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Abstract
Context: It has been claimed that thyroid dysfunction contributes to the spectrum of Klinefelter syndrome (KS); however, studies are scarce.

Objective: In a retrospective longitudinal study, we aimed at describing the hypothalamic-pituitary-thyroid (HPT) axis and thyroid
ultrasonographic (US) appearance in patients with KS throughout the life span.

Methods: A total of 254 patients with KS (25.9 + 16.1 years) were classified according to their pubertal and gonadal status and compared with
different groups of non-KS age-matched individuals with normal thyroid function, treated and untreated hypogonadism, or chronic lymphocytic
thyroiditis. We assessed serum thyroid hormone levels, antithyroid antibodies, US thyroid parameters, and in vitro pituitary type 2 deiodinase (D2)
expression and activity.

Results: Thyroid autoimmunity was more prevalent among individuals with KS at all ages, although the antibody (Ab)-negative vs Ab-positive
cohorts were not different. Signs of thyroid dysfunction (reduced volume, lower echogenicity, and increased inhomogeneity) were more
prominent in KS than in euthyroid controls. Free thyroid hormones were lower in prepubertal, pubertal, and adult patients with KS, whereas
thyrotropin values were lower only in adults. Peripheral sensitivity to thyroid hormones was unaltered in KS, suggesting a dysfunctional HPT
axis. Testosterone (T) was the only factor associated with thyroid function and appearance. In vitro testing demonstrated an inhibitory effect
of T on pituitary D2 expression and activity, supporting enhanced central sensing of circulating thyroid hormones in hypogonadism.

Conclusion: From infancy through adulthood, KS is characterized by increased morphofunctional abnormalities of the thyroid gland, combined
with a central feedback dysregulation sustained by the effect of hypogonadism on D2 deiodinase.

Abbreviations: Ab, antibody; BMI, body mass index; BSA, body surface area; cDNA, complementary DNA,; cfT, free T concentration; CLT, chronic lymphocytic
thyroiditis; D2, type 2 deiodinase; E2, 17p-estradiol; FSH, follicle-stimulating hormone; fT3, free 3,5,3 -triiodothyronine; fT4, free thyroxine; GLCM, gray level co-
occurrence matrix; HPT, hypothalamic-pituitary-thyroid; IQR, interquartile range; KS, Klinefelter syndrome; LH, luteinizing hormone; LT4, levothyroxine; mRNA,
messenger RNA; PCR, polymerase chain reaction; ROI, region of interest; rT3, reverse-triiodothyronine; SHBG, sex hormone—-binding globulin; T, testosterone;
TA, texture analysis; Tg, thyroglobulin; TPO, thyroperoxidase; TRH, thyrotropin-releasing hormone; TRT, testosterone replacement therapy; TSH, thyrotropin; TV,
thyroid volume; US, ultrasound.

Klinefelter syndrome (KS) represents the most frequent sex
chromosome aneuploidy, with a prevalence of 1 in 660 new-
born boys (1). It is characterized by the triad of testicular hypo-
trophy, infertility, and hypergonadotropic hypogonadism (2),
alongside a wide spectrum of clinical abnormalities, from meta-
bolic syndrome (3) to cardiovascular morbidity (4, 5) and cog-
nitive impairment (6). Thyroid dysfunction has been described
in older studies (7-15). More recently, 2 population studies
have reported a higher frequency of hypothyroidism in KS
(16), possibly of autoimmune etiology (17-19). In a Danish
case-control study, 75 adult 47,XXY patients showed reduced
free thyroxine (fT4) levels that were clustered in the lower part

of the reference range, or slightly below, and a higher free
3,5,3'-triiodothyronine (fT3)/fT4 ratio (20). The authors con-
cluded that an “inadequate hypothalamic-pituitary control of
thyroid function is common in KS.” A subsequent study com-
paring 174 47,XXY and 62 hypogonadic men, from different
sites and with mixed gonadal status, also found reduced fT4
levels (21). Another study compared pubertal children to age-
matched controls and found reduced fT3 in KS, but no differ-
ence in fT4 levels. The authors also found an inadequate
response to thyrotropin (TSH)-releasing hormone (TRH) test-
ing (22) and a lack of the physiological increase in fT3 during
puberty (23) sustained by a secondary or combined (primary
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and secondary) form of hypothyroidism. Nonetheless, the
recently published European Academy of Andrology guidelines
on KS do not address specific thyroid function testing or
exams (24).

These incomplete and often conflicting findings represent
the rationale of the present study, which aims at describing
the natural history of hypothalamic-pituitary-thyroid (HPT)
axis function and thyroid ultrasonographic (US) appearance
in patients with KS, from prepuberty through adulthood.

Materials and Methods

Study Participants

This study was performed at a quaternary academic referral
center between May 11, 2007 and October 15, 2019. The in-
clusion criteria were (1) nonmosaic 47,XXY KS based on per-
ipheral blood karyotype analysis; (2) availability of thyroid
function tests and/or US imaging; and (3) of concurrent clinic-
al data. The exclusion criteria were (1) other known genetic
conditions, (2) use of drugs active on the HPT axis, (3) previ-
ous surgery or radiotherapy on the thyroid or pituitary glands,
and (4) current or previous testosterone (T) therapy (for the
prepubertal and pubertal groups). Initially, 293 individual pa-
tients with KS were screened: A total of 17 adults with overt
hypothyroidism and 2 adults with papillary thyroid cancer
were excluded, as well as 20 infants younger than 1 year to
prevent any potential influence of mini-puberty. Thus, 254 pa-
tients with KS were enrolled and divided into the following
groups: (1) prepubertal (from 1 year until Tanner stage II),
(2) pubertal (Tanner II through V, <18 years), and (3) adults
(Tanner V, >18 years). Tanner stages did not differ between
pubertal patients with KS and age-matched euthyroid controls
(P =.53). Adult patients with KS were further categorized into
the following groups: (1) eugonadal (total T > 10.4 nmol/L),
(2) hypogonadal (T < 10.4 nmol/L), and (3) receiving T re-
placement therapy (TRT), which was administered either
transdermally or through various T injections.

Controls were randomly matched to patient cases at a 1:1
ratio by age (+1 year) as per pubertal status group from indi-
viduals attending our outpatient clinic, such as for follow-up
of normal longitudinal growth and pubertal development
and andrological screening campaigns. We further included
hypogonadal non-KS men matched 1:1 with KS hypogonadal
individuals (n=39) and those receiving TRT (n=74), with
comparable T levels (25). The controls had no clinical signs
or symptoms of thyroidal or testicular disease (except for
the hypogonadal control group) and met the same inclusion
and exclusion criteria described earlier (except for KS diagno-
sis, availability of thyroid US in children and in the hypo-
gonadal control group, and genetic etiology in the latter).
Male adults affected by chronic lymphocytic thyroiditis
(CLT), defined by positivity to antithyroglobulin antibodies
(Ab-Tg) and/or antithyroperoxydase antibodies (Ab-TPO),
were also enrolled, matched 1:2 to adult KS patients (n = 80).

Hormonal Evaluation

Blood samples were obtained in the early morning after an over-
night fast. TSH, fT3, fT4, luteinizing hormone (LH),
follicle-stimulating hormone (FSH), sex hormone-binding
globulin (SHBG), T, Ab-Tg, and Ab-TPO values were measured
using a chemiluminescent immunoassay (CMIA, Architect
System, Abbott Laboratories). We used serum SHBG as a marker

of peripheral thyroid hormones action, given their effects on pro-
moting hepatic SHBG synthesis in children, adolescents, and
adults (26-28). We used Vermeulen’s formula to calculate the
free T concentrations (cfT) from T and SHBG levels (29). We de-
rived surrogate markers of the HPT axis: the fT3/fT4 ratio, as a
marker of peripheral type-2 deiodinase (D2) activity (30), the
fT4/TSH ratio as a marker of pituitary sensitivity (31, 32) and
the TSH x fT4 product as thyroid hormone resistance index (33).

Ultrasound Evaluation

All participants underwent thyroid US examinations by 2 ex-
pert operators (C.P. and D.G.). First, each lobe volume was cal-
culated using the ellipsoid formula and summed up to estimate
total thyroid volume (TV). Parenchymal echogenicity was as-
sessed in both lobes and in the prethyroidal neck muscles on
transverse sections, according to our proven experience
(34, 35). A 100 x 100 (70 x 70 in prepubertal children) pixels
square, representative of the entire lobe, was selected as the re-
gion of interest (ROI) and transformed into a gray-scale 8-bit
image. The histogram mean was calculated using the free soft-
ware Image] (version 1.51j8, National Institutes of Health).
Next, the mean was normalized against an equal-sized section
of the neck muscles; this measurement was considered an ob-
jective estimate of thyroid echogenicity (36).

Thyroid structure was assessed through texture analysis
(TA), which comprises a quantitative set of metrics to assess
the textural patterns of images. It converts radiological images
into a mineable matrix of automatically extracted data from
characterization algorithms (37). These metrics help detect
specific and quantifiable tissue characteristics that are not ap-
parent on a qualitative evaluation of radiological images.
Therefore, TA is increasingly used for computer-aided pattern
recognition and classification (38) and has been successfully
applied in various contexts in medical imaging (39-44), in-
cluding the diagnosis of thyroiditis (45). The gray level co-
occurrence matrix (GLCM) (46) was generated from the
same ROIs that were used for the echogenicity evaluation;
these ROIs were analyzed using the free Image] plug-in
“Texture Analyzer” (v0.4, available at: https:/imagej.nih.
gov/ij/plugins/texture.html, by Julio E. Cabrera) with the
size of the step in pixels set to 1 and the direction set to 0°.
We determined the following second-level features: homogen-
eity (which assesses image homogeneousness and tightness of
distribution of the matrix values) and entropy (which meas-
ures disorder and randomness of the intensity of all the pixels
and is indicative of the complexity of the image).

Cell Cultures and Reagents

Rat pituitary cell line GH4C1 was cultured in a 1:1 mixture of
Dulbecco’s modified Eagle’s medium (DMEM) and Ham’s
F-10 medium supplemented with 10% fetal bovine serum.
Then, 24 hours before each experiment, cells were switched
to 1:1 DMEM/Ham’s F10 supplemented with 10% charcoal-
stripped fetal bovine serum to remove thyroid hormones.
GHA4C1 cells were treated with T 100 nM (Fluka) and
17B-estradiol (E2) 100 nM (Fluka) for time-course experi-
ments. Controls were treated with dimethyl sulfoxide.

Real-time Polymerase Chain Reaction

Messenger RNAs were extracted with TRIzol reagent (Life
Technologies), and complementary DNAs (cDNAs) were
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prepared with LunaScript reverse transcriptase (New England
BioLabs Inc), as indicated by the manufacturer. The cDNAs
were amplified by polymerase chain reaction (PCR) in an
iQ5 Multicolor Real Time Detector System (BioRad
Laboratories) with the fluorescent double-stranded
DNA-binding dye SYBR Green (Applied Biosystems).
Specific primers were designed to work under the same cycling
conditions (95 °C for 10 minutes, 40 cycles at 95 °C for
15 seconds, 60 °C for 1 minute), generating products of com-
parable sizes (~ 200 bp for each amplification). Primer combi-
nations were positioned whenever possible to span an
exon-exon junction and the RNA digested with deoxyribo-
nuclease to avoid genomic DNA interference. For each reac-
tion, standard curves for reference genes were constructed
based on six 4-fold serial dilutions of cDNA. All samples
were run in triplicate. The template concentration was calcu-
lated from the cycle number when the amount of PCR product
passed a threshold established in the exponential phase of the
PCR. The relative amounts of gene expression were calculated
with cyclophilin A expression as an internal standard (calibra-
tor). The results, expressed as n-fold differences in target gene

expression, were determined as follows: #Xtarget=
Z(ACtsample - Athalibrator)

Luciferase Expression Assays

The thyroid hormone-responsive artificial promoter

(TRE3Tk-Luc), which is highly responsive to intracellular
T3 and thus provides a sensitive system to assess the
T4-to-T3 converting activity of endogenous D2 (47), and
CMV-Renilla (as internal control) were cotransfected into
GH4C1 cells using Lipofectamine 2000 (Life Technologies
Ltd). Before cotransfection, cells were cultured for 48 hours
in charcoal-stripped medium and preincubated for 24 hours
with levothyroxine (LT4) (Sigma-Aldrich) at a 3-nM concen-
tration, T4 3 nM + T 100 nM (Fluka), and T4 3 nM + reverse
T3 (rT3) 3nM (Sigma-Aldrich), respectively. Luciferase
activities were measured 48 hours after cotransfection with
the Dual-Luciferase Reporter Assay System (Promega).
Differences in transfection efficiency were corrected relative
to the level of Renilla luciferase. Each construct was studied
in triplicate in at least 3 separate transfection experiments.

Statistical Analysis

Data are expressed as means and/or medians, as appropriate,
and as SD, 95% ClIs, and 25% to 75% interquartile ranges
(IQR). Body surface area (BSA) was calculated with
Haycock’s formula for all age groups (48). Data distribution
was visually inspected by analyzing histograms and normality
plots. Normally distributed data were analyzed with independ-
ent samples ¢ tests with Welch correction for unequal SDs, or
corrected for multiple comparisons (using the Holm-Sidak
method). The nonnormally distributed data were analyzed
with Mann-Whitney U tests and Kruskal-Wallis tests corrected
for multiple comparisons (using the Dunn method). The x> and
Fisher exact tests were used to assess differences between fre-
quencies. The Spearman correlation coefficient (rs) was used
for nonnormally distributed data correlation analyses. We de-
veloped stepwise multiple linear regression models to ascertain
the potential confounding role of anthropometric variables in
adult KS patients on each of the thyroid outcomes of interest,
with gonadal status as the independent variable and the an-
thropometric variables significantly different between gonadal

status groups acting as covariates; statistical significance testing
was Bonferroni-corrected for multiple regression models.

The level of statistical significance was set at .05. Data are
visually represented with box-whisker plots as the median
(black lines), 25% to 75% IQR (boxes), and 2.5th to
97.5th percentiles (whiskers), and with scatter plots, represent-
ing the best-fit line and its 95% confidence bands for significant
linear regressions. All statistical computations were conducted
with IBM SPSS Statistics for Windows (version 25, IBM Corp)
and Prism (version 8.3.0, GraphPad Software LLC).

Written informed consent was obtained from all participants
or their parents/guardians. The study protocol conformed to
the ethical guidelines of the Declaration of Helsinki, was ap-
proved by the Sapienza University Ethics Committee (ref. No.
6478, protocol No. 1038/21), and was registered on
Clinicaltrials.gov (Thyroid Function and Structure In
Klinefelter Syndrome (THINKS), NCT05581147).

Results

The characteristics of the participants with KS and the age-
matched controls are shown in Table 1. The median (IQR)
follow-up for KS patients was 6 (4.4-8.3) years (range,
0.2-14.6 years). No statistically significant differences were
observed in children regarding anthropometric variables.
Adult patients with KS had greater height, weight, body
mass index (BMI), and BSA values than controls.

Thyroid Autoimmunity in Klinefelter Syndrome and
its Relationship to Thyroid Function and Structure

In all age groups, KS patients presented with a higher Ab-Tg/
Ab-TPO positivity rate than the euthyroid controls, as shown
in Table 1.

We then compared the adult KS cohort presenting with
Ab-positivity to those with Ab-negativity. Surprisingly, no
statistically significant differences could be demonstrated
with regard to thyroid function tests, function indexes, or thy-
roid US parameters (Figs. 1 and 2 and Table 2). For this rea-
son, we conducted all further analyses on the adult 47,XXY
KS population as a whole.

Thyroid Structure and Function According to
Pubertal Status

TV increased from prepuberty through puberty into adulthood,
as expected, while echogenicity decreased from pubertal to adult
patients. TA parameters showed a dynamic change from pre-
puberty to adulthood in individuals with KS: homogeneity de-
creased, whereas entropy progressively increased (see Fig. 2).
Compared with euthyroid controls, adult patients with KS exhib-
ited a lower TV, echogenicity, homogeneity, and a higher en-
tropy, similar to the CLT cohort (see Fig. 2 and Table 3).

Thyroid function tests and indexes in patients with KS com-
pared with euthyroid controls according to pubertal status are
presented in Fig. 1 and Table 1.

Prepubertal patients with KS had TSH and T3 values simi-
lar to controls; however, their fT4 levels were clearly lower,
and consequently, their fT3/fT4 ratio was increased and the
TSH x fT4 product reduced. During puberty, the TSH values
did not differ between groups, but fT4 values persisted lower,
as well as fT3 levels. Compared with controls, adults with KS
had lower TSH, fT3, and fT4 levels, an increased fT3/fT4 ra-
tio, and a reduced TSH x fT4 product.
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Figure 1. Thyroid function tests and indexes in prepubertal, pubertal, and adult patients with KS, according to Ab-Tg/-TPO status, compared with
euthyroid age-matched controls. Gray bars represent the laboratory reference ranges for thyroid function tests. * Pless than .05, ** Pless than .01, ***P
less than .001. Ab+, presence of antithyroid autoimmunity; Ab—, absence of antithyroid autoimmunity; CNTs, euthyroid controls; KS, Klinefelter

syndrome; ns, not significant.

Thyroid Structure and Function According to Adult
Gonadal Status
Thyroid structure and function in KS adults according to go-
nadal status are reported in Fig. 3 and Table 4. Adult eugonadal
KS individuals were younger than hypogonadal and TRT par-
ticipants. Eugonadal individuals also had a lower weight than
hypogonadal and TRT participants. BMI varied according to
gonadal status, with eugonadal patients having lower values.
Similarly, BSA was lower in eugonadal participants than in
hypogonadal and TRT individuals. There were no statistically
significant differences in height between the groups or in any of
the aforementioned variables between the hypogonadal and
TRT participants (aforementioned data not shown).

In nonadjusted comparisons, we found no differences in TV
between groups, whereas hypogonadal and TRT patients pre-
sented with lower echogenicity than eugonadal participants.

TA revealed a higher homogeneity in hypogonadal patients,
with no statistically significant differences in entropy.

Although fT4 was lower in KS than in non-KS controls
when considered as a whole, the eugonadal- and TRT-KS par-
ticipants presented with lower fT4 values than the
hypogonadal-KS individuals (see Table 4); however, no differ-
ences were found in TSH and fT3 concentrations. This re-
sulted in a lower fT3/fT4 ratio in hypogonadal than in
eugonadal and TRT patients.

When examining the non-KS hypogonadal adults, a slight,
yet statistically significant, reduction in TSH, fT3, and fT4 lev-
els was also observed compared to the euthyroid control
group that was no longer apparent on TRT. Remarkably,
fT4 levels of non-KS hypogonadal men were not increased
as in the KS hypogonadal adults. As a consequence, the fT3/
fT4 ratio was also unaffected.
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Figure 2. Thyroid volume, echogenicity index, and texture analysis parameters in patients with KS according to pubertal and Ab-Tg/-TPO status,
compared with age-matched adult euthyroid controls and patients with CLT. * Pless than .05, ** Pless than .01, ***Pless than .001. CNTs, euthyroid

controls; KS, Klinefelter syndrome; ns, not significant.

A correlation analysis among adult eugonadal and hypo-
gonadal KS patients suggested a link between T and thyroid
function. cfT was negatively correlated with T4 (rg=—-0.40,
95% CI, —0.57 to —0.19; P <.001) and positively with the
fT3/fT4 ratio (rg=0.39,95% CI,0.17-0.57; P < .001). A cor-
relation was also evident in the thyroid structure parameters.
cfT was correlated both with echogenicity (rg=0.41, 95% CI,
0.14-0.63; P =.003) and homogeneity (rs=-0.33, 95% ClI,
—-0.57 to —0.04; P =.02).

To explore contributors to the differences between groups,
we developed several linear regression models for the cohort
of adults with KS using gonadal status as the independent vari-
able, age, height, weight, BMI, and BSA acting as covariates
and fT4 levels, fT3/fT4 ratio, echogenicity, and homogeneity
as dependent variables. No statistically significant associa-
tions were observed between the anthropometric parameters
and the dependent variables (25).

Peripheral Marker of Thyroid Hormones Action
As a surrogate marker of the relationship between circulating
thyroid hormone levels and their peripheral effects, we eval-

uated serum SHBG in KS patients. We found a positive correl-
ation between fI3 (rs=0.37, 95% CI, 0.25-0.48; P <.001)

and fT4 (rs=0.29, 95% CI, 0.18-0.41; P <.001) and SHBG
levels, but no correlation with TSH values (rg=0.02, 95%
CL, —0.12 to 0.15; P=.81). The graphical plots for fT3 and
TSH levels and SHBG are shown in Fig. 4.

In Vitro Effect of Testosterone on Pituitary Type 2
Deiodinase Expression and Activity.

To investigate the relationship between gonadal status and the
T4:TSH set-point, we examined the effects of T and E2 on D2
expression and activity in a pituitary cell model. In a time-
course experiment, treatment with T at physiologic concentra-
tions determined a significant and time- and dose-dependent
inhibition of Dio2 expression (Fig. 5A) (25). Conversely, E2
did not affect Dio2 expression (Fig. 5B). We then analyzed
whether the T-dependent Dio2 downregulation influenced
intracellular thyroid hormone signaling. To this aim, we trans-
fected pituitary cells with the T3-responsive TRE3Tk-Luc pro-
moter. Pituitary cells treated with T dramatically decreased
their intracellular T3-dependent signaling compared to untreat-
ed controls (Fig. 5C). Strikingly, the T-dependent reduction in
D2 activity was similar in magnitude to that of rT3, a strong
D2 inhibitor (see Fig. SC).
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Table 2. General and thyroid-specific characteristics of adult Klinefelter syndrome patients according to thyroid autoantibody status

Adult KS
Ab negative Ab positive P

No. 131 29
Age, y 36.6+11.6 35.0+10.0 44
Height, cm 1.80+0.07 1.82+0.09 25
Weight, kg 86.3+£19.9 83.9+17.5 51
Body mass index 26.6 +5.34 25.2+4.12 12
Body surface area, m* 2.06 £0.30 2.06 +£0.26 .96
Thyroid function

TSH, pU/mL 1.68+1.01 1.50+0.89 31

fT3, pg/mL 2.98 £0.42 2.93+0.37 .54

fT4, ng/dL 0.98+0.13 0.97+0.10 .99

fT3/fT4 ratio 3.09+0.51 3.04+0.37 .59

fT4/TSH ratio 0.82+0.65 0.85+0.47 .74

TSH fT4 product 1.64+1.01 1.44+0.85 .28

Ab-Tg/TPO+, %" 0% 100% -
Thyroid US

Volume, mL? 10.2 (7.91-13.86) 9.67 (6.66-15.5) .74

Echogenicity index” 1.74 (1.32-2.15) 1.70 (1.30-1.97) .85

Homogeneity score” 0.38 (0.34-0.43) 0.37 (0.34-0.43) .84

Entropy score” 6.18 (6.00-6.38) 6.27 (5.93-6.42) .90

Statistically significant P values are represented in bold.

Abbreviations: Ab, antibody; fT3, free 3,5,3'-triiodothyronine; fT4, free thyroxine; KS, Klinefelter syndrome; Tg, thyroglobulin; TPO, thyroperoxidase; TSH,
thyrotropin; US, ultrasound.

Data are presented as means + SDs; however, parameters marked by “show a nonnormal distribution, are presented as the median (25%-75% interquartile
range), and have been tested via the Mann-Whitney U test. “Positivity to antithyroglobulin and/or anti-TPO antibodies.

Table 3. Ultrasound characteristics of adult Klinefelter syndrome patients compared with euthyroid age-matched controls and chronic
lymphocytic thyroiditis patients

Adult KS Adult controls Adult thyroiditis

n 160 160 80 P

Thyroid US

Volume, mL 10.2 (7.92-14.2) 15.7 (13.6-17.4) 11.34 (9.72-13.56) <.001
Adult KS vs adult controls <.001
Adult controls vs adult thyroiditis <.001

Echogenicity index 1.69 (1.31-2.13) 2.8 (2.22-3.53) 1.49 (1.06-1.91) <.001
Adult KS vs adult controls <.001
Adult controls vs adult thyroiditis <.001

Homogeneity score 0.38 (0.34-0.43) 0.46 (0.42-0.48) 0.38 (0.34-0.42) <.001
Adult KS vs adult controls <.001
Adult controls vs adult thyroiditis <.001

Entropy score 6.16 (5.97-6.39) 5.92 (5.75-6.10) 6.31 (6.07-6.51) <.001
Adult KS vs adult controls <.001
Adult controls vs adult thyroiditis <.001

Data show a nonnormal distribution, are presented as the median (25%-75 % interquartile range), and have been tested via the Kruskal-Wallis test. Statistically
significant P values are represented in bold.
Abbreviations: KS, Klinefelter syndrome; US, ultrasound.

Discussion higher prevalence of autoimmune thyroiditis and hypothy-

Thyroid function in individuals with KS has been the focus of ~ roidism alongside reduced serum concentrations of thyroid
a handful of scientific reports. Previous studies highlighted the hormones (specifically fT4 in adults and fT3 in pubertal
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Figure 3. Effect of gonadal status on thyroid function tests and indexes in adult patients with KS and in hypogonadal non-KS individuals. * Pless than
.05, **Pless than .01, ***Pless than .001. Adult euthyroid controls are shown as a reference. CNTs, euthyroid controls; Eu, eugonadal patients;
HypoG, hypogonadal patients; KS, Klinefelter syndrome; ns, not significant; TRT, patients on testosterone replacement therapy.
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Table 4. Endocrine and thyroid-ultrasound characteristics of adult Klinefelter syndrome patients according to gonadal status
Eugonadal KS Hypogonadal KS TRT KS
n 48 39 74 P
LH, mIU/mL 16.44 + 6.66 15.93+9.68 10.35+9.4 <.001
FSH, mIU/mL 28.91+10.18 25.70+13.94 18.24 +15.75 <.001
SHBG, nmol/L 43.78 +14.48 4724271 37.45+19.23 .10
Te, nmol/L 16.56 +4.89 6.51+5.69 16.25+7.76 <.001
cfTe, pmol/L 296.5+93.94 119.1+159.5 336.02 +185.97 <.001
Estradiol, pg/mL 33.71+13.92 25.6+13.2 31.53+17.58 .053
Thyroid function
TSH, pUI/mL 1.53+0.99 1.56 +0.63 1.66 +1.05 45
fT3, pg/mL 3.02+0.31 2.93+0.42 2.92+0.42 .60
fT4, ng/dL 0.95+0.09 1.03 +0.11 0.97+0.15 .002
Eugonadal KS vs hypogonadal KS .009
Hypogonadal KS vs TRT KS .002
fT3/fT4 ratio 3.21+0.41 2.85+04 3.33+£0.59 <.001
Eugonadal KS vs hypogonadal KS .006
Hypogonadal KS vs TRT KS <.001
fT4/TSH ratio 0.85+0.46 0.79 +0.39 0.83+£0.58 .53
TSH fT4 product 1.52 +1.00 1.62+0.74 1.62+1.04 41
Thyroid US
Volume, mL? 9.66 (6.73-13.08) 12.98 (9.31-18.15) 9.5 (7.9-12.99) .08
Echogenicity index* 2.16 (1.79-2.89) 1.52 (1.34-1.92) 1.51 (1.23-2.04) <.001
Eugonadal KS vs hypogonadal KS .004
Eugonadal KS vs TRT KS <.001
Homogeneity score” 0.37 (0.34-0.42) 0.42 (0.39-0.48) 0.36 (0.33-0.41) .005
Eugonadal KS vs hypogonadal KS .02
Hypogonadal KS vs TRT KS .004
Entropy score” 6.22 (5.94-6.36) 6.09 (5.97-6.36) 6.19 (6-6.41) .56

Statistically significant P values are represented in bold.

Abbreviations: cfTe, calculated free testosterone; FSH, follicle-stimulating hormone; fT3, free 3,5,3'-triiodothyronine; fT4, free thyroxine; KS, Klinefelter
syndrome; LH, luteinizing hormone; SHBG, sex hormone-binding globulin; Te, total testosterone; TRT, testosterone replacement therapy; TSH, thyrotropin;

US, ultrasound.

Data are presented as means + SDs; however, parameters marked by “show a nonnormal distribution, are presented as the median (25%-75% interquartile

range), and have been tested via the Kruskal-Wallis test.
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Figure 5. A and B, Effect of T and E2 treatment on Dio2 mRNA expression levels in GH4C1 pituitary cells. GH4C1 cells were collected 24, 48, 72, and
120 hours after preincubation with T 100 nM and E2 100 nM, respectively. Dio2 mRNA was measured by real-time polymerase chain reaction. The
results are shown as means + SDs of at least 3 separate experiments, performed in triplicate. C, Effect of T on Dio2 activity. GH4C1 cells were
transfected with artificial T3-responsive promoter TRE3TK-Luc and CMV-Renilla (as internal control), and treated with T4 3nM, T4 3 nM + T 100 nM and
T4 3 nM +rT3 3 nM, respectively. Cells were harvested 48 hours after cotransfection and analyzed for relative luciferase activity. Results are reported
as means + SD of the TRE3TK-Luc/Renilla ratios from at least 3 separate experiments, performed in triplicate. Differences between samples were
assessed by 2-tailed t test for independent samples. *Pless than .05, **Pless than .01. CTR, control; Dio2, type 2 deiodinase gene; E2, 17B-estradiol;
mRNA, messenger RNA,; rT3, reverse-triiodothyronine; T, testosterone; T4, levothyroxine.

children), resulting in altered fT3/fT4 ratios. These cross-
sectional findings, together with the observation of abnormal
TRH testing, have led to the hypothesis of a hypothalamic-
pituitary dysregulation (20) or combined (central and periph-
eral) form (22) of hypothyroidism.

We confirmed previous findings of reduced thyroid hor-
mone concentrations in KS, with values clustered in the lower
half or below the reference ranges. We demonstrated, for the
first time, that fT4 reduction is already present in the pre-
pubertal period and persists throughout adulthood, and that
pubertal KS children fail to show the physiological fT3 in-
crease (23). The resulting altered fT3/fT4 ratio is typically ob-
served in hypothyroidism, in which an increased expression of
D2 enhances deiodination of T4 to T3, to maintain plasma T3
homeostasis (30, 49). Remarkably, the observed changes in
thyroid hormone levels are not accompanied by a correspond-
ing rise in TSH levels. The reduction in the TSH x fT4 product
in prepubertal children and adults, with no differences in the
fT4/TSH ratio, suggests a lower T4:TSH set-point in KS
(50). To explore this hypothesis, we tested the effects of sex
steroids on D2 in a pituitary cell model. We observed how
physiologic T concentrations determine a significant, time-
dependent inhibition of D2 expression and activity, resulting
in a lower intrapituitary T3-dependent signature, and vice ver-
sa. Consequently, a higher pituitary D2 activity may be antici-
pated in the hypogonadal milieu of KS, with thyrotrophs
altered sensing of higher circulating thyroid hormone concen-
trations, resulting in a reduction in TSH secretion and lower
circulating thyroid hormones. On the contrary, physiologic
T levels (either in eugonadal individuals, or obtained after
TRT) would determine reduced pituitary T3 levels and lower
thyrotrophs sensing.

We propose that the previously described inhibitory mech-
anism of T on D2 activity may explain the well-known higher
circulating fT3 and fT4 levels experienced during puberty and
adolescence (23) due to the rising sex steroids. However, other
mechanisms might also be involved, like the crosstalk between
the somatotropic and gonadal axes (51).

In our cohort, the hypothalamic-pituitary failure to com-
pensate for lower fT3 and fT4 levels was confirmed by meas-
uring SHBG levels to exclude a defect in peripheral sensitivity
to thyroid hormone (see Fig. 4). The hepatocyte nuclear
factor-40 is stimulated by fT3, resulting in an enhanced
SHBG transcription (52). Consequently, hypothyroidism is
associated with reduced SHBG levels and the opposite is
true in hyperthyroidism (27). In our KS cohort, a clear correl-
ation between fT3 (and fT4) and SHBG was found, confirm-
ing a normal peripheral sensitivity to thyroid hormones;
still, none with TSH, suggesting an altered central feedback
in KS. The proposed mechanism proved correct when further
examining adult hypogonadal non-KS men naive to TRT. In
fact, they also exhibited values consistent with increased cen-
tral thyroid hormones sensing, reflected by lower TSH, T3,
and fT4 levels compared to the euthyroid eugonadal controls,
and recapitulating some of the alterations observed in KS.

We further aimed to understand the contribution of T to the
overall clinical picture. Compared with eugonadal and TRT
patients, hypogonadal KS individuals had higher fT4 levels
and a reduced fT3/fT4 ratio. These results remained statistic-
ally significant even after adjusting for multiple confounders
and were confirmed by a negative correlation between cfT
and T4 levels, and a positive correlation with the fT3/fT4 ra-
tio. We speculate that T may exert an indirect effect on skeletal
muscular D2 expression/activity (53), mediated by an increase
in lean body mass (54). Accordingly, hypogonadal men would
be characterized by lower peripheral T4 to T3 deiodination,
and a resulting relative increase in fT4 (and a consequent re-
duction in the fT3/fT4 ratio), although in vivo data on this
topic are controversial (55-57). An alternative explanation
may involve T immunomodulatory actions (58).

We also described a lower TV in KS, a reduced echogenicity,
and an altered echotexture. These findings indicated a partial
parenchymal thyroid damaging, and were not dissimilar to
those observed in the CLT cohort. The increased rate of thy-
roid autoimmunity cannot represent a satisfactory explan-
ation for the previously mentioned findings, which were
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independent from the detection of thyroid Abs. Although we
were among the first to document that thyroid autoimmunity
is increased early in KS, already in prepubertal ages, we could
not demonstrate a strong association with thyroid function
tests, indexes, or parenchymal damage. Alterations in thyroid
function were already apparent in the youngest KS patients
without a clear relationship to antibody titers. Most Ab-Tg/
TPO-positive KS patients unexpectedly did not progress to
overt hypothyroidism, but rather displayed a stable condition
of combined hypothyroidism. These findings differ from
non-KS populations, in which there is an increased frequency
of autoimmune thyroid diseases during adolescence (59). As
such, primary thyroid disease arguably contributes to the
overall picture in KS, possibly leading to reduced free thyroid
hormone levels, which may balance the opposite central ef-
fects on TSH secretion mediated by reduced T concentrations.

Conclusions

Thyroid alterations specific to KS are more complex and broader
than previously proposed, characterized by reduced thyroid hor-
mone levels, inappropriately normal/low TSH levels, altered pi-
tuitary deiodination mediated by reduced T, increased thyroid
autoimmunity, and structural parenchymal changes. These find-
ings are particularly relevant in light of the recent evidence sug-
gesting a stronger association of free thyroid hormones
(especially fT4), compared to TSH levels, with the clinical out-
come (60). In this respect, it is noteworthy that several complica-
tions of KS are also seen in hypothyroidism, including metabolic
syndrome, increased cardiovascular risk, cognitive dysfunction,
reduced bone mass, and sexual dysfunction.

Whether the alterations in the HPT axis of KS contribute to
the poorer outcome of the syndrome, to what extent the afore-
mentioned reported findings translate into clinical significance
—that is, a change in interpreting thyroid function tests of KS
patients throughout life—or whether hypogonadism is in-
volved the pathogenesis of thyroid structural and functional
impairment warrants further studies.
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