-wide screening study of male sexual orientation,

Mustanski et al. genotyped 403 microsatellite markers at 10 cM inter-
vals in 146 families with two or more homosexual brothers and re-
ported a significant link between chromosome 7q36 and homosexuality
(Mustanski et al., 2005), which, however, lacks follow-up studies to
validate. Their results also provided suggestive linkage to the pericen-
tromeric region of chromosome 8 (~60–90 cM, ~8p21–p11)
(Mustanski et al., 2005). This locus was further suggested by a genome-
wide analysis of 409 independent pairs of homosexual brothers
(Sanders et al., 2015) and a recent GWAS of 1077 homosexual men and
1231 heterosexual men (Sanders et al., 2017). Several candidate genes
related to the regulation of gonadal hormone levels are located in this
region. For example, 8p21 contains the gene GNRH1, which is secreted

Table 1
Genetic evidence of human sexual orientation.

Samples Methods Main findings References

56 male MZs, 54 male DZs, and 57 of adoptive
brothers

Population survey Of the relatives whose sexual orientation could be rated, 52% of
MZs, 22% of DZs were homosexual

Bailey and Pillard
(1991)

84 homosexual and 79 heterosexual women Population survey Homosexual women had a significantly higher proportion of
homosexual sisters

Bailey and Benishay
(1993)

71 female MZs, 37 female DZs Population survey Of the relatives whose sexual orientation could be rated, 48% of
MZs, 16% DZs were homosexual

Bailey et al. (1993)

197 homosexual men and 213 unselected
subjects

PCR Analysis The androgen receptor gene is not a common determinant of male
sexual orientation

Macke et al. (1993)

76 homosexual men and traced out for
pedigrees; 40 pairs of homosexual brothers

Paired-sibling analysis with
gene markers in the X
chromosome

Chromosome Xq28 Hamer et al. (1993)

33 new families with homoseuxal brothers With gene markers in the X
chromosome

Chromosome Xq28 Hu et al. (1995)

36 lesbian sib-pair families 52 families with
two or more homosexual brothers

Microsatellite markers Not support the role of Xq28 in male and female homosexuality Rice et al. (1999)

312 male MZs, 182 male DZs, 668 female MZs,
376 female DZs, and 353 opposite-sex DZs
in Australian

Population survey Male homosexual concordance rate for MZs was higher than that for
homosexual DZs. Women's same-sex concordance rates did not
differ significantly by zygosity.

Bailey et al. (2000)

980 MZs, 928 DZs, and 1085 singles in
Australian

Population survey Heritability estimates of between 50 and 60% for females and
approximately 30% for males

Kirk et al. (2000)

763 twins from distinct families and 794 twin
pairs in US

Population survey The rate of nonheterosexual sexual orientation did not differ
between the twins and nontwin siblings, between the MZs and DZs,
or between the same-sex and opposite-sex dizygotic twins

Kendler et al. (2000)

73 previously reported families and 73 new
families with two or more homosexual
brothers

Microsatellite markers at 10-cM
intervals

D7S798 in 7q36, D8S505 in 8p12, and D10S217 in 10q26; an mlod
score of 1.99 for Xq28

Mustanski et al.
(2005)

3826 MZs and DZs in Sweden Population survey Genetic effects explained 34–39% of male and 18–19% of female
homosexual behavior

Langstrom et al.
(2010)

91 male MZs, 247 female MZs, 110 male DZs,
270 female DZs, and 203 opposite-sex DZs
in Finnish

Quantitative genetic analyses Childhood gender atypical behavior was a stronger predictor of
adult sexual orientation for men

Alanko et al. (2010)

55 Canadian Caucasian families with two or
more homosexual siblings

SNP-based screening A SNP site at rs760335 on chromosome 14 Ramagopalan et al.
(2010)

906 MZs, 806 complete DZs Multivariate genetic analysis MZ correlations were consistently higher than DZ correlations Burri et al. (2011)
409 independent pairs of homosexual brothers

in 384 families
Genome-wide linkage analysis The loci on pericentromeric chromosome 8; linkage to chromosome

Xq28
Sanders et al. (2015)

Primarily European ancestry sample of 1077
homosexual men and 1231 heterosexual
men

Affymetrix SNP arrays SNPs on chromosomes 13 (SLITRK6 is one gene nearest to these
peaks), and chromosome 14 (TSHR is one gene nearest to these
peaks) and on pericentromeric chromosome 8

Sanders et al. (2017)

MZ: onozygotic twin; DZ: dizygotic twin; SNP: single nucleotide polymorphism.
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from hypothalamic neurons and can promote the synthesis and release
of LH and follicle-stimulating hormone (FSH), playing a pivotal role in
sex-specific sexual development and behaviors (Desaulniers et al.,
2017; Takeda et al., 2014). In addition, a gene on 8p11.23 encodes
steroidogenic acute regulatory protein (STAR), which mediates preg-
nenolone synthesis and is involved in the hypothalamic-pituitary reg-
ulation of adrenal steroid production (Sugawara et al., 1995), playing
an important role in the etiology of congenital lipoid adrenal hyper-
plasia, a potentially lethal form of CAH (Fujieda et al., 1997; Nakae
et al., 1997; Sahakitrungruang et al., 2010).

5.1.3. Chromosomes 13 and 14
A region between the genes for SLIT and NTRK-like family member

6 (SLITRK6) and SLITRK5 on chromosome 13 was recently suggested to
associate with male homosexual orientation (Sanders et al., 2017).
SLITRK6 and SLITRK5 are predominantly expressed in neural tissues
(Aruga, 2003). In mice, knockout of Slitrk6 resulted in deafness and
myopia; similarly, in humans, SLITRK6 mutations cause severe myopia
and sensorineural deafness (Tekin et al., 2013). Slitrk5 deficiency im-
pairs corticostriatal neurotransmission and leads to obsessive-compul-
sive–like behaviors in mice (Shmelkov et al., 2010). However, whether
Slitrk5 or Slitrk6 deficiency results in altered sexual behaviors in mice
and humans requires further study.

Several single nucleotide polymorphisms (SNPs) on chromosome 14
have also been suggested to associate with male homosexual orienta-
tion (Ramagopalan et al., 2010; Sanders et al., 2017). On chromosome
14, genetic variation in intron 1 of the thyroid stimulating hormone
receptor (TSHR) gene was suggested to explain the association of fa-
milial atypical thyroid function and male homosexuality. TSHR is es-
sential for thyroid cell metabolism (Kleinau et al., 2013). Notably,
homosexual men have been suggested to have an increased incidence of
Graves’s disease, the primary clinical symptom of which is hyperthyr-
oidism (Frisch et al., 2014). Moreover, a recent retrospective chart re-
view suggested that gestational thyroid dysfunction was associated with
homosexual attraction in men (Sabuncuoglu, 2015). TSHR is expressed
in both the thyroid gland and neuron-rich areas of the brain, such as the
hippocampus (Crisanti et al., 2001), suggesting its potential regulation
of complex behavior.

The above family and twin studies, as well as genetic linkage and
association analyses, provide evidence for candidate genetic variant(s)
in several chromosomes that contribute to the development of male
sexual orientation, and serve as the clues supporting later molecular
genetic studies. However, specific genes controlling sexual orientation
have not been identified. Moreover, genome-wide genetic studies on
female sexual orientation are lacking. The conflicting results and lim-
itations of these studies may stem from considerations of statistical
power and heterogeneity of human samples, as well as the challenges
arising from sexual orientation being a complex trait. For example,
bisexual individuals vary with regards to sexual history, arousal, and
identity, and even orientation, and have often been indiscriminately or
intentionally mixed with other non-heterosexual groups, such as
homosexuality, in previous studies (Cerny and Janssen, 2011; Rieger
et al., 2005, 2013; Rosenthal et al., 2011). Moreover, some homosexual
individuals may have a bisexual history and tend to be sexually at-
tracted to both sexes. Thus, the complexities in interpreting bisexual
identities and the specific differences between bisexual and other non-
heterosexual traits remain unclear and require further discussion. Fur-
thermore, it is likely that genes involved in homosexuality may exert
only modest effects, and that the development of homosexuality in-
volves multiple genes, loci, and environmental factors and their inter-
actions.

5.2. Genetic evidence in animals

Animal models with specific genetic manipulations can help to es-
tablish the association of candidate genes or pathways with specific

phenotypes, and link genes to specific behavioral traits. For example,
several classic behavioral assays, including sterility, courtship pre-
ference, and olfactory sensitivity assays, have been used to determine
sexual partner preference and behaviors in flies. In particular, the for-
mation of male courtship chains was used to define same-sex partner
preference in flies. Similar methods have been used in other insects,
such as ants (Matsuura et al., 2002) and flour beetles (Levan et al.,
2009). Moreover, multiple behavioral paradigms, including genital
odor preference, bedding preference, olfactory learning, and mating
choice assays, have been developed to evaluate sexual orientation in
rodent models (Hines, 2011; Liu et al., 2011; Mandiyan et al., 2005;
Paredes et al., 1998; Zhang et al., 2013). The behavioral experiments
performed in other mammals are quite similar to those performed in
rodents. In ruminant species, isolated male goats (Capra hircus) dis-
played more frequent homosexual behavior than those housed near
females (Ungerfeld et al., 2014). A recent study also reported male
homosexual behavior (fellatio/erect penis licking) in flying foxes
(Pteropus pselaphon) (Sugita, 2016). Homosexual behavior has also been
observed in orangutans (Pongo pygmaeus abelii) (Fox, 2001) and mon-
keys (Macaca fuscata) (Gunst et al., 2015), two species evolutionarily
close to humans. The behavioral paradigms related to same-sex partner
preference and behaviors in diverse species are summarized in Fig. 2.

5.2.1. The fruitless (fru) gene in Drosophila
In Drosophila, sexual behavior is controlled by a hierarchy of sex-

determining regulatory genes (Burtis, 1993; McKeown, 1994). The fru
gene belongs to a branch of the sex-determination hierarchy and con-
stitutes the first identified gene functioning specifically in the central
nervous system to control courtship behavior in Drosophila (Ryner et al.,
1996). In a fru mutant induced by X-rays, male flies with homozygous
deletion of fru did not respond to female attempts at copulation and
courted other males (Gill, 1963). The mutant male flies also stimulated
other males to court themselves, resulting in behavioral sterility (Gailey
and Hall, 1989). However, mammals use different sex-determination
mechanisms to flies, and no genes homologous of fru have been re-
ported in mammals. Thus, the gene in mammals controlling sexual
orientation requires further investigation.

5.2.2. Olfactory processing signals and neurotransmitters in rodents
Genes regulating olfactory processing in the main sensory organs of

mammals, such as the vomeronasal organ (VNO) and the main olfactory
epithelium (MOE), have been found to modulate sexual behaviors. For
example, the ion channel, transient receptor potential channel 2 (TRP2)
belongs to the transient receptor potential family and is expressed in the
VNO of the nose (Liman et al., 1999) and also in MOE sensory neurons
(Omura and Mombaerts, 2014). Male mice with Trp2 deficiency failed
to fight or discriminate between sexes and displayed sexual and
courtship behaviors towards both males and, females (Leypold et al.,
2002; Stowers et al., 2002). In contrast, Trp2−/− female mice showed
decreased female-specific behavior and displayed male-typical sexual
and courtship behaviors indiscriminately towards male and female
mice, similar to the phenotypes observed following the surgical removal
of VNO in adult animals (Rosario and Schrimshaw, 2014). However, a
subsequent study failed to confirm that VNO-mediated neural circuitry
repressed the expression of male-typical mating behavior in female
mice, suggesting that the effects reported above were not likely due to
VNO dysfunction (Martel and Baum, 2009). The cyclic nucleotide-gated
channel α2 (CNGA2) is also essential for olfactory signal transduction
in mice (Brunet et al., 1996). Mice lacking functional CNGA2 failed to
show a preference for female urine odors and showed an overall re-
duction in sexual behavior (Mandiyan et al., 2005). These results sug-
gested that the sensory system may co-vary with sex-specific behavior,
at least in rodents.

Serotonin or 5-hydroxytryptamine (5-HT), a monoamine neuro-
transmitter, has also been implicated in sexual preference and behavior
(Hull et al., 2004). Male mice lacking central serotonergic neurons or
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tryptophan hydroxylase 2 (Tph2, an enzyme required for the synthesis
of 5-HT in the brain), possessed normal pheromone-sensing ability but
did not show sexual preference for females (Liu et al., 2011). These
mice mounted males and females with similar latencies, frequencies,
and durations, and spent equal time on female and male bedding and
sniffing female and male genital odors (Liu et al., 2011). In turn, female
mice lacking either central serotonergic neurons or serotonin preferred
females over males. They sniffed female genitals, heads, and genital
odors longer than those of males and displayed an increased incidence
of female-female mounting (Zhang et al., 2013). These results suggested
that central serotonergic signaling affects sexual preference in mice.
Moreover, male rats cohabitating with an almond-scented male under
the influence of oxytocin alone or combined with a D2 dopaminergic
agonist, developed a same-sex socio-sexual preference (Cibrian-
Llanderal et al., 2012; Triana-Del Rio et al., 2015). These results sug-
gested that the D2-type receptor and oxytocin facilitate the develop-
ment of conditioned same-sex partner preference. However, this effect
does not occur in female mice or in the absence of pharmacological
treatment. It remains to be determined whether preference for the
scented familiar male partner would be generalized to other unfamiliar
males as opposed to unfamiliar sexually receptive females. In addition,
lesions of the sexually dimorphic POA/anterior hypothalamus in
sexually experienced male ferrets caused them to approach body odors
emitted from other males, which resembled sham-operated females; in
contrast, control males lacking these lesions preferred to approach

female as opposed to male body odors (Alekseyenko et al., 2007). The
lesion-induced shift in odor preference was correlated with neural Fos
responses in the medial POA, suggesting male-typical hypothalamic
processing of body odorants (Alekseyenko et al., 2007).

6. Effects of maternal immune system on sexual orientation

The role of the immune system in sexual orientation has been dis-
cussed (Bogaert and Skorska, 2011). According to the maternal immune
hypothesis, the mother’s immune system is progressively immunized to
male-specific antigens associated with the Y-chromosome by each
successive male fetus. The increasing effects of such immunization
would affect sexual differentiation of the brain and subsequently in-
fluence the sexual orientation of later-born sons (Blanchard and
Bogaert, 1996). Boys with more elder brothers are more likely to de-
velop a homosexual orientation; i.e., the so-called fraternal birth-order
effect (Blanchard and Bogaert, 1996; Blanchard, 2018; Bogaert and
Skorska, 2011). Each additional older brother may increase the prob-
ability of the youngest brother developing a homosexual orientation by
approximately 21–33% (Blanchard and Bogaert, 1996; Cantor et al.,
2002; Semenyna et al., 2017). Fraternal birth-order effect is one of the
best documented correlates of men's sexual orientation; however, its
underlying mechanisms have been theoretical. Until recently, it is
found that women possess higher immunoreactivity to the Y-linked
antigen NLGN4Y, which is important in male fetal brain development,

Drosophila

Reticulitermes speratus

Tribolium castaneum

Rodent models

Pteropus pselaphon

Capra hircus

Macaca fuscata

Pongo pygmaeus abelii

Genital odor or bedding preference

Olfactory sensitivity and learning

Parter preference

Sexual behavior

Courtship behavior

Fig. 2. Homosexual behaviors in diverse species and behavioral paradigms related to sexual orientation. In Drosophila, several classic behavioral assays, including the
sterility assay, courtship stimulation assay, courtship preference assay, and olfactory sensitivity assay are used to examine sexual behaviors (Gailey and Hall, 1989).
In Reticulitermes speratus, the tandem running assay is used to examine sexual behaviors (Matsuura et al., 2002). In Tribolium castaneum, mating behaviors are
observed directly (Levan et al., 2009). In rodent models, multiple behavioral paradigms including genital odor preference, bedding preference, olfactory learning,
resident-intruder test, and mating choice assays have been developed to evaluate sexual orientation (Hines, 2011; Liu et al., 2011; Mandiyan et al., 2005; Paredes
et al., 1998; Rice et al., 2013; Zhang et al., 2013). In Pteropus pselaphon, fellatio or erect penis-licking and allogrooming are measured (Sugita, 2016). In Capra hircus,
sexual mounts, frequencies of penile display, and flehmen response are recorded (Ungerfeld et al., 2014). In Macaca fuscata, sexual behaviors consist of sexual
solicitation, sexual mounting, aggressive behavior, non-aggressive interference, sexual coercion, and sexual harassment, which can be easily recorded by observation
(Gunst et al., 2015). In Pongo pygmaeus abelii, sexual behaviors are also directly observed (Fox, 2001).
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than men in the blood (Bogaert et al., 2018). Notably, mothers of
homosexual sons, in particular those with older brothers, have sig-
nificantly higher anti-NLGN4Y levels than mothers of heterosexual sons
(Bogaert et al., 2018). This finding supports the maternal immune
theory to explain the fraternal birth-order effect and the subsequent
sexual orientation of male offspring.

7. Effects of environmental and epigenetic factors on sexual
orientation

Epigenetic regulation mechanisms, including covalent chemical
modifications of DNA (Razin and Riggs, 1980) and histones (Strahl and
Allis, 2000), along with the production of non-coding RNAs, allow the
stable regulation of gene expression and function induced by environ-
mental factors without changing DNA sequence. Emerging evidence
indicates that perinatal environments can affect physiological and be-
havioral traits in various species via epigenetic regulation (Wang et al.,
2017). Whether prenatal and postnatal environments contribute to
sexual orientation has attracted considerable attention (Balter, 2015;
Rice et al., 2012). Some evidence from animal studies indicates that
environmental hormones can affect sexual behavior and partner pre-
ference via DNA methylation and histone modification (Crews et al.,
2007; Rice et al., 2012, 2013; Skinner et al., 2014; Walker and Gore,
2017). However, the effects of environmental factors on the sexual
orientation of humans via epigenetic regulation remain poorly studied.

7.1. DNA methylation

In mammals, DNA methylation occurs mainly at the palindrome
dinucleotide sequence 5′C-phosphate-G3′ (5′CpG3′) at the fifth position
of cytosine (5mC), and constitutes one of the major epigenetic regula-
tion mechanisms in mammalian cells (Bird, 2002). DNA methyl-
transferases (DNMTs) comprise the enzymes that establish (i.e.,
DNMT1) and maintain (i.e., DNMT3a and 3b) DNA methylation levels
at individual CpGs (Bergman and Cedar, 2013; Klose and Bird, 2006;
Okano et al., 1999). In rodents, the levels of DNA methylation and
DNMT enzymatic activity in the neonatal POA differ between sexes,
with lower levels observed in males (Nugent et al., 2015). In particular,
the methylation levels of ERα in the POA of newborn females are higher
than those in both males and estradiol-treated females (Nugent et al.,
2011). DNA methylation is involved in the feminization of the mam-
malian brain via the active suppression of masculinization. Blocking
DNMT activity or conditional knockout of Dnmt3a in the POA region
masculinized neonatal gene expression and resulted in male-typical
mating behavior in female rats, who engaged in more mounts and
thrusts toward a sexually receptive female (Nugent et al., 2015).
However, whether DNA methylation contributes to sexual partner
preference remains to be investigated.

The levels of DNA methylation respond dynamically to environ-
mental hormones (Ghahramani et al., 2014). For example, treatment of
newborn females with a masculinizing dose of estradiol on postnatal
day (P) 2 (albeit not P14) decreased DNMT activity and reverse the
DNA methylation pattern in rats (Nugent et al., 2015). Similarly, in
mice, exposure to a masculinizing dose of testosterone on the day of
birth (P0) can result in a late-emerging molecular effect and induce a
male-specific increase in DNA methylation in the autosomal genes of
females on P60 (Ghahramani et al., 2014). Maternal exposure to bi-
sphenol A, an estrogenic endocrine disruptor widely used in the pro-
duction of plastics, altered DNMT1 and DNMT3A expression and al-
tered DNA methylation levels and Esr1 gene expression in the cortex
and hypothalamus of juvenile mice (Kundakovic et al., 2013). Notably,
daily injection of an endocrine-disrupting chemical vinclozolin on
embryonic days (E) 8–14 resulted in a sex-specific effect on mate pre-
ference of the third-generation descendants (Crews et al., 2007). Spe-
cifically, female rats three generations removed from the exposure,
preferred males without a history of exposure, whereas males with

similar treatment history did not exhibit such a preference (Crews et al.,
2007). This transgenerational inheritance of mate preference behavior
correlated with altered sex-specific gene networks in the brain (Skinner
et al., 2014), which may result from altered DNA methylation patterns
in the sperm of affected animals (Anway et al., 2005; Guerrero-Bosagna
et al., 2010). In addition, neonatal disruption of DNA methylation has
long-term and sex-specific effects on the numbers of cells expressing
ERα in the mPOA (Mosley et al., 2017).

In humans, however, studies regarding the role of epigenetic reg-
ulation in the effects of environmental factors on sexual orientation
remain limited and primarily consist of mathematical modeling (Rice
et al., 2013). For example, an abstract published by Vilain et al. at the
2015 American Society of Human Genetics (ASHG) meeting and dis-
cussed in detail by Balter, 2015, reported the DNA methylation levels at
140,000 regions in 37 monozygotic male twins who were discordant for
sexual orientation (one being homosexual and the other heterosexual)
using the machine-learning algorithm FuzzyForest. They identified five
candidate regions linked to sexual orientation and reported an accuracy
of 70% to predict sexual orientation. To reach a conclusion regarding
the role of DNA methylation in sexual orientation, replication of these
findings with a large population of non-overlapping samples is re-
quired.

7.2. Histone modification

Histone modifications occur through covalent modifications of the
N-terminal tails of histones through acetylation, phosphorylation, and
methylation (Jenuwein and Allis, 2001). During histone acetylation, an
acetyl group is transferred to the amino group of lysine residues by
histone acetyltransferases (Felsenfeld and Groudine, 2003); in contrast,
histone deacetylases (HDACs) function as enzymes to remove acetyl
groups from acetylated histones (Bolden et al., 2006). In rodents, the
levels of certain histone modifications also differ between sexes. For
example, the global levels of H3 lysine 9 trimethylation (H3K9me3) and
lysine 9 and 14 acetylation (H3K9ac and H3K14ac) in the cortex and
hippocampus are higher in males than females on E8, P0, and P8 (Tsai
et al., 2009). Similarly, the levels of HDAC2 and 4 at the Esr1 and ar-
omatase genes are higher in the rat MPOA of males than in females
(Matsuda et al., 2011). Testosterone treatment decreased the levels of
H3 acetylation in the cortex and hippocampus of females compared
with males (Tsai et al., 2009).

Histone modifications and HDAC activity in the early postnatal
period are critical for masculinization of the brain and for proper sexual
behavior in adulthood (Matsuda et al., 2011). Male rats treated with the
HDAC inhibitor trichostatin A (TSA) on P0 and P1 presented a reduced
erectile response and longer latencies to the first mount, intromission,
and ejaculation (Matsuda et al., 2011). Injection of TSA to the lateral
ventricle facilitated the formation of partner preference in both male
and female prairie voles, which involved upregulation of the oxytocin
receptor in the nucleus accumbens (NAcc) through increased histone
acetylation at its promoter (Duclot et al., 2016; Wang et al., 2013).
However, the contribution of histone modification to sexual orientation
remains unclear and warrants further investigation.

8. Concluding remarks

Sexual orientation in humans represents a highly complex beha-
vioral trait and is the result of multifaceted interactions between en-
docrine, genetic, and non-socioenvironmental factors. Although re-
search has elucidated some initial insights into the basic mechanisms
underlying sexual orientation, our knowledge regarding the full net-
work that contributes to this complex phenomenon remains in-
complete; additional interdisciplinary research and critical experiments
are therefore required to obtain a better understanding of the biological
basis of this basic human characteristic. Considering that the number of
quantitative genetic studies related to sexual orientation is relatively
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small compared with those addressing other behavioral traits, with
most having been conducted using SNP arrays, whole-exome and
whole-genome sequencing of larger cohorts of twin and family samples
with different sexual orientation will continue to be valuable tools for
understanding sexual orientation. Functional verification in animal
models is also required for establishing the causal link between a spe-
cific gene and particular traits of sexual orientation. Nevertheless, it is
likely that the development of sexual orientation involves multiple
genes (i.e., Gene 1×Gene 2), loci (i.e., Locus 1× Locus 2), and their
interactions with hormones and environmental factors.

Current studies have emphasized the important role of prenatal,
non-social environments in sexual orientation. However, considering
that individuals are very sensitive to external environments at prenatal
and early postnatal stages, the question of whether social environment,
such as chronic variable stress (Hines et al., 2002; Morgan and Bale,
2011), negative affective states, or parental care (Bai et al., 2017; Farr,
2017) contributes to the development of sexual characteristics by in-
teracting with the in utero environment via epigenetic regulation
should be specifically addressed in future studies. Moreover, con-
sidering the sensitivity of gonadal hormones to the external environ-
ment (Choi and Yoo, 2013), profiling the epigenomes of different sexual
traits may provide additional evidence on how environments affect the
establishment of sexual orientation.

Human asexuality, usually defined as lack of sexual attraction/
eroticism, remains a relatively underrecognized phenomenon.
However, increased interest has emerged regarding the definitions and
conceptualizations of asexuality as well as its development and varia-
tion (Bogaert, 2015; Brotto and Yule, 2017). Several hypotheses have
been assumed to explain the biological origins of asexuality. For ex-
ample, early/prenatal factors have been suggested to exert influences
on asexuality (Bogaert, 2004). In particular, non-right-handedness and
fraternal birth order were reported to be associated with asexuality
(Yule et al., 2014), which are similar to the associations found for
homosexual men and women relative to heterosexual people. Con-
sidering that asexual individuals show high heterogeneity, a precise
definition and conceptualization of this phenomenon will help to elu-
cidate the biological basis of asexuality.

Men and women differ with regard to several aspects of sexual or-
ientation, including the expression pattern, genital arousal, size and cell
density of several brain structures, and sensitivity to prenatal hor-
mones. These biological differences require the recruitment of unbiased
samples of both genders to study the effects of hormonal, genetic, and
environmental factors on sexual orientation. In addition, as sample
collection is a limitation for such studies, more efforts are encouraged
to eliminate social discrimination toward sexual orientation minorities
through policies, public education, and non-profit organizations.
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