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Abstract

Ovarian function is controlled by pituitary secretion of luteinizing hormone (LH) and follicle stimulating hormone (FSH), which in turn are governed by
gonadotropin releasing hormone (GnRH) secreted from the brain. A fundamental principle of reproductive axis regulation is negative feedback
signaling by gonadal sex steroids back to the brain to fine-tune GnRH and gonadotropin secretion. Endogenous negative feedback effects can be
mimicked by exogenous steroid treatments, including androgens, in both sexes. Indeed, a growing number of clinical and animal studies indicate
that high levels of exogenous androgens, in the typically male physiological range, can inhibit LH secretion in females, as occurs in males.
However, the mechanisms by which male-level androgens inhibit GnRH and LH secretion still remain poorly understood, and this knowledge gap
is particularly pronounced in transgender men (individuals designated female at birth but identifying as male). Indeed, many transgender men take
long-term gender-affirming hormone therapy that mimics male-level testosterone levels. The impact of such gender-affirming testosterone on
the reproductive axis, both at the ovarian and neuroendocrine level, is a long-understudied area that still requires further investigation. Importantly,
the few concepts of androgen actions in females mostly come from studies of polycystic ovary syndrome, which does not recapitulate a similar
androgen milieu or a pathophysiology of inhibited LH secretion as occurs in testosterone-treated transgender men. This review summarizes
clinical evidence indicating that exogenous androgens can impair neuroendocrine reproductive function in both female individuals and transgender
men and highlights emerging experimental data supporting this in recently developed transgender rodent models.

Key Words: GnRH, kisspeptin, testosterone, LH, transgender, GAHT

Abbreviations: AR, androgen receptor; ARC, arcuate nucleus; ARKO, androgen receptor knockout; DHT, dihydrotestosterone; E,, estradiol; ERa/p, estrogen
receptor alpha/beta; FSH, follicle stimulating hormone; GAT, gender-affirming testosterone; GnRH, gonadotropin releasing hormone; GnRHa, gonadotropin
releasing hormone agonist; HPG, hypothalamic-pituitary-gonadal; IVF, in vitro fertilization; KNDy, kisspeptin, neurokinin B, and dynorphin; KO, knockout; LH,
luteinizing hormone; PCOS, polycystic ovary syndrome; RP3V, rostral periventricular nucleus of the third ventricle; T, testosterone; TGN, transgender men

(or gender nonbinary people assigned female at birth).

Ovarian function is controlled, in part, by luteinizing hor-
mone (LH) and follicle stimulating hormone (FSH) secreted
from the pituitary. Secretion of these gonadotropins is
governed by upstream secretion of gonadotropin releasing
hormone (GnRH) from neurons in the forebrain. A funda-
mental tenet of hypothalamic-pituitary-gonadal (HPG) axis
regulation is negative feedback by gonadal sex steroids, in-
cluding estrogens, progestins, and androgens, to the brain to
fine-tune GnRH and gonadotropin secretion. Although often
informally considered male hormones, androgens are also
synthesized in females and can have important physiological
actions in both sexes. While the concept of androgen negative
feedback was first proposed in the 1930s (1), the actual
physiological and molecular mechanisms by which endogen-
ous—or exogenous—androgens act to inhibit GnRH and
LH secretion still remain poorly understood, and this knowl-
edge gap is particularly pronounced in females. This issue is of
emerging importance for transgender males (designated as fe-
male at birth) taking high levels of exogenous androgens for
gender-affirming therapy. This mini-review will briefly sum-
marize clinical evidence indicating that androgens can act to
alter neuroendocrine reproductive function in both females

and transgender males (individuals assigned female at birth
but having male identity) and will highlight emerging experi-
mental data supporting such neuroendocrine effects in recent
transgender rodent models.

Androgens and Reproductive Neuroendocrine
Function in Healthy Females

Testosterone can induce physiological effects by either directly
binding and signaling via the androgen receptor (AR) or, after
first being aromatized to estradiol (E,), by activating estrogen
receptors (eg, ERa, ERB). The androgen receptor (AR) gene,
located on the X chromosome, is pivotal in male reproduction
and development. AR mutations in males result in female
genitalia (testicular feminization; Tfm) and infertility (2),
and androgen deficiency causes infertility in men (3-5).
Along with driving sperm production, testicular testosterone
(T) feeds back to the male brain to inhibit the secretion of
GnRH, and hence LH, in a classic negative feedback loop.
This endogenous negative feedback effect is mimicked by ex-
ogenous T treatment which inhibits LH pulse secretion in both
men and male animals (6-12). This androgen effect in males is
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likely due, at least in part, to AR signaling, as nonaromatiz-
able androgens like dihydrotestosterone (DHT) can also in-
hibit LH secretion, including LH pulse frequency, in both
men (7, 13-16) and male animals (17, 18), and AR antagonists
can correspondingly increase LH pulses in men (19-24).
However, how this androgen negative feedback action occurs
is still poorly understood.

As in males, androgens also have important actions on the
female HPG axis, with both androgen excess and androgen
deficiency impacting female fertility. Although endogenous
androgens are normally “low” in healthy females vs males
(general range in healthy women: 15 to 60 ng/dL; general
range in healthy men: 320 to 1000 ng/dL (25-28)), clinical evi-
dence suggests that hypo-androgenemia in females (below
their normal levels) can impact their neuroendocrine regula-
tion of gonadotropins, cyclicity, and ovulation (29-33).
Similarly, global knockout (ie, all cells in the body) of AR
in female mice (“ARKO” mice) induces prolonged estrous
cycles, fewer and smaller litters, and subfertility (34-38).
Importantly, reciprocal ovary transplant studies show that
ARKO female mice receiving wild-type ovary transplants still
exhibit abnormal estrous cycles (39), indicating their subfertil-
ity due to AR deficiency is at the neuroendocrine rather than
ovarian level, but the mechanisms for this are still unknown.

Separate from an important role of low levels of endogen-
ous androgen on the female HPG axis, multiple lines of clinic-
al evidence indicate that elevated levels of exogenous
androgens can potently inhibit the HPG axis, including pituit-
ary LH secretion, in normal females, similar to what occurs in
males. Indeed, in women without polycystic ovary syndrome
(PCOS), LH levels in the blood are reduced by exposure to
high T levels in the normal male physiological range (40-42)
(ie, circulating T levels that are much higher than elevated lev-
els typically seen in PCOS, the latter of which are typically
<200 ng/dL (43-46)). LH is normally secreted in pulses, of
which pulse frequency, amplitude, pulse peak concentrations,
and intervening basal levels can each be modulated by differ-
ent factors, including influences at both the level of brain and
pituitary. Given the need to collect many serial blood samples
over the course of 6 to 12 hours to properly measure LH pulse
patterns, clinical studies of LH pulse secretion are less common
than measuring LH in single “one-off” samples. Still, several
clinical investigations in healthy women have reported that in-
hibitory effects of male-level androgens include decreasing LH
pulse frequency (40-42), indicating a suppressive action specific-
ally on some component of the brain’s “GnRH pulse generator”
mechanism (discussed more below). Similar findings of andro-
gen inhibition on LH pulses were reported in healthy ovulatory
adolescent girls: while infusion of a low T dose similar to PCOS
levels resulted in slightly greater LH levels, an infusion of a
higher T dose closer to the male physiological range suppressed
mean and basal LH release and reduced LH pulse frequency
(47). Mimicking these inhibitory effects of acute exogenous
T treatment, women with markedly elevated endogenous T
due to androgen-secreting tumors can similarly show decreased
LH, including reduced LH pulse frequency (42, 48, 49).

Currently, it is unknown which specific steroid receptor path-
way(s) mediate exogenous T inhibition of LH secretion in
females. Importantly, clinical studies demonstrate that like T,
nonaromatizable androgens (eg, DHT) can similarly decrease
LH pulse secretion in women (50) (as in men (7, 13-16)).
These DHT effects in females suggest a sufficient role for AR
signaling pathways in mediating the observed LH inhibition
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after exogenous androgen treatment, though it does not ex-
clude a possible important role for ERa or ERp signaling after
potential aromatization of T to E,.

Androgen Inhibition of the HPG Axis and LH
Secretion in Transgender Men

Exogenous T exposure may have inhibitory effects on the re-
productive axis in transgender individuals (gender identity dif-
fering from assigned sex at birth). In the United States alone,
~1.6 million adults self-identify as transgender (51) and this
prevalence is not only growing but likely higher than reported
due to selection bias and social stigma (52-57). Among trans-
gender individuals, 1/3 to 1/2 report masculine gender identity
after female sex assignment at birth and therefore identify as
transgender men (or gender nonbinary people; collectively
designated TGN hereafter). Gender-affirming hormone ther-
apy, typically testosterone treatment producing circulating
T levels in the physiological range of adult men, is the main-
stay of gender-affirming medical care in adult (postpubertal)
TGN (235, 58, 59). Such gender-affirming T (termed hereafter
as GAT) treatment is used to masculinize physical character-
istics, including facial hair growth, voice deepening, body
fat redistribution, and muscle mass, and to also suppress fe-
male characteristics such as menstrual cycles and breast
growth (59-65). Aligning gender presentation with gender
identity via GAT therapy has also been shown to improve
overall quality of life (25). The Endocrine Society recom-
mends that GAT treatments, typically via intramuscular or
subcutaneous injections or transdermal applications (66, 67),
produce circulating serum T levels within the typical physio-
logical range of cisgender men (320 to 1000 ng/dL) (25).
Serum T values in GAT-treated TGN are therefore elevated
as much as 10- to 15-fold over pre-GAT levels and commonly
induce menstrual suppression by 3 to 6 months (60-62, 64, 68).

Importantly, from an HPG axis perspective, many TGN
may desire childbearing and may even engage in vaginal inter-
course with the potential to conceive spontaneously (69-75).
Yet, the majority of TGN undergoing GAT often become
amenorrheic (61-63) and cannot easily conceive, if at all,
while on GAT. Indeed, high anovulation rates are reported
in TGN undergoing GAT (76), although it is currently un-
known how high-level T contributes to such pathophysiology
or to inhibiting menstrual cycles. Apart from conceiving spon-
taneously, in vitro fertilization (IVF) may be an option for
some TGN, but usually requires unwanted, prolonged cessa-
tion of GAT to reverse the HPG inhibition, the time course
and precise mechanisms of which are poorly understood.
More clinical studies are needed to better understand how
GAT in TGN impacts LH secretion and ovarian function,
both during and after cessation of such chronic, male-level an-
drogen exposure. While a number of recent studies have be-
gun to look in detail at TGN ovarian biology in this regard
(77-81), GAT effects on neuroendocrine brain and pituitary
function in TGN have been largely understudied.

To date, very few clinical studies have compared serum LH
levels in TGN before and after initiation of GAT, and the lim-
ited reports have yielded inconsistent results, in large part due
to very small sample sizes, variability in T doses and durations
studied, and historical RIA technology that limited assay
sensitivity (41, 60, 64, 65, 82-84). However, the collective
evidence suggests that unlike some TGN sampled after short-
term GAT and/or lower GAT doses, most TGN receiving
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prolonged GAT producing circulating high T levels in the
male range show inhibited LH levels (41, 60, 65, 84, 85).
Even fewer TGN studies have analyzed measures of LH pulsa-
tility during GAT. Although one study reported no change in
LH pulse pattern after short-term (6 weeks) low-dose oral T
(83), another study by the same group reported a trend for re-
duced LH pulse frequency after longer GAT (6 months; given
intramuscularly) at a higher male-like T dose considered
standard for TGN (60). While promising, the data in both
LH pulse studies was quite variable, likely due to inadequate
sample sizes (n=5-6/group), and thus statistical analyses
were unfortunately underpowered. In fact, most prior studies
of LH pulses in T-treated women or TGN unfortunately had
heterogeneity of T treatment and very small sample sizes
and, hence, even moderate variability limited conclusions.
More LH pulse studies are needed to rectify this with larger
sample sizes and enhanced statistical power, along with
more consistent T dosing and duration.

Circulating FSH in TGN before and after GAT initiation
has been studied less than LH, and there are conflicting reports
of either reduced or unaffected FSH levels owing to GAT
treatment, again likely reflecting inconsistent T dosing, dur-
ation, and ovarian status between studies (41, 60, 85-87).
However, as with LH, studies using higher or longer GAT
doses are more likely to report inhibited FSH levels in TGN
(41, 60, 85). This matches reports of inhibited FSH in men
and women treated with T (40, 88-90), but more evidence is
needed to rigorously assess GAT effects on FSH secretion
over time and determine whether this mirrors the typically ob-
served reduction in LH secretion.

It is critical to emphasize that although androgens are often
elevated several-fold in many women with PCOS vs healthy
women (91-97), circulating T levels in PCOS women are not
usually above 200 ng/dL and therefore not nearly as high as
the typical physiological range of androgens in men (320 to
1000 ng/dL), the latter of which is the target range for GAT.
Therefore, circulating T levels in PCOS are often 3- to
10-fold lower than in most transgender men taking GAT (60-
63, 81, 98). This notable difference in the degree of “androgen
excess” between PCOS women and GAT-treated TGN is crit-
ical, given the different neuroendocrine profiles of elevated
LH in the former vs suppressed LH in the latter. Indeed, the dys-
functional relationship between moderate hyperandrogenemia
and abnormally high LH secretion in PCOS (99, 100) sharply
contrasts with the observed lower (inhibited) LH secretion
induced by higher male-level T in healthy females and TGN
(6, 7, 13, 14, 40, 50). This distinction is important, because
much of what little is known about androgen excess effects
on LH in females has traditionally come from studies of
PCOS (reviewed in (94, 101-105)), which does not mirror the
developmental or physiological endocrine status of healthy
women or TGN. Thus far, T effects on female neuroendocrine
reproductive function in non-PCOS women remains under-
studied but is important to pursue, especially for the rapidly
growing TGN population. It is also worth noting that some
TGN individuals also have PCOS (106, 107), which may pro-
duce a complex endocrine condition if exogenous GAT is also
layered on; this might complicate interpretations if not properly
accounted for in clinical studies. However, possible interactions
between GAT and PCOS physiology in TGN have not yet been
studied long term and remains incompletely understood.

Besides potential inhibitory effects of high androgen levels on
LH pulse release, prolonged GAT in TGN may also possibly

disrupt LH surge secretion (which triggers ovulation) by inter-
fering with ovarian steroid positive feedback, but this possibil-
ity has not yet been systematically evaluated. Importantly, a
recent study of ovarian function in TGN identified only a single
ovulatory event in a total of 61 person-months of GAT, along
with demonstrated menstrual irregularity (76). Moreover, tran-
sient rises in pregnanediol-3-glucoronide (a hormonal marker
that can indicate ovulation if sustained at high levels for several
days) followed by irregular bleeding episodes were suggestive
of dysfunctional ovulatory cycles in 22% of these TGN subjects
(76). Whether this reflects absent or diminished E, positive
feedback induction of LH surges during GAT is not known,
and at present only one small study has examined LH surges
during GAT. Importantly, in that study, normal positive feed-
back responses of LH secretion to exogenous E, treatment
were absent in GAT-treated TGN (108); this suggests that the
ability of E, to trigger the LH surge may be disrupted by
GAT. Further detailed investigation in larger, prospective
TGN cohorts is warranted to determine the impact of pro-
longed GAT on both LH pulses and LH surges.

It is worth noting that some TGN discontinue GAT for the
purpose of achieving pregnancy or pursuing IVF. Interestingly,
studies indicate that circulating T levels in TGN return to
physiologic female range within 8 to 12 weeks of GAT cessation
(109), yet retrospective cohort studies in amenorrheic TGN pur-
suing fertility treatment suggest that 5 to 9 months of T cessation
are often required for return of normal menstruation (110-112).
LH surges or ovulation prior to bleeding was not documented
in these studies, so the actual time required for resumption of
normal HPG neuroendocrine function after stopping GAT is
unknown. Interestingly, TGN who discontinued GAT prior
to fertility treatment also required higher gonadotropin doses
to achieve similar ovarian stimulation outcomes compared to
TGN who had not been on GAT, suggesting a lingering inhibi-
tory effect on the ovaries (111, 112). Overall, these observations
suggest a potential enduring effect of GAT on HPG suppression,
with serum androgen levels returning to physiologic normal lev-
els several months (or more) before resumption of menstruation
and possible ovulation. Although restored LH pulse secretion
likely precedes the restoration of menses and ovulation follow-
ing GAT cessation, the time course and mechanisms for revers-
ibility of each has not been rigorously studied.

Emerging Animal Models of Androgen Action
on the Reproductive Axis of Transgender Males

As noted above, circulating androgens in PCOS women are
several-fold lower than in TGN taking GAT, and the abnor-
mally high LH secretion in the face of moderate hyperandro-
genemia in PCOS contrasts the decreased LH in healthy
females and TGN treated with exogenous male-level andro-
gens (6, 7, 13, 14, 40, 50, 98). Moreover, in most animal
models of PCOS, androgen excess is initiated prenatally or
peripubertally (to model PCOS in women) and this develop-
mental timing of androgen excess does not mimic postpuber-
tal (young adult) initiation of GAT in most TGN. These
critical differences necessitate the use of non-PCOS animal
models to study mechanisms of high-concentration T effects
on neuroendocrine function in TGN. To meet this experimental
gap, a slowly growing number of studies have invoked animal
models of male-level androgens in adult females (reviewed in
(113-115)). To date, most of these have been in rodents, espe-
cially with respect to HPG and reproductive neuroendocrine
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axis effects (the focus of this review). However, one of the first
animal studies of male-level T effects on female reproductive
neuroendocrine function was in 1985 in adult female monkeys
and clearly demonstrated a large inhibitory effect of T treat-
ment on LH pulse secretion, including LH pulse frequency
(116). While this outcome was later mirrored by another study
showing exogenous androgens can inhibit overall LH levels in
female monkeys (117), fewer non-rodent transgender models
exist overall and expanding to other species is an important fu-
ture avenue of research.

Most rodent models for mimicking reproductive axis effects
of GAT in TGN administer chronic T to young adult female
mice or rats, using treatments that produce circulating T levels
in the male physiological range rather than lower, moderately
elevated T levels typical of PCOS (Fig. 1). The route and dose
of the T treatment in these rodent models varies between stud-
ies, with administration methods including repeated T injec-
tions or various T-containing implants. Likewise, durations
of T treatment vary depending on outcomes being measured,
ranging from several weeks to several months. The onset of
treatment typically begins in postpubertal, young adults to mir-
ror the age when TGN typically begin GAT therapy. It is im-
portant to note that while these transmasculine animal models
mimic the hormonal and physiological conditions of genetic
XX individuals exposed to exogenous androgens and are there-
fore valuable to study biological and physiological impacts of
chronic androgen exposure, gender identity-related measures
have not been studied; however, gender identity itself is not ex-
pected to change in such postpubertally treated rodents.

Two initial studies conducted by Goetz and colleagues
sought to mimic transgender male phenotypes in female
mouse models. These studies treated either early postpubertal
(6 weeks old) or young adult (10 weeks old) female mice with
recurring weekly subcutaneous T injection (31 pg/week),
termed cross-sex therapy, and focused on bone and athero-
sclerosis outcomes (118, 119). However, reproductive out-
comes or reproductive hormone measures were not assessed,
and the circulating T levels produced by the injections, while

GAHT (Testosterone)

Testosterone
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- =

(post- 4 S R4 m

S
pubertal) N 4
4

HPG effects:
Male-levels of T
Impaired cycles

Reduced LH

Anovulation

Figure 1. Mouse models of transgender men typically utilize young
adult females treated for weeks or months with exogenous
androgens, typically T, in the male physiological range. Such T
treatments are given as either injections or pellet implants and initiated
in young adulthood. As discussed in the text, such emerging
transgender male mouse models mimic many of the known
reproductive axis impairments reported in transgender men taking
gender-affirming T (GAT) therapy, including impairments of cycles and
reduction in circulating LH levels. These similarities suggest that these
animal models may be useful for further mechanistic studies of
androgen actions in XX individuals, especially with respect to
neuroendocrine aspects which are more difficult to study in humans.
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higher than that of oil control mice (118, 119), did not appear
to be elevated enough to reach adult male mouse levels, al-
though this was not tested to be certain. Subsequently,
Kinnear and colleagues provided one of the first detailed re-
ports of a transgender male mouse model studying male-level
T effects on HPG axis parameters (120). This study tested sev-
eral doses of T enanthate, delivered via twice-weekly injec-
tions for 6 weeks, to young adult (~ 2 months old) female
mice. All females had their estrous cycles assessed, via daily
vaginal cytology, before and after initiation of T treatment.
Opverall, the HPG axis of T-treated females was significantly in-
hibited. Both the 0.225 mg or 0.45 mg dose of T rapidly in-
duced cessation of cyclicity and persistent diestrus (120).
Moreover, at 6 weeks of treatment, T-treated mice exhibited
elevated circulating T levels in the male physiological range
along with significantly reduced circulating LH levels but no
major change in FSH levels. T-treated mice also had increases
in clitoral area and uterine size, and atretic cyst-like late antral
follicles. However, there was no reduction in primordial, pri-
mary, secondary, or total antral follicle counts, indicating that
T therapy did not deplete ovarian reserves. Importantly, ovaries
of T-treated mice demonstrated a complete absence of corpora
lutea (120), indicative of anovulation. These phenotypic out-
comes nicely mirror similar changes in TGN after prolonged
GAT, including absent menstrual cycles, decreased LH, and in-
dices of anovulation. However, while a major focus of this study
was on ovarian phenotype and histology, the only neuroendo-
crine assessments were the single measurement of LH and FSH.

Following the report by Kinnear et al (120), several add-
itional studies from the same investigators, as well as other
labs, similarly reported inhibition of the HPG axis in young
adult female mice given male levels of T via weekly injections
or subcutaneous T implants (Fig. 1) (121-126). Most of these
studies focused on ovarian outcomes, with confirmation of in-
hibited corpora lutea in T-treated mice along with detailed
analyses of ovarian follicle development and histology, oo-
cytes, and ovulation induction efficacy (reviewed in detail in
(114)). Many of these studies also confirmed that estrous
cycles were severely impaired or absent (persistent diestrus)
following male-level T treatment (121-126). Importantly, a
few of these studies also reported that T-induced inhibition
of cycles was reversible upon cessation of T treatment (121,
122, 124). Interestingly, the T treatment paradigm influenced
the time course with which estrous cycles resumed following T
cessation, with cycles resuming within just a few days after
subcutaneous T pellet removal but taking several weeks or
longer after stopping injections of T in oil (124). This time
course difference likely reflects the much slower decrease in
circulating T levels and return to baseline after stopping the
T injections vs T pellet removal (days vs weeks) (124), al-
though the reason why injected T took so many more weeks
to fully clear the circulation is not known. Regardless, this
time course should be considered in future experiments study-
ing physiological outcomes after cessation of T treatment.
Finally, it should be emphasized that most of these transmas-
culine mouse studies did not assess reproductive neuroendo-
crine measures. Indeed, only one of these subsequent mouse
studies measured LH or FSH during GAT treatment but con-
firmed the prior report by Kinnear et al (120) that a single
measure of serum LH was significantly suppressed by GAT
whereas FSH was not notably changed (123). Given the pau-
city of current information on FSH responses to GAT in ro-
dent models, it is not clear if the lack of detected change in
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FSH in T-treated female mice reflects a technical limitation
(eg, low physiological range in female mice or limited sensitiv-
ity of the mouse FSH assay) or a true biological difference be-
tween how the 2 gonadotropins are regulated.

Importantly, many TGN youth delay starting GAT until
postpubertal or young adult ages; before that time, during ado-
lescence, TGN may take GnRH agonist medication (GnRHa;
also known as puberty blockers) to suppress endogenous repro-
ductive hormones in order to delay or prevent incongruous pu-
berty (25, 66, 127, 128). Such GnRHa puberty-blocking
treatment is typically replaced later, at an age-appropriate
(young adult) time, with GAT to induce gender-congruent mas-
culine characteristics. Several recent studies in female mice and
rats have characterized the effects of peripubertal GnRHa treat-
ment on delaying sexual maturation and subsequent adult bone
health or cognitive or sexual behaviors (129-133). However,
few studies have followed the puberty-blocking GnRHa with
GAT in young adulthood and then assessed HPG parameters.
Dela Cruz and colleagues recently reported a female mouse
model assessing reproductive effects of peripubertal GnRHa
treatment prior to young adult GAT treatment (weekly T injec-
tions or subcutaneous T implants). Such GAT following adoles-
cent GnRHa treatment was sufficient to suppress adult
reproductive status, with female cycles being completely ar-
rested in persistent diestrus and reduced ovarian corpora lutea
(123, 134), as previously shown for GAT alone (120, 121,
126). A related study similarly treated female mice with
puberty-blocking GnRHa and then GAT in young adulthood
and reported that IVF was not greatly impaired by such hormo-
nal intervention (125). This contrasts with a different report of
diminished IVF outcomes during GAT treatment (134), al-
though these GAT-treated mice were still able to produce
some viable oocytes for fertilization and both studies agree
that peripubertal GnRHa treatment does not adversely affect
IVF outcomes. Additional studies in transgender male rodent
models are needed to better understand the impact of long-term
GAT, either alone or in combination with peripubertal GnRHa,
on HPG axis parameters, including LH secretion and fertility.

Possible Mechanisms Underlying Androgen
Inhibition of LH Secretion in Females and TGN

The physiological, cellular, and molecular mechanisms by
which male levels of androgens inhibit the neuroendocrine
axis, in particular GnRH and LH secretion, are still poorly
understood in both sexes, and greatly understudied in healthy
women and TGN. Animal models can offer potential insights
into how androgens may inhibit LH levels in females and
TGN, and this has begun to be addressed with respect to 2
mechanistic aspects: the receptor signaling pathway(s) and
specific cellular targets mediating androgen effects.

With respect to the first aspect, a key mechanistic question is
whether the observed inhibition of LH by GAT reflects andro-
gen actions directly via AR pathways vs actions indirectly via
ER pathways after T is aromatized to estradiol. Indeed, the
contributions of AR- and/or ER-mediated effects of GAT on
the HPG axis of TGN currently remains unclear, though it
is possible that AR signaling may be one mechanism by which
T suppresses HPG function in TGN, consistent with observed
LH inhibition by DHT (which acts exclusively via AR signal-
ing pathways) in both men and women (7, 13-16, 50). While
TGN currently do not take DHT treatment or other nonaro-
matizable androgens for their gender-affirming hormone

therapy, the experimental assessment of DHT effects in hu-
mans and female animal models permits selective isolation
of just AR-activated pathways, separate from any possible ef-
fects via ERa that may occur after T aromatization. One re-
cent study chronically treated young adult ovariectomized
female mice for 3 weeks with physiological male levels of
DHT, the dose of which was determined based on the ability
of such DHT implants to induce androgen-sensitive measures
(eg, seminal vesicle weights) in the normal adult male range.
Matching what occurs in humans given nonaromatizable an-
drogens (7, 13-16, 50), this DHT treatment in female mice
strongly inhibited both mean LH and endogenous LH pulse
secretion vs vehicle-treated controls, including robust de-
creases in LH pulse frequency and basal LH (Fig. 2) (135).
Moreover, mean LH levels (measured in single, one-off sam-
ples) are inhibited by 10 days of either T or DHT treatment
in adult female ERa knockout (KO) mice, also demonstrating
efficacy of DHT to mimic inhibitory T effects on LH secretion
(136). While rat models of transgender males have yet to test T
or DHT effects on LH secretion, several older studies in adult
ovariectomized female rats reported that LH was strongly in-
hibited by short-term (4, 7, or 14 days), high-dose DHT treat-
ment (presumed in at least one study to produce physiologically
functional male levels owing to normal seminal vesicle weights
in similarly treated males) (137-140). More recently, female
rats chronically treated with a lower, sub-male dose of DHT
similarly show strongly inhibited mean LH and suppressed pul-
satile LH secretion, along with persistent diestrus (141); while
this rat study did not utilize male-level androgens that mimic
GAT in TGN, the fact that lower levels of chronic DHT treat-
ment could, like higher DHT in other studies, markedly lower
LH secretion further supports AR pathways as a possible medi-
ator of androgen inhibition in females.

Collectively, the DHT effects in female rodents discussed
above (Fig. 2), along with similarly observed DHT inhibition
of LH in healthy women (50), indicate that AR signaling is suf-
ficient for androgen inhibition of the female neuroendocrine
reproductive axis. This suggests that AR signaling may be
one critical pathway for GAT’s inhibition of LH secretion in
TGN. Supporting this, AR is reported in multiple brain areas
and cell types in the female brain, including kisspeptin neu-
rons as discussed below. However, such a possible AR
effect does not rule out involvement of ERa signaling in also
modulating, fully or in part, LH inhibition during treatment
with aromatizable androgens, like T. Indeed, the potential
participation of AR and ERa in androgen inhibition in females
and TGN is not mutually exclusive and requires more investi-
gation. In both humans (142-145) and rodents (146-151), ar-
omatase in expressed in cells in many parts of the female brain,
including subregions and nuclei of the hypothalamus, amyg-
dala, thalamus, hippocampus, and cortex, providing a possi-
bility that some circulating GAT may be converted into E,
at a local neural level, although this has not yet been function-
ally studied in TGN models. In males, there is support from
studies in ERa KO and ARKO mice (lacking ERo or AR, re-
spectively) for preferential AR involvement over ERa in andro-
gen regulation of LH secretion (136, 152, 153), but little data
exists for AR vs ERa contributions in females, especially during
chronic male-level T exposure. Moreover, one recent study
in ovary-intact female mice reported no effect of chronic
(90 day) DHT treatment on LH pulses (154), contrasting
previously-reported inhibitory effects of shorter-term DHT
treatment in female mice (135, 136); whether this conflicting
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Figure 2. Exogenous chronic treatment of ovariectomized, young adult female mice with a nonaromatizable androgen (DHT) in the physiological

functional male range results in large decreases in LH pulse secretion (A), including inhibition of multiple pulse parameters like pulse frequency and
basal LH levels (B). This androgen inhibition of LH pulse secretion in ovariectomized female mice is accompanied by large reductions in their kisspeptin
(Kiss1) gene expression in the hypothalamic arcuate (ARC) nucleus (C), a brain region implicated in controlling GnRH and LH pulse patterns. [Adapted

with permission from Esparza et al, Endocrinology, 2020 (135).].

data reflects technical, methodological, or age differences, or
known limitations of quantifying low-level LH pulses in
ovary-intact mice, is unclear but suggests this issue still requires
further investigation.

A second mechanistic question regarding androgen inhib-
ition of LH is where such androgen action occurs, in terms
of target tissues and cell types. To this end, assessment of spe-
cific LH pulse parameters can begin to identify possible target
tissues of action within the neuroendocrine axis. The fre-
quency of LH pulse events is determined exclusively within
the brain, by components of the neural GnRH pulse generator
mechanism, whereas pituitary gonadotropes are not consid-
ered to play a critical role in setting the speed of LH pulses.
Conversely, the concentration of secreted LH, including basal
LH and pulse peak LH levels (and hence pulse amplitude, the
difference between the two), can be regulated at the level of
both the brain and pituitary, due to changes in the degree of
kisspeptin, GnRH, or LH synthesized or released. Thus, if
only some LH pulse parameters are affected (eg, pulse fre-
quency but not basal or amplitude, or vice versa) it can give
insight into possible targets of androgen action (eg, effects
on the brain’s GnRH pulse generator vs direct pituitary gona-
dotrope effects). It should be noted that brain and pituitary ac-
tions are not mutually exclusive, especially since AR is
expressed in both tissues. Indeed, in females, AR mRNA or
protein has been reported in both gonadotropes (155, 156)
and numerous brain regions, including, but not limited to,
multiple hypothalamic nuclei and neuronal populations
(157-165).

In both sexes, a consistently observed change in LH pulse
secretion across androgen studies is a decrease in LH pulse fre-
quency, which indicates inhibition within the brain on some
aspect of the GnRH pulse generator neural network. This is
supported by classic animal studies showing that sex steroids,
including androgens, can act in the brain, including the medial
basal hypothalamus, to provide negative feedback on GnRH
and LH pulses (166-176). However, GnRH neurons do not
express AR (or ERa) in either sex. Thus, endogenous or ex-
ogenous androgen-mediated inhibition on GnRH pulses
must occur indirectly in “upstream” neurons expressing AR
(or ERa, if aromatization of T has occurred). The identities
of the specific neurons mediating inhibitory androgen effects
on GnRH and LH secretion is still not fully known but may
involve hypothalamic kisspeptin neurons. Kisspeptin, en-
coded by Kiss1, is a neuropeptide that potently stimulates
GnRH neurons to release GnRH (177-180), thereby increas-
ing LH secretion (181-183). Kisspeptin-synthesizing neurons
are located in 2 hypothalamic regions, the preoptic area (the
rostral periventricular nucleus of the third ventricle [RP3V]
in rodents) and the medial basal hypothalamus (arcuate
[ARC] nucleus in rodents) (183-189), and project directly to
GnRH neurons (186, 190, 191). ARC kisspeptin cells are
often also called KNDy neurons based on their co-expression
of the neuropeptides neurokinin B and dynorphin (192-194).
Importantly, unlike GnRH neurons, kisspeptin neurons in
both the ARC and RP3V (termed ARC*"*® and RP3V*"** neu-
rons, respectively) express ERa and AR (141, 195-201), sug-
gesting that these populations are possible targets for sex
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steroids, including androgens. Indeed, the 2 kisspeptins popu-
lations are regulated by sex steroids but in an opposite man-
ner: E; and T each inhibit Kiss1 gene expression in the ARC
but stimulate Kiss1 expression in the RP3V (188, 195, 196,
202). The differential effects of sex steroids on ARCX™S and
RP3VX™S cells may functionally relate to these populations’
proposed roles in sex steroid feedback control of LH pulses
and LH surges, respectively (203, 204).

Importantly, with respect to androgen inhibition of LH
pulse frequency in women and TGN, recent evidence strongly
suggests that ARCX™S neurons themselves comprise the
GnRH pulse generator (205-208), making these neurons
prime candidates for direct androgen action to modulate LH
pulse secretion. Supporting this possibility, male levels of non-
aromatizable androgen (DHT) strongly inhibit both ARC
Kiss1 and Tac2 (neurokinin B) mRNA levels in the brains of
adult female mice, by ~70% and ~40%, respectively, correl-
ating with inhibited LH pulse frequency in these females
(Fig. 2) (135). Likewise, diminished ARC Kiss1 levels in the fe-
male brain, along with inhibited LH pulses, were similarly re-
ported for rats receiving chronic DHT treatment (141),
although a caveat is that those DHT levels were below the
male rat physiological range and were initiated during
puberty, which does not mimic current GAT paradigms in
TGN. Regardless, these findings support the possibility
that exogenous androgens may slow LH pulses in females
and TGN by inhibiting ARCX'® neurons (Fig. 2). Whether
such inhibition of female ARCX'®® neurons occurs via an-
drogens acting directly in these cells vs indirectly in other
AR-expressing neurons that communicate with ARC*® cells
is currently unknown, although the possibility for the former
is supported by reported AR expression in most female
ARCXS neurons (141, 159, 199, 200). Moreover, it has not
yet been assessed whether chronic exogenous male-level T
treatment, which better resembles GAT in TGN, also inhibits
female ARCX™S neurons as DHT does, although this seems
likely given prior reports that short-term T can inhibit ARC
Kiss1, at least in males (196, 202). If so, such T action could,
in theory, inhibit ARC Kiss1 via either AR or ERa signaling
after first being aromatized to E,, a possibility bolstered by
known inhibitory effects of E; on ARCX™® neurons (188, 195).

Potential Mechanisms of Male-Level Androgen
Inhibition of the LH Surge in Females and TGN

Separate from inhibiting GnRH and LH pulses in females or
transgender males, exogenous androgens might also impact
the preovulatory GnRH and LH surges during E,-positive
feedback, a critical endocrine process for triggering ovulation.
While there are very few studies that have directly assessed en-
dogenous ovulations or LH surges in TGN during GAT, one
recent study reported an ovulatory rate of only 4.5% (1 of
22 subjects) in TGN with a median 11 months on GAT ther-
apy (76). Likewise, fewer corpora lutea and other indices of
ovulatory impairment were reported in GAT-treated TGN
or women abusing anabolic steroids (high-concentration an-
drogens) (60, 209-211), although it also interesting to note
that some ovulatory events occasionally occur in a minority
of GAT-treated TGN (211), for reasons currently unknown.
Matching these few clinical reports, corpora lutea are notably
absent in ovaries of transgender male mouse models
(T-treated female) (120, 123). However, in all cases, it is un-
known if the observed anovulation reflects impaired upstream

secretion of LH surges and/or ovarian-specific impairments
that prevent ovulation. In both TGN and rodent models, en-
dogenous E,-generated preovulatory LH surges during GAT
are difficult to study since the exogenous male-level T damp-
ens basal LH drive to the ovaries and arrests menstrual/estrous
cycles such that the specific cycle stage for endogenous LH
surges no longer occurs. Evaluating whether the neuroendo-
crine component of LH surge generation is compromised by
GAT therefore needs to be studied under experimental condi-
tions that maintain (or experimentally provide) positive feed-
back levels of E, during GAT. Intriguingly, one clinical study
employed such a paradigm and determined that prolonged
GAT blocked E,-induced LH surges in TGN who had previous-
ly shown normal E,-induced LH surges prior to GAT (108).
This suggests that GAT may impair the neuroendocrine mecha-
nisms generating LH surges in response to elevated E,. This has
yet to be studied in TGN animal models, although a similar find-
ing of absent LH surges in response to elevated exogenous E,
treatment was reported in female rats given a lower, sub-male
androgen dose (along with a lack of corpora lutea) (141).
This lower-dose androgen blockade of LH surges potentially
suggests that higher GAT-like doses of androgens may similarly
inhibit the LH surge in female rodents, supporting the few find-
ings thus far in TGN.

Precisely how exogenous androgens might inhibit GnRH
and LH surges is not yet known but AR is expressed in pituit-
ary gonadotrope cells (155, 212-214) and it is possible that
GAT could act directly in the pituitary to block or lower LH
surge release. Indeed, direct pituitary action of androgens
have been shown to moderately lower exogenous GnRH-
induced LH secretion (either pulses of GnRH or a large
GnRH bolus) (135, 214). However, in mice, this pituitary-
localized androgen action only partially reduces LH release
by ~25% to ~35% (135, 214) and it is unclear if such minor
reductions mimic the degree of LH surge inhibition possibly in-
duced by GAT. Relatedly, in female rats given chronic sub-male
levels of DHT, a bolus injection of GnRH agonist failed to elicit
a robust increase in LH as occurred in control females, support-
ing a possible pituitary site of action for androgen inhibition of
LH in females, although adult, male-level T was not similarly
tested. Interestingly, a selective pituitary AR knockout in fe-
male mice ameliorated inhibitory effects of a sub-male DHT
dose (PCOS-level) on LH surges and corpora lutea formation
(214). However, such pituitary AR knockout did not rescue
all reproductive measures back to healthy wild-type levels, sug-
gesting additional sites of androgen action beyond the pituitary.
Moreover, male-level androgens implemented in adulthood
were not tested, precluding comparison to GAT effects in TGN.

While AR in gonadotropes may mediate part of androgen’s
potential blockade of LH surges, upstream androgen actions
in the brain may also play a role. Indeed, androgen actions in
the brain and pituitary are not mutually exclusive and both
may occur simultaneously. Because GnRH cells lack AR, other
brain targets for exogenous androgens would possibly be in-
volved, including RP3V*™® neurons, which are normally acti-
vated by elevated E; to drive GnRH and LH surge generation
(187,197,204, 215). RP3VX'S neurons express ERa and pro-
gesterone receptor (PR), both essential for generating LH surges
(216-219), and also express AR (201). Yet, the function of AR
in RP3VXS neurons is currently unknown. Although short-
term T treatment can, like E,, increase KissI mRNA levels in
the RP3V, activation of AR pathways by DHT treatment has
no such stimulatory effect on RP3V Kiss1 levels (196, 202),

20z Jequierdes /| uo Jasn JAILOVNI - 6690 Aieiqi] pswolg sjeuss Aq G0S¥.22/€ L Leebq/QL/G91/8|o1ie/opus/woo-dno-ojwepede//:sdyy woly pepeojumoq



suggesting that the Kiss1 gene may not be AR-regulated in these
neurons. It remains possible that AR signaling affects other
genes in female RP3V™S cells to inhibit these neurons’ func-
tion, but this needs to be determined. Relatedly, chronic im-
plantation of sub-male levels of DHT in female rats inhibits
RP3V Kiss1 mRNA levels and also partially lowers RP3V<!SS
neuronal activation (cfos induction) during experimental E,
positive feedback, correlating with impaired LH surges in these
DHT-treated females (141). This interesting finding requires
further investigation, both with male-level androgen treatment
and in additional species, before definitive conclusions can be
made with respect to possible mechanisms occurring in TGN.
Interestingly, in the DHT rat study, very few RP3V<™ neurons
expressed AR (~2%) despite reduced RP3VX™* activation and
suppressed LH surges (141). This low AR co-expression differs
from higher expression reported in mouse RP3VX™ neurons
measured via RNAseq (201). Whether this difference reflects
the different hormonal milieu at the time the mouse and rat
brains were collected or other technological or species differen-
ces is unclear. Yet, the reported low AR levels in female rats
could suggest that suppression of LH surges by androgens might
be due to androgen action in non-RP3VX!S cells, including pos-
sible pituitary action.

Conclusions

Clinical and mechanistic understanding of androgen inhib-
ition on the neuroendocrine reproductive axis in females and
TGN in healthy, nondisease states is a long-overlooked area.
Historically, there has been a dearth of credible, rigorous clinic-
al investigation on androgen effects on LH pulses, LH surges,
and ovulatory function in TGN during GAT, and many con-
cepts of androgen actions in women come primarily from
PCOS which does not recapitulate a similar pathophysiology
for inhibited LH secretion as in GAT-treated TGN. Only a small
handful of prior and recent clinical studies have tackled this

RP3V . ?
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issue in TGN, and while several experimental and sample size
limitations exist in those studies, the emerging consensus indi-
cates that exogenous male-level androgens can inhibit LH secre-
tion, including LH pulse secretion parameters and perhaps LH
surge magnitude, especially with prolonged GAT durations.
These critical findings provide an important neuroendocrine
link to common menstrual cycle impairments and likely anovu-
lation in a majority of TGN taking prolonged GAT. More clin-
ical studies with greater sample sizes and statistical power, and
consistent dosing and durations of GAT, are needed to under-
stand male-level androgen effects on specific LH pulse parame-
ters, including pulse frequency. Future neuroendocrine clinical
studies also need to consider evaluating both longer term effects
of GAT (beyond just 6-12 months as has been most common)
and neuroendocrine effects of GAT withdrawal. Indeed, long-
term effects of chronic high-level androgen exposure in females
are not well studied but are important considering that most
TGN will likely take GAT for most of their adult lives.

The clinical observations of lower LH in TGN during GAT
therapy necessitates experimental interrogation of possible
underlying mechanisms by which male-level androgens can in-
hibit, directly or indirectly, LH secretion and menstrual cyclic-
ity in females and TGN. To this end, emerging animal models
(thus far, primarily rodents) are starting to assess the impact
and mechanisms of male-level androgen action on the adult fe-
male HPG axis. While most studies have evaluated ovary al-
terations, only a few assessed neuroendocrine parameters
(eg, GnRH, LH, FSH). Based on the limited current data avail-
able, a working model of androgen action in healthy females
and TGN posits that male-level exogenous androgens may in-
hibit the female reproductive neuroendocrine axis by acting,
directly or indirectly, on hypothalamic kisspeptin neurons to
thereby alter downstream GnRH and LH pulse secretion
and possibly GnRH and LH surges, as well as (to a lesser
degree) direct action in pituitary gonadotropes (Fig. 3).
Future studies testing and refining this model in transmale
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Figure 3. Working model of potential neuroendocrine mechanisms and target sites for exogenous androgen inhibition of LH secretion in females and,
possibly, TGN. The model includes possible target sites directly in the pituitary along with AR-expressing kisspeptin neurons and/or other
AR-expressing neurons in hypothalamic regions implicated in regulating LH pulses or LH surges (arcuate and RP3V nuclei, respectively).
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animal models across different species will be informative to
our understanding of the impact of high androgens on repro-
ductive physiology in genetically XX individuals. In addition,
further rigorous comparison of T (AR and/or ERa signaling
after possible aromatization) vs DHT (only AR signaling)
will provide valuable insight into intracellular mechanisms
of male-level androgen inhibition of LH secretion and specific
cell targets. Ultimately, such mechanistic studies in trans-
gender animal models could have high clinical importance
to the rapidly growing, yet currently understudied, TGN
population.
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