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Abstract

The growing number of people who identify themselves as transgender has gained increased attention in recent years and will cer-
tainly impact personalized clinical practices and healthcare worldwide. Transgender and gender-nonconforming individuals frequently
undergo gender-affirming hormone therapy (GAHT), i.e., they use sex hormones to align their gender identity with their biological
characteristics. Testosterone is the main compound used in GAHT by transmasculine people, leading to the development of male
secondary sexual characteristics in these individuals. However, sex hormones, testosterone included, also influence hemodynamic ho-
meostasis, blood pressure, and cardiovascular performance by direct effects in the heart and blood vessels, and by modulating sev-
eral mechanisms that control cardiovascular function. In pathological conditions and when used in supraphysiological concentrations,
testosterone is associated with harmful cardiovascular effects, requiring close attention in its clinical use. The present review summa-
rizes current knowledge on the cardiovascular impact of testosterone in biological females, focusing on aspects of testosterone use
by transmasculine people (clinical goals, pharmaceutical formulations, and impact on the cardiovascular system). Potential mechanisms
whereby testosterone may increase cardiovascular risk in these individuals are discussed, and the influence of testosterone on the
main mechanisms that control blood pressure and that potentially lead to hypertension development and target-organ damage are
also reviewed. In addition, current experimental models, which are key to reveal testosterone mechanistic aspects and potential
markers of cardiovascular injury, are reviewed. Finally, research limitations and the lack of data on cardiovascular health of transmas-
culine individuals are considered, and future directions for more appropriate clinical practices are highlighted.
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testosterone. Testosterone is metabolized by Sa-reductase,
generating DHT, or converted to estrogens via the enzymatic
activity of aromatase. Sex hormones are mainly produced in
the gonads, but are also produced in extragonadal peripheral
tissues including the adrenal cortex (3), brain (4), skin (5),

SEX HORMONES AND THE
CARDIOVASCULAR SYSTEM: A VERY BRIEF
OVERVIEW

In addition to their fundamental role in the reproductive
system and development of primary and secondary sexual
characteristics, sex hormones influence practically all body
tissues and systems, including the integumentary, skeletal,
muscular, lymphatic, respiratory, digestive, nervous, endo-
crine, urinary, and cardiovascular systems. Moreover, sex
hormones impact behavioral, anatomical, physiological, cel-
lular, and molecular processes, very often determining func-
tional and structural differences between males and females,
as commonly observed in vertebrate species (1, 2).

In females, the most abundant and active sex hormones
are estrogen and progesterone, whereas males predomi-
nantly produce androgenic hormones such as testosterone
and dihydrotestosterone (DHT). Sex hormones are enzymati-
cally synthesized from cholesterol, which is converted to
pregnenolone that, in turn, is converted to progesterone or
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adipose tissue (6), skeletal muscle (7), kidney (8), and vascu-
lar cells (9).

Endogenous secretion of sex hormones is regulated through
the action of the hypothalamic gonadotropin-releasing hor-
mone (GnHR), which, in turn, stimulates the release of follicle-
stimulating (FSH) and luteinizing (LH) pituitary hormones. In
the female reproductive system, FSH stimulates the matura-
tion of ovarian follicles, which produce and secrete estrogen,
and LH stimulates ovulation and the release of progesterone
by the corpus luteum. In the male reproductive system, LH
stimulates the production and release of androgenic hormones,
in particular testosterone, by the testicular Leydig cells (10).

Sex hormones exert their biological functions through
interaction with their respective receptors. Estrogens acti-
vate estrogen receptors (ERs), ERa, ERB, and also a G pro-
tein-coupled estrogen receptor (GPER), whereas testosterone

L))

Check for
Updates

http://www.ajpheart.org

Downloaded from journals.physiology.org/journal/ajpheart at Victoria Univ of Wellington (130.195.250.116) on May 26, 2025.


https://orcid.org/0000-0001-9386-2344
https://orcid.org/0000-0001-9143-0193
https://orcid.org/0000-0002-9446-0707
mailto:jeimisonds@alumni.usp.br
mailto:rtostes@usp.br
https://crossmark.crossref.org/dialog/?doi=10.1152/ajpheart.00015.2023&domain=pdf&date_stamp=2023-5-5
http://www.ajpheart.org
https://doi.org/10.1152/ajpheart.00015.2023

()) TESTOSTERONE-GAHT AND THE FEMALE CARDIOVASCULAR SYSTEM

and DHT activate androgen receptors (ARs). At the cellular
level, these receptors are located in the cytosol and plasma
membrane, triggering genomic and nongenomic effects,
respectively. The nongenomic effects occur faster than
genomic-induced mechanisms, do not rely on RNA or pro-
tein synthesis, and are usually related to the activation of sev-
eral intracellular pathways such as increased intracellular
calcium (Ca®™"), nitric oxide (NO) synthesis, and activation of
protein kinase A (PKA), protein kinase C (PKC), and mitogen-
activated kinases (MAPK). Receptors for sex hormones are
found in both sexes and are present in several cell types and
tissues, including cells of the cardiovascular system (11, 12).

In the cardiovascular system, sex-related factors influence
hemodynamic homeostasis and blood pressure. Boynton
and Todd (13) originally observed that blood pressure is
higher in cisgender men than in cisgender women,' with
many subsequent experimental and clinical studies later
showing that sex hormones are major determinants of sex
differences in blood pressure in physiological and pathologi-
cal conditions (14). Sex differences have been reported in not
only the hypertension incidence but also the prevalence of
hypertension-associated target-organ damage (15).

Female sex hormones, mainly 17p-estradiol, exhibit cardio-
protective effects (16). Blood pressure is lower in cisgender
women than in cisgender men (17, 18), and arterial blood pres-
sure is increased in postmenopausal cisgender women (19). In
experimental models of hypertension, blood pressure is con-
sistently lower in females than in males (20) and ovariectomy
(OVX) increases blood pressure values, whereas estrogen
treatment reduces blood pressure in females with hyperten-
sion (21, 22). In contrast to female sex hormones, androgens
are linked to prohypertensive effects. Treatment of rats with
DHT increases blood pressure and vascular inflammatory
events, leading to endothelial dysfunction (23). In addition,
males have higher blood pressure levels compared with
females in many experimental models of hypertension.
Castration of males with hypertension reduces blood pres-
sure, whereas testosterone treatment increases blood pressure
values (20, 24). Androgen-induced increases in blood pressure
are also observed in females. Treatment of intact or unineph-
rectomized female rats with testosterone or DHT raised blood
pressure (25, 26), and, in OVX hypertensive rats, testosterone
increased blood pressure to levels exhibited by males (27, 28).

Sex hormones influence all mechanisms that control car-
diovascular function and blood pressure, including the sym-
pathetic nervous system (SNS) and central cardiovascular
reflexes; hormonal systems, such as the renin-angiotensin-
aldosterone system (RAAS); immune-related events; and, at
the tissue level, the intrinsic components and signaling pro-
teins of cardiac and vascular cells, i.e., cardiomyocytes,
fibroblasts, perivascular adipose tissue (PVAT), and endothe-
lial and vascular smooth muscle cells (VSMCs) (29).

Although sex differences and the impact of sex hormones in
cardiovascular physiology and pathophysiology have been con-
sidered in recent preclinical and clinical studies, data on the
cardiovascular effects of exogenous sex hormones in transgen-
der individuals are rare. Therefore, this article will summarize
current knowledge on the cardiovascular effects of testosterone
in biological females in physiological and pathophysiological

conditions. It will focus on aspects of testosterone use by trans-
masculine people (clinical goals, pharmaceutical formulations,
and cardiovascular impact) and discuss potential mechanisms
whereby testosterone increases cardiovascular risk in these
individuals. The effects of testosterone on the mechanisms that
control cardiovascular function and that may contribute to the
development of hypertension and hypertension-associated tar-
get-organ damage will also be discussed.

TRANSGENDER INDIVIDUALS AND THE
GENDER TRANSITION PROCESS

Increasing attention has been given to healthcare and per-
sonalized clinical practices aimed at transgender, gender-
nonconforming, and intersex individuals. Of importance,
the terminology referring to human sexuality and gender
aspects (mainly distinguishing them) has changed over the
decades because of cultural, social, and political aspects, and
advances in human rights. Since the terminology is also criti-
cal in scientific writing (30), Table 1 summarizes the um-
brella terms that are often used to distinguishing sex and
gender aspects, and terms used for transgender people as
part of their identities.

Recent data point out that 0.3-4.5% of adults in reproduc-
tive age worldwide identify themselves as transgender and
gender-diverse people (31). Several reasons, including subjec-
tive self-identity and lack of access to primary healthcare,
contribute to the paucity of accurate quantification of how
many people are identified as transgender. However, because
of information diffusion and increasing social acceptance, the
number of transgender people seeking healthcare services
and specialized centers has grown over the past years (32).

Gender incongruence, which includes physical and
social aspects, occurs when the person’s self-experience of
gender (gender identity) is in discrepancy with the gender
assigned to them at birth, usually assigned because of sec-
ondary sexual features. Gender incongruence may lead to
gender dysphoria, a profound distress or discomfort asso-
ciated with one’s gender incongruence, experienced by
many transgender individuals (33). Some transgender
individuals seek healthcare services, when available, to
relieve gender dysphoria and undergo gender transition. It
is important to emphasize that not all transgender individ-
uals experience gender dysphoria or go through gender
transition and that gender dysphoria is not an essential
condition to undergo gender transition procedures.

From a clinical point of view, different approaches are
implemented in the gender transition to promote welfare in
transgender individuals, in many cases associated to satisfac-
tion with their bodies. Psychological counseling is strongly
recommended for all cases. Pharmacologically, GnRH ana-
logs are used in early adolescents for gonadal suppression
and puberty suspension, a procedure known as “block ther-
apy.” In older adolescents and adults, desired sexual charac-
teristics are induced by sex hormones, a procedure known as
gender-affirming hormone therapy (GAHT), the focus of our
review. Many transgender individuals also undergo surgical
procedures (34).

Terms distinguishing sexual and gender aspects are detailed in Table 1.
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Table 1. Terminology used in transgender health

Sex Biological attributes that characterize an organism as male or female. It includes sex-determining genes, sex chromo-
somes, the gonads, sex hormones, internal and external genitalia, and secondary sexual characteristics. Male or
female “sex-assigned at birth” (before called “natal sex”) is usually determined by the external genitalia
appearance.

Individual born with variations that fall out of the typical male or female sex attributes (i.e., binary biological features).
They may simultaneously exhibit male, female, or exacerbated characteristics of one of them.

A social construction that encompasses behavior, attitudes, and personality traits as masculine or feminine in a histor-
ical period. In a “cis” perspective, masculine attributes are expected from males (people with male-sex characteris-
tics), whereas feminine attributes are expected from females (people with female-sex characteristics).

Individual’s feeling of being male, female, both, neither, or other genders. Gender identity is a personal and subjec-
tive experience, not visible to others.

Intersex person

Gender

Gender identity

Cisgender Individuals whose gender identity is aligned with the gender assigned at birth (usually attributed based on sex char-
acteristics). Typically, males who identifies with male gender identities (men), and females who identifies with
female gender identities (women).

Transgender An umbrella term that refers to individuals whose gender identity differs from that assigned at birth. Transmasculine,

transfeminine, gender nonconforming, nonbinary, gender fluid, agender, and other gender varieties are included.
Intersex individuals may identify as transgender, since “transgender” is not a biological trait.

An umbrella term that refers to individuals who identify themselves with a masculine gender identity and who were
assigned as female at birth, before called “female to male” people. Transgender men and other nonbinary mascu-
line gender identities are included.

An umbrella term that refers to individuals who identify themselves with a feminine gender identity and who were
assigned as male at birth, before called “male to female” people. Transgender women and other nonbinary femi-
nine gender identities are included.

An umbrella term that refers to an individual whose gender identity falls out of the typical binary gender identity.
Nonbinary individuals are neither male nor female.

The external manifestations of gender identity. These include name, pronouns, behavior, voice pitch, expressions
and appearance of the body, clothing, and other characteristics perceived by others.

Self-perception that the gender identity differs from that assigned at birth. Although still controversial, this is an
emerging diagnostic term to replace “gender dysphoria” (from DSM-5) in the new edition of ICD-11.

A profound discomfort or distress related to gender incongruence, associated with self (physical and psychological)
and social aspects. A diagnostic term in DSM-5. Not all transgender people experience gender dysphoria.

The process that some transgender people undergo, with a set of approaches involving physical, psychological,
social, and legal aspects to turn self-perception of gender identity more comfortable. Not all transgender individu-
als undergo gender transition. Also, gender dysphoria is not a fundamental criterion for offering gender transition
procedures. Clinically, psychological counseling, the use of sex hormones and other compounds, and surgical pro-
cedures figure out as offered approaches.

For older adolescents and adults, the pharmacological use of compounds (mainly sex hormones) to obtain secondary
sexual characteristics aligned with the individual’s gender identity. Previously called “cross-sex hormone therapy,”
and then replaced by emerging terms such as “hormonization” (e.g., this term has been perceived as more friendly
for the transgender community because of the absence of the term “therapy”).

An individual’s physical and/or emotional attraction to another person. Sexual orientation differs from gender identity.
Transgender and cisgender people may have attraction to individuals with multiple gender identities, being hetero-
sexual, homosexual, bisexual, pansexual, and others. They also may be asexual, in case of decreased (based on
self-perception) or absent physical and/or emotional attraction for others.

Transmasculine

Transfeminine

Nonbinary

Gender expression
Gender incongruence
Gender dysphoria

Gender transition

Gender-affirming hor-
mone therapy
(GAHT)

Sexual orientation

DSM, Diagnostic and Statistical Manual of Mental Disorders; ICD, International Classification of Diseases.

Several criteria influence GAHT prescription, including
previous clinical conditions, available healthcare services,
and the individual’s desire to acquire sexual features of the
gender self-identity. The overall GAHT pharmacological
aims are 1) to achieve and maintain sex hormones at levels
found in healthy cisgender people aligned with the transgen-
der individual’s gender and 2) to suppress endogenous pro-
duction and secretion of the predominant biological sex
hormones (34). Of importance, GAHT by itself improves
global welfare in transgender people, independently of other
gender transition procedures (34).

TESTOSTERONE USE BY TRANSMASCULINE
PEOPLE

Testosterone is used in several clinical conditions, such
as hormone-replacement therapy in cisgender men with

hypogonadism, erectile dysfunction and blunted sexual
desire, osteoporosis, and anemia. Testosterone is also used
by postmenopause cisgender women (35), and in nonpa-
thological contexts such as in physiculturism (body build-
ing), to increase athletic performance, and in GAHT by
transmasculine people.?

Different compounds, such as pregestational agents (con-
traindicated if ovariectomy is performed) and GnRH ana-
logs, are included in the GAHT portfolio for transmasculine
individuals (36). However, testosterone is the main com-
pound used in masculinizing GAHT. Initially, increasing
doses of testosterone are administered, with higher mainte-
nance doses then used.

Pharmaceutical Formulations

Overall, testosterone use for transmasculine people aims
to achieve testosterone levels similar to those observed in

?Beyond the binary gender spectrum, transmasculine individuals, including transgender men, refer to a broad group of people who were assigned
a female gender identity at birth, but who identify themselves with a male gender identity.
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Table 2. Testosterone formulations used in gender-affirming hormone therapy

Route Usual Dosing

Advantages Disadvantages

Parenteral

Enanthate or Intramuscular 100-200 mg every 2 wk

- Low cost

- Serum concentrations fluctuations

Cypionate - successfully achieves target serum (pharmacokinetics features)
concentrations - Pain in administration
- Enhanced erythrocytosis (com-
pared with other formulations)
Subcutaneously 50% solution, once a week - Lower pain in administrations
Undecanoate Intramuscular 1,000 mg every 12 wk Consistent serum concentrations - Expensive
- Largest intervals between dosing - Large injection volumes
- Pain in administration
Transdermal
Gel 1.6% Topical 50-100 mg/day - Consistent serum concentrations - Expensive
- Potential cross administration in
others (skin-to-skin contact)
Patch Topical 2.5-7.5 mg/day - Consistent serum concentrations - Expensive
- Achieves subaimed serum concen-
trations

- Skin irritation

The availability of testosterone formulations varies by country.

healthy cisgender men (physiological circulating testoster-
one range: 300-1,000 ng/dL). Table 2 summarizes testoster-
one pharmaceutical formulations used in GAHT, according
to recent clinical practice guidelines (34). Intramuscular
injectable testosterone esters represent the main prescribed
formulation, although recent studies have shown that subcu-
taneous administration (75 mg/wk) is effective and poten-
tially preferred by transmasculine people (37). Because of its
long-acting effects, testosterone undecanoate has been used
in GAHT (38). Topical androgen gels or transdermal patches
are also reported, but oral testosterone formulations and
nasal sprays are rarely applied in testosterone GAHT (34).
Pelusi and colleagues (39) evaluated three different testoster-
one formulations for GAHT in transmasculine individuals,
and after 12 mo, no differences in short-term safety, body
composition changes, or metabolic parameters were found.
Of importance, general satisfaction with the gender transi-
tion process was reported, independently of the pharmaceu-
tical formulation.

Clinical Goals and Virilization Effects

The major aim of testosterone GAHT is the development of
male sexual characteristics (i.e., virilization effects) and changes
in body appearance, which attenuate gender dysphoria related
to self-recognition or to transmasculine individuals’ passing.>
The development of virilization characteristics vary from indi-
vidual to individual and occurs from months to years after the
beginning of testosterone GAHT (40).

Testosterone effects that directly impact passing are
especially desired by transmasculine people. Testosterone
changes body composition and shape because of its canoni-
cal anabolic role. Testosterone increases lean mass and
decreases fat mass, leading to increased body mass index
(BMI) in transmasculine individuals (41, 42). Of importance,
aspects such as the hormone use adherence, the age of the
individual when GAHT is started, and other nonpharmaco-
logical aspects (including genetic background) influence

the degree/intensity of body changes induced by testoster-
one in transgender individuals (43, 44). Testosterone also
increases facial and body hair growth, often accompanied
by acne (45, 46), promotes alopecia (47), and decreases
voice pitch (48, 49). Despite its intrinsic anxiogenic and
proaggressive behavior effects in females (50), testosterone
GAHT decreases anxiety, depression, and other psychologi-
cal disorders in transmasculine people (51), although stud-
ies point out that the GAHT, and not testosterone per se, is
related to mental health improvement (52).

Testosterone GAHT also changes breast tissue composi-
tion (53), induces amenorrhea (54), decreases endome-
trium thickness (55), induces clitoral growth (55), and
decreases vaginal epithelial thickness with reduced prolif-
eration of vaginal stromal cells with decreased intracellu-
lar glycogen content, and ERa and ERp expression (56).
Testosterone also induces polycystic ovary syndrome
(PCOS)-like histopathological changes, including cystic
follicles, stromal hyperplasia, and tunica albuginea fibro-
sis in the ovaries of transmasculine people and experimen-
tal models (57, 58). Because of these and other reproductive
functional changes, counseling focusing on fertility preser-
vation is strongly recommended before starting testosterone
GAHT in transmasculine individuals (34). Of note, reversibil-
ity of the menses cycle and reproductive system architecture
after testosterone GAHT suspension has been reported in
clinical and experimental studies, leading to successful birth
outcomes (59, 60). Figure 1 summarizes the main effects,
desired and unwanted cardiovascular effects, of testosterone
GAHT.

CARDIOVASCULAR RISK IN
TRANSMASCULINE PEOPLE ON
TESTOSTERONE GAHT

Asscheman and colleagues published in 1989, for the
first time, a study addressing whether GAHT is related to

3The term “passing” refers to whether someone is perceived as man or woman (or another gender) in the society and frequently related to gender

dysphoria in transgender individuals.
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Figure 1. Testosterone effects in gender-affirming hormone therapy (GAHT). Testosterone promotes virilization effects including increased facial and
body hair volume and growth rate, decreased voice pitch, and changes in body composition through increased lean mass and decreased adipose
mass. Testosterone also induces menses cessation and clitoral enlargement and decreases harmful psychological symptoms. These effects relieve gen-
der dysphoria (if present), improving general welfare in transmasculine people. Side effects include acne, alopecia, and transient infertility. Although con-
sidered safe, testosterone GAHT negatively impacts the cardiovascular system, increasing cardiovascular risk for transmasculine individuals. Harmful
cardiovascular effects include increased blood pressure, endothelial dysfunction, arterial stiffness, and dyslipidemia and increased cardiovascular dam-
age markers, such as homocysteine, hematocrit, and inflammatory molecules. BMI, body mass index; HDL-C, high-density lipoprotein cholesterol; HDL-
CEC, HDL-cholesterol efflux capacity; LDL-C, low-density lipoprotein cholesterol.

cardiovascular disease (CVD) (61). In a retrospective analy-
sis, the authors reported that myocardial infarction cases or
myocardial infarction-related deaths were similar between
transfeminine people and cisgender men, while there were
no myocardial infarction cases in the transmasculine
group. However, over the past decades, numerous studies
have further evaluated potential harmful cardiometabolic
effects and potential cardiovascular outcomes induced by
testosterone GAHT in transmasculine people. Although
considered safe, testosterone GAHT has been linked to
undesired cardiovascular effects, such as increased blood
pressure and dyslipidemia, as discussed in the next section
and summarized in Fig. 1.

Testosterone GAHT and Cardiovascular Risk Markers

High blood pressure.

High blood pressure is a leading risk factor for heart disease
and receives great attention in testosterone GAHT monitor-
ing. Several studies report that testosterone GAHT increases
blood pressure in transmasculine people (47, 62-66). In a
prospective study evaluating 53 transmasculine people on
intramuscular testosterone administration for 12 mo, testos-
terone GAHT increased mean systolic blood pressure (SBP)
from 111.5 to 115.6 mmHg, but did not modify mean diastolic
blood pressure (DBP) (47). Increased mean SBP (from 129.0
to 135.0 mmHg) induced by intramuscular testosterone for
24 mo was also reported in 45 transmasculine people. Again,
testosterone did not change mean DBP (63). In 43 transmas-
culine individuals (mean age 28) receiving intramuscular
testosterone injections, SBP increased after 1 yr [(mean SBP *
SD, mmHg) 123.6 + 6.3] and 2 yr (124.6 * 6.3) of starting
GAHT (basal, 111.1 = 10.5, P < 0.001), with no differences

H34

between the evaluated time points (66). A prospective study
with 188 transmasculine people (mean age 26 yr) on three
different testosterone GAHT regimens: intramuscular unde-
canoate 1,000 mg every 12 wk, topical gel dosed at 50 mg/
day, and intramuscular esters dosed at 250 mg every 2 wKk,
showed that testosterone GAHT increased mean DBP in 2.5%
(95% CI: 0.6-4.4) from baseline levels, although no differen-
ces were found in mean SBP (64). When compared with 63
nonhormone users transmasculine people, SBP was higher
in 48 transmasculine people on testosterone GAHT for
~45 mo [(mean SBP = SD, mmHg): 117.4 = 10.2 vs. 110.4 =
9.4, P < 0.01] (65), corroborating prohypertensive effects
of testosterone GAHT. In addition, using a mouse model of
GAHT, we recently showed that, after 24 wk of treatment,
testosterone administration to female mice increased
mean arterial pressure (MAP) [(mean MAP * SE, mmHg)
135.2 = 3.3 vs. vehicle-treated female mice: 116.2 + 2.8, P =
0.0072] (67). Similarly, testosterone treatment for 4 mo
increased SBP in females, in a rat model of GAHT [(means *
SE, mmHg) 131 + 1.4 vs. vehicle-treated female rats: 119 * 1.0,
P < 0.0001] (68).

Chronic and sustained increased blood pressure leads to
hypertension, whose prevalence in transmasculine commu-
nity ranges from 1.5 to 25.2% (69). However, the few studies
evaluating whether testosterone GAHT directly plays a role
in this clinical outcome are inconclusive. Using data from
the Behavioral Risk Factor Surveillance System (BRFSS)
study from 2015, NoKkoff and colleagues (70) found that the
prevalence of hypertension is similar between transgender
(transmasculine included) [27.9% (95% CI: 22.0-33.8)] and
cisgender [29.4% (95% confidence interval, CI: 29.0-29.9)]
people. On the other hand, using propensity score-matched
samples, data from 2017-2019 show that hypertension
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prevalence is higher in transgender individuals (31.3%) ver-
sus cisgender people (27.6%, P < 0.001) (71).

Changes in lipid metabolism.

Changes in lipid metabolism are also induced by testoster-
one GAHT. A meta-analysis with 29 studies addressing
whether GAHT modifies serum lipid levels in transgender
people showed that, under different administration regi-
mens, testosterone increased triglycerides levels after 3 to
6 mo of hormone use [(change to baseline, mg/dL) +9, 95%
CI: 2.5-15.5] and also up to 24 mo (+21.4, 95% CI: 0.1-42.6).
Serum low-density lipoprotein cholesterol (LDL-C) levels
increased at 12 [(mg/dL) +11.3, 95% CI: 5.5-17.1] and 24 mo
or more (+17.8, 95% CI: 3.5-32.1) of GAHT. Furthermore, se-
rum high-density lipoprotein cholesterol (HDL-C) levels
decreased across all follow-up periods [(3-6 mo): —6.5, 95%
CI: —11.9 to —1.0; (12 mo): —8.1, 95% CI: —10.6 to —5.7; (>24
mo): —8.5, 95% CI: —13.0 to —3.9] (72). Testosterone GAHT
also increased total serum cholesterol [(% to baseline):
4.1%; 95% CI 1.5-6.6], LDL-C (13%; 95% CI 9.2-16.8), and
triglyceride (36.9%; 95% CI 29.8-44.1) levels and decreased
10.8% serum HDL-C levels (95% CI: —14.0 to —7.6) (64).
Transmasculine individuals that received intramuscular
injections of testosterone showed increased total serum
cholesterol [(means = SD, mg/dL) 189.5 + 28.4 vs. 178.9 %
31.0, P < 0.05] and triglyceride (69.2 + 63.9 vs. 103.0 = 78.1,
P < 0.01) levels, and decreased circulating HDL-C (69.3 =
17.7 vs. 60.9 £ 15.8, P < 0.02) compared with nontestoster-
one users transmasculine people (65).

Testosterone administration route appears to be critical
in lipid metabolism changes in transmasculine people.
Increased serum LDL-C levels after 54 wk of GAHT were
lower in transmasculine individuals using transdermal tes-
tosterone gels [(means = SD, mg/dL): 84.9; 95% CI: 66.6—
103.1] compared with individuals using intramuscular esters
formulations (107.0; 95% CI: 88.7-125.3 for testosterone
enanthate, and 98.9; 95% CI: 79.8-118.2, for testosterone
undecanoate, P = 0.025) (39).

HDL cholesterol efflux capacity (HDL-CEC), a functional
parameter that measures the capacity of HDL-C to remove
cholesterol from the periphery and transfer it to the liver, is
an independent marker for cardiovascular risk and is consid-
ered a better CVD predictor than circulating HDL-C levels in
coronary heart disease (73). Data on HDL-CEC in 15 trans-
masculine people under three different formulations of tes-
tosterone show that, after 12 mo, testosterone decreased
circulating HDL-C levels by 19.6% (95% CI: — 33.5 to — 5.6,
P < 0.05) and global HDL-CEC [— 6.7% (95% CI: —13.7 to 0.2),
P=0.06)] (74).

Hematological and biochemical parameters.

Testosterone GAHT also impacts other cardiovascular risk
factors, such as hematological parameters, immune system
components, and endothelial function. Testosterone GAHT
for 12 mo increased hematocrit [(means * SD, %) from 40.8 =
2.9t045.8 3.0, P < 0.001] (47). Intramuscular administration
of testosterone esters for 45 mo increased hematocrit in 48
transmasculine individuals compared with 63 transmasculine
nontestosterone users [(means * SD, %) 44.9 = 3.5 vs. 38.8 =
3.2, P < 0.01] (65). In a prospective study, intramuscular tes-
tosterone esters injections for 12 wk increased hemoglobin
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[(means *= SD, g/mL) from 13.8 + 1.22 to 15.1 + 0.68, P = 0.02]
and the hematocrit mean [(means * SD, %) from 41 = 3.6 to
44.3 +1.4, P=0.01] in 12 transmasculine people (mean age, 33
yr) (75). Testosterone GAHT similarly increased hemato-
crit and hemoglobin in transmasculine people, under
transdermal or intramuscular testosterone administration
(39). Moreover, 17 transmasculine people (median age 22)
on intramuscular testosterone injections for 4 mo exhib-
ited increased plasma total homocysteine by 17% (P =
0.005). Interestingly, homocysteine positively correlated
with plasma creatinine levels in those subjects (76).

Hyperactivation of the immunological system.

The relationship between hyperactivation of the immu-
nological system and CVD is extensively reviewed (77,
78). A prospective study with 30 transmasculine individu-
als (median age 23) on intramuscular esters injections or
oral testosterone use showed that after 4 mo of GAHT,
testosterone decreased serum immunoglobulin A (IgA)
levels [(geometric mean, g/L) 1.47; 95% CI: 1.27-1.70 vs.
1.57; 95% CI: 1.35-1.82 at baseline; P = 0.001] and
increased serum IgM [(geometric mean, g/L) 1.48, 95% CI:
1.22-1.79 vs. 1.38, 95% CI: 1.15-1.66, P = 0.009] and periph-
eral blood mononuclear cell-released tumor necrosis fac-
tor-o. (TNF-o) levels [(geometric mean, ng/mL) 1.75, 95%:
0.90-3.38 vs. 1.26, 95% CI: 0.71-2.26, P = 0.03] (79), indi-
cating that GAHT influences primary inflammatory
markers in transmasculine people. More recently, a study
with 157 transmasculine people on testosterone use
(intramuscular injections) for 12 mo showed that testos-
terone increased serum interleukin-6 (IL-6) (P < 0.05),
TNF-a (P < 0.01), soluble E-selectin (P < 0.05), and solu-
ble-vascular cell adhesion molecule-1 (VCAM-1) (P < 0.05)
levels in subjects on GAHT (80). Moreover, testosterone
GAHT modulates leukocyte-endothelium cell interac-
tions, since polymorphonuclear cells (PMNs) from trans-
masculine individuals on testosterone exhibited lower
rolling velocity (P < 0.01) and increased rolling flux rate
(P < 0.001) and adhesion (P < 0.001).

Testosterone GAHT and Cardiovascular Outcomes or
CVD-Related Mortality

Although testosterone GAHT promotes harmful cardiome-
tabolic changes, these do not directly lead to cardiovascular
outcomes or CVD-related mortality. An observational study
evaluated cardiovascular events in 293 transmasculine
people (mean age 39 yr) on testosterone GAHT for 2 yr.
Standardized incidence ratio of mortality and myocardial in-
farction was similar in transmasculine individuals and cis-
gender women (81). In a retrospective study, only one
myocardial infarction case was reported within 365 trans-
masculine people on testosterone GAHT (82). Moreover,
the ischemic heart-related mortality standardized ratio
was within the expected range (1.19, 95% CI: 0.39-2.74).
Myocardial infarction and cerebrovascular events ratio did
not change in a cohort study including 214 transmasculine
people under different patterns of testosterone GAHT (83).
In addition, the frequency of self-reported myocardial in-
farction, stroke, and angina was not different between trans-
masculine and cisgender women or cisgender men groups
(70). In a retrospective study, clinical data from 2,118

H35

Downloaded from journals.physiology.org/journal/ajpheart at Victoria Univ of Wellington (130.195.250.116) on May 26, 2025.


http://www.ajpheart.org

()) TESTOSTERONE-GAHT AND THE FEMALE CARDIOVASCULAR SYSTEM

transmasculine people that received testosterone GAHT for
3.6 yr showed that the incidence ratio of venous throm-
boembolism and ischemic stroke was not different between
transmasculine people and cisgender women or cisgender
men [3.1 (95% CI: 2.0-4.6), 2.1 (95% CI: 1.3-3.5), and 1.2 (95%
CI: 0.6-2.3), respectively] (84). Despite these findings, the rel-
atively young age of the patients and the short time of testos-
terone use represent major limitations for precise inferences
on the impact of testosterone GAHT in cardiovascular
events, as will be addressed next.

The reduced number of studies addressing mortality and
outcomes related to cardiovascular events in transgender
people on GAHT also limits accurate conclusions. The meta-
analysis published by Maraka and colleagues, with 29 stud-
ies, showed that few studies evaluated mortality, myocardial
infarction, and stroke (only 4, 3, and 2 studies, respectively).
Mortality was reported in 13 of 651 transmasculine people,
myocardial infarction in 1 of 478, and no stroke cases were
reported in 340 evaluated individuals (72).

Testosterone GAHT and Cardiovascular Target-Organ
Damage

Despite increased cardiovascular risk by testosterone
GAHT, very few studies have addressed whether the hor-
mone directly harms cardiovascular target organs in trans-
masculine people. A study within 12 transmasculine people
(mean age, 33 yr), who received different testosterone formu-
lations for at least 12 mo, reported no differences in flow-
mediated dilatation (FMD), an indirect measurement of en-
dothelial function, between transmasculine people and age-
matched cisgender women (85). However, the increased
brachial artery diameter induced by sublingual nitroglycerin
administration was lower in transmasculine individuals
[(means + SD, %) 15.9 = 4.9 vs. 22+5.8, P = 0.01], suggesting
decreased vascular responsiveness to vasodilator agents. In a
group of 17 transmasculine people (mean age, 28 yr) on tes-
tosterone injections for at least 3 mo, FMD was lower com-
pared with cisgender women [(means * SD, %) 4.5 = 2.7 vs.
8.1+ 2.9, P=0.002] and related to a mild increase in blood
pressure (86). Accordingly, in a testosterone GAHT mouse
model, testosterone induced endothelial dysfunction, i.e., it
reduced vasodilation to acetylcholine (ACh), after 8 and 24
wk of treatment (67). Although very few studies have
addressed vascular structure under testosterone GAHT,
brachial-ankle pulse wave velocity was higher in testoster-
one transmasculine users [(means * SD, cm/s) 1,202.8 + 138.2]
compared with nonhormonized transmasculine individuals
(1,080.0 = 113.7, P < 0.01) (65), suggesting a vascular prohy-
pertrophic role for testosterone.

In addition to testosterone itself, other aspects related to
masculinizing gender transition, such as gonadectomy and
use of other drugs, may modulate vascular function and struc-
ture in transmasculine people. Carotid intima-media thick-
ness (C-IMT) and brachial artery FMD were evaluated in 56
transgender people on GAHT, transmasculine individuals
included. The group that underwent gonadectomy showed
increased C-IMT and lower FMD (P < 0.0001) compared with
people who did not have surgery (87), suggesting a critical role
of gonadal-derived mediators in cardiovascular function in
transgender people. Bunck and colleagues evaluated 30
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ovariectomized testosterone users transmasculine people
(range aged 21-46 yr) for at least 18 mo. Individuals received
anastrozole, an aromatase inhibitor, or placebo for 3 mo.
Anastrozole administration did not change FMD. However,
serum 17pB-estradiol levels positively correlated with carotid
compliance (r = 0.62, P = 0.018) and distensibility coefficients
(r = 0.61, P = 0.021), markers of vascular health (88), suggest-
ing an important estrogen-mediated cardiovascular protective
role in those subjects. Similarly, vasodilation induced by ACh
was further decreased by OVX in testosterone-treated female
mice, indicating that removal of the ovaries exacerbates tes-
tosterone-induced vascular dysfunction (67). Therefore, mul-
tiple factors modulate vascular function and structure in
transmasculine people in the gender transition perspective,
warranting further studies.

In a testosterone GAHT experimental model, female rats
treated with testosterone for 4 mo exhibited increased kid-
ney glomerular area [(means * SE, pm?) 9,078 * 133.4 vs.
7,884 + 112.8, P < 0.0001] and decreased glomeruli number/
mm? compared with vehicle-treated female rats. Also, testos-
terone decreased intralobular arteries thickness [(means *
SE, um) 15.4 = 0.5 vs. 12.1 + 0.4, P < 0.0001] and glomerular
filtration rate [(means * SE, mL/min/g kw) 0.67 + 0.03 vs.
0.78 = 0.02, P = 0.0228] (68). However, studies addressing
whether GAHT affects kidney structure and function in
humans are missing.

As shown in Table 3, very few current clinical trials
address the cardiometabolic impact of testosterone GAHT.
Very often, cardiovascular alterations are addressed as sec-
ondary outcomes. The Gender Dysphoria Treatment in
Sweden (GETS) clinical trial is an example. Aimed to evalu-
ate the potential impact of testosterone GAHT on metabolic
profile and body composition, GETS primarily evaluates
GAHT-induced physiological changes in the skeletal muscle
and adipose tissue. Carotid augmentation index, coronary
flow reserve, and C-IMT are being determined as secondary
outcomes (89).

MECHANISMS WHEREBY TESTOSTERONE
MAY INCREASE CARDIOVASCULAR RISK IN
TRANSMASCULINE INDIVIDUALS

There is paucity of studies exploring the mechanisms
involved in the effects of testosterone in the cardiovascular
system in individuals and experimental animals under
GAHT. In this review, we tried to cover all main preclinical
and clinical studies on the cardiovascular effects of testoster-
one from a transgender perspective. Whenever available,
studies reporting testosterone cardiovascular effects in
transmasculine people or in testosterone GAHT experimen-
tal models were preferably evaluated. Studies on androgen
administration to biological females leading to supraphy-
siological levels of testosterone were therefore prioritized.
Next, studies evaluating physiological testosterone levels
or the impact of testosterone in cardiovascular injury mod-
els using female animals, as well as in vitro studies
addressing the effects of testosterone in cardiac and vascu-
lar samples from biological females were mentioned. Sex
differences in cardiovascular parameters in health and
CVD-related conditions, or dual testosterone effects in
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cisgender men and male animals (when no sex is men-
tioned) were also included to discuss potential harmful
cardiovascular effects in females. Therefore, the next sec-
tion was organized into three topics: 1) direct effects of the
hormone in the heart and blood vessels, including signal-
ing mechanisms that control cardiac and vascular cells’
function and remodeling/hypertrophy, such as reactive oxy-
gen species (ROS) generation; 2) indirect effects of the hor-
mone, via activation of central, hormonal, and immune
mechanisms, lipid metabolic changes; and 3) impact of tes-
tosterone on the PVAT. A very brief discussion on the mech-
anisms whereby psychosocial issues may also impact the
cardiovascular system is provided. The potential mecha-
nisms whereby testosterone may increase cardiovascular
risk are highlighted in Fig. 2.

Direct Effects in the Heart and in the Vasculature

In vitro, testosterone increases p;-adrenergic receptor, L-
type Ca®>* channels, and Na*/Ca?* exchanger mRNA levels
in cardiomyocytes from male and female rats suggesting
positive inotropic effects (95). In female rats, testosterone
treatment enhances contractile function and increases lusi-
tropic effects in the left ventricle (96). Testosterone also
enhances cardiac contractility by increasing G protein levels
in the heart, attenuating cardiac failure induced by castra-
tion in male rats (97).

In males, increased cardiac contraction strength induced
by supraphysiological levels of testosterone leads to malad-
aptive morphofunctional changes. Athletes using testoster-
one showed decreased left ventricular dimensions with
thicker walls, leading to diastolic dysfunction, when com-
pared with nontestosterone user athletes (98). Testosterone
also increased SBP, induced biventricular dysfunction, and
increased pulmonary artery systolic pressure, leading to
lung congestion in athletes on testosterone use (99). In male

N Sympathetic outflow

/M Vasoconstriction (ET-1, TXA,, Ang-Il)

{ Endothelial-dependent vasodilation

rats treated with testosterone, areas of cardiac degeneration
and vacuolation were identified and ultrastructural analyses
revealed disturbance of the banding pattern of the cardiac
muscle fiber with disintegration, loss of striations, dehiscent
intercalated disk, and interrupted Z-bands (98). It is impor-
tant to emphasize that cardiac trophic mechanisms differ
between the sexes (100), and testosterone in transmasculine
people may lead to distinctive cardiovascular outcomes,
guaranteeing further studies.

Testosterone increases protein synthesis and atrial natri-
uretic peptide secretion in cardiomyocytes from male and
female rats, suggesting a direct hypertrophic effect in these
cells (101). In vivo, testosterone induces maladaptive ventric-
ular hypertrophy, mainly because of hemodynamic changes.
In male rats, supraphysiological testosterone levels increased
cardiac mass and cardiomyocyte cross-sectional area and
increased cardiac collagen deposition (102). After 12 wk, tes-
tosterone decreased phosphorylated forms of extracellular
signal-regulated kinase 1/2 [ERK1/2 (Thr?°? and Tyr?°%)]
and mammalian target of rapamycin [mTOR (Ser?**8)] in
the cardiac tissue without changing myocardial stiffness,
suggesting that long-term testosterone induces eccentric
cardiac hypertrophy.

Testosterone-induced maladaptive cardiac morphological
changes are also reported in females. Testosterone-induced
cardiac hypertrophy was associated with vascular dysfunc-
tion and increased blood pressure in female rats (103).
Harmful testosterone-induced cardiac effects in females
are especially reported in pathophysiological conditions.
Cisgender women with PCOS show increased cardiac con-
centric hypertrophy prevalence (104). Experimentally, tes-
tosterone increased cardiac hypertrophy and intensified
cardiac dysfunction in female mice that underwent ische-
mia-reperfusion (I/R) cardiac injury, leading to increased
blood pressure and mortality (105). Estrogen treatment had

J HDL-C
N LDL-C, triglyceride
-
SO 9. ©- @1 IL-6, TNF-a

)
o0 e
M s-E-selectin, s-VCAM-1

T} M Leukocyte-endothelium interaction

/N Contraction strength

(NO, PGl,, EDHF) Cardiovascular (~b 1 Bl-adrenergic receptor
N AT1R/AT2R ratio Callzee G, protein
Q) lmmIn:ocSells ji T CatFhanding
1 ROS
N 20-HETE

/M PVAT anticontractile effect

Vascular remodelling

N Immune cells
Cardiac hypertrophy

Figure 2. Potential mechanisms whereby testosterone gender-affirming hormone therapy (GAHT) impacts the cardiovascular system. Supraphysiological
levels of testosterone in biological females may induce end-target organ damage. In the neural system, testosterone enhances sympathetic out-
flow, favoring increased blood pressure. Testosterone induces dyslipidemia, increases circulating inflammatory cytokines, and enhances leuko-
cyte-endothelium interactions. In the heart, testosterone intensifies contraction strength by increasing calcium flux and increases ROS generation
and infiltration of immune cells, all related to cardiac hypertrophy. In the vasculature, testosterone enhances vasoconstriction and impairs endo-
thelium-dependent vasodilation, through increased ROS generation and activation of inflammatory mechanisms. Testosterone induces PVAT dys-
function through immune cell-linked mechanisms and promotes vascular remodeling. 20-HETE, 20-hydroxyeicosatetraenoic acid; ANG I,
angiotensin Il; AT.R and AT,R, angiotensin receptor type 1and type 2, respectively; Ca?™, calcium; EDHF, endothelium-dependent hyperpolarizing
factor; ET-1, endothelin-1; HDL-C, high-density lipoprotein cholesterol; IL-6, interleukin 6; LDL-C, low-density lipoprotein cholesterol; NO, nitric ox-
ide; PGI,, prostacyclin; PVAT, perivascular adipose tissue; ROS, reactive oxygen species; s-E-selectin, soluble E-selectin; s-VCAM-1, soluble vascu-
lar cell adhesion molecule-1; TNF-a, tumor necrosis factor-a; TXA,, thromboxane A,.
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opposite effects in males, reinforcing potential deleterious
cardiovascular effects of male hormones. Moreover, testos-
terone increased cardiac apoptotic markers in female rats,
aggravating I/R-induced cardiac injury (106).

In males (blood vessels and cells from male rodents), tes-
tosterone induces vasodilation through mechanisms that
include NO release by endothelial cells, as well as activation
of potassium (K ) channels and inhibition of Ca?* channels
in VSMCs (107). However, vasodilation induced by high con-
centrations of testosterone in vitro is lower in pulmonary
arteries from cisgender women compared with cisgender
men arteries, suggesting limited testosterone vasodilator
effects in biological females, especially under supraphysio-
logical levels (108).

Females exposed to higher androgen levels have vascular
dysfunction characterized by increased vascular contractile
responses to different agents and by impaired vasodilation.
Testosterone increases thromboxane-prostanoid (TP) receptor
density in VSMCs from female rats (109), and increases vaso-
constrictor responses to U46619, a thromboxane A, (TXA,)
analog, in arteries from pregnant rats (110). Testosterone also
increases vasoconstriction in biological females via endothe-
lium-derived constrictor agents. In transmasculine people on
GAHT for 4 mo, testosterone increased plasma endothelin-1
(ET-1) levels [(means * SD, pg/mL) from 6.2 + 1.1 to 7.8 + 1.2,
P < 0.01] (111). Of note, ET-1 is also increased in cisgender
women with PCOS, leading to vascular dysfunction (112).
However, studies addressing whether TXA, and ET-1 mediate
vascular dysfunction in transmasculine people are missing,
warranting further studies.

Testosterone also decreased endothelium-dependent vaso-
dilation in females in various conditions (67, 103, 113). In these
studies, vascular responses to NO donors were not affected by
testosterone treatment, suggesting a crucial role of endothe-
lial cells in testosterone-induced vascular dysfunction in
females. Testosterone decreased total and phosphorylated
(Ser''””) endothelial nitric oxide synthase (eNOS), leading to
decreased NO-mediated dilation in uterine arteries from preg-
nant rats. Moreover, testosterone decreased vasodilation
mediated by prostacyclin (PGL,) and endothelium-derived
hyperpolarizing factor (EDHF) and decreased mRNA expres-
sion of small conductance Ca?* -activated K* channel-3 (SK3)
(110), which plays a critical role in EDHF-mediated vascular
tonus maintenance in small arteries and in blood pressure
regulation (114).

Increased generation of ROS, or oxidative stress, figures
out as a major contributor to endothelial dysfunction
induced by testosterone in males and females. Testosterone
increases ROS in endothelial cells (115) and in VSMCs (116).
Testosterone increases ROS generation via nongenomic
mechanisms and independently of its conversion to estra-
diol in rat VSMCs (116). In vivo, acute testosterone treatment
increases leucocyte migration, an effect inhibited by antioxi-
dant agents, suggesting that ROS contribute to immune and
vascular changes induced by testosterone (117). In agree-
ment, testosterone-induced vascular oxidative stress is
linked to immune-mediated endothelial dysfunction in a
GAHT experimental model (67).

In female rats, testosterone increases systemic and cere-
bral blood vessels ROS generation, aggravating cerebral vas-
cular injury (118). Mechanistically, testosterone-induced
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oxidative stress in females occurs mainly via NADPH oxi-
dases (Nox), the main ROS source in the cardiovascular sys-
tem. Testosterone increases Nox subunits p22PPo%, p47Phox,
and gp9P"°* mRNA expression in the kidney of female rats,
leading to increased glomerular filtration rate and albuminu-
ria (119). Moreover, testosterone increases phosphorylated
(Ser**®) p47P"°% in vessels from hypertensive female rats, sug-
gesting that increased Nox activity is linked to testosterone-
induced vascular dysfunction (113). Regarding cardiac func-
tion, testosterone increases ROS in coronary venous effluent
in the heart from female rats, which is related to increased
contractile responses, cardiac hypertrophy, and elevated
blood pressure in vivo (96). An overview of the relationship
between testosterone-induced ROS generation and CVD can
be found in other comprehensive reviews (120, 121).

Testosterone also affects cardiovascular function through
maladaptive changes in tissue morphology, triggering profi-
brotic and proproliferative signaling. In VSMCs from the
male rat aorta, testosterone induces cellular proliferation
(122), leading to cellular migration, in a ROS-dependent
manner (116). Furthermore, testosterone increases phos-
phate-induced calcification in VSMCs from male mice aorta
(123). In agreement with these in vitro findings, testosterone
GAHT increases vascular profibrotic parameters in trans-
masculine people (65). Testosterone treatment also increases
cross-sectional area and aortic arch intimal thickness in
female mice with atherosclerosis (124). Compared with
females, genes involved in aortic valve mineralization are
upregulated in male mice, which is related to aortic stenosis
progression (125).

Although data still remain inconclusive, antihypertrophic
effects of testosterone have also been reported. Testosterone
reduced atherosclerotic lesions in the aortic root in male
mice, while the lesions were increased by orchidectomy.
Administration of anastrozole, a selective aromatase inhibi-
tor, blunted the testosterone protective effect, suggesting
that testosterone conversion to estradiol (and not testoster-
one per se) is key to its vascular antihypertrophic effects
(126). Of note, most studies on the vascular effects of testos-
terone were performed in males, which might not reflect
conditions or events in females. AR deletion increased athe-
rosclerotic lesion area in female mice aorta, suggesting an
antiatherogenic role for physiological levels of testosterone
in females (127). Studies addressing vascular morphological
changes induced by exogenous administration of testoster-
one in females are lacking, warranting further studies.

Indirect Effects via Activation of Central, Hormonal, and
Immune Mechanisms and Lipid Metabolic Changes

Sympathetic nervous system activity.

Female hormones exert cardioprotective effects, prevent-
ing, e.g., hypertension development, via central nervous
system-related mechanisms (128). On the other hand, car-
diovascular effects induced by direct effects of androgens
on neuronal structures are limited.

Androgens increase sympathetic nervous system activity.
Postexercise heart rate recovery is impaired in cisgender
men athletes on androgen use (129), and cisgender women
with PCOS have increased sympathetic outflow (130).
Experimentally, DHT increased blood pressure in female
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rats, which was blunted by renal denervation or simultane-
ous treatment with antagonists of o, (a;) and B-adrenergic recep-
tors, suggesting that increased sympathetic activity contributes
to androgen-induced hypertension (131). Mechanistically, DHT
increases melanocortin-4 receptor (MC4R) protein expression in
the hypothalamus, and intracerebroventricular administration
of SHU-9119, an MC4R antagonist, reduced blood pressure in
DHT-induced hypertensive female rats. Also, DHT did not
induce hypertension in female rats lacking MC4R, further sup-
porting that MCR has a fundamental role in sympathetic nerv-
ous system-mediated increased blood pressure by androgens in
females. In accordance, MCR activation in the central nervous
system exerts an excitatory effect on sympathetic outflow,
increasing blood pressure in male rats (132).

Hyperactivation of the classical RAAS.

Cardiovascular damage in males is also related to hyperactiva-
tion of the classical RAAS. Overall, male-related factors trigger
classical RAAS components [i.e., angiotensin-converting
enzyme (ACE), angiotensin II (ANG II), and angiotensin type 1
receptor (AT R)], leading to prohypertensive effects. On the
other hand, female-related factors elicit cardioprotective
effects via activation of the antihypertensive RAAS axis
{ACE2, angiotensin-1-7 [Ang-(1-7)], Mas receptor (MasR), and
AT,R). A comprehensive overview on the role of the RAAS
components in sex differences in the cardiovascular system
and CVD can be found in excellent reviews (133, 134).

Testosterone enhances the prohypertensive RAAS axis in
females. Reckelhoff and colleagues (135) demonstrated that
testosterone increased blood pressure in OVX spontaneously
hypertensive rats (SHR) to levels found in male SHR, and
enalapril, an ACE inhibitor, dropped blood pressure by 65%
in testosterone-treated OVX SHR. Interestingly, enalapril
reduced blood pressure by 40% in intact female SHR or
untreated OVX SHR, suggesting that testosterone modulates
RAAS components that are key to hypertension develop-
ment independently of other sex factors. Accordingly,
androgens in males increase angiotensinogen and ACE gene
expression in the kidney and in the liver, increase plasma re-
nin activity, and, in hypertensive female rats, increase ANG
II-induced vasoconstriction (113, 119, 136).

Imbalances in AT;R/AT,R ratio contribute to testoster-
one-induced cardiovascular damage in females. In preg-
nant rats, AT,R activation attenuates increased blood
pressure induced by testosterone (137). Moreover, testos-
terone in vitro and in vivo decreases AT,R protein expres-
sion in conductance arteries from female rats (138),
suggesting that testosterone impairs systemic AT,R func-
tion in females. Testosterone increases ANG II-induced va-
soconstriction by increasing the AT;R/AT,R ratio in
uterine arteries from pregnant rats (110).

Immune mechanisms.

Immune mechanisms also play a fundamental role in sex
differences observed in several cardiovascular disorders.
Experimental studies point out that the predominance of an
“inflammatory status” in males contributes to greater cardio-
vascular damage. Male SHR exhibited increased proteinuria
and higher blood pressure levels, which was associated with
kidney proinflammatory status. Males exhibited more Thi17
cells in the kidney (a proinflammatory CD4 " T-cell subset),

whereas females showed more T regulatory (Treg) cells (anti-
inflammatory cells) (139). In addition, transplanted female
mice that received kidneys from male donors exhibited
increased blood pressure and higher proinflammatory cyto-
kines in response to ANG II. However, blood pressure and re-
nal inflammatory markers were attenuated when female
transplanted mice received kidneys from female donors
(140). Together, these results suggest that a male-related
proinflammatory profile is crucial to hypertension develop-
ment and cardiovascular damage.

Androgens trigger proinflammatory mechanisms that
contribute to CVD development in males. In human endo-
thelial cells, DHT increased VCAM-1 gene expression via
nuclear transcription factor « B (NF-«xB) activation, a
mechanism that also contributes to androgen-induced vas-
cular dysfunction (23, 141). In murine macrophages, testos-
terone increased TNF-o and monocyte chemoattractant
protein-1 (MCP-1) release, which contributes to cerebral vas-
cular injury (118). In vivo, testosterone increased cyclooxy-
genase 2 (COX-2) and inducible nitric oxide synthase (iNOS)
protein expression, and prostaglandin E, (PGE,) production
in brain vessels, contributing to cerebrovascular inflamma-
tion (142). In addition, acute testosterone administration
increased vascular leukocyte migration in a COX-2-depend-
ent manner (117), and long-term testosterone treatment pro-
moted vascular dysfunction via NLRP3 inflammasome
activation (143). Pharmacological AR blockade and genetic
deletion of AR decreased interferon-y (IFN-y), IL-10, IL-6,
and IL-17 vascular expression, and reduced vascular macro-
phages infiltration, attenuating aortic aneurysm in mice
(144), all reported in male animals.

Androgen-induced deleterious cardiovascular effects medi-
ated by inflammatory mechanisms are also reported in
females, but studies addressing this topic are still insufficient.
Lipid uptake induced by DHT is higher in macrophages from
cisgender men than in macrophages from pre- and postmeno-
pause cisgender women, suggesting that male-related immune
mechanisms contribute to increased prevalence and severity
of atherosclerosis in cisgender men (145). Accordingly, testos-
terone increased vascular atheroma plaque deposition and vas-
cular lesion area in female rabbits (124).

In transmasculine people on GAHT, testosterone increased
circulating inflammatory cytokines and leukocyte-endothelial
cell interactions (80). Experimentally, plasma TNF-o levels
were increased in females treated with testosterone as well as
in a PCOS-induced experimental model (118, 119). In addition,
20-hydroxyeicosatetraenoic acid (20-HETE), an arachidonic
acid metabolite, contributed to renal inflammation and DHT-
induced hypertension in female rats (146). 20-HETE also
increased in the vasculature of testosterone-treated hyperten-
sive female rats, which is related to vascular hypercontractil-
ity (147).

Recently, we showed that testosterone-induced vascu-
lar dysfunction in a GAHT experimental model relies on
activation of adaptive immune system components (67).
Testosterone increased vascular Rorc expression (or
RORyt coding gene, a crucial Thi17 cell marker, the main IL-
17-secretory CD4 " T-cell subset) in female mice. CD4" T
cells and IL-17 receptor (IL-17R) were key to the decreased en-
dothelium-dependent vasodilation induced by testosterone.
v8 T cells, another T-cell subset that releases IL-17, did not
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contribute to testosterone-induced vascular dysfunction.
From a translational perspective, those data suggest that
Thi7 cells may contribute to increased cardiovascular risk in
transmasculine people. Of note, activated CD4 " T cells from
healthy cisgender men have a predilection toward IL-17 pro-
duction compared with CD4 " T cells from cisgender woman
(148). In addition, Th17 cells are increased in cisgender
women with PCOS (149).

Few studies have investigated whether immune system
components contribute to cardiac dysfunction induced by
testosterone in females. Female mice with myocarditis had
lower cardiac histopathological damage, reduced global
inflammation, and a higher survival rate than males (150).
Although estrogen treatment reduced cardiac damage, atte-
nuated inflammation, and improved survival rate in male
mice, testosterone increased neutrophil infiltration in the
heart from female mice, aggravating cardiac hypertrophy
and dysfunction induced by myocardial infarction (151).
Despite these preliminary evidences, the immune mecha-
nisms triggered by testosterone and how they affect the car-
diovascular system in females are not completely elucidated.

Lipid metabolism changes.
As already mentioned, testosterone GAHT induces dyslipide-
mia, characterized by increased triglycerides and LDL-C levels,
and decreased HDL-C levels, in transmasculine people under
different regimens (39, 64, 65, 72). Moreover, HDL-CEC is
reduced in transmasculine people on testosterone GAHT,
increasing cardiovascular risk in those subjects (74). Despite
these clinical findings, testosterone failed to increase vascular
atherosclerotic plaque deposition in a GAHT experimental
model (152). The low dose of testosterone used, which does not
mimic testosterone GAHT, might explain these discrepancies.
Mechanistically, changes in lipid metabolism induced by
testosterone have been attributed to increased expression of
the scavenger receptor class B type 1 (SR-B1) protein and
plasma lipase activity. In human hepatocytes, testosterone
increases SR-B1 mRNA expression (153). Testosterone ther-
apy increases plasma hepatic lipase activity, which was posi-
tively correlated to DHT serum levels, in cisgender men with
primary testicular failure (154). SR-B1 plays a crucial role in
the influx of HDL-C into the cells and facilitates the efflux of
cholesterol from peripheral tissues back to the liver (155).
Also, increased plasma lipase activity may lead to hydrolysis
of triglycerides and phospholipase on circulating HDL-C,
resulting in ApoA-1 release and degradation. In association,
these mechanisms may contribute to reduced HDL-C levels,
which may contribute to the testosterone-protective athero-
genic role by enhancing reverse cholesterol transport from
HDL. Whether those mechanisms also occur in biological
females is unknown, guaranteeing further studies.

Testosterone effects in the PVAT.

The adipose tissue surrounding most blood vessels, the PVAT,
plays a critical role in vascular homeostasis. The PVAT exerts
anticontractile effect in the vasculature through the release of
vasoactive agents such as NO, hydrogen peroxide (H,0,),
hydrogen sulfide (H,S), Ang-(1-7), and adiponectin. Moreover,
the cellular arrangement of the PVAT contributes to vascular
structure maintenance. On the other hand, PVAT dysfunction,
which may result from an imbalance in the release of
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vasoactive compounds, changes in PVAT morphology, and
inflammatory cells infiltration in the PVAT dysfunction, on
the other hand, leads not only to an imbalance in the release
of vasoactive compounds but also to variations in PVAT mor-
phology and inflammatory cells infiltration, pathophysiologi-
cal processes found in cardiometabolic diseases (156).

Sex differences in PVAT function are reported in experi-
mental models of hypertension and obesity. In physiological
conditions, female-related hormones play protective effects
on PVAT structure and function (157). On the other hand,
similar noradrenaline-induced vasoconstriction in PVAT-
intact vessels from orchiectomized and intact (sham) male
mice, suggests that physiological levels of testosterone do not
influence PVAT function (158). However, studies addressing
the impact of androgen administration on the PVAT function,
especially in females, are missing.

We addressed testosterone effects on PVAT function in a
testosterone-GAHT mouse model (67). Female 8-wk-old
C57BL/6J wild-type (WT) mice received testosterone cypio-
nate for 8 wk (48 mg/kg/wk) or peanut oil, used as vehicle.
To determine whether OVX further impacts vascular actions
of testosterone, a group of female WT mice was bilaterally
ovariectomized (OVX) or fictitiously operated (sham). Sham
and OVX female mice received testosterone or vehicle. Age-
matched WT male mice were also treated with vehicle for
sex comparisons. All the experimental protocols were per-
formed in accordance with the National Council for Animal
Experimentation Control and approved by the Ethics
Committee on Animal Use of the University of Sdo Paulo,
Ribeirao Preto, Brazil (Protocol No. 079/2019). After the treat-
ment period, the animals were euthanized by cardiac exsan-
guination under isoflurane anesthesia, the thoracic aorta
was carefully harvested, and the PVAT was either removed
or left intact. Phenylephrine (PE)-induced contractions were
evaluated in endothelium-intact aortic rings by classic vas-
cular reactivity studies. The PVAT influence on PE-induced
vasoconstriction was inferred by the difference (A) between
the responses [area under the concentration-effect curve
(AUCQC)] in aortas without and with the PVAT (AAUC). All the
in vivo procedures, vascular reactivity studies, and statistical
analyses were performed as previously described (67).
Testosterone increased the PVAT anticontractile effect (i.e.
testosterone down-shifted PE-induced contractile responses
in PVAT-intact vessels, increasing the AAUC) (Fig. 3).
Changes in PVAT function induced by testosterone were not
modified by OVX (Fig. 3A). Interestingly, arteries from male
mice exhibited a PVAT functional phenotype that resembles
the one displayed by testosterone-treated female mice (Fig.
3B). Since the increased anticontractile effect of PVAT
induced by testosterone is not observed in arteries of female
mice treated with testosterone for longer periods of time
(Supplemental Fig. S1; https://doi.org/10.6084/m9.
figshare.22811462.v1), it seems that increased PVAT function
at earlier time points of testosterone-GAHT represents an
adaptive and transitory compensatory mechanism for the
vascular changes induced by testosterone.

In many CVD, the PVAT releases proinflammatory cyto-
kines, adipokines, and ROS (159). Thus, we addressed whether
immune mechanisms are involved in the effects of testoster-
one in the PVAT. Female mice lacking T and B cells (Ragl '/~
mice), female Ragl’/ ~ that received CD4™" T cells from WT

AJP-Heart Circ Physiol - doi:10.1152/ajpheart.00015.2023 - www.ajpheart.org

Downloaded from journals.physiology.org/journal/ajpheart at Victoria Univ of Wellington (130.195.250.116) on May 26, 2025.


https://doi.org/10.6084/m9.figshare.22811462.v1
https://doi.org/10.6084/m9.figshare.22811462.v1
http://www.ajpheart.org

()) TESTOSTERONE-GAHT AND THE FEMALE CARDIOVASCULAR SYSTEM

Female

>

B Female vs Male

Sham

OvX

N
=]
=]
N
=]
=]

-
a
[

Contraction (mN)
(% KCI 120 mmol/L)
a 2
o o

o

N
=]
=]

-
o
o

- F-Sham-V (P-)
o M-V (P ;
& F-Sham-V (P+) /
RN VEVIC I -

Contraction (mN)
(% KCI 120 mmol/L)
o 2
o o

o

Log [PE] mol/L Log [PE] mol/L Log [PE] mol/L
0.9999
1
0.4324
1 0.0215
5004 <0.0001 0.0005 500
] | o F-Sham-V O F-Sham-V
— 400 ® 0 PP ® F-Sham-T . 400 o MV
2 1o 2]
= =] 0 F-OVX-V =
O 5 300 o O 5 300
2> ° e F-OVX-T 2>
:j @ o -%- <s
Z 200 % ° <1 £ 200
8 o S
100 ~ 100
0 0-

Figure 3. Testosterone for 8 wk increases anticontractile effect of the perivascular adipose tissue (PVAT) in an experimental gender-affirming hormone
therapy (GAHT) model. Vasoconstrictor responses were assessed through concentration-effect curves to phenylephrine (PE) in PVAT-intact (P+) or
PVAT-denuded (P—) aortic rings (top) from intact (sham, n = 5-6) or ovariectomized (OVX, n = 5-6) C57BL/6J female (F) mice (A) or male (M, n = 6) mice
(B), treated with testosterone cypionate (T, 48 mg/kg/wk) or vehicle (V) for 8 wk. PVAT anticontractile effect was inferred by the difference between the
area under the curve in the P— and P + groups (AAUC, bottom). Data are expressed as means + SE; dots covering bars indicate biological replicates (n).
Statistical differences were determined by two-way ANOVA followed by Tukey’s test within female groups, and Student’s t test between F-sham-V and

M-V. P < 0.05, statistically significant values.

female mice (CD4" T cells adoptive transfer), and female
mice lacking the IL-17 receptor (IL-17Ra’") were treated with
testosterone for 8 wk. All the in vivo protocols were carried out
as previously described (67). Testosterone administration did
not change PVAT function in vessels from female Rag-1"/~ or
IL-17Ra/~ mice. However, CD4 " T cells transfer into Rag-1"/~
female mice restored testosterone-induced increased PVAT
anticontractile effect (Fig. 4A). After euthanasia of testoster-
one-treated female WT mice, the PVAT was removed and
cDNA was obtained from 1 pg of total RNA for Rorc expression
analysis by qRT-PCR. RNA isolation, conversion to cDNA, and
gene expression analysis, including the primer sequences,
were performed as previously described (67). Testosterone
increased Rorc expression in the PVAT from WT female mice
(Fig. 4B), suggesting the presence of Thi7 cells in the PVAT.
Together, these data point to Thi7 cells as crucial to PVAT dys-
function in a testosterone-GAHT mouse model. However,
mechanisms involved in testosterone-induced PVAT func-
tional changes should be further addressed.

Psychosocial and environmental aspects influencing
cardiovascular risk in transmasculine individuals.

As discussed in earlier sections, testosterone GAHT relieves
gender dysphoria, usually by improving physical aspects (i.e.,
by aligning gender identity and the primary and secondary
sexual features). However, the social component of gender
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incongruence (i.e., regardless of physical traits, whether other
people in the society recognize transgender individuals by
their current self-affirming gender identity and not by the
gender assigned to them at birth) plays a critical role in gen-
der dysphoria development. In addition, transgender people
(transmasculine included) usually suffer social and economic
historical marginalization, disease-linked perception by
others, social stigma, discrimination, and, many times, vio-
lence (33). This adverse environment may impact cardiovas-
cular health, since poor social determinants of health (SDoH),
including access to healthcare services, are linked to higher
cardiovascular risk factors and worse clinical outcomes such as
stroke, myocardial infarction, coronary heart disease, and
heart failure (160). Of importance, many SDoH domains or
individual social aspects are not interchangeable among differ-
ent populations. From a transgender healthcare perspective, a
refined look at the relationship between the SDoH and cardio-
vascular risk, considering peculiar intersectional factors and
aiming for more accurate clinical inferences, is warranted.
Chronic stress experienced by transmasculine individuals
triggers mechanisms that might influence cardiovascular func-
tion. Activation of the biological stress response system, which
comprises the hypothalamic-pituitary-adrenal (HPA) axis and
the autonomic nervous system (mainly the sympathetic nervous
systems, including the sympathoadrenal-medullary axis) (161),
releases several modulators of cardiovascular performance,
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Figure 4. Th17 cell-linked mechanisms are involved in perivascular adipose tissue (PVAT) alterations induced by testosterone in female mice. A: PVAT
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expressed as means * SE; dots covering bars indicate biological replicates (n). Statistical differences were determined by Student’s t test within each
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such as catecholamines, serotonin, ANG II, mineralocorticoids,
cortisol, and dehydroepiandrosterone (DHEA) (162, 163). In
addition to their direct cardiac, vascular, and renal effects, stress
response-derived mediators also activate proinflammatory
mechanisms and induce oxidative stress. A detailed discussion
concerning molecular mechanisms whereby chronic stress and
adverse environmental factors impair cardiovascular function
and increases CVD prevalence can be found in comprehensive
reviews (163, 164). Highlighting the importance of this topic, it is
not known whether testosterone GAHT has a greater cardiovas-
cular impact in transmasculine individuals who have gender
dysphoria, warranting further studies.

EXPERIMENTAL MODELS OF
TESTOSTERONE-GAHT

An important limiting factor in cardiovascular research linked
to testosterone GAHT is the paucity of appropriate experimental
animal models. Although androgens-induced cardiovascular
effects in female models have been explored, very few preclinical
studies addressed testosterone effects in the GAHT perspective.

Slight differences in experimental models aimed to mimic
testosterone GAHT should be noted. A GAHT experimental
model is distinct from other approaches where females are
exposed to androgen excess. First, testosterone is preferably cho-
sen among other androgens, since it is the main compound
used in GAHT. Pharmacological aspects including dose, route,
volume, and frequency of administration of the different phar-
maceutical formulations should also be considered.
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female mice after adoptive transfer of CD4 " T cells (from WT female mice).

Efficacy of the treatment should be addressed according
to laboratorial and clinical testosterone GAHT aims, con-
sidering peculiarities and intrinsic limitations among ex-
perimental species. To mimic overall GAHT clinical aims,
testosterone administration to females in adulthood should
increase circulating testosterone to levels found in healthy
males (e.g., in healthy male mice or rats, when rodents are
used) and decrease estrogen’s endogenous secretion. To
improve the model prediction, testosterone should also
change body appearance/body composition (considering that
detection and measurements are possible). The “male”-like
phenotype should be confirmed through comparisons with
male-control groups. “Defeminization” effects by testosterone
(i.e., reduction or interruption of physiological female-related
processes) should also be addressed. Figure 5 summarizes im-
portant aspects regarding experimental approaches and trans-
lational perspectives (detailed in later sections) related to
testosterone GAHT in preclinical studies.

Goetz and colleagues suggested a testosterone GAHT
model for the first time in 2017 (165). C57BL/6, 6-wk-old,
female mice underwent bilateral OVX and received weekly
subcutaneous testosterone injections (0.0031 mg/wk) for 6 or
10 wk. As determined by dual-energy X-ray absorptiometry
measurement, the two treatment periods did not change
body composition, despite increasing circulating testoster-
one levels. No intact-female or male control groups were
included in the analysis. In a later study, the authors did not
report anthropometric parameters after 16 wk of testosterone
treatment in OVX ApoE’/ ~ female mice (152).
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models of testosterone GAHT that should be considered to increase translational data: 1) testosterone should be preferably chosen among other androgens,
and pharmacological aspects such as dose, route, volume, and frequency of administration in female models should mimic clinical use; 2) GAHT should induce
a “male” phenotype (e.g., increased circulating testosterone levels, and increased body mass index and lean mass, for rodents) verified by comparisons with
male-control groups; 3) “defeminization” effects (i.e., reduction or interruption of physiological female-related processes) are also desired (e.g., dropping of circu-
lating estrogen levels, and estrus cycle cessation); 4) the diversity of testosterone GAHT adherence by transmasculine population; and 5) different starting age
and duration of the GAHT. Experimental studies have the potential to address whether testosterone effects remain after interruption or resumption of the treat-
ment or are aggravated by association with other gender transition procedures (e.g., surgeries, other compounds offered in masculinizing-GAHT). Experimental
studies also allow investigation of potential cardiovascular impact on offspring, if testosterone GAHT is performed during pregnancy or lactating period.

Another testosterone GAHT model was proposed by
Kinnear and colleagues in 2019 (58). Female, 8-9-wk-old,
C57BL/6 mice received subcutaneous testosterone enanthate
injections (0.9 mg/wk, divided into two doses of 0.45 mg/day),
increasing testosterone circulating levels. After 6 wk of treat-
ment, testosterone promoted clitoromegaly and cessation of
estrus cycles. Testosterone promoted changes in the reproduc-
tive system (e.g., PCOS-like ovaries changes), which were
reverted after 5 wk of treatment interruption (59). Low doses
of testosterone (0.45 mg/wk) did not promote “defeminiza-
tion” effects (i.e., cessation of estrus cycles), whereas higher
testosterone doses (1.8 mg/wk) induced vaginal prolapse and
were, therefore, not used in further studies. Anthropometric
measurements were not assessed, and a male-control pheno-
type group was not included for comparisons in these studies.

A more refined testosterone GAHT experimental model was
suggested by Bartels and colleagues in 2020 (166). Female, 6-
wk-old, CF-1 mice were treated weekly with subcutaneous
cypionate testosterone injections (0.4 mg/wk). The treatment
increased testosterone circulating concentrations in female
mice to levels found in age-matched male CD-1 mice. Similar
to Kinnear’s model, testosterone induced clitoral enlargement
and cessation of estrus cycles after 6 wk of treatment.
Interruption of testosterone treatment for 5 wk reverted those
alterations. Despite the inclusion of a male-control group, no
“male”-phenotype parameters were assessed.

Lichtenecker and colleagues (68) described a testosterone
GAHT model using 8-wk-old female Wistar rats, which
received intramuscular cypionate testosterone injections [3
mg/kg, every 10 days (weight and time adjusted: ~0.58 mg/
wk)]. After 16 wk, the treatment increased circulating testos-
terone to levels found in male rats and promoted cessation
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of estrus cycles. Testosterone increased body weight and
lean body mass, and decreased adipose mass, determined by
dual-energy X-ray absorptiometry. However, comparisons to
male-control rats were not reported.

Finally, we recently reported a mouse model that more
closely mimics testosterone GAHT in mice (67). After prelimi-
nary treatment tests, 8-wk-old, female C57BL/6 mice received
weekly subcutaneous cypionate testosterone injections [48
mg/kg/wk, divided into two doses of 24 mg/kg/day (weight
adjusted: ~1.0 mg/wk)]. After 8 wk, testosterone administra-
tion to female mice increased serum testosterone concentra-
tions and BMI to levels found in male mice and decreased
adipose tissue weight. Corroborating the anabolic effects of
testosterone, the treatment induced skeletal muscle fiber
enlargement (to levels observed in control male mice) and
increased muscle tissue weight (dry weight) in female mice,
suggesting increased body lean mass. OVX and a longer tes-
tosterone treatment period (24 wk) did not alter the “male”
phenotype induced by testosterone.

Although testosterone GAHT models are currently avail-
able, important clinical questions are unresolved, and fur-
ther studies will certainly help to fill the gaps, as will be
discussed in the next section.

LIMITATIONS IN CARDIOVASCULAR
RESEARCH IN TRANSMASCULINE PEOPLE
AND FUTURE DIRECTIONS

Age When GAHT Starts and Evaluation of End Points for
Short Times of GAHT

Important aspects limit the full comprehension of GAHT-
related cardiovascular health and risk and represent major
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challenges for future studies. First, the individuals’ age when
GAHT starts and evaluation of end points only for short
times of GAHT are important restraining aspects in the car-
diovascular assessment of transgender people. Aging itself
leads to cardiovascular dysfunction, increasing CVD preva-
lence (167), and studies evaluating whether aging impacts
cardiovascular outcomes induced by testosterone GAHT are
necessary. As an example, a retrospective study on GAHT-
induced cognitive effects after long periods (over 10 yr) was
performed only in transfeminine individuals, and no data on
transmasculine people are available (168). In addition,
increased carotid intima-media thickness in transmasculine
people on testosterone GAHT was positively related to age
(r=0.390, P=0.04) (169). In an observational study with 365
transmasculine on testosterone GAHT, only six individuals
were >65 yr old, and myocardial infarction was reported in a
72-yr-old person (82). Cardiovascular events or cardiovascu-
lar-related mortality rates were higher in transfeminine than
in the transmasculine group. However, the transfeminine
group was older than the transmasculine subjects (>40 yr
age range: 21.5 vs. 16%, respectively).

Regarding GAHT duration, increased cardiovascular risk
in transfeminine individuals was related to a longer time
GAHT follow-up ratio (over 30 yr) compared with the trans-
masculine group (9.5 vs. 5.2%, respectively) (82). Although
GAHT may start at different time points in adulthood, in
most cases, the use of the hormones is maintained across the
lifespan of transgender individuals, and experimental stud-
ies suggest that longer exposure times to male-related factors
blunt female-related cardioprotective mechanisms (67).
Thus, further studies are needed to evaluate the long-term
impact of testosterone GAHT.

Sample Sizes

Small sample sizes limit accurate evaluation of GAHT-related
cardiovascular risk. A recent systematic review analyzed 13 pre-
and postobservational studies on blood pressure in transmascu-
line people and showed incongruent data; three studies showed
that testosterone increased SBP, whereas nine studies reported
no differences in SBP. Furthermore, 10 studies did not show dif-
ferences in DBP. However, only two studies demonstrated good
quality ratings and were powered to show significant changes
in blood pressure, limiting precise conclusions (170). Ongoing
studies also have limited sample sizes (Table 3). Of importance,
people enrollment and permanence in the studies throughout
time evaluation greatly impact sample size, and the paucity of
friendly and specialized healthcare centers reduces the number
of transgender people seeking assistance (33).

Data Analysis

Data analysis design is another point. In a retrospective study,
transmasculine people showed a similar myocardial infarction
rate compared with cisgender men (7.2 vs. 5.6%, respectively, P
= 0.30), but higher than cisgender woman (3.1%, P < 0.01) (171).
Serum HDL-C levels in transmasculine people and cisgender
men were similar, but lower than in cisgender women (44). In a
testosterone GAHT experimental model, testosterone-treated
female rats showed increased SBP [(means + SE, mmHg) 131 =
1.4] compared with vehicle-treated female rats (119 + 1.0, P <
0.0001), but similar to vehicle-treated male rats (126 * 3.3) (68).
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Moreover, vehicle-treated female and male mice exhibited simi-
lar endothelial-dependent vasodilation, whereas testosterone-
treated female mice showed endothelial dysfunction compared
with vehicle-treated females (67). Endothelial function in trans-
masculine individuals on testosterone GAHT is also impaired
compared with cisgender women (86). Importantly, although
testosterone GAHT in transmasculine people aims to achieve
male physiological circulating levels of the hormone (i.e., testos-
terone levels found in healthy cisgender men), the fact that
those individuals are influenced by embryological and develop-
mental female-related factors, should be considered. Sex-related
factors in host organisms are key to testosterone-induced cardi-
ovascular effects and, therefore, comparisons with cisgender
female individuals may reveal substantial differences on the bi-
ological factors being evaluated. Furthermore, paired analysis
within the same transmasculine group may offer a more precise
cardiovascular risk evaluation induced by testosterone GAHT,
since the paucity of access to healthcare services by transgender
individuals greatly contrasts with the healthcare available to the
cisgender population (33). Of note, some nonbinary transmascu-
line individuals do not wish body changes; they undergo gender
transition to defeminize themselves rather than masculinize
their body appearance, requiring lower doses of testosterone
(172). Thus, the data heterogenicity within the transmasculine
groups should be also considered.

Comparisons with Other Conditions in Which Biological
Females Receive or Display High Levels of Androgens

Occasionally, evaluation of testosterone-induced cardiovas-
cular effects in transmasculine people is extrapolated from
other conditions in which female individuals received or dis-
play high levels of androgens. However, peculiarities between
pathophysiological processes versus GAHT should be noted.
For example, serum testosterone levels in women with PCOS
or testosterone-recommended doses in hormone replacement
therapy for postmenopause women are lower than those used
by transmasculine individuals on GAHT (40), potentially
reflecting different clinical outcomes. A study evaluating met-
abolic parameters of 29 transmasculine people, who received
intramuscular testosterone injections for 1 yr, noted that se-
rum HDL-C levels were lower in those subjects [(means, mg/
dL) 43, 95% CI: 40-47] versus age-matched cisgender woman
with PCOS (65, 50% CI: 58-73, P < 0.001) (173). Recently, it
was shown that carotid intima-media thickness is higher in
transmasculine individuals on testosterone GAHT for at least
1 yr [(means + SD, mm) 0.48 = 0.09] than on PCOS (0.41
0.09, P = 0.005) or healthy cisgender women (0.38 + 0.7, P =
0.001) (169). Regarding postmenopause therapy comparisons,
testosterone decreased endothelial-mediated vasodilation in
transmasculine people [(FMD, means * SD, %) 4.5 + 2.7 vs. 8.1
+2.9 in cisgender woman, P = 0.002] (86) and improved endo-
thelial function in healthy cisgender woman on postmeno-
pause testosterone replacement therapy for 6 mo [(FMD,
means * SE, %) 9.1 £ 1.1vs. 6.4 at baseline, P = 0.03] (174).

Previous Cardiometabolic Comorbidities and Lifestyle

Cardiometabolic comorbidities that increase cardiovascular
risk are also an important limitation in transgender people-
related cardiovascular research. A retrospective study reported
greater obesity prevalence in transfeminine (9.9%) and
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transmasculine (6.6%) adolescents than in cisgender girls
(2.2%) and boys (3.0%) (175). Moreover, 80.8% from 277 trans-
gender people showed overweight and obesity, and transmas-
culine individuals showed a higher BMI z-score (BMIz) than
transfeminine people (176). In a group with 69 transmasculine
people, 58% had PCOS before starting testosterone GAHT
(177). Concerning lifestyle, habits that increase cardiovascular
risk are especially experienced by the transgender community.
Alcohol use and smoking ratio was higher in transgender than
cisgender individuals (6.7 vs. 6.0%, and 22.4 vs. 20.0%, respec-
tively) (71). Daily smoking rate was also higher in transmascu-
line people (14.3%) than in cisgender woman (10.2%) (171). In
addition, of 138 transgender patients with CVD, 60.5% were
current or former smokers, 35.9% used alcohol in the past 30
days of data analysis, and 61.1% did not regularly practice
physical exercises (178).

Paucity of Experimental Studies

Finally, the paucity of experimental studies limits knowl-
edge of mechanisms involved in cardiovascular damage
induced by testosterone GAHT. Furthermore, essential
aspects related to testosterone use by transmasculine people,
from a translational perspective, are not covered by available
study designs. For example, starting testosterone GAHT at
different time points in adulthood would closely mimic the
variability seen in transmasculine people who undergo gen-
der transition. Also, longer testosterone-treatment periods
certainly will elucidate current gaps, especially those associ-
ated with other gender transition approaches, such as surgi-
cal procedures. Testosterone treatment in association with
progestational agents (compounds also included in the mas-
culinizing-GAHT collection) should also be considered,
because of their cardiovascular effects (107).

The pattern of testosterone treatment is a special aspect that
should be considered in experimental designs. Studies address-
ing cardiovascular effects at different time points of testoster-
one-treatment interruption may provide answers concerning
the maintenance, or not, of the testosterone-induced cardiovas-
cular phenotype. Of clinical importance, at least 39% of trans-
masculine individuals have current or future parental desire
(179). Considering the testosterone-induced alterations in the
reproductive system, testosterone GAHT suspension is essential
before pregnancy attempts (34). However, transmasculine peo-
ple with biological children may experience increased gender
dysphoria during pregnancy or postpartum, e.g., because of the
development of lactating mammary tissue, leading them to re-
sume testosterone GAHT (180). The cardiovascular impact of
interrupting and resuming testosterone use, i.e., whether dele-
terious cardiovascular effects are intensified) is still unknown.
Furthermore, experimental evidence shows increased adult-
hood cardiovascular events in offspring prenatally exposed to
testosterone (181-186), suggesting that cardiovascular monitor-
ing in biological children from transmasculine individuals who
used testosterone during pregnancy could prevent harmful car-
diovascular outcomes.

CONCLUSION AND CLINICAL PERSPECTIVES

The worldwide population who identifies as transgender
and seek healthcare services represents an important clinical
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demand. The cardiovascular impact of testosterone GAHT is
debatable and still very preliminary. Reported harmful car-
diovascular effects induced by testosterone GAHT include
increased blood pressure, impaired vasodilation, arterial
stiffness, dyslipidemia, maladaptive cardiac hypertrophy,
and increased inflammatory markers. These events can
potentially increase cardiovascular risk in those individuals
and may significantly impact the healthcare system world-
wide. In addition, unsupervised or indiscriminate use of tes-
tosterone by transmasculine people, especially in low- and
middle-income countries, increases the risk of adverse
events and can further impact the health system (187).

Current clinical data assessing the cardiovascular effects of
testosterone GAHT are mainly derived from cross-sectional
studies, and data from longitudinal studies are missing.
GAHT duration and starting age of individuals, the existence
of cardiometabolic comorbidities, and sample size should be
considered for more accurate evaluation. Preclinical studies
addressing the cardiovascular effects induced by testosterone
GAHT, especially studies aimed to investigate mechanisms
that mediate testosterone effects, are essential to prevent or
mitigate adverse events associated with testosterone GAHT.
Preclinical studies should consider 1) pharmacological aspects
such as the choice of the androgen, dose, route, volume, and
frequency of administration to closely mimic clinical use; 2)
the induction of a “male” phenotype; 3) “defeminization”
effects of the GAHT; and 4) starting age and duration of
GAHT. Together, these aspects certainly will contribute to tes-
tosterone GAHT optimization, decreasing the cardiovascular
risk for transmasculine individuals.
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