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Abstract

Low testosterone in middle-aged/older men contributes to accelerated vascular aging, including 

endothelial dysfunction. However, the mechanisms by which low testosterone affects endothelial 

dysfunction are not well understood. We sought to determine whether higher endothelin-1 (ET-1) 

levels are associated with reduced brachial artery flow-mediated dilation (FMD) in middle-aged/

older men with low testosterone. Plasma ET-1 was quantified in 60 men categorized as young (n = 

20, age = 30 ± 4 yr, testosterone = 510 ± 63 ng/dL), middle-aged/older with normal testosterone (n 
= 20, age = 59 ± 6 yr, testosterone = 512 ± 115 ng/dL), or middle-aged/older with low testosterone 

(n = 20, age = 60 ± 8 yr, testosterone = 265 ± 47 ng/dL). Endothelial function was determined 

via brachial artery FMD. Venous and arterial endothelial cells were harvested via endovascular 

biopsy in a subset of participants and stained for ET-1 expression. Middle-aged/older men with 

normal testosterone exhibited lower brachial artery FMD (5.7 ± 2.2%) compared with young men 

(7.3 ± 1.3%, P = 0.020), which was exaggerated in middle-aged/older men with low testosterone 

(4.0 ± 1.8%, P = 0.010 vs. middle-aged/older men with normal testosterone). Plasma ET-1 was not 

different between young (5.6 ± 0.9 ng/dL) and middle-aged/older men with normal testosterone 

(6.0 ± 1.4 ng/dL, P = 0.681) but was higher in middle-aged/older men with low testosterone (7.7 
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± 2.8 ng/dL) compared with both groups (P < 0.001 vs. young men; P = 0.013 vs. middle-aged/

older men with normal testosterone). There was no difference in venous (P = 0.616) or arterial 

(P = 0.222) endothelial cell ET-1 expression between groups. There was a significant inverse 

association between plasma ET-1 and FMD (r =−0.371, P = 0.004). These data suggest that the 

accelerated age-associated reduction in endothelial dysfunction in middle-aged/older men with 

low testosterone is related to higher circulating ET-1.

NEW & NOTEWORTHY

Middle-aged/older men with low testosterone have reduced vascular endothelial function 

compared with young and age-matched men with normal testosterone. In this manuscript, 

we demonstrate that men with low testosterone have higher plasma endothelin-1, which is 

associated with worse brachial artery flow-mediated dilation. The source of higher plasma 

endothelin-1 remains unknown; however, higher circulating endothelin-1 appears to be a 

mechanism contributing to reduced vascular endothelial function in men with low testosterone.
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INTRODUCTION

Advancing age is the primary risk factor for the development of cardiovascular diseases 

(CVD) and more than 90% of CVDs occur in middle-aged/older adults (1). In men, 

observational studies consistently report an association between low endogenous serum 

testosterone and increased CVD risk (2-6), suggesting that low endogenous sex hormone 

concentrations contribute to elevated CVD risk in middle-aged/older men. Although the 

link between low testosterone and increased CVD risk has been well established, the 

mechanisms remain poorly understood. We recently demonstrated that middle-aged/older 

men with low testosterone have accelerated age-related endothelial dysfunction (i.e., reduced 

brachial artery flow-mediated dilation, FMD; 7), a key antecedent in the development of 

CVD, related in part to greater oxidative stress and inflammation. However, these factors 

only explained a small amount of the variance between low testosterone concentrations and 

lower FMD in middle-aged/older men, leaving questions about additional factors that may 

be contributing to worse endothelial function in men with low testosterone.

An additional factor that could contribute to endothelial dysfunction in middle-aged/older 

men with low testosterone that is also associated with oxidative stress and inflammation 

is endothelin-1 (ET-1). The ET system is an important regulator of age-associated vascular 

dysfunction (8, 9) and prior studies have demonstrated a clear influence of sex hormones on 

the endothelin system (8, 10, 11). In older men, ET-1 concentrations are higher (compared 

with younger men) and act via endothelin subtype A (ETA) receptors on vascular smooth 

muscle cells (VSMCs) to increase vasoconstriction and oppose the action of vasodilators 

such as nitric oxide, subsequently reducing FMD (9, 12, 13). Furthermore, ET-1 can 

negatively affect nitric oxide bioavailability (14), further reducing endothelial-mediated 

vasodilation. However, previous reports have not considered the impact of androgen 
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deficiency on plasma or cellular ET-1 concentrations, meaning that the effects of declining 

testosterone cannot be distinguished from a general effect of aging, per se.

Therefore, we sought to determine whether higher circulating and local ET-1 contributes to 

accelerated age-associated reductions in endothelial function in middle-aged/older men with 

low testosterone. We hypothesized that middle-aged/older men with low testosterone would 

have higher ET-1 concentrations in plasma and vascular endothelial cells compared with 

younger and age-matched men with normal testosterone and that ET-1 would be associated 

with worse endothelial function assessed using brachial artery FMD.

METHODS

Study Design

These data are from a recently completed clinical trial (ClinicalTrials.gov Identifier 

NCT02758431) designed to examine the effects of low testosterone on cardiovascular aging 

in men and, therefore, no women were included. The Colorado Multiple Institutional Review 

Board approved all study protocols and procedures, which conform to the provisions of 

the Declaration of Helsinki. All participants provided written and verbal consent before 

participating. We have previously reported the effects of low testosterone on age-associated 

reductions in brachial artery FMD (7) in a subset of the participants presented here, however, 

the influence of low testosterone on ET-1 and associations with brachial artery FMD have 

not been previously reported.

Study Participants

Men of all races/ethnic backgrounds aged 18–40 yr (young, n = 20) or 50–75 yr (middle-

aged/older, n = 40) were eligible to participate in this study. Middle-aged/older men were 

categorized as having either normal (400–1,000 ng/dL, n = 20) or low [<300 ng/dL (15), 

n = 20] total testosterone from a fasted venous blood sample collected at screening and 

confirmed with a second morning fasted blood sample. Participants with total testosterone 

between 300 and 399 ng/dL were excluded. Men were included in the study only if they 

met the following criteria: 1) no use of exogenous sex hormones or testosterone boosters 

for at least 1 year; 2) body mass index (BMI) <40 kg/m2; 3) nonsmokers; 4) resting blood 

pressure (BP) <160/90 mmHg; 5) non-diabetic and fasted plasma glucose <126 mg/dL; 

6) free from CVD, cancer, renal, liver, or respiratory disease and healthy as assessed by 

medical history, physical exam, standard blood chemistries, and electrocardiogram at rest 

and during a graded exercise treadmill test to fatigue; 7) sedentary-to-recreationally active 

(<3 days/wk of vigorous aerobic exercise); 8) no use of medications that might influence 

cardiovascular function including antihypertensive and lipid-lowering medications; and 9) 

no use of vitamin supplements or anti-inflammatory medications or willing to stop 1 mo 

before and throughout the study.

Participant Characteristics

Screening BP was measured in the morning under fasted conditions (water only) and 

abstinence of caffeine (overnight) and exercise (at least 20 h). BP was measured in both 

arms via oscillometric assessment (Carescape V100, GE Medical Systems) following ≥10 
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min of seated rest. BP was measured in triplicate and the average of the higher arm is 

reported here. Body fat was determined using dual X-ray absorptiometry (Hologic Horizon). 

Peak oxygen consumption was determined using an incremental treadmill exercise protocol, 

as reported previously (7).

Measurements

Participants were required to fast and abstain from caffeine and alcohol for at least 10 h and 

exercise for ≥20 h before the start of the experimental study visit, which was conducted in 

the morning between 0700 and 1200 h. Participants rested supine in a dimly lit, temperature-

controlled room for ≥15 min before any blood or cell sample collection or data recording.

Endothelial cell protein expression. A subset of participants underwent venous 

(young, n = 15; middle-aged/older with low testosterone, n = 17; middle-aged/older with 

normal testosterone, n = 17) and/or arterial (young, n = 12; middle-aged/older with low 

testosterone, n = 12; middle-aged/older with normal testosterone, n = 14) endothelial cell 

collections. The procedures used for the collection and measurements of venous and arterial 

endothelial cells have been described in detail previously (16-21). Briefly, endothelial cells 

were collected from an antecubital vein or the brachial artery using sterile J-wires advanced 

(~4 cm beyond the tip of the catheter) and retracted through an 18-gauge (for venous cell 

collections) or 3.0 French (for arterial cell collections) catheter. The wires were transferred 

to a dissociation buffer solution, and cells were recovered by washing and centrifugation. 

Cells were fixed with 3.7% formaldehyde, plated on poly-L-lysine coated slides (Sigma 

Chemical, St. Louis, MO), and stored at −80°C for future staining.

For immunofluorescence staining, cells were rehydrated with PBS and rendered permeable 

using 0.1% Triton X-100 (Alfa Aesar, Ward Hill, MA). After blocking nonspecific binding 

with 5% donkey serum (Jackson ImmunoResearch, West Grove, PA), cells were incubated 

with monoclonal antibodies for ET-1 (1:200 dilution, Invitrogen No. MA3-005) and von 

Willebrand factor (vWF) (1:200 dilution, Dako No. A008202-5). Cells were incubated with 

donkey anti-mouse Alexa Fluor 555 (1:500 dilution, Invitrogen No. A32773) and donkey 

anti-rabbit Alexa Fluor 488 (1:200 dilution, Invitrogen No. A32790).

Slides were systematically scanned using a fluorescence microscope (Eclipse 80i, 

Nikon, Melville, NY) to identify endothelial cells [positive staining of von Willebrand 

factor (vWF)], and nuclear integrity was confirmed using DAPI (4′,6′-diamidino-2-

phenylindole hydrochloride) staining. Endothelial cell images were digitally captured 

using a Photometrics CoolSNAPfx digital camera (Roper Scientific, Inc., Tucson AZ) 

and analyzed using NIS Elements BR 4.20.02 to quantify the intensity of ET-1 staining 

(i.e., average pixel intensity). vWF intensity was also quantified as a marker of vascular 

inflammation (22). Values are reported as ratios of endothelial cell protein expression/human 

umbilical vein endothelial cell (HUVEC; control cells) protein expression. Reporting ratios 

minimized the potential confounding factor of differences in intensity of staining among 

different staining sessions. All staining, imaging, and analysis were performed by the same 

investigator (MCB).
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Blood sampling. ET-1 blood samples were collected in a vacutainer containing 

ethylenediaminetetraacetic acid (EDTA), and aprotinin and plasma ET-1 concentrations 

were determined using radioimmunoassay (Peninsula Laboratories, Inc.). As reported 

previously (7), fasted plasma concentrations of glucose, insulin, total cholesterol (Roche 

Diagnostic systems, Indianapolis, IN), and high-density lipoprotein (HDL) cholesterol 

(Diagnostic Chemical Ltd, Oxford CT) were determined using enzymatic/colorimetric 

methods. Homeostatic model assessment of insulin resistance (HOMA-IR) was calculated 

as (glucose·insulin)/405 (23). Low-density lipoprotein (LDL) cholesterol was calculated 

using the Friedewald equation (24). Oxidized LDL was measured using an enzyme-linked 

immunosorbent plate assay (Alpco Diagnostics, Windham, NH). Serum total antioxidant 

status (TAS), a measure of overall antioxidant capacity, was measured using an enzymatic 

kit (Randox Laboratories, Oceanside, CA). Interleukin-6 (IL-6) was measured using an 

enzyme-linked immunoassay, and high-sensitivity C-reactive protein (CRP) was measured 

using an immunoturbidimetric method. Total serum testosterone, estradiol, and sex-hormone 

binding globulin (SHBG) were measured via chemiluminescence using a Beckman Coulter 

Access II analyzer. Free testosterone was calculated for each participant from concentrations 

of serum testosterone, SHBG, and albumin using an online algorithm (www.issam.ch) using 

the Vermeulen equation (25). Testosterone categorizations for middle-aged/older men (i.e., 

low or normal testosterone) were confirmed by measuring testosterone on at least two 

occasions. All assays were performed at the University of Colorado Clinical Translational 

Sciences Institute Clinical Translational Research Center Core laboratory.

Brachial artery flow-mediated dilation. Brachial artery diameter and blood flow 

velocity measurements were acquired using Doppler ultrasound (Vivid I, GE) with a 

multifrequency linear-array transducer, as previously described (7, 26-28). Briefly, a cuff 

was placed around the forearm, and images of the brachial artery and blood flow velocity 

were acquired. The ultrasound probe was held in place using a stereotactic clamp. Five 

minutes of forearm occlusion was achieved by inflating the cuff to 250 mmHg and, 

following cuff release, images of the brachial artery were recorded for 2 min. Brachial artery 

diameters were coded by number and analyzed by an investigator blinded to group status 

(KLM) using commercially available software (Vascular Research Tools 6, Medical Imaging 

Applications, LLC). These procedures conform with published guidelines for assessing 

vascular endothelial function using brachial artery FMD (29).

Data and Statistical Analysis

Statistical analysis. The statistical approaches were informed by recent guidelines 

for statistical reporting of cardiovascular research (30). Normality of distribution for 

continuous variables was determined qualitatively using histograms and quantitatively using 

the Shapiro–Wilk test. Normally distributed participant characteristics, sex hormones, FMD, 

and circulating factors were examined using Student’s t test or one-way ANOVAs. In 

the case of a significant effect, Tukey’s post hoc analysis was performed to examine 

differences between groups. In the case of non-normally distributed variables (HOMA-IR, 

Insulin, follicle-stimulating hormone, ET-1, IL-6, white blood cell count, neutrophils, and 

monocytes), data were natural log transformed to improve distributions. In these cases, data 

are presented in their original units to improve interpretability. Relations between continuous 
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variables were examined using Pearson’s product-moment correlation coefficient. To gain 

additional insight into the potential confounding effects of age on these associations, we 

performed partial correlation analyses between ET-1 and FMD controlling for age and 

testosterone. Statistical analyses were completed using GraphPad Prism 10.4.0 and IBM 

SPSS 28.

RESULTS

Participant Characteristics

Participant characteristics are reported in Table 1. Middle-aged/older men were older (P < 

0.001), had higher body mass (P < 0.001), BMI (P < 0.001), total body fat (P < 0.001), blood 

pressure (P < 0.001 for systolic and diastolic BP), total cholesterol (P = 0.002) and LDL (P 
= 0.003) cholesterol compared with young men, regardless of gonadal status. Middle-aged/

older men with low and normal testosterone were similar in age (P = 0.929), body mass 

(P = 0.085), total body fat (P = 0.662), systolic (P = 1.000) and diastolic (P = 0.945) 

blood pressure, aerobic capacity (P = 0.362), total (P = 1.000) and LDL (1.000) cholesterol, 

estradiol (P = 0.077), follicle-stimulating hormone (P = 0.728), and luteinizing hormone 

(P = 1.000). Middle-aged/older men with low testosterone had higher BMI (P = 0.020), 

triglycerides (P = 0.004), blood glucose (P = 0.039), insulin (P = 0.015), and HOMA-IR (P = 

0.009) compared with middle-aged/older men with normal testosterone.

Endothelin-1, Circulating Factors, and Flow-Mediated Dilation

There were significant differences in ET-1 concentrations between groups (P < 0.001, η2 

= 0.199). Young and middle-aged/older men with normal testosterone had similar ET-1 

concentrations (P = 0.743), whereas middle-aged/older men with low testosterone had 

higher ET-1 compared with both young (P = 0.002) and middle-aged/older men with normal 

testosterone (P = 0.018) (Fig. 1). Arterial and venous endothelial cell ET-1 expressions 

are presented in Table 2 and were not different between groups (arterial endothelial cell 

ET-1, P = 0.222; venous endothelial cell ET-1, P = 0.616). In addition, arterial and venous 

endothelial cell vWF expressions were not different between groups (arterial endothelial 

cell vWF, P = 0.677; venous endothelial cell vWF, P = 0.744; Table 2). Other circulating 

factors can also be found in Table 2. As reported previously (7), markers of oxidative stress 

(oxidized LDL, TAS) were not different between groups. Middle-age/older men had higher 

circulating levels of IL-6 (P < 0.001) and CRP (P = 0.004) compared with young men, 

regardless of gonadal status. Middle-aged/older men with low testosterone had higher IL-6 

and CRP compared with age-matched men with normal testosterone (IL-6, P = 0.041; CRP, 

P = 0.004). Similarly, WBCs were increased in middle-aged/older men with low testosterone 

compared with middle-aged/older men with normal testosterone (P = 0.015); however, there 

were no differences in neutrophils or monocytes between groups.

As previously reported, middle-aged/older men with normal testosterone had reduced 

brachial artery FMD compared with young men; an effect that was exaggerated in middle-

aged/older men with low testosterone (Table 3) (7). There was a significant inverse 

association between natural log-transformed ET-1 concentrations ([lnET-1]) and FMD (Fig. 

2). This association was weakened but remained significant when controlling for the effects 
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of age via partial correlation analysis (r = −0.272, P = 0.039), whereas the association was 

no longer significant when controlling for testosterone (r = −0.198, P = 0.136). There was 

also a significant association between [lnET-1] and BMI (Fig. 3). Partial correlation analyses 

controlling for age (r = 0.275, P = 0.035) weakened this association, and controlling for 

testosterone resulted in an association that was no longer significant (r = 0.192, P = 0.144). 

Other correlations are presented in Table 4. There were significant inverse associations 

between [lnET-1], testosterone, and free testosterone, but no association with other sex 

hormones or gonadotropins. There were no associations with markers of oxidative stress; 

however, ET-1 was significantly correlated with markers of inflammation (i.e., CRP and 

IL-6).

DISCUSSION

The novel findings of this study were that 1) middle-aged/older men with low testosterone 

have higher circulating concentrations of ET-1 compared with young and age-matched men 

with normal testosterone; 2) there was no difference in circulating ET-1 between young 

and middle-aged/older men with normal testosterone, and 3) higher circulating ET-1 is 

associated with reduced endothelial function. However, endothelial cell expression of ET-1 

was not different between age or gonadal status groups.

Testosterone concentrations decline gradually with increasing age at a rate of ~10% per 

decade starting at the age of 30 yr (31); accordingly, data from the Baltimore Longitudinal 

Study of Aging indicate that 30% of men over 70 yr and 50% of men over 80 yr have 

low serum testosterone (32). It is important to note that low serum testosterone alone does 

not meet the definition of “androgen deficiency,” which includes signs and symptoms such 

as reduced libido, erectile dysfunction, depressed mood, poor concentrations and memory, 

and/or increased fatigue (33). Regardless, the biological effects of low testosterone, even 

without signs and/or symptoms of androgen deficiency, manifest in increased cardiovascular 

disease risk (2-6). For example, we demonstrated lower FMD among middle-aged/older 

men with low testosterone compared with age-matched men with testosterone levels ≥400 

ng/dL (7), suggesting that low testosterone [i.e., testosterone <300 ng/dL as defined 

by American Urological Association (34)] accelerates age-related declines in vascular 

endothelial function. However, the mechanisms by which low testosterone contributes to 

this reduction in vascular function have yet to be fully elucidated.

In our previous study reporting a greater age-associated vascular endothelial dysfunction 

in men with low testosterone, we demonstrated an improvement in FMD during an acute 

infusion of ascorbic acid and associations with proinflammatory cytokines, suggesting that 

increased oxidative stress and inflammation contribute to the exaggerated age-associated 

reduction in endothelial function observed in men with low testosterone (7). However, the 

ascorbic acid infusion did not rescue FMD levels to youthful levels and correlations were 

moderate, explaining ~30% of the variance in FMD, indicating that other mechanisms 

likely contribute to the differences in FMD. Therefore, we sought to identify other cellular 

mechanisms that contribute to the accelerated vascular endothelial dysfunction observed 

in this cohort. In this regard, ET-1 is the most potent endogenous vasoconstrictor known 

and is primarily produced by the endothelial cells and VSMCs (35, 36). ET-1 produced 
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by endothelial cells acts in a paracrine and autocrine fashion, as endothelial cells secrete 

ET-1 abluminally toward VSMCs (37). Most ET-1 in the circulation is cleared quickly 

by ETB receptors in the lungs, kidneys, and liver (38, 39), keeping concentrations low; 

therefore, higher circulating ET-1 may be reflective of increased local release, as is the case 

in pathological conditions such as atherosclerosis (40), pulmonary hypertension (41), and 

heart failure (42). Alternatively, impaired clearance of ET-1 may also contribute to higher 

circulating ET-1 concentrations, however, we were not able to distinguish between increased 

production versus reduced clearance in the current study. Regardless, previous studies have 

demonstrated that older men have greater ET-1 expression in both the circulation and in 

vascular endothelial cells compared with young men (9). Further, use of the selective ETA 

receptor inhibitor BQ-123 has revealed a greater vasoconstrictor response to ET-1 in older 

men (9, 12, 13). Together, these studies have led to the conclusion that elevated ET-1 

contributes to age-associated reductions in vascular endothelial function. However, these 

studies did not consider the gonadal status of participants.

We did not observe group differences in circulating ET-1 between young and middle-aged/

older men with normal (i.e., ≥400 ng/dL) testosterone, whereas middle-aged/older men 

with low testosterone have greater circulating ET-1. Together with the inverse association 

between ET-1 and FMD (Fig. 2), it appears likely that ET-1 may be a mechanism by 

which low testosterone accelerates vascular aging in middle-aged/older men. To gain 

additional insight into the potential confounding effects of age on the association between 

circulating ET-1 and FMD, we used partial correlation analyses to partial out the effects 

of age from testosterone. We found that the association between ET-1 and FMD weakened 

when controlling for age, however controlling for testosterone reduced this association so 

that it was no longer significant. Collectively, these findings suggest that low testosterone 

contributes to accelerated vascular aging in middle-aged/older men, at least in part via its 

effects on the ET-1 system, and highlights the need to evaluate gonadal status in studies that 

include middle-aged/older men.

We observed no differences in endothelial ET-1 expression in either arterial or venous 

endothelial cells between age groups or by gonadal status, raising the possibility that higher 

circulating ET-1 in middle-aged/older men with low testosterone comes from nonendothelial 

sources. These nonendothelial sources of ET-1 include vascular smooth muscle cells and 

immune cells such as monocytes, neutrophils, and mast cells (8, 43). Considering that 

circulating proinflammatory cytokines (IL-6, CRP) are elevated, it is possible that the higher 

concentrations of ET-1 observed in men with low testosterone arise from immune cells. 

Consistent with this hypothesis, we observed higher white blood cell counts in middle-aged/

older men with low testosterone, however, there were no differences in either monocytes 

or neutrophils. Similarly, there were no associations between ET-1 concentrations and 

any immune cells measured in this study. The source of higher circulating levels of 

ET-1 in middle-aged/older men with low testosterone remains unclear; other immune cells 

(e.g., mast cells), vascular smooth muscle cells, and endothelial cells remain possibilities. 

Although we did not observe differences in ET-1 within the endothelial cells, a limitation 

of endothelial staining for ET-1 concentrations is that ET-1 is rapidly trafficked out of 

endothelial cells upon synthesis (37). Therefore, it is possible that these intracellular 

concentrations may not be an accurate representation of endothelial ET-1 synthesis. More 
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research is needed to fully elucidate the causes of greater circulating ET-1 levels in this 

cohort.

Surprisingly, we observed no associations between ET-1 and insulin concentrations or 

HOMA-IR. It is well documented in both animal models (44) and humans (45) that insulin-

stimulated production and secretion of ET-1 from endothelial cells. Further, this effect is 

exaggerated with insulin resistance (45, 46). In this study, middle-aged and older men with 

low testosterone were more insulin resistant (estimated via HOMA-IR) and had ~2× higher 

insulin concentrations compared with young and age-matched men with normal testosterone. 

However, insulin concentrations were still relatively low and we excluded participants with 

diabetes or serum glucose >126 mg/dL, so it is possible that insulin concentrations did not 

reach a threshold at which they contribute to the production of ET-1 in these participants. 

Other confounding factors including higher BMI and triglycerides may have also had an 

impact. There was a significant association between BMI and ET-1 (Fig. 3), as well as 

an inverse association between BMI and FMD. These associations are consistent with 

previously reported links between obesity and increased ET-1 (47-49) and may contribute to 

the increased ET-1 concentrations in middle-aged/older men with low testosterone. Because 

increased age and low testosterone are generally associated with worse cardiometabolic 

health and a higher BMI, we used partial correlation analysis to determine whether age 

and/or testosterone were contributing to the associations between BMI and ET-1. We found 

that controlling for age weakened this association, BMI and ET-1 remained significantly 

correlated. In contrast, controlling for testosterone reduced the association between BMI 

and ET-1 such that they were no longer significantly correlated. Therefore, it appears as 

though low testosterone may contribute to the effects of higher BMI on increased ET-1 

that has been reported previously (49). However, these associations should be interpreted 

with caution as we are not able to completely isolate the effects of BMI from those of low 

testosterone in the current cohort; future studies among lean men with low testosterone or 

models of testosterone suppression (e.g., androgen deprivation therapy for prostate cancer) 

should further investigate how ET-1 is regulated by testosterone.

These data regarding the effects of gonadal status on circulating ET-1 in older men 

are similar to previous reports from women and female animals. Estrogen-deficient 

postmenopausal women have higher circulating ET-1 concentrations compared with 

premenopausal women (8) and postmenopausal women had decreased plasma ET-1 

following 6 mo of estrogen-based hormone therapy (50). In addition, ovariectomized rats 

(i.e., low estradiol) have higher circulating ET-1, which is attenuated via estradiol add-back 

(51). Together with the data in the present manuscript, we support previous research 

asserting a sex-specific role of sex hormones in regulating the ET system (8, 52).

EXPERIMENTAL CONSIDERATIONS AND LIMITATIONS

We did not measure ETA or ETB receptor density on either endothelial cells or VSMCs. 

The inclusion of these measures would add insight into whether changes in receptor 

density and/or sensitivity contribute to the effects of higher ET-1 concentrations on FMD 

observed in this study. However, at least one previous report indicates that ETB receptor 

expression was not different between young and older men despite lower testosterone 
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concentrations in older men (53). In contrast, no study that we are aware of has assessed 

age-related changes in ETA receptor density or sensitivity. Several studies have used ETA 

receptor-specific inhibition with BQ-123 and determined that older men have greater ETA-

mediated vasoconstriction compared with younger men (12, 13). Whether those age-related 

differences are due to increased ETA receptor density/sensitivity, increased circulating ET-1, 

or another mechanism is not clear at this time.

Aldosterone and mineralocorticoid receptors play a role in regulating ET-1 expression and 

sensitivity (54) and there is some evidence that testosterone downregulates aldosterone 

production (55). Therefore, low testosterone may allow for higher aldosterone production 

which could be a mechanism for the increased ET-1 that we observed in this study. 

Unfortunately, we did not measure aldosterone or mineralocorticoid receptor expression 

in this study and are not able to provide additional insight.

The cross-sectional study design prevents us from drawing definitive conclusions regarding 

the cause-and-effect nature of higher circulating ET-1 on lower FMD in middle-aged/older 

men with low testosterone. Finally, only men included in this study were relatively healthy 

and thus, the findings may not be generalizable to men with preexisting cardiovascular 

conditions.

Conclusions

In conclusion, we demonstrate that higher plasma ET-1 in middle-aged/older men with low 

testosterone contributes to accelerated age-associated reductions in endothelial function. In 

addition, we did not observe differences in endothelial cell expression of ET-1, suggesting 

that higher circulating ET-1 in middle-aged/older men with low testosterone may arise from 

non-endothelial cell sources, such as monocytes, neutrophils, mast cells, and or vascular 

smooth muscle cells. These data are important in enhancing our understanding of how low 

testosterone contributes to vascular endothelial dysfunction and increased CVD risk in older 

men.
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Figure 1. 
Plasma ET-1 concentrations are significantly higher in middle-aged/older men with low 

testosterone (n = 20) compared with young (n = 20) and middle aged/older men with 

normal testosterone (n = 20). Data were not normally distributed and therefore natural log 

transformed before statistical examination but are presented in their original units to improve 

interpretability. P values reflect the main effect of a one-way ANOVA and post hoc testing. 

Data are represented as individual data points with means ± SD. ET-1, ET-1, endothelin-1.
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Figure 2. 
A significant inverse association exists between plasma ET-1 concentrations and brachial 

artery FMD. Plasma ET-1 concentrations were not normally distributed and therefore natural 

log transformed before statistical examination but are presented in their original units to 

improve interpretability. The association between plasma ET-1 and brachial artery FMD was 

examined using Pearson’s product-moment correlation coefficient. Young men (n = 20) are 

indicated using green circles, middle-aged/older men with normal testosterone (n = 20) are 

indicated using blue squares, and middle-aged/older men with low testosterone (n = 20) are 

indicated using red triangles. ET-1, ET-1, endothelin-1; FMD, flow-mediated dilation.
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Figure 3. 
A significant association exists between plasma ET-1 concentrations and BMI. Plasma ET-1 

concentrations were not normally distributed and therefore natural log-transformed before 

statistical examination but are presented in their original units to improve interpretability. 

The association between plasma ET-1 and BMI was examined using Pearson’s product-

moment correlation coefficient. Young men (n = 20) are indicated using green circles, 

middle-aged/older men with normal testosterone (n = 20) are indicated using blue squares, 

and middle-aged/older men with low testosterone (n = 20) are indicated using red triangles. 

BMI, body mass index; ET-1, endothelin-1.

Babcock et al. Page 17

Am J Physiol Regul Integr Comp Physiol. Author manuscript; available in PMC 2025 May 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Babcock et al. Page 18

Ta
b

le
 1

.
Pa

rt
ic

ip
an

t c
ha

ra
ct

er
is

tic
s

V
ar

ia
bl

e
Y

ou
ng

 M
en

M
A

/O
 M

en
 w

it
h 

N
or

m
al

 T
M

A
/O

 M
en

 w
it

h 
L

ow
 T

P
 V

al
ue

N
20

20
20

R
ac

e
16

 C
, 3

 A
, 1

 M
19

 C
, 1

 A
A

19
 C

, 1
 A

A

A
ge

, y
r

30
±

4
59

 ±
 6

*
60

 ±
 8

*
<

0.
00

1

M
as

s,
 k

g
78

.0
 ±

 1
0

87
.4

 ±
 1

3.
7*

96
.9

 ±
 1

6*
<

0.
00

1

H
ei

gh
t, 

cm
18

1.
1 

±
 6

.5
17

8.
0 

±
 7

.1
17

7.
2 

±
 7

.6
0.

18
2

B
M

I,
 k

g/
m

2
23

.8
 ±

 2
.8

27
.5

 ±
 3

.7
*†

30
.8

 ±
 4

.5
*

<
0.

00
1

B
od

y 
fa

t, 
%

22
.9

 ±
 7

.4
29

.4
 ±

 4
.9

*
31

.7
 ±

 4
.9

*
<

0.
00

1

Sy
st

ol
ic

 B
P,

 m
m

H
g

11
7.

8 
±

 9
.3

12
6.

6 
±

 7
.9

*
12

9.
1 

±
 8

.3
*

<
0.

00
1

D
ia

st
ol

ic
 B

P,
 m

m
H

g
73

.3
 ±

 5
.2

78
.9

 ±
 8

.0
*

81
.1

 ±
 7

.1
*

0.
00

2

V. o 2
m

ax
, m

L
/k

g/
m

in
44

.9
 ±

 9
.3

30
.7

 ±
 5

.5
*

27
.2

 ±
 4

.9
*

<
0.

00
1

To
ta

l c
ho

le
st

er
ol

, m
g/

dL
15

2.
8 

±
 2

8.
0

18
1.

8 
±

 5
0.

2*
18

7.
3 

±
 2

7.
7*

0.
00

9

L
D

L
 c

ho
le

st
er

ol
, m

g/
dL

10
7.

8 
±

 3
0.

2
13

4.
7 

±
 4

6.
3

14
3.

4 
±

 2
9.

0*
0.

00
9

T
ri

gl
yc

er
id

es
, m

g/
dL

74
.4

 ±
 3

0.
2

84
.8

 ±
 3

6.
2†

13
3.

8 
±

 6
3.

4*
<

0.
00

1

G
lu

co
se

, m
g/

dL
87

.0
 ±

 8
.9

89
.0

 ±
 6

.6
†

95
 ±

 6
.5

*
0.

00
3

In
su

lin
, u

IU
/m

L
a

3.
0 

(2
.0

–4
.0

)
3.

0 
(2

.0
–4

.0
)†

6.
0 

(2
.5

–8
.0

)*
0.

00
2

H
O

M
A

-I
R

a
0.

63
 (

0.
39

–0
.9

5)
0.

67
 (

0.
47

–0
.9

2)
†

1.
47

 (
0.

59
–1

.9
6)

*
0.

00
1

Te
st

os
te

ro
ne

, n
g/

dL
51

0 
±

 6
3

51
2 

±
 1

15
†

26
5 

±
 4

7*
<

0.
00

1

Fr
ee

 te
st

os
te

ro
ne

, n
g/

dL
11

.5
 ±

 3
.5

8.
8 

±
 1

.5
*†

6.
7 

±
 1

.9
*

<
0.

00
1

E
st

ra
di

ol
, p

g/
m

L
33

.0
 ±

 1
1.

8
46

.7
 ±

 1
5.

2*
36

.1
 ±

 1
6.

6
0.

01
2

Fo
lli

cl
e 

st
im

ul
at

in
g 

ho
rm

on
e,

 m
IU

/m
L

a
3.

10
 (

1.
98

–4
.3

0)
5.

35
 (

3.
23

–6
.4

3)
5.

40
 (

3.
25

–7
.4

3)
*

0.
04

L
ut

ei
ni

zi
ng

 h
or

m
on

e,
 m

IU
/m

L
3.

35
 ±

 1
.2

5
3.

72
 ±

 1
.0

0
3.

54
 ±

 3
.0

3
0.

84
0

Se
x 

ho
rm

on
e 

bi
nd

in
g 

gl
ob

ul
in

, n
m

ol
/L

26
.5

 ±
 9

.9
48

.6
 ±

 1
4.

0*
†

26
 ±

 9
.9

<
0.

00
1

D
at

a 
w

er
e 

ex
am

in
ed

 u
si

ng
 o

ne
-w

ay
 A

N
O

V
A

s 
an

d 
ar

e 
di

sp
la

ye
d 

as
 m

ea
ns

 ±
 S

D
. N

on
-n

or
m

al
ly

 d
is

tr
ib

ut
ed

 d
at

a 
(a

) 
w

er
e 

na
tu

ra
l l

og
-t

ra
ns

fo
rm

ed
 b

ef
or

e 
st

at
is

tic
al

 e
xa

m
in

at
io

n 
an

d 
ar

e 
di

sp
la

ye
d 

as
 m

ed
ia

n 
(i

nt
er

qu
ar

til
e 

ra
ng

e)
 in

 th
ei

r 
or

ig
in

al
 u

ni
ts

. A
, A

si
an

; A
A

, A
fr

ic
an

 A
m

er
ic

an
; B

M
I,

 b
od

y 
m

as
s 

in
de

x;
 B

P,
 b

lo
od

 p
re

ss
ur

e;
 C

, C
au

ca
si

an
; H

O
M

A
-I

R
, h

om
eo

st
at

ic
 m

od
el

 a
na

ly
si

s 
of

 in
su

lin
 r

es
is

ta
nc

e;
 L

D
L

, 
lo

w
-d

en
si

ty
 li

po
pr

ot
ei

n;
 M

, m
or

e 
th

an
 o

ne
 r

ac
e;

 M
A

/O
, m

id
dl

e-
ag

ed
/o

ld
er

; T
, t

es
to

st
er

on
e.

 *
P 

<
 0

.0
5 

co
m

pa
re

d 
w

ith
 y

ou
ng

er
 m

en
, †

P 
<

 0
.0

5 
co

m
pa

re
d 

w
ith

 M
A

/O
 m

en
 w

ith
 lo

w
 T

.

Am J Physiol Regul Integr Comp Physiol. Author manuscript; available in PMC 2025 May 29.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Babcock et al. Page 19

Ta
b

le
 2

.
E

nd
ot

he
lia

l c
el

l E
T-

1 
ex

pr
es

si
on

 a
nd

 c
ir

cu
la

tin
g 

fa
ct

or
s

V
ar

ia
bl

e
Y

ou
ng

 M
en

M
A

/O
 M

en
 w

it
h 

N
or

m
al

 T
M

A
/O

 M
en

 w
it

h 
L

ow
 T

P
 V

al
ue

Ve
no

us
 E

nd
ot

he
lia

l C
el

ls

n
15

17
17

V
en

ou
s 

E
T-

1/
H

U
V

E
C

 in
te

ns
ity

0.
99

0 
±

 0
.0

18
0.

98
6 

±
 0

.0
15

0.
98

4 
±

 0
.0

17
0.

61
6

V
en

ou
s 

vW
F/

H
U

V
E

C
 in

te
ns

ity
0.

99
5 

±
 0

.0
17

0.
99

3 
±

 0
.0

13
0.

99
1 

±
 0

.0
15

0.
74

4

A
rt

er
ia

l E
nd

ot
he

lia
l C

el
ls

n
12

14
12

A
rt

er
ia

l E
T-

1/
H

U
V

E
C

 in
te

ns
ity

0.
99

6 
±

 0
.0

16
0.

99
3 

±
 0

.0
19

0.
98

4 
±

 0
.0

2
0.

22
2

A
rt

er
ia

l v
W

F/
H

U
V

E
C

 in
te

ns
ity

1.
00

0 
±

 0
.0

13
0.

99
6 

±
 0

.0
19

0.
99

4 
±

 0
.0

17
0.

67
7

C
ir

cu
la

tin
g 

F
ac

to
rs

O
xi

di
ze

d 
L

D
L

, U
/L

67
.5

0 
±

 2
9.

8
73

.3
 ±

23
.0

72
.4

±
 1

4.
2

0.
71

0

To
ta

l a
nt

io
xi

da
nt

 s
ta

tu
s,

 m
m

ol
/L

a
1.

74
 (

1.
70

–1
.8

5)
1.

70
 (

1.
62

–1
.7

6)
1.

73
 (

1.
65

–1
.8

3)
0.

49
6

In
te

rl
eu

ki
n-

6,
 p

g/
m

L
a

0.
74

 (
0.

59
–1

.1
6)

1.
40

 (
1.

06
–1

.7
7)

*†
2.

05
 (

1.
37

–2
.9

7)
*

<
0.

00
1

C
-r

ea
ct

iv
e 

pr
ot

ei
n,

 m
g/

L
a

0.
47

 (
0.

30
–0

.6
1)

0.
84

 (
0.

53
–1

.7
7)

*†
1.

61
 (

1.
00

–4
.3

0)
*

<
0.

00
1

W
hi

te
 b

lo
od

 c
el

l c
ou

nt
, 1

0 
×

 9
/L

a
5.

05
 (

4.
33

–5
.6

0)
4.

60
 (

3.
93

–5
.6

8)
†

6.
10

 (
5.

18
–6

.9
8)

0.
04

5

A
bs

ol
ut

e 
ne

ut
ro

ph
ils

, 1
0 

×
 9

/L
2.

81
 ±

 1
.4

0
2.

76
 ±

 1
.0

8
3.

33
 ±

 1
.3

9
0.

32
3

N
eu

tr
op

hi
ls

, %
a

8.
15

 (
6.

60
–1

0.
50

)
9.

20
 (

8.
20

–1
1.

00
)

9.
05

 (
7.

23
–1

1.
98

)
0.

73
7

A
bs

ol
ut

e 
m

on
oc

yt
es

, 1
0 

×
 9

/L
a

0.
40

 (
0.

40
–0

.5
0)

0.
40

 (
0.

30
–0

.6
0)

0.
50

 (
0.

40
–0

.8
0)

0.
46

9

M
on

oc
yt

es
 (

%
)a

53
.5

5 
(4

5.
55

–5
9.

78
57

.5
0 

(5
1.

10
–6

1.
70

)
55

.1
5 

(4
3.

80
–6

0.
60

)
0.

36
9

D
at

a 
w

er
e 

ex
am

in
ed

 u
si

ng
 o

ne
-w

ay
 A

N
O

V
A

s 
an

d 
ar

e 
di

sp
la

ye
d 

as
 m

ea
ns

 ±
 S

D
. E

T-
1,

 e
nd

ot
he

lin
-1

; H
U

V
E

C
, h

um
an

 u
m

bi
lic

al
 v

ei
n 

en
do

th
el

ia
l c

el
l; 

L
D

L
, l

ow
-d

en
si

ty
 li

po
pr

ot
ei

n;
 M

A
/O

, m
id

dl
e-

ag
ed

/

ol
de

r;
 T

, t
es

to
st

er
on

e;
 v

W
F,

 v
on

 W
ill

eb
ra

nd
 F

ac
to

r. 
*P

 <
 0

.0
5 

co
m

pa
re

d 
w

ith
 y

ou
ng

er
 m

en
, †

P 
<

 0
.0

5 
co

m
pa

re
d 

w
ith

 M
A

/O
 m

en
 w

ith
 lo

w
 T

, a
no

n-
no

rm
al

ly
 d

is
tr

ib
ut

ed
 d

at
a 

th
at

 w
er

e 
na

tu
ra

l l
og

 
tr

an
sf

or
m

ed
 b

ef
or

e 
an

al
ys

is
.

Am J Physiol Regul Integr Comp Physiol. Author manuscript; available in PMC 2025 May 29.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Babcock et al. Page 20

Ta
b

le
 3

.
Fl

ow
-m

ed
ia

te
d 

di
la

tio
n

V
ar

ia
bl

e
Y

ou
ng

 M
en

M
A

/O
 M

en
 w

it
h 

N
or

m
al

 T
M

A
/O

 M
en

 w
it

h 
L

ow
 T

P
 V

al
ue

B
as

el
in

e 
br

ac
hi

al
 a

rt
er

y 
di

am
et

er
, m

m
4.

10
 ±

 0
.5

1
4.

65
 ±

 0
.6

3*
†

5.
02

 ±
 0

.5
2*

<
0.

00
1

B
ra

ch
ia

l a
rt

er
y 

di
am

et
er

 c
ha

ng
e,

 m
m

0.
31

 ±
 0

.0
7

0.
22

 ±
 0

.1
0*

0.
19

 ±
 0

.0
9*

<
0.

00
1

FM
D

, %
7.

3 
±

 1
.3

5.
7 

±
 2

.2
*†

4.
0 

±
 1

.8
*

<
0.

00
1

D
at

a 
w

er
e 

ex
am

in
ed

 u
si

ng
 o

ne
-w

ay
 A

N
O

V
A

s 
an

d 
ar

e 
di

sp
la

ye
d 

as
 m

ea
ns

 ±
 S

D
. F

M
D

, F
lo

w
-m

ed
ia

te
d 

di
la

tio
n;

 M
A

/O
, m

id
dl

e-
ag

ed
/o

ld
er

; T
, t

es
to

st
er

on
e.

 *
P 

<
 0

.0
5 

co
m

pa
re

d 
w

ith
 y

ou
ng

er
 m

en
, †

P 
<

 0
.0

5 
co

m
pa

re
d 

w
ith

 M
A

/O
 m

en
 w

ith
 lo

w
 T

.

Am J Physiol Regul Integr Comp Physiol. Author manuscript; available in PMC 2025 May 29.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Babcock et al. Page 21

Ta
b

le
 4

.
C

or
re

la
tio

n 
m

at
ri

x

V
ar

ia
bl

e

To
ta

l T
es

to
st

er
on

e,
ng

/d
L

E
T-

1,
 p

g/
m

L
a

F
M

D
, %

r
P

r
P

r
P

A
ge

, y
r

−0
.4

09
0.

00
1

0.
35

9
0.

00
5

−0
.4

61
<0

.0
01

Sy
st

ol
ic

 B
P,

 m
m

H
g

−0
.3

06
0.

01
7

0.
48

9
<0

.0
01

−0
.3

73
0.

00
4

D
ia

st
ol

ic
 B

P,
 m

m
H

g
−0

.3
39

0.
00

8
0.

35
5

0.
00

6
−0

.2
94

0.
02

4

B
M

I,
 k

g/
m

2
−0

.5
44

<0
.0

01
0.

39
6

0.
00

2
−0

.3
95

0.
00

2

To
ta

l t
es

to
st

er
on

e,
 n

g/
dL

−0
.4

83
<0

.0
01

0.
48

6
<0

.0
01

Fr
ee

 te
st

os
te

ro
ne

, n
g/

dL
0.

46
7

<0
.0

01
−0

.3
53

0.
00

6
0.

42
1

<0
.0

01

E
st

ra
di

ol
, p

g/
m

L
0.

37
6

0.
00

3
−

0.
04

7
0.

72
3

0.
00

6
0.

96
4

Fo
lli

cl
e-

st
im

ul
at

in
g 

ho
rm

on
e,

 m
IU

/m
L

a
−

0.
20

1
0.

12
4

0.
13

4
0.

31
0

−
0.

09
0

0.
49

9

L
ut

ei
ni

zi
ng

 h
or

m
on

e,
 m

IU
/m

L
a

0.
20

1
0.

12
3

0.
14

5
0.

27
3

0.
21

9
0.

09
6

Se
x 

ho
rm

on
e 

bi
nd

in
g 

gl
ob

ul
in

, n
m

ol
/L

a
0.

52
1

<0
.0

01
−

0.
10

7
0.

42
1

0.
19

2
0.

14
4

In
su

lin
, u

IU
/m

L
a

−0
.3

72
0.

00
4

−
0.

00
3

0.
98

4
−

0.
20

3
0.

12
4

H
O

M
A

-I
R

a
−0

.3
50

0.
00

6
0.

01
9

0.
88

4
−

0.
18

8
0.

15
4

E
T-

1,
 p

g/
m

L
a

−0
.4

48
<0

.0
01

−
0.

37
1

0.
00

4

IL
-6

, p
g/

m
L

a
−0

.4
62

<0
.0

01
0.

38
7

0.
00

3
−0

.4
61

<0
.0

01

C
R

P,
 m

g/
L

a
−0

.5
50

<0
.0

01
0.

50
5

<0
.0

01
−0

.3
96

0.
00

2

TA
S,

 m
m

ol
/L

a
−

0.
06

8
0.

60
7

−
0.

09
2

0.
49

0
0.

05
2

0.
69

9

O
xi

di
ze

d 
L

D
L

, U
/L

a
0.

07
0

0.
60

5
0.

09
7

0.
47

7
0.

00
5

0.
96

9

W
B

C
a

−0
.3

47
0.

00
7

0.
03

8
0.

77
3

−
0.

08
4

0.
52

6

N
eu

tr
op

hi
ls

, ×
10

9/
L

a
−0

.2
71

0.
03

8
0.

07
8

0.
56

0
−

0.
10

1
0.

45
2

M
on

oc
yt

es
, ×

10
9/

L
a

−
0.

16
0

0.
22

5
−

0.
00

4
0.

97
8

−
0.

04
5

0.
73

6

FM
D

, %
0.

48
6

<0
.0

01
−0

.4
14

0.
00

1
–

–

D
at

a 
w

er
e 

ex
am

in
ed

 u
si

ng
 P

ea
rs

on
 c

or
re

la
tio

n 
an

al
ys

es
. N

on
-n

or
m

al
ly

 d
is

tr
ib

ut
ed

 d
at

a 
(a

) 
w

er
e 

na
tu

ra
l l

og
 tr

an
sf

or
m

ed
 b

ef
or

e 
st

at
is

tic
al

 e
xa

m
in

at
io

n.
 B

ol
d 

te
xt

 in
di

ca
te

s 
si

gn
if

ic
an

t c
or

re
la

tio
ns

. B
M

I,
 b

od
y 

m
as

s 
in

de
x;

 B
P,

 b
lo

od
 p

re
ss

ur
e;

 H
O

M
A

-I
R

, h
om

eo
st

at
ic

 m
od

el
 a

ss
es

sm
en

t f
or

 in
su

lin
 r

es
is

ta
nc

e;
 L

D
L

, l
ow

-d
en

si
ty

 li
po

pr
ot

ei
n;

 T
, t

es
to

st
er

on
e;

 W
B

C
, w

hi
te

 b
lo

od
 c

ou
nt

.

Am J Physiol Regul Integr Comp Physiol. Author manuscript; available in PMC 2025 May 29.


	Abstract
	NEW & NOTEWORTHY
	INTRODUCTION
	METHODS
	Study Design
	Study Participants
	Participant Characteristics
	Measurements
	Endothelial cell protein expression.
	Blood sampling.
	Brachial artery flow-mediated dilation.

	Data and Statistical Analysis
	Statistical analysis.


	RESULTS
	Participant Characteristics
	Endothelin-1, Circulating Factors, and Flow-Mediated Dilation

	DISCUSSION
	EXPERIMENTAL CONSIDERATIONS AND LIMITATIONS
	Conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Table 1.
	Table 2.
	Table 3.
	Table 4.

