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Abstract

Background: Men with Klinefelter syndrome (KS) show hypergonadotropic hypogonadism, but the pathogenesis of 

hypotestosteronemia remains unclear. Testicular steroidogenesis in KS men was evaluated over three decades ago 

after human chorionic gonadotropin (hCG) stimulation, but inconclusive results were obtained. Intriguingly, some 

recent studies show increased intratesticular testosterone concentrations in men with KS.

Objective: To analyze serum steroid profile, as a proxy of testicular steroidogenesis, after hCG stimulation in KS 

compared with control men.

Design: A prospective, longitudinal, case–control, clinical trial.

Methods: Thirteen KS patients (36 ± 9 years) not receiving testosterone (TS) replacement therapy and 12 eugonadic 

controls (32 ± 8 years) were enrolled. Serum steroids were measured by liquid chromatography–tandem mass 

spectrometry (LC–MS/MS) at baseline and for five consecutive days after intramuscular injection of 5000 IU hCG.

Results: Progesterone (P), 17-hydroxyprogesterone (17OHP), TS, and estradiol (E2) showed a significant increase 

(P < 0.001) after hCG stimulation in both groups. On the contrary, androstenedione (AS) and dehydroepiandrosterone 

did not increase after hCG stimulation. The 17OHP/P ratio increased in both groups (P < 0.001), the TS/AS ratio 

(17β-hydroxysteroid dehydrogenase type 3 (17βHSD3) activity) did not increase after hCG in any group, and the E2/TS 

ratio (aromatase activity) increased significantly in both groups (P = 0.009 in KS and P < 0.001 in controls). Luteinizing 

hormone decreased after hCG in both groups (P = 0.014 in KS and P < 0.001 in controls), whereas follicle-stimulating 

hormone decreased only in control men (P < 0.001).

Conclusion: This study demonstrates for the first time using LC–MS/MS that Leydig cells of KS men are able to respond 

to hCG stimulation and that the first steps of steroidogenesis are fully functional. However, the TS production 

in KS men is impaired, possibly related to reduced hydroxysteroid deydrogenase activity due to an unfavorable 

intratesticular metabolic state.
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Introduction

Klinefelter syndrome (KS) is the most frequent congenital 
chromosome aneuploidy with an estimated incidence 
of 1–2 per 1000 males (1). The karyotype is classically 
47,XXY, but other variants are found (1). The testes in KS 
are characterized by extensive fibrosis and hyalinization 
of the seminiferous tubules and Leydig cells hyperplasia 
(1, 2, 3). KS is characterized by hypergonadotropic 
hypogonadism, and Leydig cells are generally considered 
dysfunctional and unable to produce adequate levels of 
testosterone (TS) even if overstimulated by high levels of 
circulating luteinizing hormone (LH) (2).

TS is the main product of steroidogenesis in the 
human testis, starting from cholesterol (4). In the first 
step of steroidogenesis, pregnenolone is 17β-hydroxylated 
by P450c17, through two different pathways, depending 
on the catalytic action of the microsomal enzyme 3βHSD 
(3-β-hydroxysteroid dehydrogenase) (5). This enzyme 
catalyzes both conversion of a hydroxyl group to a 
keto group and isomerization of the double bond from 
the B ring (∆5 steroids) to the A ring (∆4 steroids) (5) 
(Supplementary Fig. 1, see section on supplementary data 
given at the end of this article).

In men, androgens are produced by testes and adrenals 
in different amounts (6, 7, 8). Serum TS levels derive mostly 
from testes, as well as progesterone (P), androstenedione 
(AS), and 17-hydroxyprogesterone (17OHP) (∆4 pathway). 
However, the ∆4 pathway is physiologically almost blocked 
at the level of 17OHP in Leydig cells (5). A could be considered 
mainly as a testicular product, because the adrenal zona 
reticularis shows the lowest 3βHSD2 expression (9), and 
only small amounts of dehydroepiandrosterone (DHEA) is 
converted into AS. On the contrary, serum pregnenolone, 
17-hydroxypregnenolone, and DHEA (all steroids of the ∆5 
pathway) are mostly expression of adrenal production (5).

Human chorionic gonadotropin (hCG) was used in 
the past to evaluate testicular steroidogenic reserve (10). 
The hCG test, however, has never been standardized in 
KS patients and was variably based on the administration 
of 5000 IU of hCG as a single intramuscular dose (11); 
5000 IU/day for 3 (12), 4 (13), or 5 days (12); 4000 IU/day 
for 4 (14) or 5 days (15); or 1500 IU/day for 3 days (16). In 
general, hCG stimulation was followed by an inconsistent 
rise of serum TS and/or other steroids, lower than in 
controls, generating the hypothesis of some enzymatic 
defects of testicular steroidogenesis of KS men (15, 16, 17, 
18, 19, 20). It should be noted that some early studies were 
performed even before radioimmunoassays for TS were in 
use and were based on competitive binding assays using 

sex hormone-binding globulin (SHBG) (14, 18). In general, 
most studies hypothesized a specific deficiency in 17–20 
lyase activity in KS (14, 15, 19). The current knowledge is 
that the 17–20 lyase activity of P450c17 is physiologically 
almost absent in normal Leydig and granulosa  
cells (5), and, thus, this hypothesis should be revisited 
as the mechanism of reduced TS secretion in KS men. 
A desensitization of Leydig cells to persistent, high, 
endogenous stimulation by LH was postulated (20). These 
inconsistent results were unable to clarify the mechanism 
of reduced TS secretion in KS men, and the issue remained 
unresolved for over three decades. Recently, a study 
readdressed the basis of hypogonadism in KS men by 
measuring serum and intratesticular TS (ITTS) in testis 
biopsy tissues (21). Intriguingly, this study showed that 
ITTS is increased in KS men compared with controls, so 
that the reason for hypotestosteronemia remains even 
more enigmatic (21).

A liquid chromatography–tandem mass spectro-
metry (LC–MS/MS) method has been recently validated 
by us for the simultaneous measurement of nine  
serum steroids (22). In this study, we applied for the  
first time this validated technique to analyze basal 
and hCG-stimulated serum androgens and androgen 
precursors in patients with KS compared with control 
subjects. Assuming that some serum steroids, namely, 
TS, 17OHP, and AS, are a reliable proxy of testicular 
steroidogenesis (23, 24), the aim of the study was a 
complete reappraisal of hypogonadism in KS by hCG 
stimulation and using a modern, state-of-the-art 
approach.

Subjects and methods

Subjects

Thirteen KS patients and 12 age-matched, healthy, control 
subjects were enrolled.

Inclusion criteria for the KS men were as follows: 
genetic diagnosis of KS by karyotype analysis, elevated 
serum follicle-stimulating hormone (FSH) levels 
(>12 IU/L), age between 18 and 45 years, and no current 
androgen replacement therapy. All KS men included 
showed karyotype 47,XXY.

Inclusion criteria for control group were as follows: 
normal TS and gonadotropin serum levels, in particular 
FSH levels <8 IU/mL, age between 18 and 45 years, and no 
history of pubertal delay or chronic diseases.
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Study design

The study design included six visits. During the first visit 
(visit 0), the subjects underwent physical examination 
(height, weight, body mass index (BMI), arm span, and 
upper segment measurement) and testicular ultrasound 
(US) for the calculation of testicular volume. At 0800 h 
of day 0, all subjects provided a basal blood sample 
immediately followed by a single intramuscular injection 
of hCG of 5000 IU. Further five visits were performed each 
of five following consecutive days after the hCG injection. 
A blood sample was taken at each visit after an overnight 
fast. Blood samples were then centrifuged at 2955 g for 
15 min. Sera were transferred into plain polypropylene 
tubes and stored at −20°C until assayed.

Laboratory analyses

P, 17OHP, AS, DHEA, and TS were determined by LC–MS/
MS at the laboratory of the Centre for Applied Biomedical 
Research of the S. Orsola-Malpighi Hospital, Alma Mater 
Studiorum, University of Bologna, Bologna, Italy. Briefly, 
samples were purified by solid-phase extraction and 
injected into a Serie 200 HPLC (PerkinElmer) configured 
in a two-dimensional LC consisting of a first purification 
on a perfusion column and a second separation on a Luna 
RP-C8 100 × 4.6 mm, 5 μm (Phenomenex, Torrance, CA, 
USA) (22). Afterward, analytes underwent atmospheric 
pressure chemical ionization and multiple reaction 
monitoring detection by an API4000 QTrap mass 
spectrometer (AB SCIEX, Toronto, ON, Canada) (22). 
Intra- and inter-assay coefficient of variation (CV) were 
<10 and <11%, respectively, and accuracy ranged between 
83.7 and 106.2% for all the analytes (22). The sensitivity 
in serum matrix was 0.156 nmol/L (0.049 ng/mL) for 
P, 0.236 nmol/L (0.078 ng/mL) for 17OHP, 2.70 nmol/L 
(0.78 ng/mL) for DHEA, 0.136 nmol/L (0.039 ng/mL for A, 
and 0.066 nmol/L (0.019 ng/mL) for TS (22).

SHBG, hCG, LH, FSH, and serum estradiol (E2) 
were measured by Chemiluminescent Microparticle 
Immunoassay on the ARCHITECT platform (Abbott 
Laboratories). The sensitivity was 0.6 pg/mL (2.2 pmol/L) 
with the lowest standard at 1.5 pg/mL, linearity to  
150 pg/mL, and an ED50 of 20 pg/mL. The cross-reactivity 
with estrone and with less potent estrogens was less than 
7 and 0.45%, respectively. Free and bioavailable TS levels 
were calculated using the Vermeulen’s algorithm (25). 
hCG was measured by Chemiluminescent Microparticle 
Immunoassay on the Beckman platform (DxI800; 
Beckman Coulter Inc.) with a sensitivity of 0.05 mIU/L.

The ratio between a hormone and its immediate 
precursor was considered a surrogate of the enzymatic 
activities above the product. In particular, we calculated 
the 17OHP/P, TS/AS, and E2/TS ratios.

Testicular ultrasonography

Testicular volume was calculated by the following 
formula: length × width × height × 0.71. This formula 
provides a good estimation of testicular volume, and it is 
recommended in clinical practice (26). US was performed 
using the Acuson Antares Premium Editions (Siemens, 
voltage 230 V~, frequency 50/60 Hz, Ampere 6–5 A).

Statistical analysis

Variables were evaluated for normal distribution by 
the Kolmogorov–Smirnov test. Comparison between 
basal and stimulated hormonal values was performed 
by Mann–Whitney U test. Moreover, comparison 
among different groups was performed by univariate 
ANOVA when the variables showed normal distribution. 
Otherwise, the Kruskal–Wallis test was applied for not-
normally distributed parameters. Post hoc tests were 
conducted by Tukey’s test or Dunn’s test. In order to 
compare the response to hCG stimulation, areas under 
the curve (AUCs) were calculated for each hormone 
using the trapezoid formula and compared using Fisher’s 
exact test.

Statistical analysis was performed using the ‘Statistical 
Package for the Social Sciences’ software for Macintosh 
(version 21.0; SPSS) and SigmaPlot (version 11.00 for 
Windows; Systat Software, San Jose, CA, USA). For all 
comparisons, P-values of <0.05 were considered to be 
statistically significant.

Ethics statement

Written informed consent was obtained from all 
participants, and the study protocol was approved by the 
Ethics Committee of Modena (File nr. 04/12). 

Results

Testicular volume was significantly higher in the control 
than in the study group (Table 1). 17OHP, total TS (tTS), 
free TS (fTS), and bioavailable TS (bTS) were significantly 
higher at baseline in the control than in the study group, 
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whereas LH and FSH were significantly higher in the KS 
group (Table 1). Curiously, the arm span-to-height ratio 
was slightly but significantly higher in control than in  
KS patients.

hCG serum levels were similar at baseline (P = 0.770, 
0.30 ± 0.25 nmol/L in the control and 0.60 ± 0.48 nmol/L) 

and increased significantly and similarly after hCG injection 
in both groups from basal levels (P < 0.001) (Supplementary 
Fig. 2). Following hCG injection (day 1), serum P, 17OHP, 
tTS, and E2 increased significantly compared with baseline  
(day 0) in both groups, whereas DHEA and AS did not, 
neither in KS nor in control subjects (Fig. 1).

Serum P increased at visit 1 compared with basal 
in both groups. Moreover, serum P levels at visit 1 were 
significantly higher compared with visits 3, 4, and 5 both in 
controls (P = 0.013, P = 0.003, and P < 0.001, respectively) 
and in KS men (P = 0.025, P = 0.001, and P = 0.005, 
respectively) (Fig. 2A). The AUC was significantly higher 

Figure 2

(A) Serum progesterone levels at baseline and after hCG 

stimulation in controls and KS patients. (B) AUC in controls 

and KS men. *Significantly higher P levels at visit 1 compared 

with visits 3, 4, and 5 (P = 0.013, P = 0.003, and P < 0.001 for 

controls and P = 0.025, P = 0.001, and P = 0.005 for patients).

Table 1 Baseline characteristics of patients and controls 

(mean + s.d.).

Control n  = 12 KS n  = 13 P-value

Age (years) 32.25 ± 8.84 36.31 ± 9.57 0.284
BMI (kg/m2) 28.48 ± 5.06 25.35 ± 2.79 0.065
Waist/hip ratio 0.93 ± 0.03 0.94 ± 0.08 0.520
Testicular volume 
(mL)

30.30 ± 10.24 3.34 ± 0.98 <0.001 

Upper-to-lower 
segment ratio

1.03 ± 0.05 1.46 ± 0.94 0.503

Arm span-to-height 
ratio

0.98 ± 0.17 0.96 ± 0.16 0.039

hCG (nmoL/L) 0.30 ± 0.25 0.60 ± 0.48 0.770
LH (nmoL/L) 2.95 ± 1.11 15.65 ± 3.00 <0.001
FSH (nmoL/L) 3.30 ± 1.59 26.97 ± 6.92 <0.001
Progesterone 
(nmoL/L)

0.29 ± 0.12 0.28 ± 0.11 0.999

17OHP (nmoL/L) 4.53 ± 2.37 3.03 ± 0.75 0.040
DHEA (nmoL/L) 25.481 ± 16.13 29.44 ± 24.57 0.810
Androstenedione 
(nmoL/L)

3.49 ± 1.35 3.91 ± 2.40 0.936

Testosterone (nmoL/L) 15.80 ± 4.58 8.99 ± 3.54 <0.001
SHBG (nmoL/L) 40.83 ± 22.68 39.36 ± 15.17 0.999
Estradiol (nmoL/L) 0.11 ± 0.03 0.10 ± 0.03 0.979

Mann–Whitney U test was used for comparison. Values in bold represent 
significant differences.

Figure 1

Testicular steroid serum levels (nmol/L) at baseline and at peak 

value reached after hCG stimulation in controls and KS 

patients. Progesterone (P), 17-hydroxyprogesterone (17OHP), 

dehydroepiandrosterone (DHEA), androstenedione (AS), total 

testosterone (tTS), estardiol (E2). *Significantly higher 

compared with baseline (P < 0.001); §significantly different 

between groups (P < 0.001).
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in KS men compared with controls (2.06 vs 1.62 nmol/L, 
respectively, P < 0.001) (Fig. 2B). Thus, serum P increased 
more in KS than in control men, reaching top levels at 
visit 1 and declining thereafter below the basal levels 
(Fig. 2A and B).

Basal 17OHP was significantly lower in KS men than 
in controls (P = 0.004) and increased similarly after hCG 
stimulation at visit 1 (P = 0.002 in controls, P = 0.001 in 
patients) and at visit 2 (P = 0.004 in controls, P = 0.002 in 
patients) returning to baseline at visit 3 (Fig. 3A). Moreover, 

17OHP levels remained significantly higher in the control 
than in the study group at visits 3, 4, and 5 (P = 0.017, 
P = 0.017, and P = 0.007, respectively) (Fig. 3A). The AUC was 
not significantly different between study and control groups 
(29.55 vs 35.77 nmol/L, respectively, P = 0.059) (Fig. 3B).

Total TS levels increased significantly at visit 2 in 
both groups (P = 0.001). In the KS group, TS serum levels 
returned to baseline at visit 3. On the contrary, tTS 
remained elevated in the control group for the entire 
study period (P < 0,001, P = 0.003, and P = 0.011 at visits 3, 

Figure 3

(A) 17OHP serum levels at baseline and after hCG stimulation 

in controls and KS patients. (B) AUC in controls and KS men. 
§Significant difference between study and control groups 

(P = 0.004 at baseline, P = 0.017 at visit 3, P = 0.017 at visit 4, 

and P = 0.007 at visit 5). *Significant comparison with baseline 

(P = 0.002 in controls and P = 0.001 in patients at baseline; 

P = 0.004 in controls and P = 0.002 in patients at visit 1).

Figure 4

(A) Serum testosterone levels at baseline and after hCG 

stimulation in controls and KS patients. (B) AUC in controls 

and KS men. §Significant comparison between study and 

control groups (P < 0.001). *Significant difference compared 

with baseline (P = 0.001 at visit 2 in patients, P = 0.001 at visit 

2, P < 0.001 at visit 3, P = 0.003 at visit 4, and P = 0.011 at visit 5 

in controls).
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4, and 5, respectively) (Fig. 4A). The AUC was significantly 
higher in the control than in the study group (146.47 vs 
73.63 nmol/L, respectively, P < 0.001) (Fig. 4B). Moreover, 
the TS profile was different between groups. In particular, 
the tTS response to hCG was lasting longer in the control 
group than in KS men. As SHBG did not change following 
hCG stimulation, fTS and bTS response mirrored that of 
tTS in both groups (data not shown).

Serum E2 levels increased significantly after hCG 
administration in controls at visits 1, 2, and 3 (P < 0.001, 

P < 0.001 and P = 0.003, respectively) and in KS men at 
visits 1 and 2 (P = 0.001 and P = 0.020, respectively). E2 
concentrations were significantly higher in controls 
compared with KS men starting from visit 2 onward 
(P = 0.016, P = 0.03, P = 0.003, and P = 0.022, at visits 
2, 3, 4, and 5, respectively) (Fig.  5A). The AUC did not 
differ between KS and control men (0.09 vs 0.12 nmol/L, 
respectively, P = 0.082) (Fig. 5B).

Serum levels of DHEA, A (Fig. 1), and SHBG (data not 
shown) did not increase after hCG stimulation in any 
group, without differences between study and control 
groups at each time point.

Figure 5

(A) Serum estradiol levels at baseline and after hCG 

stimulation in controls and KS patients. (B) AUC in controls 

and KS men. §Significant comparison between study and 

control groups (P = 0.016, P = 0.03, P = 0.003, and P = 0.022, at 

visits 2, 3, 4, and 5, respectively). *Significant difference 

compared with baseline (P < 0.001 at visit 1, P < 0.001 at visit 2, 

and P = 0.003 at visit 3 in controls; P = 0.001 at visit 1 and 

P = 0.020 at visit 2 in patients).

Figure 6

Serum levels of LH (A) and FSH (B) at baseline and after hCG 

stimulation in controls and KS patients. *Significant difference 

compared with baseline.
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LH and FSH levels were significantly higher in KS 
patients than in the control group at baseline (Table 1) 
and at each time point after hCG stimulation (P < 0.001) 
(Fig.  6). LH rapidly decreased after hCG administration 
both in control and study groups (P < 0.001 and P = 0.014, 
respectively). Post hoc test showed that serum LH levels 
were significantly higher at baseline than at visits 2, 3, 
4, and 5 (P = 0.046, P = 0.016, P = 0.001, and P < 0.011, 
respectively) in the control group. In the KS group, LH 
initially decreased until visit 3, increasing immediately 
thereafter up to levels even higher than basal, with levels 
at visit 1 significantly lower than at visit 5 (P = 0.021) 
(Fig. 6A).

FSH significantly and progressively decreased after 
hCG stimulation only in the control group (P < 0.001), 
with values higher at baseline than at visits 3, 4, and 5 
(P = 0.031, P = 0.005, and P = 0.001, respectively) (Fig. 6B). 

Hormonal ratios

We assumed the 17OHP/P ratio to represent a parameter 
mainly of the enzymatic activity of P450c17, also known 
as 17α-hydroxylase. This activity was stimulated by hCG, 
and a significant increase in this ratio in both groups 
(P < 0.001) was observed (Table  2). At post hoc test, the 
17OHP/P ratio was lower at baseline than at visits 2, 
3, and 5 in the control group (P = 0.021, P < 0.001 and 
P = 0.010, respectively). In men with KS, the 17OHP/P 
ratio was significantly higher than at baseline only at 
visit 3 (P = 0.033). Moreover, the 17OHP/P ratio was 
significantly higher in the control than in the study 
group at each time point (Table 2). These results suggest 
a stronger stimulatory activity of hCG on P conversion 
rate in controls than in KS men, in line with significantly 
higher accumulation of P in KS (Fig. 2B).

The TS/AS was considered as an index mainly of 
the efficiency of conversion of AS into TS, involving 
the enzymatic activity of 17βHSD3. Following hCG 

stimulation, the TS/AS ratio remained stable, both in 
controls and in KS patients. However, the TS/AS ratio 
was significantly higher in the control than in the study 
group at all time points (Table 2). This result suggests a 
constitutive, higher activity of the final production step 
of TS in controls versus KS patients with a constant, 
‘default’ conversion of testicular AS to TS independent of 
gonadotropin stimulation.

The E2/TS ratio, reflecting aromatase activity, increased 
significantly after hCG stimulation both in controls 
and in KS men (P < 0.001 and P = 0.009, respectively).  
In healthy subjects, the post hoc test showed that the  
E2/TS ratio was higher compared with baseline at visits  
1, 3, 4, and 5 (P = 0.003, P = 0.001, P = 0.001 and P < 0.001, 
respectively). In KS men, the post hoc test analysis showed 
that the E2/TS ratio was lower at visit 1 than at visits 3 
and 4 (P = 0.021 and P = 0.009, respectively). Furthermore, 
the E2/TS ratio was significantly higher in KS than in 
controls at baseline and at visits 2, 3, 4, and 5 (Table 2). 
These results suggest a relatively higher aromatization 
rate in KS men than in controls. Furthermore, aromatase 
is promptly stimulated by hCG, because both the highest 
E2 concentration and E2/TS ratio are reached already on 
day 1 in both groups.

Discussion

This is the first description of Leydig cell response to 
exogenous hCG stimulation in KS and in controls using 
LC–MS/MS for evaluating serum steroids. In this study, we 
chose to apply one shot injection of 5000 IU of hCG and 
followed serum steroids daily for 5 days after stimulation. 
This experimental design explores the response of Leydig 
cells to hCG stimulation in the short/middle term. 
The results show that, in the control group, maximal 
serum TS levels are reached on day 3 after stimulation 
and slowly decrease thereafter. Serum TS levels on 

Table 2 Hormonal ratios at baseline and after hCG stimulation (mean + s.d.).

Days

17OHP/P TS/AS E2/TS

Control KS P-value Control KS P-value Control KS P-value

0 15.66 ± 3.74 11.84 ± 4.34 0.011 5.17 ± 2.4 3.06 ± 2.19 0.019 0.07 ± 0.02 0.13 ± 0.06 <0.001
1 20.46 ± 4.57 14.39 ± 5.59 0.014 7.03 ± 2.6 4.04 ± 2.04 0.007 0.14 ± 0.03 0.18 ± 0.07 0.77
2 24.04 ± 3.54 19.01 ± 7.03 0.026 7.5 ± 2.23 4.39 ± 2.04 0.004 0.10 ± 0.02 0.14 ± 0.06 0.011
3 26.98 ± 6.48 17.75 ± 5.63 0.001 7.73 ± 2.36 4.19 ± 1.99 0.001 0.07 ± 0.02 0.12 ± 0.05 0.002
4 23.35 ± 8.66 16.42 ± 5.46 0.019 7.61 ± 2.64 4.0 ± 1.98 0.001 0.07 ± 0.03 0.11 ± 0.06 0.019
5 24.31 ± 6.92 13.34 ± 3.85 0.001 7.87 ± 2.21 3.38 ± 1.84 <0.001 0.07 ± 0.02 0.13 ± 0.05 <0.001
P-value <0.001 <0.001 0.116 0.3 <0.001 <0.009

The comparison between patients and controls (columns) and among visits (last row) was considered significant when P < 0.05.
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day 3 are more than double compared with baseline, 
confirming recent data in control men, in which the 
same dose of hCG was applied and TS was measured by 
radioimmunoassay after extraction and chromatography 
72 h after stimulation (27). Given its long half-life, 
serum hCG levels were not returned to baseline at the 
end of the observation period (Supplementary Fig.  2) 
in the control group. Conversely, in KS men, serum TS 
levels increased significantly less than in controls, with 
maximal levels attained on day 2 and returning to levels 
not statistically significant from baseline already on day 
3 in spite of similar serum hCG levels. Therefore, TS 
production can be further stimulated in KS men, but hCG 
stimulation is less efficient compared with age-matched, 
control subjects. These results are barely comparable to 
those described in the old studies of over three decades 
ago, in which very different stimulation protocols, 
observation periods, and assay methods were used  
(19, 20). In accordance with those early studies, the 
current data confirm and reinforce the concept of a 
reduced testicular ability to respond to gonadotropin 
stimulation in KS men.

The mechanism of such reduced TS production in 
KS men remains, however, challenging. In this study, 
we show that the response of P is higher in KS patients 
and the increase of 17OHP after hCG is maximal and 
identical to that of control subjects already at day 1. This 
suggests that the first steps of the ∆4 pathway are fully 
functional in KS Leydig cells, even if the conversion of PS 
into 17OHP appears significantly more efficient in control 
men, as indicated by a significantly higher 17OHP/P 
ratio at each time point. In addition, the 17OHP/P ratio 
increases significantly after hCG stimulation, suggesting 
a direct control of this gonadotropin on gene expression 
of the steroidogenic enzyme(s) involved in 17OHP 
production. The conversion of P into 17OHP is the result 
of P450c17-P450 oxidoreductase (POR) activity, which 
is known to be stimulated by cAMP. Other enzymatic 
activities may be involved, for example, 3βHSD2. 
Testicular steroidogenesis can be stimulated by LH and 
hCG, sharing the same LH/choriogonadotropin receptor 
(LHCGR). However, hCG has higher in vitro activity than 
LH in terms of cAMP production (28). Moreover, Park 
and coworkers have recently demonstrated that hCG 
induces steroidogenic enzyme in vivo in male mice and 
in vitro in mouse Leydig tumor cells (mLTC-1) (29). In 
particular, in vitro, after multiple injection of hCG, mRNA 
levels of steroidogenic enzymes (STAR, 3βHSD, CYP17, 
and 17βHSD) decreased markedly in mLTC-1 cells (29). 
Similarly, in vivo models show an increased production 

of mRNA and proteins of 3βHSD, P450c17, and 17βHSD3 
during the first 12 h after daily hCG treatment (29). This 
increase is followed by a gradual decrease in further 24 h 
(29). Our results seem to confirm this positive effect of 
hCG stimulation both in controls and in KS men. In 
addition, our data confirm that 17OHP is a terminal 
product in Leydig cells, as indicated by the very high 
values of the 17OHP/P ratios, suggestive for a progressive 
accumulation (and secretion in blood) of 17OHP due to 
the very low 17–20 lyase activity of the P450c17 enzyme 
owing to its low affinity for 17OHP (5, 30).

The peak of TS production is reached at least 1 
or 2 days later compared with the 17OHP maximal 
stimulation, in accordance with the preferential 
usage of the ∆5 pathway, which cannot be accurately 
assessed by measuring serum steroids. In fact, serum 
pregnenolone, 17OH-pregnenolone, and DHEA are 
considered to be primarily of adrenal origin, and 
androstenediol could not be measured by the method 
applied here. Similarly, the efficiency of ∆5-4 isomerase 
(3βHSD2) activity cannot be extrapolated by calculating 
the AS/DHEA ratio, given the main adrenal origin of 
DHEA and testicular origin of AS measured in serum 
(23, 24). In addition, serum A does not increase after 
hCG, showing that the later steps of TS production 
do not require direct stimulation of 3βHSD2 and 
17βHSD3 activity by the gonadotropin. In fact, the TS/
AS ratio does not change following hCG stimulation, as 
shown by the current data. The TS/AS ratio, however, 
is significantly higher in controls than in KS patients, 
possibly identifying at least 17βHSD3 activity as one 
impaired step of testicular steroidogenesis in this form 
of primary hypogonadism. 3βHSD2 may be involved as 
well, but this cannot be proven by the present data.

3βHSD2 and 17βHSD3 are HSDs and function by using 
nicotinamide cofactors NADPH/NADP+ and NADH/
NAD+. The intracellular concentration of these cofactors 
exceed that of steroids by many orders of magnitude and 
is the ultimate driver of the direction and amount of 
steroidogenic HSD reactions (31). As the nicotinamide 
cofactors abundance depends on the intracellular redox 
state, HSD activity may be significantly influenced by 
the metabolic state of the cell (31). Therefore, local 
hypoxia and reduced blood flow may be responsible for 
reduced 17βHSD3 and possibly 3βHSD2 activity in the 
fibrotic testis of KS patients. A significant reduction of 
testicular vascularization was previously demonstrated 
in a mouse model of the human KS (21) and KS patients, 
which shows significantly reduced artery diameter in 
several organs (32). We suggest that the decreased TS 
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production in the human KS testis may, at least in part, 
be related to impaired HSD activity as indicated by the 
significantly reduced TS/AS ratios, owing to reduced tissue 
oxygenation. However, we cannot exclude a secretion, 
rather than production, impairment, for instance, 
due to the inability of ITTS to reach the bloodstream 
in KS. The hypothesis of dysfunctional Leydig cells 
in KS has been recently debated by Tuttelmann and 
coworkers (21), who found significantly increased ITTS 
concentrations in a mouse model of KS and in human 
testicular biopsies of 11 KS patients in spite of reduced 
serum TS levels (21). The authors suggested that an 
altered vascularization prevents the release of TS into 
the bloodstream (21). Therefore, a reduced vascular bed 
in the KS testis may be responsible for both decreased TS 
production and release into the bloodstream, but this 
needs to be tested in further studies. All these hypotheses 
derive from the current knowledge of the enzymatic 
processes involved in steroidogenesis, which, however, 
involve different pathways simultaneously. As the serum 
steroids measured here derive both from the testis and 
from the adrenal gland, a limitation of this study is that 
hCG stimulation was performed without suppressing 
the adrenal gland (e.g., by dexamethasone). However, 
considering that hCG acts (almost) exclusively on the 
testis, the results obtained may be assumed informative 
of testicular steroidogenesis. A more insightful analysis 
of testicular steroidogenesis in vivo might require 
repeating the experiment after adrenal suppression.

Finally, serum E2 increased significantly and early (day 
1) after hCG stimulation in both groups. This result has 
to be carefully considered, because E2 is measured using 
immunoassay and not LC–MS/MS. The quick response 
of E2 to hCG reflects the rapid stimulation of CYP19 
expression by this gonadotropin in the target cell (28). 
However, lower serum concentrations of E2 in KS than 
in controls probably depend on the higher TS levels in 
eugonadal men, because aromatization is more efficient 
in KS subjects, as suggested by the significantly higher  
E2/TS ratios. This is in agreement with evidence of stronger 
aromatase immunostaining in Leydig cells of KS men (33) 
and of higher aromatase CYP19 expression in the KS testes 
(34). Moreover, the high endogenous LH levels could 
explain the increased aromatase activity in KS. In fact, it 
is well known that aromatase enzyme (CYP19A1 gene) is 
an early-response target of LH both in the human and in 
mice (35, 36, 37).

The prompt reduction of serum LH both in KS 
and in control men after hCG indicates integrity of 
the negative feedback induced by TS and E2 at the 

hypothalamic–pituitary level. LH, however, returned 
to baseline already on day 3 in KS men, reflecting the 
changes in serum TS levels. Serum FSH levels decreased 
significantly only in controls starting from day 3. This 
different response between controls and KS men could 
be explained by a different inhibin B production in KS 
men (38).

In conclusion, we demonstrate here, for the first 
time using LC–MS/MS, that Leydig cells of KS men are 
able to respond to hCG stimulation and that the first 
steps of steroidogenesis are fully functional. TS secretion/
production, however, is impaired, possibly related to 
reduced HSD activity due to an unfavorable intratesticular 
metabolic state.
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