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Background: Aging is associated with diminished testosterone (Te) secretion, which may be 
attributed to Leydig cell dysfunction, decreased pituitary stimulation, and altered Te feedback.

Objective: To study all regulatory nodes—gonadotropin-releasing hormone (GnRH), luteinizing 
hormone (LH) and Leydig cell—in the same cohort of healthy men.

Study Design: This was a placebo-controlled, blinded, prospectively randomized cross-over 
study in 40 men, age range 19 to 73 years, and body mass index (BMI) range 20 to 34.3 kg/
m2. A submaximal dose of the GnRH antagonist ganirelix was used to assess outflow of GnRH, 
by calculating the difference between LH output during the control arm and ganirelix arm. 
Ketoconazole (a steroidogenic inhibitor) was used to estimate feedback, by the difference in LH 
output during the ketoconazole and control arm. High-dose ganirelix and repeated LH infusions 
were used to measure testicular responsivity. Blood sampling was performed at 10-minute 
intervals.

Results: There were age-related, but not body composition–related decreases in estimated 
GnRH secretion, the feedback strength of Te on LH, and Leydig cell responsivity to LH, 
accompanied by changes in approximate entropy. Bioavailable Te levels were negatively related 
to both age and computed tomography (CT)–estimated abdominal visceral mass (AVF), without 
interaction between these variables. The LH response to a submaximal dose of GnRH was 
independent of age and AVF.

Conclusion: Advancing age is associated with (1) attenuated bioavailable Te secretion caused 
by diminished GnRH outflow and not by decreased GnRH responsivity of the gonadotrope, (2) 
diminished testicular responsivity to infused LH pulses, and (3) partial compensation by diminished 
Te feedback on central gonadotropic regulation. (J Clin Endocrinol Metab 105: e628–e641, 2020)
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C irculating testosterone (Te) concentrations, espe-
cially bioavailable and free Te concentrations, de-

cline with age (1–3). Meta-analysis and longitudinal 
studies have estimated an annual decrease in total, bio-
available, and free Te in healthy older men of 1% to 
3% (4, 5). Relative depletion of androgen in the aging 
male may contribute to sarcopenia, osteopenia, dimin-
ished libido and potency, increased visceral adiposity, 
reduced aerobic capacity, and (possibly) impaired cogni-
tive function (6, 7). The primary cause of the age-related 
decline in Te production has not been fully elucidated. 
Available studies point to possible defects in hypo-
thalamic gonadotropin-releasing hormone (GnRH) 
feedforward (8), negative feedback of Te on the hypo-
thalamus and pituitary (9, 10) and testicular responsive-
ness to luteinizing hormone (LH) (11, 12). However, the 
relative importance of the foregoing putative mechan-
isms as a function of age is unknown.

The hypothalamus-pituitary-gonadal (HPG) axis is 
a highly organized endocrine system, with multiple in-
puts to its hypothalamic components, i.e. the kisspeptin 
and GnRH neurons (13). Puberty and sexual maturity 
are driven by kisspeptin secreted by the KISS neurons in 
the arcuate nuclei. Inactivating mutations of kisspeptin 
and its receptor GRP54 are associated with central 
hypogonadism (14). Kisspeptin neurons project on 
hypothalamic GnRH neurons and stimulate the pul-
satile secretion of GnRH (15). Hypothalamic GnRH 
is the principal, if not exclusive, feedforward signal 
that drives gonadotropin secretion by the human an-
terior pituitary gland, and the pulsatile LH feedforward 
signal stimulates testicular Leydig-cell steroidogenesis. 
Within this highly coordinated system, Te is a major 
negative-feedback signal that suppresses both GnRH 
and LH secretion. Conversely, Te withdrawal ampli-
fies LH secretion. The decline in androgen availability 
with age is often associated with a decline in the growth 
hormone (GH)-insulin-like growth factor (IGF)-1 axis 
(16), possibly attributable in part to reduced hypothal-
amic output of growth hormone–releasing hormone 
(GHRH), and/or ghrelin (17).

 Earlier studies developed a composite secretion-
elimination model of joint feedback and feedforward 
coupling among GnRH, LH, and Te (18). This 
biomathematical construct predicts potential deterior-
ation of GnRH drive to the pituitary gland, LH feed-
forward on the testis, and androgen feedback on GnRH 
and LH secretion in the aging male (19, 20). Given 
this background, the present study hypothesized that 
the age-related decline in androgen in healthy men is 
multifactorial, and caused by (1) central (hypothalamic-
pituitary) impairment of GnRH and LH outflow, (2) 

diminished Leydig cell responsiveness to LH, and (3) 
possibly diminished Te feedback partly compensating 
for reduced central forward drive and Leydig cell re-
sponsiveness. Here, we explore presumptive hypothal-
amic, pituitary and testicular contributions to relative 
hypoandrogenemia in 40 healthy men, aged 19 to 
73 years.

The study comprised 4 randomly ordered admissions 
to the Clinical Research Unit for each volunteer to con-
duct each of 4 experimental protocols to test distinct 
regulatory mechanisms: (1) central drive by GnRH, (2) 
pulsatile LH secretion, (3) feedback of Te on GnRH/LH 
secretion, and (4) the effect of exogenous LH pulses on 
Te secretion. Inasmuch as central neuronal release of 
GnRH is not determinable directly in the human, ad-
ministration of a submaximally inhibitory dose of a se-
lective GnRH-receptor antagonist (ganirelix) was used 
to probe endogenous GnRH outflow (21). To assess 
Te feedback, ketoconazole (KTCZ) was given to block 
steroidogenesis under concomitant glucocorticoid re-
placement, and hypothalamic-pituitary–regulated LH 
secretion was monitored. Leydig cell responsivity to LH 
pulses was addressed via subcutaneous (SC) injection 
of ganirelix to suppress endogenous LH secretion and 
intravenous (IV) infusion of successive pulses of recom-
binant human LH to drive Te secretion.

Unlike earlier publications, the present study explores 
multiple mechanisms in the same individual over a wide 
age and body mass index (BMI) span.

Methods

Subjects
Forty healthy, ambulatory community-dwelling men (mean 

age 47.8 years, range 19–73; Shapiro-Wilk test statistic 0.973; 
P = 0.457) participated in the Clinical Research Unit (CRU)-
based studies. The mean BMI was 26.7, range 20–34.3 kg/m2; 
Shapiro-Wilk test statistic 0.966; P = 0.258. Screening endo-
crine data, measured in the Mayo Clinic Reference Laboratory, 
included (mean [range]): Te 540 ng/dL (265-1050), estradiol 
26 pg/mL (14-50), LH 4.1 IU/L (3.5-12.5), follicle-stimulating 
hormone (FSH) 6.5 IU/L (1.8–16.3), sex hormone–binding 
globulin (SHBG) 33.2  nmol/L (16–86), prostate-specific 
antigen (PSA) 0.83  ng/mL (0.28–3.1), CT-determined AVF 
157 cm2 (11–347), and total abdominal fat 306 cm2 (34–746). 
Volunteers were recruited by newspaper advertisements, local 
posters, the Clinical Trials Center web page and community 
(general and minority) bulletin boards.

Protocol
This was an investigator-initiated, FDA-approved pro-

spectively randomized, double-blind placebo-controlled pro-
spective cross-over study in adrenal-gonadal (cortisol and 
testosterone) and LH-downregulated men. Men who satisfied 
the inclusion and exclusion criteria (see below) and completed 
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all 4 admissions underwent a single-slice CT of the abdomen 
as an exploratory measure to evaluate obesity (AVF). Data 
from prior single-slice CT scans were used if the CT scan 
was performed within the past year (from date of participant 
screening) and the individual had not had a greater than 6-lb 
(2.7 kg) weight change.

Participants were studied in the CRU on 4 occasions. 
Consecutive sessions were separated by at least 1 week and the 
order of the sessions was prospectively randomized. Scheduled 
sessions involved the administration of either (1) saline (pla-
cebo injection); (2) ganirelix alone; (3) KTCZ with dexa-
methasone; or (4) ganirelix with LH pulses. Administration 
of these 4 drugs tested, respectively: (1) control condition; (2) 
hypothalamic drive via endogenous GnRH by partial competi-
tive ganirelix blockade of GnRH receptors; (3) Te’s feedback 
onto GnRH-LH responses to androgen deprivation; and (4) 
testicular function by response of Te to pulsatile LH drive. The 
schematic outline of the study is shown in Fig. 1. In 3 of the 
visits, participants were admitted to the CRU by 1730 hours 
to receive the interventional agent (below) at 2000 hours and 

stayed overnight in the CRU. An indwelling IV catheter was 
placed in a forearm vein the next morning by 0700 hours. 
Blood samples (1.5  mL) were withdrawn every 10 minutes 
from 0800 to 1300 hours. Serum LH and Te concentrations 
were measured in each sample by automated chemilumines-
cence assay. The specific inpatient interventions are: (1) saline 
control (placebo injection and placebo pills), (2) a single SC in-
jection of 0.125 mg/m2 ganirelix and placebo pills, (3) placebo 
injection and 800 mg KTCZ and 0.75 mg dexamethasone ad-
ministered orally, followed by 400 mg KTCZ at 0700 hours 
the following morning and 0.75 mg dexamethasone at the end 
of blood sampling. The second dose of KTCZ in the morning 
is required to ensure sustained androgen deprivation for the 
full duration of blood sampling. This intervention suppresses 
testicular and adrenal steroidogenesis overnight by > 85% in 
healthy young and older men (22). The third dose of dexa-
methasone at 1300 hours ensures adequate glucocorticoid re-
placement prior to discharge from the CRU. Importantly, the 
administered dose of dexamethasone does not interfere with 
LH secretion (23).

For the additional overnight admission, volunteers were 
admitted to the CRU at or before 1300 hours. An indwelling 
IV catheter was placed in a forearm vein by 1400 hours. Blood 
samples (1.5 mL) were withdrawn every 10 minutes for 22 
hours from 1500 until 1300 hours the following day, for later 
assay of LH and Te concentrations. Ganirelix (1 mg SC) was 
given at 1700 hours to repress endogenous LH secretion. The 
subsequent stimulation protocol comprised pulsatile (6-mi-
nute bolus) IV infusions of recombinant human LH (18.75 IU, 
Serono) every 2 hours for 6 doses administered via infusion 
pump commencing at 2300 hours.

During all 4 sessions, a single additional, submaximally-
effective GnRH stimulus (100 ng/kg IV bolus) was adminis-
tered at 1100 hours to assess gonadotrope responsivity and 
corroborate the competitive nature of ganirelix’s inhibition of 
LH secretion (21).

Safety data
All volunteers completed a preliminary outpatient screening 

consisting of a complete history, physical examination, and 
screening biochemical measures of hepatic, renal, metabolic, 
and hematologic function (see Subjects). Volunteers 50 years 
and older underwent a screening electrocardiogram in the 
CRU. In keeping with standard medical practice, the PSA and 
a digital rectal examination (to assess the prostate gland) was 
performed in subjects over 40 years of age. A prostate exam 
was not required if one had been done in the past year and the 
PSA from the past year was within normal values.

Standardized supper (the evening of CRU admission), 
snacks (nondairy at 2000 and 0700 hours with oral KTCZ 
or placebo administration), as well as breakfast and lunch on 
day 2 were provided. Meals were caffeine-free throughout the 
inpatient study. Subjects were allowed to ambulate to the lav-
atory. Lights were off from 2300 until 0700 hours.

Investigational drugs
Ganirelix is a FDA-approved decapeptide analogue of 

GnRH, a single injection of which inhibits LH secretion rap-
idly (over 4–6 hours) and for up to 24 hours (24). Ganirelix 
was administered here under IND #66518. The drug has been 
administered daily in controlled ovulation-induction regimens 
to repress an endogenous LH surge (25, 26).

Figure 1. Schematic outline of the experimental protocols. The order 
of the 4 protocols was randomly assigned. In the overnight 10-minute 
blood sampling study, subjects received 1 mg ganirelix SC. LH pulses 
were given at 2-hour intervals, where 18.75 IU was infused over 6 
minutes. A submaximal dose of GnRH (100 ng/kg) was administered 
IV at 1100 hours. In the other 3 arms, blood sampling was carried 
out every 10 minutes between 0800 and 1300 hours. The first dose 
of KTCZ was 800 mg, and the second dose 400 mg, together with 
0.75 mg dexamethasone. A submaximal dose of ganirelix (0.125 mg/
m2 body surface) was administered at 2000 hours. Both LH and Te 
were measured in all samples.
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Ganirelix and recombinant human LH are used here 
together under a single protocol-specific FDA-approved 
investigator-initiated IND #58494. KTCZ and dexametha-
sone are FDA-approved drugs, here applied off-label under 
IND #63357. The protocol was approved by the Mayo 
Institutional Review Board. Witnessed written voluntary con-
sent was obtained before study enrollment.

Criteria for exclusion
Exclusion criteria were recent (within 5 half-lives) use of 

psychotropic or neuroactive drugs; BMI below 19 or above 
35 kg/m2; abnormal laboratory test results; drug or alcohol 
abuse; psychosis; depression, mania, or severe anxiety; acute 
or chronic organ-system disease; endocrinopathy; anabolic 
steroid use; nightshift work or recent (1 month) > 3 time-zones 
transmeridian travel; acute weight change (loss or gain of > 
2 kg in 6 weeks); unwillingness to provide written informed 
consent; history or suspicion of prostatic disease (elevated PSA 
(> 4.0 ng/mL), indeterminate prostate nodule or mass, or ob-
structive uropathy; history of carcinoma (excluding localized 
basal cell carcinoma removed or surgically treated with no re-
currence); history of thrombotic arterial disease (stroke, tran-
sient ischemic attacks, myocardial infarction, angina pectoris); 
or deep vein thrombophlebitis.

Analytical Methods

Assays
LH and Te were determined in duplicate and batch-

wise in each subject. LH was measured using an auto-
mated 2-site monoclonal immunochemiluminescence 
assay with a sensitivity of 0.20 IU/L (first International 
Reference Preparation) and median inter- and intraassay 
coefficients of variation of 5.5% and 8.5%, respect-
ively (DXL 800 automated immunoassay system, 
Beckman Instruments, Chaska, Minnesota) (27). Cross-
reactivity with FSH, thyrotropin (thyroid-stimulating 
hormone), α-subunits, or free LH β-subunits is less than 
0.1%. Total Te concentrations were assessed by liquid 
chromatography-tandem mass spectrometry (Agilent 
Technologies, Inc, Santa Clara, California). Sensitivity 
was 8 ng/dL, and median intra- and interassay coeffi-
cients of variation were 5.2% and 8.3%, respectively. 
Free and bioavailable hormone concentrations were cal-
culated as described in the appendix of Takahashi et al 
(11). Estradiol was measured by liquid chromatography-
tandem mass spectrometry (Agilent Technologies, Inc, 
Santa Clara, CA 95051). Interassay coefficients of vari-
ation for estradiol were 10.8% at 0.29 pg/mL and 5.1% 
at 32 pg/mL. SHBG was quantified by solid-phase chemi-
luminescent assay using the Siemens Immulite 2000 
Automated Immunoassay System (Siemens Healthcare 
Diagnostics, Deerfield, Illinois (28). Interassay coeffi-
cients of variation for SHBG are 4.0% at 5.4 nmol/L and 
5.9% at 74 nmol/L. Prolactin and FSH were measured 

by 2-site chemiluminescent sandwich immunoassays on 
a DXL 800 automated immunoassay system (Beckman 
Instruments). For prolactin, the interassay coefficients 
of variation were 3.7%, 2.1%, and 4.8% at 6.1, 16.4, 
and 34.5 µg/L; and for FSH the interassay coefficients of 
variation were 3.6%, 3.2%, and 4.7% at 6.5, 16.7, and 
58.0 IU/L respectively (29, 30).

Calculations
The LH and bioavailable Te concentration time series 

(3 or 12 hours) were subjected to biexponential decon-
volution analysis using independently determined es-
timates of 2-compartment LH and Te disappearance 
kinetics (31). The extended time series (2 hours) were 
used to estimate LH secretion before and after stimu-
lation with GnRH. Primary analytical outcomes were 
(1) the difference in mean and median serum LH con-
centrations as well as in pulsatile and total LH secre-
tion between the control and KTCZ arm, as a proxy for 
Te’s feedback control, and (2) the difference in pulsatile 
LH secretion between the ganirelix and control arm as 
a proxy for GnRH feedforward strength.

The bioavailable Te concentration responses to the 
exogenous LH pulses delivered at 2-hour intervals were 
used to estimate Leydig cell function via a Matlab pro-
gram, which quantifies the unobserved dose-response 
function that couples paired hormone output (18, 19).

Approximate entropy (ApEn) was calculated on 
time-series. ApEn is a validated pattern-dependent re-
gularity measure, which serves as a sensitive (> 90%) 
and specific (> 95%) discriminative metric of interactive 
complexity (number of connections) and strength (dose-
response interface properties) in various interlinked 
(parameter-coupled) systems (31, 32). The statistic is 
calculated on a time series as a single, finite, positive, 
real number (between 0 and 2.3 in log base 10 data). 
Analogous to univariate ApEn, bivariate cross-ApEn is 
a scale- and model-independent 2-variable regularity 
statistic use to quantitate the relative pattern synchrony 
of coupled time series. Clinical experiments establish 
that changes in cross-ApEn reflect feedback and/or feed-
forward adaptations within an interlinked axis with 
high sensitivity and specificity (33).

Statistical assessment
Data are shown as mean and standard error of the 

mean. Comparisons among the 4 experimental arms and 
their possible interactions were performed with the 4 re-
peated measurements. Relations of LH and bioavailable 
Te with age and body composition (AVF) were assessed 
using linear regression analysis. Standardized linear re-
gression coefficients (slopes, normalized to age- and 
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AVF-SD-scores) were used to compare dependent vari-
able effect sizes, such as relative effects of age and AVF 
on feedback and feedforward control. Statistical sig-
nificance was set at P  <  0.05. Calculations were per-
formed with Systat version 13 (Systat Software, Inc, 
San Jose, CA) and with Matlab (MathWorks, Natick, 
Massachusetts).

Results

LH and Te pre-GnRH stimulation in the period 
from 0800 to 1100 hours

Serum LH concentrations during the 3-hour period 
on all 4 visits are depicted in the upper panel of Fig. 2. 
Mean and median LH concentrations were lower 
during submaximal GnRH-receptor blockade and in-
creased during inhibition of Te synthesis by KTCZ, 
compared with the control (saline) visit. The statis-
tical significance of these differences is shown in the 

upper rows of Table  1. The data inference of group 
differences was corroborated by the independent out-
come of the deconvolution analysis of the LH profiles 
(lower rows of Table 1). Further analyses of the mean 
(median) LH levels of the 3-hour sampling period did 
not reveal significant regressions between the mean 
LH concentration on the one hand, and age, AVF, and 
total abdominal fat on the other (R values ranging 
between 0.030 and 0.252, with P values from 0.13 
to 0.84).

Serum bioavailable Te concentrations during the 
3-hour pre-GnRH injection blood sampling period are 
depicted in the lower panel of Fig.  2. Statistical con-
trasts among mean (median, maximum, and minimum) 
concentrations are shown in Table  2 (upper rows). 
Highly significant differences were present between the 
3 arms of the experiment, with lowest bioavailable Te 
levels during KTCZ treatment and with intermediate 
levels during ganirelix exposure. Table 2 also displays 
results of the multivariate ANOVA of mean 3-hour bio-
available Te concentrations and matching pulsatile Te 
secretion rates, except for the KTCZ-treated group, 
where deconvolution of the low, hardly-fluctuating 
concentrations was not possible. In the control arm, 
age was a significant (negative) predictor (R  =  −0.64; 
P  <  0.0001; slope −1.51  ±  0.29) of deconvolution-
derived secretion bioavailable Te secretion. This was 
true also in the ganirelix group (R = −0.46, P = 0.003; 
slope −2.22 ± 0.70). Body composition assessed by AVF 
was not a significant independent variable or interacting 
factor (Table 3, upper rows).

Effects of GnRH administration on serum LH and 
Te concentrations

The serum LH and bioavailable Te concentration 
profiles after GnRH administration in the 3 arms are 
depicted in Fig.  3. The mean responses are shown in 
Table 4. There were significant differences between the 
3 arms of the experiment, with low bioavailable Te 
levels in the KTCZ group associated with amplified LH 
response to GnRH. Importantly, the ganirelix arm still 
showed some LH increase, thus confirming the com-
petitive nature of ganirelix. The mean LH response to 
GnRH injection in the ganirelix and KTCZ arm was 
not related to age, AVF, or the interaction. On the other 
hand, age was a strongly negative regressor and AVF a 
weakly negative predictor of 2-hour integrated bioavail-
able Te levels after GnRH injection in the control arm 
and after ganirelix administration. All 3 effects were lost 
during inhibition of Te secretion with KTCZ (Table 3). 
The interaction between the 2 variables of age and AVF 
was weak (Table 3).

Figure 2. Serum LH and bioavailable Te concentration profiles in 40 
men. Data are shown as mean and standard error of the mean.
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Estimation of the feedforward strength of 
endogenous GnRH

Endogenous GnRH regulates primarily LH pulse fre-
quency and amplitude. Furthermore, if hypothalamic 
GnRH secretion were diminished, while GnRH ac-
tion on gonadotropes were preserved (below) in aging 
individuals, inhibition of LH secretion by any fixed 
submaximally concentration of a competitive GnRH-
receptor blocking agent would be more effective than 
in the case of strong GnRH signaling. Therefore, the 
difference in pulsatile LH secretion under the con-
trol condition and after ganirelix administration, esti-
mated by deconvolution analysis, was used as a proxy 

for endogenous GnRH signaling as well as the ratio. 
Figure 4 presents this analysis, showing that algebraic 
differences between pulsatile LH secretion after saline 
(control) and after ganirelix administration were posi-
tively related to age. Analogously, the ratio of LH se-
cretion under control conditions and after ganirelix 
administration was positively related to age, also 
indicating less GnRH outflow in older volunteers. These 
parameters were independent of AVF, as illustrated in 
Fig.  5, where standardized regression coefficients are 
plotted for the negative effects of age and AVF. This ap-
proach allows direct visual comparisons of slope effects 
(means ± 1.96 standard deviation) of age and AVF.

Table 1. Serum LH Concentrations and Secretion Parameters in 40 Healthy Men Sampled During 3 Hours at 
10-Minute Intervals

Serum concentrations Control Ganirelix Ketoconazole ANOVA

Mean 3-h LH (IU/L) 3.99 ± 0.33 1.95 ± 0.19 6.42 ± 0.42 <0.0001*
Median 3-h LH (IU/L) 3.79 ± 0.32 1.81 ± 0.19 6.36 ± 0.42 <0.0001*
Maximum LH (IU/L) 6.02 ± 0.55 3.14 ± 0.30 8.32 ± 0.57 <0.0001*
Minimum LH (IU/L) 2.70 ± 0.25 1.26 ± 0.13 4.88 ± 0.31 <0.0001*

Deconvolution     
Pulse frequency (#/3h) 2.0 ± 0.1 1.8 ± 0.1 2.7 ± 0.2a <0.0001
Slow half-life (min) 53 ± 4.0 63 ± 4.4 47 ± 2.3 0.007b

Mode (min) 13.3 ± 1.1 14.1 ± 0.7 14.3 ± 0.8 0.47
Basal secretion (IU/L/3h) 15.7 ± 1.7 7.4 ± 1.0 26.0 ± 2.2 <0.0001c

Pulsatile secretion (IU/L/3h) 10.7 ± 1.3 5.1 ± 0.6 18.2 ± 2.3 <0.0001c

Total secretion (IU/L/3h) 26.4 ± 2.9 12.5 ± 1.4 44.3 ± 3.1 <0.0001c

Mean pulse mass (IU/L) 5.6 ± 0.5 3.0 ± 0.3 6.7 ± 0.7 <0.0001c

Data are shown as mean and SEM. The General Linear Model was used for the ANOVA of Repeat Measurements. Contrasts were evaluated with the 
Bonferroni correction. 
Abbreviations: LH, luteinizing hormone.
Serum concentrations *Post hoc contrasts: Control vs Ganirelix and Ketoconazole: P < 0.0001, Ganirelix vs Ketoconazole: P < 0.0001. Deconvolu-
tion analysis: Contrasts were corrected with the Bonferroni procedure. aControl vs Ketoconazole P = 0.005, Ketoconazole vs Ganirelix P < 0.0001; 
bKetoconazole vs Ganirelix P = 0.007; cControl vs Ketoconazole and Ganirelix, and Ketoconazole vs Ganirelix P < 0.0001.

Table 2. Serum Bioavailable Testosterone Concentrations and Deconvolution Analysis in 40 Healthy Men 
Sampled for 3 Hours at 10-Minute Intervals

Serum bioavailable Te Control Ganirelix Ketoconazole ANOVA

Mean 3-h Te (ng/dL) 89.7 ± 5.5 43.2 ± 4.1 12.7 ± 0.7 <0.0001*
Median 3-h Te (ng/dL) 88.5 ± 5.4 42.5 ± 4.1 12.5 ± 0.7 <0.0001*
Maximum Te (ng/dL) 111 ± 7.3 57 ± 5.1 14.9 ± 1.0 <0.0001*
Minimum Te (ng/dL) 74.5 ± 4.6 33.7 ± 3.2 11.6 ± 0.6 <0.0001*

Deconvolution     
Pulse frequency (#/3h) 1.8 ± 0.2 1.7 ± 0.2 NA 0.63
Slow half-life (min) 17.7 ± 1.0 26.8 ± 0.2 NA <0.0001
Mode (min) 18.7 ± 1.0 17.4 ± 0.9 NA 0.38
Basal secretion (ng/dL/3h) 920 ± 70 350 ± 60 NA <0.0001
Pulsatile secretion (ng/dL/3h) 120 ± 18 66 ± 11 NA <0.0001
Total secretion (ng/dL/3h) 1040 ± 78 426 ± 67 NA <0.0001
Mean pulse mass (ng/dL) 80 ± 12 39 ± 5 NA <0.0001

Data are shown as mean and SEM. The General Linear Model was used for the ANOVA of Repeat Measurements. Contrasts were evaluated with the 
Bonferroni correction. 
Abbreviations: Te, testosterone.
Serum concentrations *Post-hoc contrasts: Control vs Ganirelix and Ketoconazole: P < 0.0001, Ganirelix vs Ketoconazole: P < 0.0001. Deconvolution 
analysis: Due to the very flat Te profile during effective Te inhibition, deconvolution analysis was impossible. Hence, comparisons between control and 
ganirelix was done with the Student t-test for paired data. 
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Estimation of the feedback strength of 
testosterone on LH secretion

We used the LH difference, measured as (1) mean 
(median) serum levels and (2) pulsatile LH secretion 
during KTCZ treatment and the control arm as a proxy 
for feedback strength, wherein a high value would in-
dicate strong feedback and conversely, a low number 
diminished feedback. Age was negatively related to all 
4 of mean and median 3-hour concentration differences 
between the 2 arms, and the pulsatile LH and total 
LH secretion, as depicted in Fig. 6. This would be con-
sistent with a possible age-related decrease in feedback 
strength. Body composition (AVF) was not related to the 
mean and median LH differences (R values from 0.21 to 
0.29, with P values from 0.08 to 0.21) or pulsatile and 
total LH secretion (R values ranged from 0.16 to 0.28 
and P values from 0.08 to 0.81). The standardized re-
gression coefficients in Fig. 5 show this visually.

Influence of exogenous LH pulses on Te secretion
After the administration of ganirelix, endogenous 

LH and bioavailable Te concentrations decreased 
acutely, as shown in Fig. 7. Here, data were analyzed 
in 2-hour bins to match 2-hour infused LH pulses. 
ANOVA for bioavailable Te and LH yielded overall 
P < 0.0001, contrasts for LH were P < 0.0001 for time 
bins 2, 3, and 4 versus time bin 1, while for bioavail-
able Te, time bins 3 and 4 were significant versus time 
bin 1.  At 2300 hours when the IV LH pulses were 
started, there were synchronized exogenous LH pulses 
and endogenous bioavailable Te increases until 0600 
hours. The combination of ganirelix and exogenous 
LH pulses was designed to explore the relationship be-
tween LH and bioavailable Te with respect to age and 

Table 3. GLM Analysis of Age, AVF, and Their Interaction on Bioavailable Testosterone Concentrations and 
Secretion, and the Effect of GnRH Administration

Age  
P value

AVF  
P value

Age*AVF  
P value Overall ANOVA

Mean 3h concentration Bio Te control 0.003 0.227 0.519 <0.0001
Mean 3h concentration Bio Te ganirelix 0.091 0.444 0.568 0.11
Mean 3h concentration Bio Te KTCZ 0.055 0.447 0.537 0.004
Pulsatile Bio Te secretion control 0.016 0.258 0.315 0.025
Total Bio Te secretion control 0.002 0.197 0.380 <0.0001
Pulsatile Bio Te secretion ganirelix 0.029 0.361 0.468 0.028
Total Bio Te secretion control ganirelix 0.335 0.634 0.780 0.46
Mean 2h Bio Te concentration control GnRH <0.0001 0.049 0.180 <0.0001
Mean 2h Bio Te concentration ganirelix GnRH <0.0001 0.012 0.046 <0.0001
Mean 2h Bio Te concentration KTCZ GnRH 0.08 0.35 0.52 0.009
AUC Bio Te control GnRH <0.0001 0.05 0.183 <0.0001
AUC Bio Te ganirelix GnRH <0.0001 0.01 0.043 <0.0001
AUC Bio Te KTCZ GnRH 0.79 0.34 0.52 0.009

Mean levels were calculated from 18 samples collected at 10-min intervals between 0800 and 1100 h. Secretion was estimated by deconvolution. 
After injection of GnRH blood samples were withdrawn for 2 h. Abbreviations: AUC, area under the curve; Bio Te, bioavailable testosterone; KTCZ, 
ketoconazole. 

Figure 3. Serum LH and bioavailable Te concentration profiles after 
IV administration of GnRH (100 ng/kg). Note diminished LH responses 
in ganirelix-treated subjects, and the amplified LH release during KTCZ 
treatment.
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body composition. Thus, the time period in which the 
LH pulses were administered was analyzed separately 
from the effect of GnRH injection. Here, we used 3 
different approaches. First, we applied dose-response 
construction (20, 34), comprising logistic regressions 
between LH concentration pulses and the corres-
ponding bioavailable Te secretion rates (see Methods 
section). Efficacy (maximal bioavailable Te secretion 
rate) was negatively related to age (see Fig.  8, upper 
panel), but LH-Te slope (sensitivity) and LH EC50 (con-
centration at which half maximal effect occurs) were 
not. Furthermore, body composition (AVF) was not re-
lated to LH-Te dose-response parameters. Second, the 
ratio between mean bioavailable Te and LH pulse mass 
(as estimated by deconvolution analysis in this time 
window) was used as a surrogate for testis responsivity. 
This measure was also negatively related to age (see 
Fig. 8, middle panel), and independent of AVF. Third, 
a model-free approach on the LH and bioavailable 
Te profiles was applied. The ratios of the areas under 
the curve for successive 2-hour bins were used as a 
potential proxy for testicular sensitivity. The ratio of 
bioavailable Te/LH areas showed a significantly nega-
tive relation to age, consistent with less responsiveness 
of the testis under a fixed LH drive (see Fig. 8, lower 
panel). This was not present for AVF.

Effect of the GnRH injection
Both LH and bioavailable Te concentrations in-

creased acutely after the administration of GnRH 
(Fig.  7). The LH concentration response was not re-
lated to age and/or body composition, whereas inte-
grated bioavailable Te concentrations were negatively 
related to age (R = −0.61; P = 0.0001, and regression 
slope −10.1  ±  2.1) but not to AVF. Comparable re-
sults were found for mean concentrations and LH and 

bioavailable Te concentration peaks and amplitudes 
(data not shown).

Approximate entropy and cross-approximate 
entropy

The results of these analyses are listed in Table  5. 
During KTCZ treatment the decreased feedback of Te 
depletion increased LH ApEn, reflected in diminished 
regularity of LH secretion. On the other hand, dimin-
ished GnRH feedforward by ganirelix increased LH re-
gularity (lower ApEn). Shutting down Te secretion via 
KTCZ or ganirelix was accompanied by more regular 
Te secretion. During the control experiment (with pla-
cebo treatment) neither LH ApEn, nor bioavailable Te 
ApEn were related to age or body composition. The 
coupling strength of LH and Te was explored with cross-
ApEn. Both in the feedforward and feedback direction 
coupling became stronger (cross-ApEn lower) during 
KTCZ and ganirelix treatment. Age, but not AVF, was 
positively related to cross-ApEn in the ganirelix-treated 
group (denoting loss of LH-Te synchrony), but not in 
the other arms (forward direction: R = 0.511, P = 0.001; 
feedback direction R = 0.345, P = 0.003). During the 
pulsatile LH administration, LH-ApEn was not related 
to age, but bioavailable Te-ApEn increased with age 
(R = 0.49, P = 0.001, slope 0.01 ± 0.003), consistent 
with abnormal testis response patterns. A  borderline 
significant positive relation was present for bioavailable 
Te and AVF (R = 0.39, P = 0.015).

Discussion

This clinical study estimated age- and body fat-related 
changes in GnRH outflow, GnRH effect, Te feedback 
and Te secretion in response to exogenous LH pulses 
in 40 healthy men over a range of age and visceral 

Table 4. Serum LH and Te Concentrations in 40 Healthy Men after GnRH Administration

Serum concentrations Control Ganirelix Ketoconazole ANOVA

Mean 2-h LH (IU/L) 10.14 ± 1.09 6.94 ± 1.00 13.77 ± 1.52 <0.0001*
Maximum LH (IU/L) 14.65 ± 1.62 9.95 ± 1.54 19.24 ± 2.50 <0.0001*
Amplitude LH (IU/L) 10.5 ± 1.3 7.5 ± 1.4 12.8 ± 2.3 <0.0001**
AUC LH (IU/L) 1358 ± 146 913 ± 132 1834 ± 204 <0.0001*

Testosterone     
Mean 2-h Te (ng/dL) 392 ± 19 276 ± 21 61 ± 3.5 <0.0001***
Maximum Te (ng/dL) 458 ± 21 368 ± 24 68 ± 4.6 <0.0001***
Amplitude Te (ng/dL) 122 ± 7.1 178 ± 14 11 ± 2.7 <0.0001***
AUC Te (ng/dL*103) 4.72 ± 0.23 3.32 ± 0.25 0.73 ± 0.04 <0.0001***

Data are shown as mean and standard error of the mean. The General Linear Model was used for the ANOVA of Repeat Measurements. LH Contrasts 
were evaluated with the Bonferroni correction. 
Abbreviations: AUC, area under the curve; LH, luteinizing hormone.
Serum concentrations: *Post-hoc contrasts: Control versus Ganirelix and Ketoconazole, P < 0.0001, Ganirelix vs Ketoconazole, P < 0.0001.**Ganirelix 
versus control and ketoconazole, P < 0.0001. Te analysis: Contrasts were corrected with the Bonferroni procedure. ***Control vs Ganirelix and 
Ketoconazole, P < 0.0001; Ganirelix vs Ketoconazole, P < 0.0001. 
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abdominal fat. Age, but not body fat, was associated 
with diminished GnRH outflow, normal GnRH effect, 
decreased testicular responsivity to infused LH pulses 

and diminished Te feedback. The empirical outcomes 
directly support earlier theoretical predictions based 
upon a biomathematical model (35).

Pulsatile LH secretion by the pituitary gland is regu-
lated by hypothalamic kisspeptin- and GnRH-secreting 
neurons, as inferred in humans, isolated rat hypothal-
amic explants, and hypophyseal-portal blood of the 
ewe (18, 36, 37). Thereby, Leydig cells are exposed to 
pulsatile LH, which promotes Te synthesis and pulsatile 
Te secretion (38). This schema is supported by loss-of-
function mutations of the human genes for kisspeptin 
and kisspeptin receptor (GPR54) (39, 40).

The present study used an indirect approach to esti-
mate the endogenous GnRH signal, namely, the differ-
ence in LH pulse amplitude during saline and ganirelix 
treatment. This analysis predicted decreased output of 
GnRH-stimulated LH secretion with age. In contrast, 
prior GnRH dose-response studies revealed comparable 
GnRH efficacy (maximal effect) with increased GnRH 
sensitivity (steeper GnRH dose-LH response curve) in 
older and young men. Moreover, pulsatile IV infusions 
of GnRH for 2 weeks yielded comparable 24-hour pul-
satile bioactive and immunoreactive LH secretion in 
older and young individuals (41, 42). Investigations in 
the aged male brown Norway rat have disclosed de-
creases in hypothalamic GnRH mRNA and peptide 
content with unchanged LH responses to LH (43).

Sex steroids have a restraining effect on gonado-
tropin secretion. The present analyses demonstrate that, 
compared with young men, older men manifest less 

Figure 4. Regression plots of parameters of inferred endogenous 
GnRH feedforward strength of endogenous GnRH on LH secretion 
versus age. With increasing age, GnRH forward strength diminishes. 
The upper panel shows the difference between pulsatile LH secretion 
during the control experiment and after ganirelix. The other panels 
give the ratios of pulsatile LH secretion and mean LH pulse mass.

Figure 5. Standardized regression coefficients of feedback and 
feedforward signaling, calculated from deconvolution analysis 
and the endogenous dose-response relationship. The dots are the 
means of the slopes (triangles for age and circles for AVF) and bars 
represent ± 1.96 × SD. Error bars crossing the vertical zero line define 
nonsignificant slopes.
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amplification of LH secretion during experimental Te 
deprivation. A second approach, which used exogenous 
Te to suppress LH secretion, inferred either increased 
or decreased feedback in older individuals (44–46). 
A third approach using intensive (2.5-minute interval) 
blood sampling and cross-entropy analysis of Te and 
LH secretion estimated relative feedback failure in older 
men (10). This result is comparable to that of a fourth 
approach, based upon a dynamic biomathematical feed-
back model in men ages 18 to 65 years studied under 
graded transdermal Te feedback (47).

 The sites of impaired Te feedback (pituitary and/or 
hypothalamus) and the mechanisms involved (direct, 
after 5α-reduction or after aromatization of Te) are not 
inferable from the present analyses. However, avail-
able data show that kisspeptin but not GnRH neurons 
contain estrogen receptor α, allowing estrogen nega-
tive feedback thereby (48). This pathway could explain 
why Te infusions in orchidectomized Rhesus monkeys 
downregulate hypothalamic KiSS-1 gene expression 
(49). In clinical investigations of Te feedback, both es-
trogen receptor and androgen receptor are partly in-
volved, since flutamide, bicalutamide, tamoxifen, and 

anastrozole all augment LH pulse frequency (a property 
conferred by GnRH pulses) and reduce LH secretory re-
gularity (a property conferred by both GnRH and LH 
secretion) (50, 51).

 Pharmacologic human chorionic gonadotropin injec-
tions do not stimulate maximal (young adult) Te secretion 
in aging men (5, 52). The present investigation employed 
nearly physiological IV pulses of human recombinant 
LH infused under ganirelix suppression of endogenous 
LH to document attenuated Leydig-cell Te secretion in 
older men, as illustrated in earlier paradigms (11, 53). 
Moreover, further analysis suggested lower LH efficacy 
(maximal Te response) and unchanged sensitivity (slope 
of the LH-Te secretion curve) and potency (EC50) in older 
men, as inferred independently from 24-hour LH and Te 
secretion profiles analyzed analogously (19). In relation 
to presumptive loss of LH efficacy, the number of Leydig 
cells in older men is reported as decreased or normal (54, 
55), while their ultrastructure and biochemistry are ab-
normal in humans (56) and in a rat model (57).

 Prior studies of exogenous GnRH’s stimulation of 
LH secretion describe either diminished or increased pi-
tuitary responses in older men (58, 59). In the current 

Figure 6. Regression plots of Te feedback during KTCZ administration. Data are differences (mean, median, pulsatile, and total LH secretion) 
between KTCZ and control experiment. Diminished feedback leads to smaller numbers.
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study, based upon a total of 160 GnRH challenges, 
no age-related decline in LH secretion was detectable. 
This outcome agrees with that of a direct GnRH dose-
response study conducted previously in which men were 
maintained at experimentally fixed Te concentrations 
(58). Therefore, the decrease in pulsatile LH secretion in 
older individuals should reflect diminished GnRH out-
flow and not blunted pituitary responsiveness.

LH secretion did not correlate with BMI over the 
wide range examined in this study. Given that the 
highest BMI was 34.3 kg/m2, our finding agrees with a 
review in which only 2 out of 9 studies of LH secretion 
observed an inverse correlation with BMI, when BMI 
exceeded 40 kg/m2 (60, 61).Unlike LH, in the case of Te, 
18 of 20 studies report a negative relation between BMI 
and total Te, and 10 of 14 also do so for free Te (61). 
In our study, whereas CT-estimated intraabdominal fat 

was a strong negative covariate of bioavailable Te con-
centrations, it did not explain the effects of age on LH 
or Te secretion.

Figure 7. Serum concentration plots of the overnight blood 
10-minute sampling study. After ganirelix administration (labeled 
arrow) LH and bioavailable Te levels decreased. Pulsatile IV infusions 
of LH resulted in a reproducible serum LH pattern. The timing of the 
GnRH injection is shown by the labeled arrow.

Figure 8. Regression of Leydig cell responsivity to LH pulses on age, 
estimated by 3 different methods. The upper panel shows analytical 
reconstruction of the efficacy of the endogenous LH-Te dose-response 
relation. The middle panel gives the ratio of mean LH and bioavailable Te 
pulse mass calculated by deconvolution analysis, and the lower panel the 
ratio of the integrated areas, calculated with the trapezoidal method.
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As a secondary outcome, unihormonal LH ApEn (pat-
tern irregularity) increased with age under experimental 
Te deprivation, as observed for pituitary secretion in 
other endocrine axes under corresponding feedback 
withdrawal (17, 62-64). Moreover, bihormonal LH-Te 
joint synchrony also deteriorated with age in humans 
(59). The basic defect responsible for these pattern-
sensitive changes is unknown. Importantly, all subjects 
were evaluated under the same sampling conditions of 
exercise, sleep and food intake in order to prevent con-
founding effects on the HPG axis (65).

Several caveats apply. Although hypothesis-driven, this 
study’s cross-sectional design limits causal conclusions. 
Thus, further studies are needed with long-term follow-up 
in larger cohorts of men, including even older volunteers.

In summary, this study discloses age-associated de-
creases in estimated GnRH secretion, pulsatile LH feed-
forward on Te secretion, and Te feedback on the GnRH-LH 
unit, with preserved GnRH action in healthy men.
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