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Abstract

Purpose of Review To summarise the evidence regarding the effects of gender-affirming hormone therapy (GAHT) on bone
health in transgender people, to identify key knowledge gaps and how these gaps can be addressed using preclinical rodent
models.

Recent Findings Sex hormones play a critical role in bone physiology, yet there is a paucity of research regarding the effects
of GAHT on bone microstructure and fracture risk in transgender individuals. The controlled clinical studies required to
yield fracture data are unethical to conduct making clinically translatable preclinical research of the utmost importance.
Novel genetic and surgical preclinical models have yielded significant mechanistic insight into the roles of sex steroids on
skeletal integrity.

Summary Preclinical models of GAHT have the potential inform clinical approaches to preserve skeletal integrity and
prevent fractures in transgender people undergoing GAHT. This review highlights the key considerations required to ensure
the information gained from preclinical models of GAHT are informative.

Keywords Transgender - Gender-affirming hormone therapy (GAHT) - Bone microstructure - Bone strength - Preclinical

rodent models

Introduction

A transgender (or trans) person is someone who knows
that their gender identity or gender expression is incon-
gruent with their sex assigned at birth. This can lead
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to anxiety, depression and gender dysphoria. The term
cisgender, or cis, refers to individuals for whom their
gender identity matches their assigned gender at birth
(e.g. cis female, cis male). Gender-affirming hormone
therapy (GAHT) is a common treatment for gender dys-
phoria whereby patients receive sex steroids to align their
physical features with their identified gender [1e]. Tes-
tosterone therapy is used to promote masculinisation in
trans men (female-to-male), and estradiol therapy alone
or in combination with anti-androgens is used to promote
feminisation in trans women (male-to-female). In trans
adolescents, many choose to undergo puberty suppres-
sion with gonadotrophin-releasing hormone agonists
(GnRHa) to avoid the development of undesired pubertal
characteristics of their natal sex prior to GAHT. GnRHa
decreases circulating concentrations of sex steroids by
downregulating GnRH receptors in the anterior pituitary
thereby decreasing the secretion of luteinising (LH) and
follicle-stimulating hormones (FSH). Pubertal suppres-
sion is commonly followed by GAHT to match the post-
pubertal characteristics of their experienced gender. In
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adults, where puberty is already established, GAHT may
be complemented by surgery to align physical charac-
teristics with their gender identity. This review seeks
to provide an overview of the current literature related
to the effects of GAHT on bone health of trans people
and the mechanistic action of sex steroid action in bone
gained from preclinical models. Furthermore, we identify
the current knowledge gaps within the field and suggest
how preclinical models may be utilised to provide critical
insight into possible changes that occur in bone structure
and fracture risk following GAHT in trans people that
cannot be gained by clinical studies.

Sex Steroids and Bone Health

Sex steroids are crucial for bone growth and peak bone
mass accrual during puberty by regulating bone mod-
elling. In adulthood, sex steroids are essential for the
maintenance of bone by controlling bone remodelling.
This is clearly illustrated by the low peak bone mass and
bone loss that occurs in disorders of pubertal develop-
ment or sex steroid deficiency in adulthood (e.g. post-
menopausal women, hypogonadal men), respectively [2,
3]. Similarly, body composition is also regulated by sex
steroids with men having proportionately more muscle
mass whilst women have more fat mass [4, 5]; however,
the actions of sex steroids on muscle and fat develop-
ment are outside the scope of this review. GAHT is typi-
cally life-long, yet there is limited information regarding
the long-term effects of GAHT in trans people on their
skeletal integrity and fracture risk; this is an impor-
tant knowledge gap which precludes evidence-based
approaches to optimise bone health in this potentially
vulnerable population.

The Effect of GAHT on Bone in Trans Adolescents

Studies investigating the effect of puberty suppression
and GAHT on bone in trans adolescents consistently show
that blocking puberty with GnRHa significantly decreases
areal bone mineral density (aBMD), volumetric BMD
(vBMD) and modelling in trans girls and trans boys, pre-
venting the attainment of peak bone mass compared to
age-matched cis controls of the natal gender [6—8, Oee,
10-12]. Commencement of GAHT in trans girls and trans
boys can partially reverse the bone loss associated with
pubertal suppression but may not be of sufficient mag-
nitude to restore BMD to levels of age-matched cisgen-
der controls undergoing spontaneous puberty [12, 13],
potentially placing these trans individuals at greater risk
of fracture later in life. Crucially, the long-term impact
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of GnRHa/GAHT treatment in trans girls and trans boys
on bone health and fracture risk is unknown and requires
further investigation.

The Effect of GAHT on Bone in Trans Adults

Despite the increasing number of recent studies investigating
the impact of GAHT on bone in transitioning adults, con-
founding factors including deficiencies in study design (see
the ‘Limitations of Clinical Studies Investigating Transgen-
der Bone Health’ section) and conflicting results make accu-
rate interpretation of the data difficult. Several reviews and
meta-analyses discuss the clinical observations of GAHT
on bone health in both trans women and trans men in depth
[14—-17, 18] of which we provide an appraisal of the key
findings below.

The Effect of GAHT on Bone Health in Adult Trans
Men

Evidence from meta-analyses of both cross-sectional and
longitudinal studies indicates that in trans men GAHT
has a neutral or slightly net positive effect on bone health
compared to cis females measured by aBMD at the spine,
total hip and femoral neck [15, 17, 18e]. Increases in
total vBMD at the radius and tibia, cortical and trabecu-
lar thickness following a median of 3.5 years of GAHT
measured by pQCT, HR-pQCT [19e] and histomorpho-
metry [20] as well as increases in trabecular vBMD and
cortical bone size but lower cortical vBMD following
10 years of GAHT in trans men compared to cis women
have been reported [21]. Collectively, these data sug-
gest that bone microarchitecture is not compromised by
GAHT in trans men.

The Effect of GAHT on Bone Health in Adult Trans
Women

Data from systematic reviews and meta-analyses indicate
that reports on the effects of GAHT on bone health of
trans women are inconsistent [14, 15, 17]. Several cross-
sectional studies show that GAHT negatively impacts
bone health characterised by lower aBMD and vBMD
and deteriorated bone microstructure compared to cis
men [19e, 22, 23]. Conversely, there are reports from
both systematic [15] and longitudinal [24-28] studies
of higher aBMD in trans women undergoing GAHT. A
more recent longitudinal study by Weipjes et al. report
no changes in lumbar spine BMD in trans women after
10 years of GAHT [29]. These reports should be inter-
preted with careful consideration as aBMD is a 2D
measurement and is calculated as bone mineral content
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(BMC) divided by bone area so that aBMD is inversely
related to bone size. Measures of vBMD measured
using high-resolution peripheral quantitative computed
tomography (HR-pQCT) however provide 3-dimensional
images that attempt to account for bone size differences
and bone geometry. Recently, a cross-sectional study
of trans women on GAHT for a median of 3.2 years
reported lower total vBMD, cortical vBMD, thickness
and increased porosity measured by HR-pQCT at the dis-
tal radius and distal tibia compared to cis male controls
[19e]. In addition, trabecular bone volume/tissue vol-
ume (BV/TV) was lower in trans women accompanied
by lower trabecular number (TbN) and trabecular thick-
ness (TbTh). Further well-controlled longitudinal studies
assessing bone microarchitecture using high-resolution
imaging modalities are necessary to resolve the conflict-
ing data regarding the effects of GAHT on bone health in
trans women. It is also important to note that the major-
ity of studies investigating the effects of GAHT on BMD
in trans women discussed above made comparisons with
a single control group of individuals with the same sex
assigned at birth, i.e. cis males. However, given the well-
documented sex differences in the skeleton between men
and women, these data would be more informative if com-
parisons were also made to a control group of the desired
sex, i.e. cis females.

The Effect of GAHT on Fracture Risk in Trans Women
and Trans Men

Currently, there are only two retrospective cohort stud-
ies determining fracture risk following GAHT in trans
adults. Wiepes et al. showed that in 934 trans women
aged > 50 years on GAHT for a median of 19 years,
fracture risk was higher (odds ratio=1.90, 95% CI
1.32-2.74) compared to age-matched healthy cis men,
with no apparent increase in fracture risk in trans men on
GAHT for a median of 9 years compared to cis male con-
trols [23]. The second study focused on 57 trans women
who underwent gender-confirming surgery > 2 years
prior to study onset and were on GAHT for a median of
5 years. Fracture risk was assessed by DeFRA fracture
risk algorithm (adapted from FRAX score) [30]. Low
bone mass compared to cis males was noted in 40% of the
participants, with 12% of trans women having an inter-
mediate fracture risk and one with a high fracture risk.
Of note, algorithms such as FRAX only allow sex, not
gender as a variable with the data used to stratify patient
data being derived from cisgender cohorts. As such these
algorithms may not be able to accurately predict fracture
risk in the transgender population and warrants further
investigation.

Limitations of Clinical Studies Investigating
Transgender Bone Health

There are several limitations inherent in these studies of the
effects of GAHT on bone health in trans men and trans women
that are important to note. These range from observational
design, small group sizes, ad hoc sample collection, lack of
appropriate control groups and different treatment regimens.
As GAHT is commonly individualised for each patient, there
are often differences in the route of administration (i.e. trans-
dermal, intramuscular, oral) as well as possible variations in
circulating sex steroid concentrations due to patients electing
to increase or decrease their prescribed dose of GAHT [31].
In trans adolescents, the data is further complicated by differ-
ences between patients in the duration of GnRHa treatment to
suppress puberty prior to commencing GAHT to affirm to their
desired gender. The appropriate control groups for studies in
transgender people should be carefully considered to ensure
accurate interpretation of the data. As raised in ‘The Effect
of GAHT on Bone Health in Adult Trans Women’ section
above, whilst most studies compare parameters between trans
individuals and cis controls of their assigned sex at birth, we
would argue that comparisons between trans individuals and
cis controls of their desired gender would provide significant
insight into the effects of GAHT.

A major confounding factor in studies investigating the
effects of GnRHa/GAHT in trans girls and GAHT in trans
women are reports from cross-sectional studies showing that
trans girls and trans women have a lower BMD compared to
age-matched cis males prior to the commencement of GAHT
[10, 13, 32, 33] so that differences in BMD cannot be ascribed
to the effects of GAHT with certainty. The reason for this is
unclear but may be attributed to differences in lifestyle and
exercise intensity between trans girls and boys [13] whilst trans
women have been reported to have a lower muscle mass, body
weight and serum vitamin D concentrations compared to cis
men [28], possibly because of their lower participation in physi-
cal activity from a young age compared to cis male controls
[34]. Differences in physical activity between trans individuals
and cis controls are also likely to occur following GAHT as sex
steroids have been shown to regulate voluntary activity in male
and female mice [35-37], making accurate interpretation of the
direct effects of GAHT on BMD bone challenging.

Since withholding GAHT is unethical, it is unlikely that
randomised placebo-controlled clinical long-term trials inves-
tigating fracture risk in trans people will be conducted. Fur-
thermore, measurements of bone microstructure and bone cell
metabolism in trans people require an invasive bone biopsy
and crucially, direct measurements of bone strength to pre-
cisely determine fracture risk are not possible in humans. As
such, clinically relevant preclinical research in this area is of
the utmost importance.
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The Use of Preclinical Rodent Models
for Studying the Effects of GAHT on Bone

Advantages

Rats and mice are effective models for investigating the
effects of GAHT on bone cell activity, integrity and
strength as many aspects of the regulation of bone are
shared between mice and humans. The use of mice circum-
vents the need to collect invasive bone biopsies required
for the high-resolution assessment of bone microstructure
and bone cell activity, but most importantly, direct meas-
ures of elasticity and breaking strength as an indication of
fracture risk following GAHT can be performed in mice,
which are not possible in humans. In addition, the consid-
erably faster remodelling rate of trabecular bone in mice
(~2 weeks compared to 6-9 months in humans) enables
increased research productivity [38]. Finally, preclinical
mouse models lack cofounders inherent in clinical trials
(i.e. socioeconomic factors, lower BMD of trans girls/
women compared to cis boys/men prior to GAHT).

Factors to Consider When Making Inferences
from Preclinical Rodent Models to Transgender
Bone Health

Clinically relevant findings related to effects of GAHT on
bone health can be obtained from rodent data if the differ-
ences are fully appreciated [38]. A key difference between
the skeletons of humans and rodent is their posture with
the quadrupedal nature of rodents leading to differences
in weight distribution and mechanical loading compared
to bipedal humans. Additionally, longitudinal bone growth
ceases following puberty in humans due to closure of the
epiphyseal growth plate, whilst, in mice, the epiphyseal
plate remains open and they continue to grow at a slow
rate post-puberty [38, 39]. There is also a lack of evidence
for osteonal cortical bone remodelling in mice and rats due
to the absence of Haversian canals [38, 40, 41]. There is
however the presence of blood vessels and intracortical
pores in rodent bones, indicative of a more primitive form
of Haversian remodelling [6, 38, 42] and more recently,
the age-related increase in cortical porosity that occurs in
mice has been attributed to de novo intracortical remodel-
ling by osteon-like structures [43].

Of relevance to studying the effects of GAHT in rodents
is the fact that they lack post-natal endogenous sex hormone-
binding globulin (SHBG), which regulates circulating sex
steroid concentrations as well as modulating the bioavailabil-
ity of sex hormones by preventing their diffusion into target
tissues [44]. As such, the absence of SHBG in rodents leads
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to large variations in their concentrations of circulating sex
steroids thus making their accurate measurement challeng-
ing. The use of LC-MS/MS for determining circulating sex
steroid concentrations is likely to assist in decreasing this
variability as it is considered the ‘gold standard’ for such
measurements due to its higher sensitivity and reproduc-
ibility than other methods such as ELISA and radioimmu-
noassays [45]. In addition, the selection of the strain and age
of the rodent model should be carefully considered. BMD
and the magnitude of bone loss due to oestrogen deficiency
in ovariectomised rats and mice models differ between dif-
ferent strains [46—48]. It is also important to select an age
of the rat or mouse model that accurately reflects the bone
age in humans, i.e. pre-pubertal, before the increase in bone
mass accrual associated with puberty, versus adulthood,
when peak bone mass has been achieved. It is not possible to
ascribe an optimal age to represent early puberty and adult-
hood that is appropriate for all studies involving mice or rats
as the age of puberty onset and skeletal maturation in rodents
is both sex and strain dependent [38, 49-52]. For example,
however, in one of the most commonly used mouse strains
for bone research, C57BL/6, the appropriate age to represent
early puberty in females as measured by vaginal opening
is approximately 28 days, whilst in males, it is 30 days as
determined by balano preputial separation [51]. For adult-
hood, the recommended age is 16 weeks of age in both males
and females when peak total body BMD has been reached
[39]. It is also worth considering that since peak bone mass
in humans is typically achieved in the early 20 s for females
and late 20 s for males [53], the inclusion of a younger adult
group of mice to model trans people who commence GAHT
whilst ostensibly ‘adults’ without having reached peak bone
mass would also yield valuable information (e.g. 12 weeks
of age for C57B1/6 mice [54]). By considering the morpho-
logical and developmental differences from humans whilst
leveraging their physiological advantages, data generated
from preclinical models allows for significant predictions
related to transgender bone health that would otherwise not
be possible.

The Actions of Sex Steroids on Bone — What
We Have Learned from Preclinical Rodent
Models

Significant insight into the action of sex steroids in bone has
been gained from castration, pharmacological and geneti-
cally modified rodent models which have been reviewed
extensively [6, 55-57]. The data from these studies also offer
important information pertinent to the effects of GAHT on
bone health in transgender individuals. Here we summarise
the data arising from these rodent models.
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Surgical Castration Models

Gonadectomy suppresses circulating sex steroid concen-
trations through the removal of the ovaries or testes and
is a well-established model used to study the effect of sex
steroids on bone health [58, 59]. As rodents do not syn-
thesise sex steroids in their adrenal glands [60], the pri-
mary sex steroid source is from the gonads. Removal of
sex steroids via gonadectomy in both males and females
results in increased bone remodelling, leading to cortical
and trabecular bone loss [47, 61, 62] and decreased bone
strength [63—-65].

Treatment with Gonadotropin-Releasing Hormone
Agonists (GnRHa)

GnRHa have been used in preclinical models to elucidate the
effects of blocking sex steroid production on bone growth
and accrual during puberty. Pubertal male mice treated with
high doses of GnRHa to induce complete pubertal sup-
pression exhibit a marked impairment in femoral cortical
and trabecular bone acquisition analogous to that reported
in gonadectomised male mice [66e¢]. Co-treatment with
estradiol and GnRHa in pubertal female Sprague—Dawley
rats following 8 weeks of GnRHa therapy alone was able
to partially prevent the decrease in BMD of the femur and
trabecular bone loss in the lumbar vertebrae [67]. Together,
these data support the essential role of the sex steroids for
optimal bone mineral accrual during puberty in both males
and females and are consistent with the deleterious effects of
GnRHa on the attainment of peak bone mass in adolescent
trans males and trans females [66ee, 67-69]. Other pharma-
cological agents such as androgen and selective oestrogen
receptor modulators [70, 71] or aromatase inhibitors [72]
are useful for identifying the roles of sex steroids in bone,
however, lack the specificity required to elucidate effects
on discrete tissues or cell types which is better offered by
genetically modified mouse models.

Genetically Modified Mouse Models
to Investigate Sex Steroid Action in Bone

Numerous genetically modified mouse models have been
generated to investigate the actions of sex steroids in regulat-
ing bone via their respective receptors within bone as well
as other target tissues such as neurons [35, 73] and muscle
[74]. Given the extensive data these models have yielded,
we focus our discussion below on data obtained from global-
as well as bone cell-specific ER and AR deletion mouse
models.

Genetically Modified Mouse Models to Investigate
Estradiol Action via the Oestrogen Receptor (ER)
in Bone

Global ER Knockout Mouse Models

A wealth of knowledge regarding the physiological actions
of estradiol via the two DNA-binding-dependent receptors,
ERa and ERB, in bone of both males and females has been
generated using single or double ER global knockout (KO)
mouse models (reviewed by [57, 75]). Much of the data aris-
ing from the ERKO models are conflicting and challenging
to interpret due to several confounding factors that are often
inherent to genetically modified mouse models. For exam-
ple, deletion of ERa in both male and female mice disrupts
negative feedback to the hypothalamic-pituitary—gonadal
axis (HPG) resulting in increased circulating concentra-
tions of sex steroids which can act in bone via either the
AR or ERf [76]. Gonadectomy and treatment of ERo mice
with ideally physiological replacement doses of estradiol are
therefore required to accurately identify the specific effects
of ERa deletion on bone [77]. The gene targeting approach
also has the potential to influence the resulting phenotype.
For instance, the ERBKO mouse line characterised by Sims
et al. was null for ERf with complete absence of the ERf
protein whilst other mouse lines reviewed by Khalid and
Krum [78] have an ‘in frame deletion’ of the DNA-binding
domain resulting in a mutant protein that may be capable
of activating the non-DNA-binding-dependent pathways of
ERp action [79].

Despite these differences, taken together, the data gen-
erated from Global ERKO mouse models indicates that
the regulation of bone by estradiol in males and females
is predominantly mediated via the ER«, whilst in female
bone, ERP can partially compensate for ERa [77, 80].
ERa and ERp also play crucial but opposing roles in the
adaptation response of bone to loading with ERaKO mice
having a lower and ERBKO having a higher response to
mechanical loading respectively [81]. Signalling via the
membrane bound ‘G protein-coupled oestrogen recep-
tor’ (GPER-1) has been investigated more recently and
may modulate bone growth through signalling in growth
plate chondrocytes, though this effect was not seen using
GPER-1 agonists [82, 83].

Bone Cell-Specific Deletion of the ERs

Further insight into estradiol action in bone has been
achieved using the Cre/loxP system to target the deletion
of ERa and ERp to specific bone cell types to overcome
the confounding effects of systemic changes in sex steroids
observed in Global ERKO models (reviewed by [75, 78]).
In female mice, deletion of ERa in osteoclasts decreases
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trabecular bone mass due to increased bone remodelling,
but not cortical bone mass [84, 85] whilst there is no effect
in males [85].

The action of estradiol via the ERa in osteoblast-lineage
cells is dependent on sex and the stage of osteoblast differ-
entiation. In osteoblast progenitors expressing paired-related
homeobox protein 1 (Prx-1) and Osterix 1 (Osx-1), deletion
of the ERa decreased femoral BMD in adult females due
to a decrease in cortical thickness whilst trabecular BV/TV
was unaffected [68]. In contrast, deletion of ERa in mature
osteoblasts expressing type lal collagen in females had no
effect on trabecular or cortical bone mass [68]. It is therefore
somewhat surprising that deletion of the ERa in osteoblasts
at the later mineralisation stage of differentiation expressing
osteocalcin (OCN) in female mice results in reductions in
both femoral and vertebral cortical and trabecular BV/TV
evident from 3.5 months of age, whilst reductions in trabecu-
lar BV/TV of male OCN-ERaKO mice were not observed
until adulthood at 6 months of age [86]. In terminally dif-
ferentiated osteocytes, expressing dentin matrix acidic
phosphoprotein 1 (DMP-1), Windahl et al. showed that
deletion of ERa decreased trabecular BV/TV exclusively
in male mice [87] whilst in contrast, Kondoh et al. showed
that osteocytic deletion of ERa led to trabecular osteopenia
in female but not male mice [88]. To avoid the confounding
effects of disrupting ERa signalling during development on
the skeleton, Doolittle et al. inactivated ERa in osteocytes in
adult mice using a tamoxifen-inducible ERaKO model [89]
and showed a reduction in trabecular BV/TV in females due
to reduced bone formation as well as increased periosteal
and endocortical diameters, whilst males were unaffected. It
is worth noting however that caution may be required when
interpreting data from tamoxifen-inducible mouse models as
there are conflicting reports of tamoxifen dosing regimens
having documented effects on the skeleton [90, 91e] whilst
others report minimal effects on bone [92].

Unlike the ERa, the action of ERp in specific bone cells
has not been extensively studied. In contrast to deletion of
ERa in early osteoblast progenitors in females which only
effects cortical bone [78], the deletion of ERp in osteoblast
progenitors expressing Prx/ results in increased trabecu-
lar BV/TV although cortical bone is unaffected [93]. The
effects of ERp in osteocytes are complex being age, sex and
site specific. Deletion of ERf in mineralising osteocytes
expressing OCN increased trabecular BV/TV in the vertebra
of young male mice, whilst it was increased in adult males
and unaffected in females. Similarly, osteocyte ERf dele-
tion reduced the cortical osteogenic response to mechanical
loading in the proximal tibiae in young and old males, whilst
the osteogenic response was increased in young but not adult
females [94].

Collectively, the data from these bone cell specific ERa-
and Erp-KO mouse models suggest that the actions of
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estradiol in female bone is mediated via both osteoclast and
osteoblast lineage cells with the protective effects of ERa on
cortical bone to inhibit periosteal bone formation and endo-
cortical bone resorption being mediated via osteoblasts and
osteocytes, whilst in trabecular bone its via osteoclasts. The
roles of ERa in males and ERp in both males and females in
specific cell types within bone are more complex and require
further study.

Genetically Modified Mouse Models to Investigate
Androgen Action via the Androgen Receptor (AR)
in Bone

Global ARKO Mouse Models

ARKO mouse models have been instrumental for distin-
guishing the actions of androgens mediated directly via the
AR from those that arise from its aromatisation of testos-
terone to estradiol and action via the ERs. Several Global-
ARKO mice have been generated in which the AR gene
is deleted pre-natally. Despite differences in the region of
the AR gene deleted and the genetic background of these
Global-ARKOs, it is clear from their phenotype that the AR
is essential for bone growth and accrual in male mice with
male Global-ARKOs having smaller bones of reduced peri-
osteal circumference, cortical thickness and trabecular BV/
TV as aresult of increased remodelling [95-98]. The effect
of global ARKO deletion in females is less marked with
small decreases in periosteal and medullary circumference
whilst trabecular BV/TV is unaffected [96]. AR deletion
does not impact longitudinal bone growth in either male
or female Global-ARKOs, which supports the notion that
longitudinal bone growth is predominantly regulated by ERa
in both sexes [6, 99]. Tamoxifen-inducible global deletion of
the AR in male mice either pre-pubertally at 4 weeks of age
or post-pubertally at 10 weeks of age results in decreased
total body BMD, cortical thickness and trabecular BV/TV
suggesting that the AR is essential for bone growth and
accrual during puberty and for cortical and trabecular bone
maintenance in male adults [99].

Bone Cell-Specific Deletion and Over-expression Mouse
Models of the AR

Significant insights into the mechanisms of AR action in
male bones have been gained using several different geneti-
cally modified mouse models where, in osteoblasts at defined
stages of their development, the AR gene has been deleted
[95-98, 100, 101], over-expressed [102, 103] or replaced in
Global-ARKOs [104]. Collectively, this large body of work
shows that AR action in osteoblasts in male mice is depend-
ent on their stage of maturation. In proliferating osteoblasts,
the AR stimulates periosteal apposition of cortical bone and
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accrual of trabecular bone during growth [103], independent
of androgen action in other tissues [104]. Post-puberty, the
AR predominantly acts via the AR in mature and miner-
alising osteoblasts to maintain trabecular bone [100-102]
by inhibiting bone resorption. This is mediated, at least in
part, by decreasing the ratio of receptor activator of nuclear
factor kappa-B ligand (RANKL) to osteoprotegerin (OPG)
expression by osteoblasts [104], whilst deletion of the AR
specifically in osteoclasts has no effect [105]. AR action
in mineralising osteoblasts and osteocytes in males is also
important for the coordination of bone matrix synthesis with
its subsequent mineralisation [100] and to protect against
age-related loss of trabecular integrity [106]. In contrast to
males, the effects of AR action in osteoblasts in females
are modest [102, 103]. Collectively, these data indicate an
essential role for the AR for pubertal bone mass accrual and
for maintaining bone health post-puberty in males whilst
its role in regulating bone in females is relatively minimal.

Genetically Modified Mouse Models to Investigate
Aromatase Action in Bone

Aromatase (Ar) KO mice are advantageous in understanding
the contribution of aromatase mediated conversion of tes-
tosterone to estradiol in bone physiology. Similar to humans
with life-long aromatase deficiency who exhibit osteopenia
or osteoporosis [107], both male and female ArKO mice
have decreased trabecular BV/TV and a sexually dimorphic
pattern of high remodelling in females and low remodelling
in males compared to sex-matched controls [108]. Treat-
ment of young ArKO male and female mice with estradiol at
9 weeks of age has been shown to completely restore femoral
BMD and trabecular BV/TV to control levels [109]. These
data suggest an important role for oestrogen in the attain-
ment of peak bone mass in female mice; however, further
research is required to fully elucidate the importance of aro-
mastase activity in preserving skeletal integrity.

Circulating Concentrations of Sex Steroids
Versus Their Local Concentrations Within
Bone

A major aspect of understanding the effects of GAHT on
bone and fracture risk is to answer the long-standing ques-
tion: ‘what is the contribution of the diffusion of sex steroids
from serum into bone (Fig. 1A) versus the local synthe-
sis of estradiol from testosterone by aromatase expressed
by osteoblasts within bone (Fig. 1B) in preserving skeletal
integrity?” The answer to this question is clinically relevant
since GAHT may have differential effects on circulating ver-
sus local sex steroid concentrations within bone. For exam-
ple, whilst trans women on GAHT achieve physiological

Diffusion into
bone
E2

B Local production
in bone by
aromatase

Fig. 1 The concentration of sex steroids within bone is determined by
(A) diffusion from the circulation into bone and by (B) the local syn-
thesis of estradiol from testosterone by aromatase expressed by osteo-
blasts within bone

concentrations of serum estradiol, the negative feedback of
estradiol on the HPG axis to reduce serum testosterone may
result in insufficient substrate for the local synthesis of estra-
diol by aromatase within bone. Reductions in the concentra-
tions of estradiol within bone would lead to increased bone
remodelling and subsequent bone loss.

The importance of local aromatisation of testosterone to
estradiol within bone to maintain its integrity is particularly
evident in males. In men and mice, estradiol is thought to
be the dominant sex steroid regulating bone resorption, with
both testosterone and estradiol being important for bone
formation [77, 110-112]. Interestingly, however, at least in
male mice, the circulating concentrations of estradiol are
100-1000-fold lower than the concentrations required to
activate the ER [113ee] suggesting that the local concentra-
tions of estradiol within bone must be substantially higher
than the circulating concentrations in order to maintain
skeletal integrity. Supportive evidence for a possible role of
local aromatisation of testosterone within bone is provided
by a prospective case study of 23 trans men naive to GAHT
and ovariectomy, who prior to treatment had estradiol con-
centrations comparative to the control group of cis women
(n=23). After 1 year of GAHT, testosterone concentrations
increased by 15-fold (baseline mean +SD 27 + 12 ng/dl to
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629 +225 ng/dl) and estradiol concentrations decreased 1.7-
fold (baseline median (1st-3rd quartile) 54 (24—110) pg/mL
to 31 (23-36) pg/mL). Despite the reduction in circulating
estradiol concentrations, hip aBMD and trabecular vBMD
increased compared to cis women [114]. These data sug-
gest that the increase in circulating testosterone was able to
compensate for the decrease in serum estradiol concentra-
tions via activation of the AR within bone. Alternatively, the
increase in circulating testosterone may have resulted in an
increase in the local concentrations of testosterone within
bone via diffusion which was subsequently aromatised to
estradiol. Since both pathways are present, it is difficult
to ascertain the contribution of each of these pathways in
increasing BMD in these trans men. Evidence to support
the local production of estradiol within bone by aromati-
sation is provided by reports of higher concentrations of
estradiol within bone than in the circulation of orchidec-
tomised, testosterone-treated male mice [44]. In addition,
BMD is markedly increased in male mice that over-express
aromatase in osteoblasts (Obl-Artg) compared to controls
whilst no effect was observed in female Obl-Artgs [115].
The lack of effect in female Obl-Artgs was attributed to their
low levels of circulating testosterone (the necessary sub-
strate for aromatase to produce estradiol), with a subsequent
increase in BMD observed following exogenous testosterone
in these mice confirming this notion [115]. Taken together, it
is therefore conceivable that following GAHT in trans males
and trans females, the major determinant of skeletal integ-
rity is likely to be estradiol produced locally within bone by
aromatisation of testosterone, rather than by diffusion from
the circulation into bone.

If this hypothesis is correct, we would predict that in
trans men, the increase in circulating testosterone concen-
trations following GAHT would increase the concentrations
of testosterone within bone which would be aromatised to
estradiol. The resulting increase in estradiol concentration
within bone would decrease remodelling thereby preserv-
ing bone volume, microstructure and strength compared to
cis females which is consistent with reports or a neutral or
slightly positive effect of GAHT on the bone health in trans
men (‘The Effect of GAHT on Bone Health in Adult Trans
Men’ section). In contrast, in trans women, we predict that
estradiol treatment would decrease circulating testosterone
concentrations due to negative feedback on the HPG axis,
leading to a decrease in testosterone concentrations within
bone, decreased aromatisation and estradiol concentrations
resulting in increased remodelling, decreased bone volume
and reduced strength compared with cis males. If this is
the case, then it follows that GAHT-treated trans women,
despite achieving circulating estradiol concentrations in the
cis female range, will have insufficient estradiol concentra-
tions within bone to maintain their health and prevent frac-
ture, a risk not recognised by monitoring their circulating
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sex steroid concentrations, the current approach used to
tailor GAHT. It is not possible to test this hypothesis in the
absence of a bone biopsy pre- and post-GAHT in trans men,
trans women and cis controls; however, preclinical mouse
models are advantageous for answering these questions.

Preclinical Mouse Models of Transgender
Health

Whilst there is a growing body of literature utilising animal
(predominantly rodent) models to study the effects of GAHT
on the reproductive, cardiovascular and neurological sys-
tems, only two studies have focussed on bone to date (‘The
Effects of GAHT on Bone in Preclinical Mouse Models of
Female-to-Male Transition’ section). Although these studies
have some limitations including a short duration of GAHT,
the various methods used to measure circulating sex steroid
concentrations (i.e. ELISA, immunoassay, LCMS/MS) with
varying degrees of specify and sensitivity, various routes
of administration (e.g. oral vs transdermal) and hormone
formulation (e.g. beta-estradiol vs estradiol valerate or cypi-
onate), important findings related to the effects of GAHT in
these preclinical mouse models have been made which are
summarised in Table 1. A possible candidate animal model
not yet utilised for transgender research which may pro-
vide valuable information is the ovine model which unlike
rodents, has the additional advantage of expressing endog-
enous sex hormone-binding globulin [116] and their utility
for osteoporosis research in orthopaedics is clearly estab-
lished [117]. In this section, we will critically review the
findings from the two preclinical studies in bone by Goetz
et al. [118] and Dubios et al. [119ee] as well as identify
the gaps in our current knowledge and the critical research
questions that need to be addressed to better understand the
effects of GAHT on bone health in trans people.

The Effects of GAHT on Bone in Preclinical Mouse
Models of Female-to-Male Transition

The female-to-male mouse model developed by Goetz et al.
focussed on determining the long-term effects GAHT after
ovariectomy on bone with transitioning commencing either
at adolescence or early adulthood. Female mice were ova-
riectomised at 6 or 10 weeks of age and administered vehicle
or testosterone (dose used in trans men adjusted for average
mouse body weight, 31 pg/week) at the time of ovariectomy
for 14 or 10 weeks, respectively [118]. Serum testosterone
concentrations were moderately increased by 1.35- to 1.5-
fold compared to ovariectomised controls, whilst serum
estradiol concentrations were unaffected. These data sug-
gest that the dose of testosterone was insufficient to exert
negative feedback on the HPG axis to inhibit estradiol
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Table 1 (continued)
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To determine the effects and mechanisms of long-term T

Species, strain and type of GAHT Study aim

Mice

Springer

following T treatment is mediated via a T-cell/IL-17R-de-

pendent mechanism

treatment on cardiovascular function in female-to-male mice

C57BL/6 7

Masculinising

Mice

Reiche et al. 2022 [134]

T inhibits cutaneous wound healing in female-to-male mice

To determine the effect of GAHT on wound healing in

and is characterised by increased mRNA expression of

female-to-male mice

C57BL/6]

inflammatory cytokines, TNFa concentrations and mac-

rophage proliferation in the wound

Masculinising

Cruz et al. 2022 [135]

To develop a female-to-male mouse model of pubertal sup- ~ One of the first models to mirror female-to-male transition

Mouse

in adolescence using GNRHa treatment followed by T

therapy

pression and GAHT

C57BL/6N Puberty Suppression

Masculinising

Rat

Tassinari et al. 2023 [136]

The sex-specific expression of CYP450 was suggested as a

To establish dosing regimens and to identify biomarkers of

suitable biomarker to guide appropriate masculinising and

transition for future preclinical models of transgender health
feminising GAHT in preclinical models of transition

Sprague—Dawley

Masculinising and feminising

Abbreviation: Ovx, ovariectomy; HPG, hypothalamic pituitary gonadal; GnRHa, gonadotropin receptor hormone agonist; 7, testosterone; E2, estradiol; Veh, vehicle; wks, weeks; CA, cyproter-

one acetate; eCG, equine chorionic gonadotropin; 2CG, human chorionic gonadotropin; APOE, apolipoprotein E; CYP17, 17a-hydroxylase/17,20-desmolase

synthesis as observed in trans men following GAHT [120].
Alternatively, the ELISA method used lacked the sensitivity
required to detect significant differences between the groups
[45] evidenced by the unexpected detection of estradiol in
the ovariectomised control mice. Surprisingly, testosterone
treatment in young ovariectomised female-to-male mice at
6 weeks of age mice resulted in a—35% decrease in tra-
becular BV/TV compared to vehicle-treated ovariectomised
controls. In contrast, testosterone treatment had no effect on
BV/TV in females ovariectomised at 10 weeks of age. In
cortical bone, testosterone treatment increased bone area and
medullary volume which resulted in a decreased in cortical
bone fraction in the female-to-male mice ovariectomised at
6 but not 10 weeks of age. In the absence of intact age-
matched male and female control groups, the detrimental
effect of testosterone treatment on trabecular bone in the
female-to-male mice ovariectomised at 6 weeks of age is dif-
ficult to interpret. Given both the pubertal female control and
experimental groups were ovariectomised, one would pre-
dict that if the testosterone treatment administered was not
sufficient to promote bone accrual and/or preserve the exist-
ing bone in the absence of oestrogen, then over the course of
the experiment (14 weeks), both control and experimental
groups would have exhibited the same degree of bone loss
due to oestrogen deficiency. The exacerbated bone loss in the
adolescent ovariectomised females administered testosterone
is intriguing and warrants further investigation.

In a follow-up experiment, the authors examined whether
supplementing the testosterone treatment with a low dose
of estradiol (0.8 pg/week) could prevent the bone loss
observed in the early-transition model (Ovx and GAHT at
6 weeks of age) treated with testosterone alone. Following
14 weeks of treatment, serum estradiol concentrations were
increased fivefold whilst serum testosterone concentrations
were unaffected. The combination of testosterone and estra-
diol treatment increased both BMD in the spine and femur
by increasing trabecular BV/TV compared to testosterone
treatment alone. These data highlight the potential benefit
of supplementing GAHT in trans men who have undergone
ovariectomy in adolescence with a low dose of estradiol to
prevent the microstructural decay associated with oestrogen
deficiency.

To address whether the timing of commencement of
GAHT following pubertal suppression in trans boys impacts
the effects on bone composition and accrual, Dubios et al.
developed a mouse model of male-to-female transition
whereby puberty was suppressed in prepubertal C57B1/6
female mice at 4 weeks of age by GnRHa with testosterone
treatment commencing at either early puberty (6 weeks of
age) or late puberty (8 weeks of age) [119ee]. Body compo-
sition and bone microstructure and strength were assessed
at 16 weeks of age at a time when peak bone mass has been
achieved and importantly, all analyses were compared to
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both male and female controls. GnRHa treatment in prepu-
bertal female mice altered body composition characterised
by increased body fat mass and decreased lean mass, grip
strength, peak bone mass accrual and strength compared to
male and controls. Independent of the time of administra-
tion, testosterone reversed the impact of GnRHa in female-
to-male mice on body composition to male control levels,
whilst cortical bone mass and strength were restored to
female control levels. Early testosterone treatment restored
the GnRHa associated deficit in trabecular bone volume to
male values with late testosterone treatment reversing tra-
becular bone volume to female levels. Importantly, if these
data are translated to humans in future studies, then com-
mencement of GAHT in trans boys, irrespective of timing
following puberty suppression, will restore bone health by
reversing the negative impact of GnRHa on body composi-
tion similar to that of cis males, whilst restoring peak bone
mass and strength to levels observed cis females, thereby
maintaining bone health and decreasing fracture risk.

Critical Questions Related to Transgender
Bone Strength That Can Be Answered Using
Preclinical Models

In addition to the significant information, preclinical models
can provide on the effects of GAHT on bone microstructure
and cellular activity in both trans men and women, perhaps
their greatest value is the data they can provide related to
fracture risk by the ability to perform direct measures of
bone elasticity and strength, which is not possible in humans.
Together, understanding the changes to bone microarchi-
tecture, bone remodelling and strength following GAHT in
mice may allow inferences to be made regarding the effects
of GAHT in trans people, potentially including predictions
regarding fracture risk This is particularly important as
given that clinical data regarding the effects of GAHT on
fracture risk in trans men and trans women is limited to
two studies [23, 30], whilst fracture risk in trans adolescents
undergoing GnRHa and GAHT have not yet been reported.

Preclinical models also provide a unique opportunity
whereby a complete understanding of the importance of aro-
matase activity within bone for preserving skeletal integrity
in both males and females, during puberty and adulthood can
be gained. This key information might then be used to per-
sonalise strategies to preserve bone health in people receiv-
ing GAHT as well as provide the basis for the development
of potential new therapies targeted at increasing aromatase
activity in bone. The use of preclinical models of transition
may also facilitate the optimisation of GAHT in trans people
by testing the effectiveness of interventions such as exercise
or osteoporotic therapies in preserving skeletal integrity if
required. Furthermore, preclinical models will also allow

the trialling of novel compounds for GAHT such as selective
oestrogen receptor modulators (SERMs) [121] or aromatase
inducing agents [122]. These would not only pertinent to
trans patients but also to patients with other degenerative
bone disorders such as osteoporosis.

Conclusion

It is apparent from the existing literature that despite the
transgender population being a significant and increasing
sector of our community, they are a poorly studied popula-
tion evidenced by many clinical studies that lack pertinent
controls or are performed retrospectively. The most appro-
priate control group for these studies would be trans indi-
viduals who are GAHT naive but since withholding GAHT
is considered unethical, recruitment of these patient cohorts
is not possible. In addition, other factors including person-
alised treatment regimens, socioeconomic factors and bar-
riers accessing healthcare make designing rigorous studies
investigating bone health in trans peoples extremely chal-
lenging. Preclinical models offer the opportunity to provide
significant insight into the fundamental aspects of the physi-
ological actions of GAHT on bone to regulate its activity and
provide the unique opportunity to answer the long-standing
question in bone biology, that is, what is the contribution
of circulating concentrations of sex hormones versus their
local concentrations within bone in maintaining skeletal
integrity? These data are essential to fully understanding
the effects of GAHT on bone health in trans people. Should
deleterious effects of GAHT on bone health be identified,
preclinical models might prove useful to test interventions to
preserve skeletal integrity and strength during GAHT. Such
insights have the potential to inform human physiology and
may ultimately contribute to refining clinical approaches to
preserve bone and to prevent fractures in transgender people
undergoing GAHT, including prescribed targeted lifestyle
measures and personalised therapies which in selected cases
may include osteoporotic drug therapy. Crucially, if consid-
ered together, the data generated from well-designed clini-
cal and preclinical studies will assist with the ultimate goal
of allowing individuals to transition to their desired gender
without compromising their bone health.
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