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Paris (APHP), Pierre and Marie Curie University, 75012 Paris, France; Department of Pediatrics (J.L.R.), Thomas
Jefferson University, Philadelphia, Pennsylvania 19107; Department of Pediatrics (I.F.), Division of Pediatric
Endocrinology, Columbia University, New York, New York 10027; Department of Pediatric Endocrinology
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Context: Klinefelter syndrome (KS) is the most common sex chromosome disorder and a major
cause of male infertility. In adult patients, serum inhibin B and anti-Mullerian-hormone (AMH) are
undetectable, testosterone secretion is often impaired, and the tubules are depleted of germ cells.
Before puberty, inhibin B, AMH, and testosterone levels are within the normal range.

Objective: Sertoli and Leydig cell secretions, including insulin-like peptide-3 (INSL3), were evalu-
ated in infants with nonmosaic XXY karyotype to assess testicular function soon after birth.

Design: The study was conducted in four University Pediatric Departments from the United States
and France.

Subjects: Sixty-eight prenatally diagnosed infants aged 2–750 d were enrolled.

Main Outcome Measures: Serum FSH, LH, inhibin B, AMH, and INSL3 were measured by immu-
noassay, and testosterone was measured by tandem mass-spectrometry.

Results: In infants with KS, INSL3 levels transiently increased at 2–3 months of age and were
significantly correlated with testosterone (Spearman r � 0.57) and LH (Spearman r � 0.73) levels.
They did not differ from controls. Testosterone levels were within the normal range, but most of
them were below the median of controls. Inhibin B and AMH levels were also within normal range.
Inhibin B was correlated with FSH (Spearman r � 0.49). AMH was not correlated with FSH or
testosterone. FSH levels were above normal in 25% of patients, despite normal inhibin B levels.

Conclusions: In infants with KS, Leydig cells are normally sensitive to the LH proliferative effect. In
contrast, the Sertoli cell sensitivity to FSH is questionable, which may be prophetic of the postpu-
bertal Sertoli cell resistance to FSH. (J Clin Endocrinol Metab 96: E746–E753, 2011)

Klinefelter syndrome (KS) is characterized by a specific
phenotype related to the abnormal 47,XXY karyo-

type. It is the most common sex chromosome disorder,
affecting about 1 in 500 to 1000 males at birth (1–3). In

these subjects, seminiferous tubules degenerate during pu-
bertal maturation (reviewed in Ref. 4). As a result, KS
accounts for about 4% of infertile men and 11% of azoo-
spermic men (5).
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It has been previously established (6, 7) that the Sertoli
cell hormones, inhibin B and anti-Mullerian hormone
(AMH), are normally secreted before puberty in KS, in-
cluding in infants. Both inhibin B and testosterone un-
dergo the postnatal increase characteristic of the so-called
minipuberty. However, the degree of testosterone secre-
tion in infants with KS is controversial because it has been
reported either as low normal (7–9) or high normal (10).

In adults with KS, testosterone levels have been repeat-
edly reported as subnormal (11, 12), and these low levels
have been considered as a risk factor predisposing to the
metabolic syndrome (13). Consequently, testosterone ad-
ministration has been proposed as a protective tool in ad-
olescent and adult subjects who had testosterone levels
below the normal range (11, 12, 14) or at least high LH
levels despite low normal testosterone levels (15).

The successful treatment of infertility in adult KS pa-
tients by means of testicular sperm extraction followed by
intracytoplasmic sperm injection makes it of marked im-
portance to evaluate the factors responsible for successful
or failed sperm extraction. Accelerated germ cell depletion
has been reported as simultaneous to the onset of puberty
(16, 17). Sertoli cell marker secretion and expression have
been shown to decrease dramatically at the end of puberty
(8, 17, 18). These findings prompted clinical researchers to
evaluate the hormonal environment of germ cells before
and during puberty in KS patients, with the aim to better
understand the decline in tubular functions and to propose
future interventions for the preservation of germ cells.
Given the clinical questions around testosterone treatment
in infancy in KS and the controversy about the status of
testosterone production during infancy, we undertook a
study of Leydig cell secretion in comparison to Sertoli cell
secretion in a large cohort of infants with KS. Our aim was
to add new data to our previous study (6) to ascertain the
hormone environment of germ cell soon after birth and to
help describe the natural history of testis function in boys
with nonmosaic XXY karyotype. We measured the Leydig
cell peptide hormone insulin-like peptide 3 (INSL3), as
well as inhibin B, AMH, and testosterone, in a cohort of
68 KS infants, compared with a control group.

INSL3 is a peptide hormone belonging to the relaxin
family, produced in mammals by the testis and ovary (re-
viewed in Ref. 19). Its biological action is mediated via a
receptor currently known as relaxin family peptide recep-
tor 2, a member of the G protein-coupled membrane re-
ceptor family. In mammals, its role in testis descent during
fetal life is well documented (reviewed in Ref. 20). Some
cases of cryptorchidism have been related to a mutation
either in the INSL3 gene or the relaxin family peptide re-
ceptor 2 gene (21). In adults, INSL3 acts as a germ cell

survivor factor (22) and may also be involved in follicle
selection and survival (23).

In the male, INSL3 is produced by Leydig cells and
depends on LH activity (24). However, its relationship
with LH is not an acute regulation similar to that of tes-
tosterone (20).

We report in this study that in infants with KS, INSL3
levels do not differ from levels in control infants and are
positively correlated with testosterone and with LH levels.

Subjects and Methods

Subjects
Sixty-eight 2- to 750-d-old infants with nonmosaic XXY

karyotype were enrolled in the study. Thirty-one were recruited
in the United States (Columbia University, New York, NY; and
Thomas Jefferson University, Philadelphia, PA) and 37 in France
(Hopital Trousseau and Hopital Saint Vincent de Paul, Paris). All
of them were prenatally diagnosed in the course of prenatal cy-
togenetic examination in amniotic fluid from pregnancies at risk
for Down syndrome.

At birth, they had normal weight and length: 3.38 � 0.44 kg
and 50.6 � 1.8 cm, respectively (mean � SD). None had external
genital tract abnormality. At first examination, they were sam-
pled for hormone assays after parents’ informed consent or had
clinical samples drawn later for evaluation of gonadal function
with parents’ informed consent. Four subjects were sampled
twice within the first 2 yr of life.

The study was approved by the local ethical committees.

Hormone assays
Gonadotropins FSH and LH, inhibin B, and AMH were as-

sayed by immunoassay as previously described (6).
Testosterone was assayed by ultra-pressure liquid chroma-

tography/tandem mass spectrometry, using Quattro Premier XE
mass spectrometer (Waters-France, St-Quentin en Yvelines,
France). The sensitivity was 0.02 nmol/liter. The intra- and in-
terassay coefficients of variation were at the level 8.9 nmol/liter
(115 ng/dl), 3.9 and 4.1%, respectively, and at the level 17.1
nmol/liter (493 ng/dl), 3.2 and 4.4%, respectively.

Reference values were established in 215 infants who were
aged 2–750 d, sampled for various reasons, and free of any met-
abolic or endocrine disorder.

INSL3 was assayed by RIA in 50 infants from the cohort of
68 subjects with KS and in 50 control infants using Phoenix
reagents (Phoenix Pharmaceuticals, Belmont, CA). According to
the manufacturer, the antiserum did not exhibit any significant
cross-reactivity with other members of the relaxin family
(INSL4, INSL5, INSL6, INSL7), or with insulin, C-peptide, and
inhibin B. In our hands, sensitivity was 11 pg/ml. Intraassay
coefficients of variation were at the levels 36 and 115 pg/ml, 9.7
and 5%, respectively.

Statistics
The correlations between hormone levels were computed by

means of the Spearman nonparametric method. Partial correla-
tions between hormone levels and age at sampling were also
computed. Comparison between KS infants and controls was
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performed by means of the Wilcoxon nonparametric estimate. A
P � 0.05 was considered significant.

Results

INSL3 levels in infants with KS did not differ from con-
trols. They exhibited a marked increase during the first
month of life, reaching a maximum at about 2–3 months
of age, as in control male infants (Fig. 1). Thereafter,
INSL3 levels decreased sharply similarly in control and
XXY infants, with some levels being below the detection
limit. The median levels (and range) at 16 d to 5 months
of age (n � 32 per subgroup) were 92 (26–222) pg/ml in

KS and 88 (�11–190) pg/ml in controls (P � 0.59, KS vs.
controls). They were at 6 months to 2 yr of age (n � 18 per
subgroup) 39 (�11–110) pg/ml in KS and 32 (�11–80)
pg/ml in controls (P � 0.30, KS vs. controls).

INSL3 levels were positively correlated with testoster-
one levels (Spearman r � 0.57; P � 0.0001) and with LH
levels (Spearman r � 0.73; P � 0.0001) (Fig. 2). When
computing partial correlation between age, INSL3 and
testosterone or LH, INSL3 levels remained significantly
correlated with testosterone and with LH levels (r �

0.314, P � 0.05; and r � 0.547, P � 0.0001, respectively).
Similar correlations were found in the group of control

infants: INSL3 vs. LH, Spearman r � 0.666, P � 0.0001;

a

b e
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d

FIG. 1. Serum levels of INSL3 (a), testosterone (b), LH (c), inhibin B (d), AMH (e), and FSH (f) in infants with nonmosaic KS, compared with control
levels. One nanomole/liter of testosterone � 28.8 ng/dl. The limits of the shaded areas are the smoothed 5th and 95th percentiles of control levels.
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partial correlation, r � 0.404, P � 0.01; and INSL3 vs.
testosterone, Spearman r � 0.72, P � 0.0001; partial cor-
relation, r � 0.542, P � 0.001.

Testosterone levels measured by tandem mass spec-
trometry were within the relevant normal range, but only
five of 38 KS patients aged 16 to 120 d had testosterone
concentration above the median of control values.

Testosterone levels were highly correlated with LH lev-
els (Fig. 2B) [Spearman r � 0.71 (P � 0.0001)] and re-
mained significantly correlated with LH when computing
partial correlations between age at sampling, testosterone,
and LH (r � 0.398; P � 0.0001).

Inhibin B and AMH levels were almost all within nor-
mal ranges (Fig. 1). Thirteen subjects had inhibin B levels
below the 5th percentile of normal range, and 10 subjects
had AMH levels above the 95th percentile of normal
range.

The majority of FSH levels were within normal limits,
but 25% of subjects had FSH levels above the 95th per-
centile of controls (Fig. 1f). In contrast, all LH levels (Fig.
1c) were within the normal range, except in four subjects
(5% of the cohort).

Inhibin B levels were significantly correlated with FSH
levels: Spearman r � 0.49; P � 0.0002 (Fig. 3a). Inhibin
B levels remained significantly correlated with FSH when
computing partial correlation between age at sampling,
inhibin B, and FSH (r � 0.244; P � 0.05).

There was no correlation between AMH and FSH levels
or between AMH and testosterone levels: r � 0 for both
(Fig. 3, b and c), even during the rising phase of hormone
levels from birth to 90 d of life.

Discussion

We report here for the first time that INSL3 levels in
infants with KS did not differ from the levels in normal
male control infants. INSL3 levels, as in control infants,
exhibited the typical rise of the so-called minipuberty,
as has been described for testosterone and inhibin B
levels.

INSL3 secretion and KS
So far, INSL3 levels in KS have been reported previ-

ously only in adolescents and adults.
Wikström et al. (25) found normal levels in 14 adoles-

cents with KS aged 10–13 yr, compared with 32 controls
aged 9–14 yr. It should be noted, however, that in this
study the number of subjects at pubertal stages 2 and 3 was
low. Foresta et al. (26) found very low levels in nine un-
treated adults with KS, with almost no overlap with nor-
mal adult levels. Bay et al. (27) reported that in adults with
KS, mean INSL3 levels were eight times lower than in
normal men, but the majority of them were given testos-
terone. Of the five untreated men with KS, three had nor-
mal lNSL3 levels.

Thus, it seems that the impairment in INSL3 produc-
tion found in some adults with KS occurs during or after
puberty because infants have quite normal secretion as
reported here.

FIG. 2. Correlations between serum levels of INSL3 (a), testosterone (b),
and LH (c) in infants with nonmosaic KS. One nanomole/liter of
testosterone � 28.8 ng/dl. Regression lines are shown, although rank
correlations were computed.
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INSL3 and the LH-Leydig cell axis: the Leydig cell
complement is normal in infants with KS

In adolescent boys with KS, Wikström et al. (25) found
a positive correlation between INSL3 and LH levels. How-
ever, they did not take into account the effect of age and
did not compute the partial correlation between age at
sampling, INSL3, and LH levels. No clear data are avail-

able in adults with KS. Our study confirmed that, inde-
pendent of the effect of the simultaneous change in LH and
INSL3 secretion with age, INSL3 levels are positively cor-
related with LH levels in KS infants.

Previous reports in normal adults showed that INSL3
levelswerepositively correlatedwith testosterone (27) and
LH levels (26). In adolescent boys, Ferlin et al. (28) found
a significant correlation of INSL3 with LH levels at all
pubertal stages.

Prolonged suppression of LH by means of testosterone
administration markedly suppressed INSL3 secretion in
normal men (24, 27), as well as in adolescent subjects with
KS (25). Administration of a GnRH antagonist � testos-
terone suppressed INSL3 RNA expression in testicular
biopsies from men requesting vasectomy (29). Repeated
administration of human chorionic gonadotropin in-
creased INSL3 levels in men with hypogonadotropic hy-
pogonadism (27), as well as in normal men previously
suppressed by means of testosterone � medroxyproges-
terone (24). These data are consistent with the concept
that INSL3 secretion is LH-dependent.

However, a single injection of human chorionic gonad-
otropin failed to increase INSL3 levels (24, 27), suggesting
that INSL3 secretion is constitutive and not acutely reg-
ulated. In accordance with this assumption, INSL3 levels
are negatively correlated with LH levels in hemiorchidec-
tomized men (30). In these men, a subsequent increase in
LH secretion resulted in a compensatory increase in tes-
tosterone production by the remaining testis. By contrast,
INSL3 levels remained intermediate between men with
anorchia and normal men, suggesting that INSL3 levels
reflect the size of the Leydig cell complement rather than
LH activity. Studies in rodents or in Leydig cell cultures are
consistent with such a model (reviewed in Ref. 20), except
in the experiments conducted by Tremblay et al. (31) who
found a positive effect of testosterone on INSL3 transcrip-
tion in MA-10 Leydig cells. In addition, it should be noted
that three independent sites for the binding of steroido-
genic factor-1, a transcription factor involved in gonadal de-
velopment, are present on the INSL3 gene promoter (32).

In conclusion, it is likely that LH exerts its positive
effect on INSL3 secretion via a stimulation of Leydig cell
proliferation and differentiation. According to this point
of view, INSL3 serum level would be a marker of the Ley-
dig cell complement during the two proliferative phases,
i.e. minipuberty and puberty. Indeed, in a large cohort of
3-month-old boys (33), as well as in normal adolescent
boys (28), INSL3 levels were reported as being markedly
higher than in prepubertal boys aged 4 to 10 yr.

In this setting, our results in infants with KS suggest that
the Leydig cell complement is quite normal during the first

a

b

c

FIG. 3. Correlations between serum levels of inhibin B (a), FSH, AMH
(b and c), and testosterone in infants with nonmosaic KS. One
nanomole/liter of testosterone � 28.8 ng/dl. Regression lines are
shown, although rank correlations were computed.
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year of life, and the Leydig cells are quite sensitive to the
proliferating and differentiating action of LH.

Inhibin B and the FSH-Sertoli cell axis: is there a
relative Sertoli cell resistance to FSH in infants
with KS?

FSH levels are above the 95th percentile of controls in
25% of infants with KS. However, all of these subjects had
inhibin B levels within the normal range. Conversely, in 13
subjects (19% of the cohort), inhibin B levels are below the
5th percentile of normal range despite within normal
range FSH levels. On the other hand, inhibin B levels are
positively correlated with FSH as in the dynamic phase of
puberty, whereas in the adult steady state there is an in-
verse relationship between FSH and inhibin B (34). It may
be suggested that the increase in FSH production in a sig-
nificant proportion of infants with KS is a compensatory
response to a relative Sertoli cell resistance to FSH, pro-
phetic of the pubertal collapse of Sertoli cell secretions (16,
17). The subnormal inhibin B level in 19% of subjects is
consistent with such an assumption.

The Sertoli cell hormone AMH or Mullerian-inhibiting
substance plays an important role in sexual differentiation
during fetal life by promoting the Mullerian duct regres-
sion (35). After birth, AMH secretion has been reported as
FSH-dependent both through a direct stimulation of the
Sertoli cell by FSH and as a consequence of the prolifer-
ative effect of FSH upon the Sertoli cell complement (36).
In our subjects, AMH levels were not correlated with FSH
levels. This lack of relationship between FSH and AMH
levels may give evidence of the independence of AMH
secretion from FSH in infancy.

AMH and testosterone in infants with KS
Large amounts of AMH are secreted in prepubertal

boys, maximum levels being achieved between 1 month
and 1 yr of age (37). Thereafter, AMH levels decrease
slowly before puberty, then rapidly as testosterone levels
are increasing. The inverse relationship between AMH
and testosterone was reported in various conditions, nor-
mal puberty, abnormal puberty such as testotoxicosis, and
after testosterone suppression by means of GnRH agonists
(37). The mechanisms involved in AMH inhibition act
mainly at the mRNA levels as shown by experiments in the
mouse (38). Surprisingly, there is no inverse relationship
between AMH and testosterone in either KS or control
infants. In KS infants, as in control infants, AMH levels
increased simultaneously with testosterone levels for the
first months of life and were not affected by the subsequent
decrease in testosterone levels. This suggests a resistance of
Sertoli cells to testosterone. In fact, it was recently shown
that expression of the androgen receptor mRNA is deeply

depressed in normal infants relative to adults (39). As a
consequence, Sertoli cells from infants with KS or from
normal male infants expressed AMH despite the high tes-
tosterone environment during the first 6 months of life, as
do Sertoli cells in subjects with the androgen insensitivity
syndrome (37).

Conclusion
Our data regarding INSL3 secretion in infants with

nonmosaic KS provide evidence that the Leydig cells are
normally sensitive to the proliferating and differentiating
effect of LH and support the assumption that the Leydig
cell complement is normal in size given the similar con-
centrations found in KS infants and controls. These results
point to uncertainties about treating KS infants with tes-
tosterone based on their testosterone levels (9). According
to reported data, testosterone replacement in KS subjects
has positive somatic and behavioral effects (reviewed in
Refs. 12 and 15). Lifelong substitution therapy is indicated
as soon as serum testosterone levels become low, or if LH
levels are above normal even if testosterone levels are in the
low end of the normal range (15). The age of 11–12 yr has
been proposed as the optimum time for replacement ther-
apy (14). Also, KS infants may benefit from testosterone
administration at the age of minipuberty (40). Subjects
with micropenis have been treated successfully by means
of transcutaneous or im testosterone administration (15).
It should be noted, however, that testosterone levels are
within the normal range in XXY prenatally diagnosed
infants, although most of them were below the median of
normal. In addition, testosterone administration leads to
LH suppression, and, as a consequence, to INSL3 sup-
pression as mentioned above. INSL3 function in children
and adults is not fully understood, but it has been reported
that in male rats, its receptor is expressed in germ cells and
INSL3 administration suppresses germ cell apoptosis in
vivo (22). Given the uncertainty regarding the effects of
INSL3 suppression resulting from testosterone adminis-
tration and the lack of comparative studies, some inves-
tigators think that testosterone administration is only in-
dicated in children whose testosterone levels are below
normal.

In contrast to the LH-INSL3 axis, the sensitivity of Ser-
toli cells to FSH may not be intact in infants with KS
because a significant proportion do have increased FSH
levels despite normal inhibin B concentrations. Such a sit-
uation may predict the postpubertal resistance of Sertoli
cells to FSH action in subjects with KS. It may prompt
clinical investigators to carefully monitor FSH changes in
children with KS long before puberty, with the hope of
designing future conservative interventions to prevent
germ cell degeneration.
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