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Abstract
Cardiovascular disease (CVD) is becoming increasingly prevalent 

in the United States, prompting an interest in biological and hormonal 
contributors to risk. Although testosterone has long been implicated in 
cardiovascular risk, the nature of this relationship is complex and is not 
fully understood. Furthermore, the use of testosterone replacement therapy 
has increased over the years, especially in male hypogonadism. Like 
endogenous testosterone, the influence of testosterone replacement therapy 
on CVD risk remains unclear as findings from multiple studies have 
been inconsistent. Some studies proposed that testosterone replacement 
therapy -induced erythrocytosis may contribute to an increased risk 
of CVD, however, this association remains unconfirmed. Building on 
this proposed mechanism, some studies have found certain testosterone 
replacement therapy formulations to have increased rates of erythrocytosis 
while other studies found similar effects across all formulations. In this 
review, we outline the physiology of endogenous testosterone, its role in 
cardiovascular health and the current evidence surrounding testosterone 
replacement therapy and its relationship with CVD. We will then review 
the different testosterone replacement therapy formulations and evaluate 
their potential influence on CVD risk. 
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Introduction
Cardiovascular disease (CVD) is defined as the disease of blood vessels 

and the heart. Some major examples of CVD include atrial fibrillation (AF), 
coronary heart disease (CHD) and heart failure (HF) [1]. According to the 
American Heart Association (AHA), the overall prevalence of CVD is 
expected to rise from 11.3% in 2019 to 15% by 2050 [1]. While clinical CVD 
is expected to affect 45 million adults, CVD risk factors such as hypertension 
is projected to affect 184 million (more than 61%) adults by 2050 [1]. A 
research study by Faridi et al. demonstrated an increased 10-year predictive 
risk of CVD or existing CVD in 3 out of 10 U.S. adults between ages 30 and 
79, with more than 90% of those in ages 65 years and up [2]. In younger 
middle-aged adults, there is an increased 30-year CVD risk in those without 
any existing CVD. Of these numbers, the highest risk demographic tends to 
be amongst men, and those who are of Hispanic or Black descent [2]. On 
a global scale, the prevalence of CVD was observed to increase from 271 
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million cases in 1990 to 523 million cases in 2019 [3]. In 
terms of mortality rate stemming from heart disease in the 
last 50 years, there has been an 81% decline in age-adjusted 
mortality from all ischemic heart disease, and an 89% decline 
in age‐adjusted mortality from acute myocardial ischemia 
[4]. However, as of 2022, there has been an 81% increase 
in age‐adjusted mortality from other heart disease subtypes 
including hypertensive heart disease, heart failure (HF), and 
arrhythmia [4]. 

Given these rising trends, it is crucial to understand the role 
of hormonal and biological risk factors in the development 
of CVD. Emerging evidence suggests dysregulation of 
testosterone levels may contribute to the development of CVD 
[5,6]. Testosterone influences cardiovascular physiology 
through various interacting pathways, which could help 
explain the variation in study findings [7]. Additionally, 
there has been an increasing interest in the use of testosterone 
replacement therapy (TRT) particularly for the treatment of 
male hypogonadism [8]. Due to this interest, multiple studies 
have been done to determine the cardiovascular safety of 
TRT use but findings have been inconsistent, leading to its 
ongoing debate [9]. To provide a cohesive understanding 
of the effect of testosterone on cardiovascular health, this 
review will examine endogenous testosterone physiology, 
formulation pharmacokinetics and current cardiovascular 
outcome data. 

Endogenous Testosterone Biology 
Physiology

Testosterone is the primary male androgen and is 
synthesized in the Leydig cells under luteinizing hormone 
(LH) stimulation [10,11]. Its production begins when 
circulating cholesterol is transported into the mitochondria 
of Leydig cells by the steroidogenic acute regulatory protein 
(StAR) [12]. Inside the mitochondrial matrix, cholesterol 
side-chain cleavage enzyme (CYP11A1) converts cholesterol 
into pregnenolone. As pregnenolone moves into the smooth 
endoplasmic reticulum, it is converted to progesterone 
by 3β-hydroxysteroid dehydrogenase (3HSD3B), and 
then to androstenedione by 17α-hydroxylase/17,20-lyase 
(CYP17A1) [12]. Androstenedione is subsequently converted 
into testosterone by 17β-hydroxysteroid dehydrogenase type 
3 (HSD17B3) [12]. 

Once formed, testosterone can follow different metabolic 
pathways. A substantial portion is converted to the more 
potent androgen dihydrotestosterone (DHT) by 5α-reductase 
in peripheral tissues such as the liver, skin, adrenal, kidney, 
prostate and genital skin [13]. Testosterone can also be 
aromatized to estradiol in tissues such as adipose tissue, liver, 
brain, bone, breasts and testes [13,14].

 In circulation, about 30-44% of testosterone is tightly 
bound to sex hormone-binding globulin (SHBG), while  

54-68% is loosely bound to albumin [15,16]. The remaining
testosterone exists in an unbound form, also known as free
testosterone, which comprises 0.5-3% [16]. Bioavailable
testosterone includes the albumin-bound and free fractions,
which can enter target tissues and activate androgen receptors
(AR) [17]. SHBG-bound testosterone does not readily
dissociate and is therefore not considered bioavailable. Total
testosterone reflects all three forms [17]. Testosterone that
is not converted to other hormones or bound to a receptor
is metabolized in the liver to inactive metabolites such as
androsterone and dehydroepiandrosterone and is ultimately
excreted through the kidneys or the gut [14] (Figure 1).

Figure 1: Pulsatile Gonadotropin-releasing hormone (GnRH) 
release from hypothalamus stimulates release of follicle-stimulating 
hormone (FSH) and luteinizing hormone (LH) from anterior 
pituitary gland. LH activates release of testosterone from Leydig 
cells in testes, whereas FSH stimulates Sertoli cells to promote 
spermatogenesis and the release of inhibin B. Circulating testosterone 
can be aromatized to estradiol or converted to dihydrotestosterone 
(DHT) by the action of 5-alpha reductase. GnRH and LH secretion 
is inhibited by bioavailable testosterone, DHT and estradiol, while 
inhibin B selectively blocks FSH. These coordinated actions allow 
for maintenance of homeostasis. Created in BioRender. 

Testosterone production is tightly regulated by the 
hypothalamic-pituitary-gonadal (HPG) axis to maintain 
hormonal balance, and disruptions at any point in this axis can 
contribute to hypogonadism [18]. Gonadotropin-releasing 
hormone (GnRH) is secreted in a pulsatile manner from the 
hypothalamus into the hypophyseal portal system, stimulating 
the anterior pituitary gland to release LH and follicle-
stimulating hormone (FSH) [19]. These gonadotropins are 
also released in a pulsatile manner, although FSH pulsatility 
is less pronounced. LH acts on Leydig cells to promote 
testosterone synthesis, while FSH stimulates Sertoli cells of 
the testes to support spermatogenesis [19,20]. 

Once testosterone levels reach an optimal level, bioactive 
testosterone including albumin-bound and free testosterone, 
along with DHT, binds to AR in the hypothalamus and 
pituitary gland to suppress further GnRH and LH secretion. 
FSH suppression occurs through inhibin B produced by 
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Sertoli cells as well as estradiol feedback [19, 21]. SHBG-
bound testosterone and inactive metabolites do not participate 
in this feedback loop [22]. 

Beyond hormonal regulation, testosterone secretion 
follows a circadian rhythm driven by both central and 
peripheral mechanisms. Levels are higher in the morning, and 
lowest in the evening. Centrally, testosterone interacts with 
ARs in the suprachiasmatic nucleus (SCN), and peripherally, 
Leydig cells have their own intrinsic clock that contributes 
to this rhythm. Factors such as poor sleep, aging, obstructive 
sleep apnea (OSA) and obesity can disrupt this synchrony 
and impair testosterone production [23-25]. Recognizing 
this diurnal pattern is important for accurate diagnosis and 
management.

Epidemiologic Trends 
In males, testosterone production shows a characteristic 

early-life pattern marked by a brief hormonal surge known 
as minipuberty. This occurs around 1-3 months of age 
and continues until about 6 months [26,27]. During this 
period, total testosterone levels can reach concentrations 
like those seen during puberty (172 ± 78 ng/dL), whereas 
free testosterone remains comparatively low (7.7 ± 4 pg/
mL or 0.45 ± 0.20%) [26]. This temporary increase in total 
testosterone plays a role in early testicular development 
and helps prime the reproductive endocrine system for later 
function [26]. After this phase, testosterone levels fall back 
to prepubertal concentrations, typically below 1 nmol/L 
[28]. With the onset of puberty, generally between ages 9 
and 14, both free and total testosterone begin to rise sharply. 
Levels increase by nearly seven-fold before reaching adult 
concentrations of around 15 nmol/L by ages 16-17, at which 
point they stabilize [28, 29]. 

Although testosterone is the primary androgen in males, it 
is also present in females at much lower concentrations. In a 
cross-sectional study of individuals aged 6-20 years, Senefeld 
et al. [29] reported that total testosterone increased from 1.9 
ng/dL to 516 ng/dL in males, whereas the increase in females 
was much smaller, from 2.4 ng/dL to 29.5 ng/dL [29]. Males 
reached their plateau around age 17, while females reached 
theirs earlier, at about age 14 [29]. These differences highlight 
testosterone’s more prominent developmental role in males. 

Testosterone levels begin to decline gradually in both 
sexes during early adulthood [30]. In men, this decline 
usually occurs later during the third and fourth decades of 
life, whereas in women it tends to occur earlier, between the 
second and third decades [31]. 

A longitudinal study by Banica et al. [30] found annual 
decreases in total testosterone, free testosterone and DHT 
of 0.85%, 1.31% and 1.03%, respectively, accompanied by 
a 0.62% yearly rise in SHBG [30]. The age-related increase 
in SHBG contributes to a steeper decline in free testosterone 

than in total testosterone. Findings from the Baltimore 
Longitudinal Study of Aging similarly showed age-related 
increases in SHBG in both men and women. In women, 
SHBG followed a U-shaped trajectory, with a slight decline 
before menopause and a sharper increase afterwards. In men, 
SHBG increased steadily, with a faster increase after age 70 
[32]. 

Bioavailable testosterone, as measured by ammonium 
sulfate precipitation (mBT), decreased consistently with age 
in both sexes, with a more pronounced decline in men. Total 
testosterone decreased before menopause in females and then 
remained stable or slightly increased afterward. In males, 
total testosterone generally remained stable until around age 
70, after which it declined more rapidly [32]. These hormonal 
changes in aging men have been associated with alterations 
in metabolic and vascular risk profiles, although causality has 
not been established [32].

Diagnosing Male Hypogonadism 
According to the American Urological Association 

(AUA), Endocrine Society and U.S. Food and Drug 
Administration (U.S. FDA), one of the primary indications 
for TRT is confirmed hypogonadism due to organic causes, 
including primary or secondary hypogonadism stemming 
from disorders of the hypothalamus, pituitary gland or testes 
[33-35].

The diagnosis of hypogonadism follows a stepwise 
approach. It begins with obtaining a morning (7AM to 
11AM), preferably fasting, total testosterone level<300 ng/
dL on two separate days, along with the presence of signs 
or symptoms consistent with hypogonadism, such as fatigue, 
depression, anemia, gynecomastia and decreased libido 
[33,34]. Patients should then be evaluated for reversible 
secondary causes of low testosterone, including medication 
use such as glucocorticoids and opioids, obstructive sleep 
apnea (OSA), obesity, and systemic illness. After these 
factors are addressed, total testosterone should be measured 
again on two separate occasions. If levels remain <300 ng/dL, 
further evaluation is warranted [33,34]. 

In patients with conditions that affect SHBG including 
obesity, type 2 diabetes mellitus, aging, HIV, liver disease, 
thyroid disorders or exogenous androgen use, or those 
with borderline total testosterone (200-400 ng/dL), free 
testosterone level should be measured using equilibrium 
dialysis or calculated using a validated formula incorporating 
total testosterone, SHBG, and albumin [34]. 

Following this, LH and FSH are obtained to differentiate 
between primary hypogonadism resulting from impaired 
testicular function, and secondary hypogonadism resulting 
from pituitary or hypothalamic causes. If LH is low or 
inappropriately normal, prolactin should be checked to 
evaluate for pituitary pathology. Brain MRI is recommended 
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when there are symptoms suggesting mass effect including 
diplopia or headaches, or if there are lab abnormalities 
involving prolactin or other pituitary hormones. Additional 
labs may include iron studies to check for iron overload, 
and assessment of other pituitary hormones such as thyroid 
stimulating hormone (TSH) and adrenocorticotropic hormone 
(ACTH) [34] (Figure 2).

In summary, both biochemical evidence of low 
testosterone and compatible clinical symptoms must be 
present to justify treatment with TRT [34]. This ensures 
therapy is limited to patients with true primary or secondary 
hypogonadism, rather than functional-related or age-related 
testosterone decline [35].

again activates PI3K/Akt and enhances eNOS activity and 
NO production [37]. In the microvasculature, testosterone can 
also promote peroxynitrite formation, triggering cyclic GMP 
(cGMP) signaling and contributing further to vasodilation 
[38]. 

Beyond its effects on endothelial signaling, testosterone 
directly influences vascular smooth muscle. It can inhibit 
L-type calcium channels and activate potassium channels,
lowering intracellular calcium concentrations and resulting
in vascular smooth muscle relaxation [39,40]. A similar ion
channel effect occurs in cardiac myocytes, where testosterone
activates ultra-rapid potassium channel, accelerating
repolarization and shortening QT interval, thereby linking
testosterone to cardiac electrophysiologic changes [41].

Hematologic Effects 
From a hematologic standpoint, testosterone stimulates 

erythropoiesis through genomic mechanisms. It binds to 
early hematopoietic cells in the bone marrow, promoting 
development of myeloid progenitor lines [42]. This increases 
erythropoietin (EPO) production, which then drives red 
blood cell (RBC) formation. To support this RBC formation, 
testosterone enhances iron availability by suppressing 
hepcidin and increasing ferroportin-mediated iron release and 
utilization [42-44]. 

Lipid metabolism 

Testosterone also influences lipid metabolism through 
genomic and non-genomic mechanisms. Through its 
genomic effects, testosterone upregulates the activity of 
hepatic lipase, which increases hydrolysis of phospholipids 
within high-density lipoprotein cholesterol (HDL-C) [45,46]. 
It also alters low-density lipoprotein cholesterol (LDL-C) 
composition by shifting particles toward smaller and denser 
forms. Collectively, these actions can lead to reductions in 
LDL-C, HDL-C and total cholesterol levels [47]. 

Testosterone also promotes activation of liver X receptor 
alpha (LXRα), which upregulates ATP-binding cassette 
transporter A1 (ABCA1) and apolipoprotein E (APOE) [48]. 
These proteins allow for potential anti-atherogenic effects by 
inducing cholesterol efflux from macrophages and reducing 
foam cell formation [48,49]. In addition to its genomic 
effects, testosterone can alter lipid handling through non-
genomic mechanisms by increasing hepatic lipid oxidation 
and enhanced secretion of very-low-density lipoprotein 
triglyceride (VLDL-TG) [50]. 

Inflammatory Effects
Testosterone can have both pro-inflammatory and anti-

inflammatory effects, and the direction of its action depends 
on the type of cell involved and circulating hormone level. 

Through genomic pathways, testosterone can suppress 

Figure 2: Evaluation begins with symptom assessment followed 
by two fasting total testosterone measurements on separate days if 
symptoms are suspicious of hypogonadism. Secondary and reversible 
causes are identified and addressed. If suspicion for organic causes 
of hypogonadism persists, further labs are ordered including free 
testosterone, FSH, LH, prolactin, CBC and iron studies to evaluate 
for primary or secondary causes of hypogonadism. Brain MRI is 
recommended if patient presents with headaches, vision changes, 
inappropriately low or normal FSH/LH or markedly high prolactin. 
Created in BioRender. 

Cardiovascular Actions of Testosterone: 
Mechanistic Overview 
Vascular and Endothelial Effects 

Testosterone affects vascular physiology through several 
mechanisms. In the genomic pathway, testosterone enters the 
cell and binds to nuclear AR, resulting in gene transcription 
and activation of PI3K/Akt pathway. This, in turn, stimulates 
phosphorylation of endothelial nitric oxide synthase (eNOS), 
and increases nitric oxide (NO) production, promoting 
vasodilation [36,37]. 

Testosterone also acts through nongenomic pathways. 
When it binds ARs on the plasma membrane, it facilitates 
the formation of a complex with c-Src and caveolin-1, which 
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injection formulations undergo hepatic metabolism with 
most metabolites excreted in the urine and the remainder 
eliminated through the feces [59].

Transdermal, Oral, Intranasal and Buccal 
Formulations

Topical testosterone gels are available in various strengths, 
including 1%, 1.62% and 2% formulations [64-66]. They 
are applied once daily to areas such as the shoulder, upper 
arms, abdomen, or thighs depending on the specific product. 
Typical starting doses are 50 mg for the 1% gel, 40.5 mg for 
the 1.62% gel, and 40 mg for the 2% gel, with adjustments 
made based on serum testosterone levels [64-66].

Transdermal patches are another commonly used option 
and are usually started at 2-4 mg daily, applied to non-scrotal 
skin [67]. Gels reach peak concentrations within 2 to 4 hours 
after application while patches provide a more continuous 
24-hour delivery [68,70]. After patch removal, testosterone
exhibits a terminal half-life of approximately 1.3 hours [70].
Both gels and patches maintain minimal trough [68,69].
Similar to other formulations, they are metabolized in the
liver and excreted mainly in the urine [70].

Oral testosterone provides an alternative route with 
distinct absorption characteristics compared with transdermal 
products. Two oral testosterone formulations are FDA-
approved for male hypogonadism, including testosterone 
undecanoate and methyltestosterone [71-73]. Testosterone 
undecanoate is typically started at 112.5 mg twice daily 
although this varies by brand [73]. It should be taken 
with meals to facilitate lymphatic absorption [73]. The 
undecanoate ester has an elimination half-life of about 2.5 
hours, while the active testosterone formed has a half-life of 
10 to 110 minutes [70,73]. Peak concentrations occur around 
5 hours, with serum testosterone levels declining over the 
12-hour dosing interval, reaching lower levels before the
next dose [73]. Methyltestosterone is started 10-50 mg daily,
although higher doses (up to 400 mg) may be needed due to
significant first-pass hepatic metabolism [71,72]. Peak serum
concentrations are achieved rapidly after ingestion [71,72].

A rapid-acting option is intranasal testosterone, which 
differs from oral and transdermal agents in both dosing 
frequency and pharmacokinetics. Intranasal testosterone 
gel is dosed at 11 mg three times daily [74]. It is absorbed 
quickly, with peak levels reached roughly 40 minutes after 
administration and trough levels by 6-8 hours [74]. Its 
half-life is 10 to 110 minutes, similar to other formulations 
[70]. It is metabolized to DHT and estradiol through typical 
androgen pathways, with DHT increasing proportionally 
during treatment [74]. 

Buccal testosterone is another short-acting route and is 
administered at a starting dose of 30 mg twice daily [75, 76]. 
Maximum serum concentrations are reached 10-12 hours after 

transcription factor such as nuclear factor kappa B (NF-
κB) and may modulate AP-1 (cJun). Clinical studies also 
demonstrated that TRT may reduce expression in pro-
inflammatory mediators including tumor necrosis factor alpha 
(TNF-α) and interleukin-1 beta (IL-1β), while increasing 
anti-inflammatory interleukin-10 (IL-10) production [51-53].

Through non-genomic mechanisms, testosterone binding 
can activate G-protein-coupled receptor (GPCR) and 
phospholipase C, triggering a rapid calcium influx [54]. 
Depending on the specific cell type, this rapid influx may 
either activate or inhibit the extracellular signal-regulated 
kinase (ERK)1/2 signaling, an important component of the 
mitogen-activated protein kinase (MAPK) pathway [55].

Testosterone Formulations, Pharmacokinetics 
and Cardiovascular Implications

Several routes of TRT formulations are available, 
including transdermal patches, gels, intranasal gel, oral 
capsules, intramuscular and subcutaneous injections. 
Understanding the pharmacokinetics of each formulation is 
important when choosing the most appropriate option for a 
patient [34,56].

Injectable Formulations
Three injectable testosterone formulations are currently 

approved by the U.S. FDA, including testosterone enanthate, 
testosterone undecanoate, and testosterone cypionate. All 
are administered intramuscularly, most commonly into the 
gluteal region [57-59]. 

Dosing varies depending on the indication, but for male 
hypogonadism, testosterone cypionate and enanthate are 
commonly given at 50-400 mg every 2 to 4 weeks [34]. 
Testosterone undecanoate follows a longer dosing schedule, 
starting with 750mg at baseline, again at 4 weeks, and then 
every 10 weeks thereafter [59]. 

Testosterone cypionate and enanthate share similar 
pharmacokinetics. Both are esterified in oil, which allows for 
slow absorption. These short-acting formulations have a half-
life of roughly 8 days, with slightly more variability observed 
in the testosterone enanthate [57,58]. Testosterone cypionate 
generally reaches peak serum levels between days 2 and 5, 
and levels decline to a trough by days 13-14 [56,60]. The 
large difference between the peak right after an injection and 
the low point before the next dose often creates a noticeable 
“roller coaster” effect, which some patients describe as shifts 
in mood or libido [61]. 

Testosterone undecanoate is also esterified in oil but is 
considered long-acting given its longer half-life of about 34 
days [62,63]. Peak serum levels generally occur around day 
7, though the reported range is broad, anywhere between 4 
to 42 days [59]. Levels then decline gradually, and steady 
state is typically achieved after the third injection. All three 
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placement, and levels fall below the normal range within 2 to 
4 hours after removal [75]. Steady state is usually achieved 
after the second day of twice-daily dose, and the elimination 
half-life is 1.75 hours [75, 77]. 

Pellets Formulation
The only FDA-approved subcutaneous pellet is the 

crystalline testosterone pellet. Typical dosing ranges from 
150-450 mg (usually 2-6 pellets) implanted every 3 to
6 months [78]. Testosterone is released slowly, with the
greatest amount delivered during the first month, followed
by a gradual taper over the next several months. Levels
remain therapeutic for approximately 4-6 months, and the
elimination half-life is 70-75 days [79]. A brief rise in serum
testosterone occurs within the first 12 hours after placement
before transitioning into a sustained-released phase [78].

Formulation-Specific Cardiovascular Risks
TRT has been the subject of long-standing debate 

regarding its cardiovascular safety, largely because available 
studies have produced conflicting results. 

The most recent and comprehensive evidence comes from 
the Therapy for Assessment of long-term Vascular Events 
and Efficacy ResponSE in Hypogonadal Men (TRAVERSE) 
study which used the 1.62% testosterone gel [80]. In this 
randomized trial, TRT users experienced higher rates of atrial 
fibrillation (AFib) and nonfatal arrhythmias compared with 
placebo, but the therapy was still considered noninferior for 
major adverse cardiac events (MACE), suggesting no excess 
risk of myocardial infarction, stroke, or cardiovascular death 
[80]. 

A more recent retrospective cohort study by Connelly et 
al. [81] challenged this conclusion. With a longer follow-up 
period designed to reflect real-world TRT exposure, the study 
reported a 54% increase in unadjusted MACE risk (hazard 
ratio 1.54; 95% confidence interval 1.18-2.00) and a 55% 
increase in adjusted MACE risk (hazard ratio 1.55; 95% 
confidence interval 1.19-2.01) [81]. Unlike the TRAVERSE 
trial, this study included a range of formulations, such as 
oral, transdermal, and intramuscular testosterone. Although 
cardiovascular risk appeared higher with both transdermal 
and injectable formulations, statistical significance was 
reached only for the transdermal group [81]. 

Differential effects of specific formulations were also 
noted in an earlier observational study by Layton et al. [82], 
which evaluated 544,115 TRT users. Compared to gels, 
injectable testosterone was associated with higher risks of 
cardiovascular events (hazard ratio 1.26), hospitalization 
(hazard ratio 1.16) and death (hazard ratio 1.34), while patches 
did not meaningfully differ from gels [82]. However, the 
study had several limitations, including possible unmeasured 
confounding, variable adherence among formulations, and 
the lack of confirmation that patients met diagnostic criteria 

for hypogonadism. In addition, there was no untreated control 
group for comparison [82].

While cardiovascular risk remains unresolved, the 
relationship between TRT and erythrocytosis is more 
consistent. Several studies have shown that TRT can 
raise hematocrit, though the degree of risk differs across 
formulations [82]. Both Scala et al. [84] and Rivero et al. [83] 
demonstrated increases in hematocrit, but Rivero et al. [83] 
further showed that this effect was specific to intramuscular 
injections and did not occur with intranasal gels, suggesting 
that large fluctuations in serum testosterone might contribute 
to erythropoiesis [83, 84].

It is still uncertain whether TRT-related erythrocytosis 
directly increases cardiovascular risk. However, two 
observational studies found that men who developed 
polycythemia while receiving TRT had significantly higher 
rates of MACE compared with men who did not develop 
polycythemia, raising concern that elevated hematocrit may 
be part of the mechanism connecting TRT with adverse 
cardiovascular outcome [85,86]. 

Effects of Testosterone on Clinical CVD 
Phenotypes
Atherosclerotic Disease
Endogenous Testosterone and Lipid Profile

Several observational studies have examined how 
endogenous testosterone relates to different lipid fractions. In 
a retrospective cohort study of Chinese men with a mean age 
of 56 years, Zhang et al. [87] demonstrated that higher total 
testosterone levels were associated with lower triglycerides, 
total cholesterol and LDL-C, after adjusting for confounding 
factors including age, BMI, blood pressure, glucose, and 
thyroid function [87]. Conversely, HDL-C showed the 
opposite pattern, with higher testosterone levels associated 
with higher HDL-C in the adjusted analysis [87]. 

Makinen et al. [88] reported similar findings in their study 
of 1619 men aged 40 to 69 years. Testosterone showed a 
positive correlation with HDL-C (r = 0.24, p <0.0001) and 
inverse relationship with total cholesterol (r = -0.06, p <0.03), 
triglycerides (r = -0.30, p <0.0001) and body mass index (r = 
-0.34, p <0.0001) [88]. No meaningful association was seen
with LDL-C (r = 0.05, p = 0.09) [88].

Harris et al. [89] further demonstrated that an increase in 
HDL-C was accompanied by higher total testosterone, while 
higher total cholesterol and triglycerides were associated with 
lower testosterone levels [89]. Their multivariate analysis 
also identified positive associations between testosterone and 
both HDL-C and LDL-C [89]. Taken together, these studies 
show that despite some variations across lipid fractions, 
low endogenous testosterone is associated with a more 
atherogenic lipid pattern.
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Testosterone Replacement Therapy (TRT) and Lipid Profile

Several studies have also examined how TRT influences 
lipid metabolism, with findings showing considerable 
variation across different lipid fractions. 

In a case control study of Japanese men with hypogonadism, 
Kato et al. [90] reported that compared to the untreated 
group, men treated with TRT had significant reductions in 
triglycerides at 1-, 3-, and 5-years post-treatment. TRT in this 
cohort was also significantly associated with improvements in 
glycemic parameters, including lower fasting blood glucose 
at 3- and 5-years post-treatment, and significantly lower 
hemoglobin A1c at the 1-, 3-, and 5-years post-treatment 
[90]. Notably, this study did not identify meaningful changes 
in total cholesterol or HDL-C [90]. 

Other studies have reported different patterns. In a non-
randomized retrospective cohort study, Clift et al. [91] 
observed decreases in HDL-C, triglycerides, and triglyceride-
to-HDL ratio after 1 year of TRT [91]. Similarly, a double-
blind placebo-controlled trial across 12 academic centers in 
the United States reported a significant reduction in HDL-C 
after 1 year of TRT compared to placebo [47]. This trial also 
found significant reductions in LDL-C and total cholesterol, 
while triglyceride levels remained unchanged. 

Collectively, these studies show that TRT can influence 
lipid fractions in different ways depending on population 
characteristics, study design and formulation used. Although 
many of these changes reach statistical significance, the 
absolute changes were small and unlikely to be clinically 
meaningful. Therefore, TRT should not be used solely to treat 
dyslipidemia. 

Endogenous Testosterone and Plaque Burden

To better understand how endogenous testosterone may 
influence atherosclerosis progression, it is important to 
examine its relationship with coronary and carotid plaque 
burden, both of which play key roles in overall cardiovascular 
risk. 

Khazai et al. [92] evaluated the relationship between 
circulating sex hormones and carotid intima-media 
thickness (cIMT) in a large multi-ethnic cohort study of men 
without known CVD [92]. Their analysis showed that both 
bioavailable testosterone and total testosterone were higher 
in men with lower cIMT measurements [92]. In contrast, 
using data from the Tromsø study, Vikan et al. [93] reported 
a modest inverse association between total testosterone and 
total carotid plaque area after adjusting for age, systolic blood 
pressure, smoker status, and use of lipid-lowering drugs (p 
= 0.033) [93]. They did not find an association between 
free testosterone and plaque area, and SHBG showed only a 
borderline inverse trend (p = 0.054) [93]. In their prospective 
analysis, baseline sex hormone levels did not predict changes 

in plaque area or cIMT, which the authors attributed partly to 
increasing use of lipid-lowering agents [93]. 

Similarly, Srinath et al. [94] showed that low testosterone 
levels were associated with several cardiometabolic risk 
factors including higher body mass index, diabetes, lower 
HDL-C, hypertension, and greater waist circumference (p = 
0.01) [94]. However, testosterone levels were not related to 
mean cIMT in either adjusted or unadjusted analyses [94]. 

Studies assessing coronary plaque burden have shown 
mixed findings. Khazai et al. [92] also found an inverse 
relationship between free testosterone and the likelihood of 
having a coronary artery calcium score (CACS) greater than 
zero, and between total testosterone level and log-transformed 
CACS [92]. 

In contrast, Trumble et al. [95] studying a physically active 
Tsimane population with minimal metabolic disease, found 
that higher testosterone levels were associated with higher 
CACS values. In their analysis, men with a CACS greater 
than 100 had approximately 20% higher testosterone levels 
than those with lower CACS (p = 0.007) [95]. The authors 
suggested that inverse associations reported in industrialized 
populations may reflect confounding effect from obesity and 
other metabolic conditions [95].

Overall, these findings illustrate the inconsistent 
relationship between endogenous testosterone and both 
coronary and carotid plaque burden. Because this association 
appears to be influenced by underlying comorbidities and 
cardiovascular risk factors, endogenous testosterone is 
best viewed as a risk marker rather than a causal driver of 
atherosclerosis progression. 

Testosterone Replacement Therapy and Plaque Burden

Clinical trials have also evaluated how TRT affects 
plaque burden. One controlled trial examined 1 year of 
testosterone gel in hypogonadal men aged 65 years and 
older. At the 12-month follow-up, men receiving TRT had 
a significantly greater increase in noncalcified coronary 
artery plaque volume (p = 0.003) and total plaque volume  
(p = 0.006) compared with the placebo group, based on 
coronary CT angiography [96]. In contrast, a randomized 
clinical trial by Basaria et al. [97] assessed the impact of 3 
years of TRT on progression of subclinical atherosclerosis in 
men with low to low-normal testosterone levels. Their study 
found no relationship between TRT and the rate of change in 
cIMT or CACS [97]. 

Overall, these trials show mixed results. Some evidence 
suggests TRT may promote increases in plaque burden, 
whereas other studies have not demonstrated measurable 
effects on atherosclerosis progression. Additional research 
is needed to clarify whether these findings reflect clinically 
meaningful cardiovascular risk. 
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Heart Failure
Endogenous Testosterone and Heart Failure

Several studies have explored how endogenous 
testosterone relates to HF. Across most of these studies, 
low endogenous testosterone has been linked to worse HF 
outcomes or higher HF risk. 

In a prospective observational cohort study, Yoshihisa et 
al. [98] stratified men into quartiles based on testosterone: 
> 631 ng/dl, 462 - 631 ng/dl, 300 - 462 ng/dl, and ≤ 300 ng/
dl [98]. Men in the lowest quartile had significantly lower
peak VO2, higher mortality, lower exercise capacity and
more myocardial damage. Supporting these findings, Zhan
et al. [99] reported a cross-sectional study that higher serum
testosterone levels were associated with decreased HF risk (p
< 0.001), particularly in men older than 50 years of age. This
association persisted after adjusting for relevant confounders
(p = 0.01) [99]. Similar results were observed in the
Cardiovascular Health Study, where lower total testosterone
was associated with increased HF risk (hazard ratio 1.14;
95% CI, 1.01-1.28) [100].

However, not all studies show the same pattern. In 
the UK Biobank analysis, testosterone levels were not 
associated with incident HF, although SHBG demonstrated 
an unexpected inverse association with incident HF [101]. 
Therefore, while most studies suggest an inverse association 
between endogenous testosterone and HF risk or functional 
status, these findings represent associations rather than causal 
relationships. 

Testosterone Replacement Therapy and Heart Failure

There are relatively few studies evaluating how TRT 
affects HF, and although some data suggests possible benefits, 
the overall evidence remains limited. 

Regarding safety, Cannarella et al. [102] performed a 
meta-analysis examining TRT use in hypogonadal men 
with advanced HF (NYHA class II - III) or coronary artery 
disease. TRT use was associated with increased oxygen 
consumption, but there were no significant changes in blood 
pressure, NYHA class, left ventricular ejection fraction 
(LVEF), rehospitalization rates, mortality, or quality of life 
[102]. These findings suggest that TRT can be used safely in 
certain HF populations, though additional studies are needed. 

The question of whether TRT improves HF outcomes 
remains unresolved. A meta-analysis of randomized 
controlled trials by Tao et al. [103] evaluated the effects of 
chronic TRT on exercise capacity and cardiac function in 
patients with chronic HF. Overall, TRT did not significantly 
affect quality of life, cardiac function, exercise capacity or 
major clinical outcomes [103]. Similarly, a randomized 
controlled trial by Navarro-Peñalver et al. [104] in men with 
heart failure with reduced ejection fraction (HFrEF) showed 

no significant effects in LVEF, N-terminal-pro-B-type 
natriuretic peptide (NT-proBNP) levels, exercise tolerance, 
or HF symptoms [104]. 

On the other hand, a more recent systematic review reported 
that some individual trials demonstrated improvements in 
metabolic measures including fat mass, lean muscle mass, as 
well as improved muscle strength and aerobic performance 
with TRT [105]. However, these findings were limited by 
short follow-up periods and small sample sizes. In summary, 
TRT appears to be reasonably safe in HF populations, but 
current evidence does not support a clear, consistent benefit 
on cardiac function or clinical outcomes. 

Arrhythmias
Endogenous Testosterone and Arrhythmias

Recent studies have examined whether endogenous 
testosterone plays a role in arrhythmia risk, particularly atrial 
fibrillation (AFib). Using data from the Atherosclerosis Risk 
in Communities (ARIC) study, Berger et al. [106] observed 
that men in the highest quartile of total testosterone initially 
appeared to have a slightly lower risk of AFib compared with 
those in the lowest quartile, although this finding was not 
statistically significant [106]. The association reversed, and 
higher testosterone levels were associated with an increased 
AFib risk adjusting for a broader set of clinical factors 
including body mass index, HF, coronary artery disease, 
kidney function, diabetes, antihypertensive use and systolic 
blood pressure (hazard ratio 1.33, 95% CI 1.07, 1.66) [106]. 

A post-hoc analysis from the ASPirin in Reducing 
Events in the Elderly (ASPREE) trial further supported this 
association. Tran et al. [107] reported that men with higher 
levels of testosterone had a significantly higher risk of incident 
AFib, even after excluding participants who developed 
major adverse cardiovascular events (MACE) or HF [107]. 
Men who developed AFib during follow-up also had higher 
baseline testosterone compared with those who remained free 
of AFib. Similarly, findings from the Multi-Ethnic Study of 
Atherosclerosis (MESA) study showed that men with higher 
bioavailable testosterone had a higher incidence of AFib 
(hazard ratio = 1.32, 95%CI = 1.01, 1.74; p = 0.044 when 
comparing the highest to the lowest tertile) [108]. 

However, not all studies align with this pattern. An 
analysis of the Framingham Heart Study reported that lower 
testosterone levels were associated with a higher risk of 
AFib in older men. For participants aged 55-69 years, each 
1-standard deviation (SD) decrease in testosterone was
linked to a higher risk of incident AFib (hazard ratio 1.30,
95% CI 1.07-1.59), and this association was even stronger
in men aged 80 years and older (hazard ratio 3.53, 95% CI
1.96-6.37) [109]. Taken together, these studies suggest that
the relationship between testosterone and AFib may not be
linear. A potential U-shaped association is possible, with both
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low and high levels potentially conferring risk [109]. Age, 
comorbidities, and other cardiovascular risk factors likely 
modify this relationship. 

Data on other types of arrhythmias remains limited. In 
a UK Biobank analysis, Xu et al. [110] found that higher 
calculated free testosterone and higher SHBG levels were 
associated with an increased risk of ventricular arrhythmias 
(hazard ratio 1.18, 95% CI 1.01-1.37, and hazard ratio 1.27, 
95% CI 1.07-1.52, respectively). Elevated SHBG levels were 
also associated with a higher risk of bradyarrhythmia (hazard 
ratio 1.17, 95% CI 1.05-1.29) [110]. These results should be 
interpreted cautiously, as the study relied on a single hormone 
measurement and may be subject to potential confounders. 
Overall, the evidence linking endogenous testosterone with 
arrhythmia risk is mixed, and further studies with repeated 
hormone measurements and longitudinal assessment are 
needed to better define these associations. 

Testosterone Replacement Therapy and Arrhythmias
Multiple studies have evaluated whether TRT influences 

the risk of atrial arrhythmias, but evidence remains 
inconsistent. In the TRAVERSE trial, which evaluated 
cardiovascular outcomes in hypogonadal men with elevated 
cardiovascular risk, TRT was found to be noninferior to 
placebo for MACE [80]. However, AF occurred more 
frequently in the TRT arm than in the placebo arm (3.5% 
vs 2.4%, p = 0.02) [80]. Nonfatal arrhythmias requiring 
intervention were also common among TRT users (5.2% vs 
3.3%, p = 0.001) [80]. 

To further assess arrhythmia risk, Greenberg et al. [111] 
conducted a retrospective cohort study to using eligibility 
criteria like the TRAVERSE study. Their analysis did not 
show a significant association between TRT-users and the risk 
of new-onset AF (risk ratio 1.48, 95% CI 0.93-2.37) [111]. In 
contrast, Blackwell et al. [112], using the TriNetX database, 
reported a small but statistically significantly reduction in AF 
risk among TRT users compared to nonusers (3.6% vs 4.0%; 
risk ratio 0.900; p < 0.001) [112]. More recently, Bonnet et 
al. [113] compared cisgender hypogonadal men treated with 
TRT to transgender men and found that cis men receiving 
TRT had a higher incidence of AF over a five-year period 
(hazard ratio 1.27; 95% CI 1.22-1.32; p < .0001) [113]. 

In summary, findings vary across studies, with some 
suggesting an increased risk of AF and others showing no 
association or even reduced risk. Given these conflicting 
results, larger, long-term studies are needed before firm 
recommendations can be made regarding AF risk and TRT 
use. 

Conclusion
The relationship between testosterone and cardiovascular 

disease remains complex and continues to evolve. While 

endogenous testosterone levels have been associated with 
various cardiovascular risk markers, study findings are 
inconsistent and do not demonstrate a causal relationship. 
Evidence regarding the cardiovascular safety of TRT is 
similarly mixed. Although several recent trials have shown 
no increase in MACE among appropriately selected men 
with hypogonadism, longer-term observational studies 
have reported conflicting results. A consistent finding 
across multiple studies is the development of erythrocytosis 
with TRT. It also remains uncertain whether the degree of 
erythrocytosis varies by formulation. Emerging data suggest 
that TRT-induced rise in hematocrit may contribute to 
downstream cardiovascular risk in certain patients, although 
this relationship has not been established. Given these 
uncertainties, TRT should be reserved for patients with well-
documented hypogonadism, and clinicians should closely 
monitor hematocrit and cardiovascular status throughout 
treatment. Ultimately, longer-term, formulation-specific 
studies are needed to more clearly define the safety profile of 
TRT and guide individualized treatment decisions. 
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