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The Relationship of Steroid Hormones, Genes Related
to Testosterone Metabolism and Behavior in Boys
With Autism in Slovakia

Silvia LakatoSova™, Katarina Jan$akova, Jaroslava Babkova, Gabriela Repiska,
Ivan Belica, Maria VidoSovi¢ova, and Daniela Ostatnikova
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Objective Purpose of the study was to identify the relationship among actual plasmatic levels of steroid hormones and behavioral mani-
festations in boys with autism and to assess the genetic contribution to these manifestations.

Methods 172 boys with autism under 10 years of age and 135 neurotypical boys attended the study. ADI-R and ADOS-2 were used to
evaluate the core symptom severities. Problem behavior was assessed using BPI-01 questionnaire. Levels of testosterone, estradiol, dehy-
droepiandrosterone, dehydroepiandrosterone-sulfate and sex hormone binding globulin (SHBG) were measured in plasma of autistic
boys. Three SNPs (in ESR1, SHBG, SRD5A2 genes) and one STR in AR gene (number of CAG repeats in first exon) were assessed. Hor-
monal levels and number of CAG repeats in AR gene were used for correlation analysis with behavioral measures. Genotype and allelic
frequencies were compared among autistic and neurotypical boys.

Results We found negative relationship among SHBG levels and restricted, repetitive behaviors (measured by ADOS-2) and positive
relationship among actual testosterone levels and frequency of stereotyped behavior (measured by BPI-01).

Conclusion Actual levels of SHBG and testosterone are related to severities of restricted and repetitive behaviors in boys with autism.
Mechanisms of action of these hormones in brain require further investigation. Psychiatry Investig 2022;19(2):73-84
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INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmen-
tal disorder of unclear etiology. There are theories depicting
the importance of sex steroid hormones in autism, since the
prevalence of the disorder is male-biased. What makes boys
more vulnerable to achieve the diagnosis of autism remains
unclear. One of the theories strengthens the importance of fe-
tal organizational effect of testosterone on brain development.
Baron Cohen with coworkers showed that elevated fetal lev-
els of several androgens including testosterone were high in
male-fetuses who later in postnatal life achieved the diagno-
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sis of autism and fetal testosterone levels were positively cor-
related with autistic traits in general population."* In addition,
females with conditions of abnormal prenatal exposure to tes-
tosterone and its sex steroid precursors, such as congenital ad-
renal hyperplasia and polycystic ovary syndrome, were found
to have higher rate of autistic traits as well as their children
were of higher risk of developing autism.>* However, the ex-
act mechanism by which these hormones influence the mani-
festation of autistic traits remains undiscovered. Another model
explaining higher prevalence of ASD in males is a female pro-
tective model which suggests that multiple genetic factors con-
tribute to the development of ASD and that higher threshold
of genetic liability is required in females compared to males.”
Zhang et al.* demonstrated genetic evidence of sex differenc-
es in ASD confirming female protective model, employing in-
vestigation of de novo mutations, common variants of ASD
candidate genes and their co-expression in male and female
brains. Genetic architecture of ASD involves rare and de novo
variants that were identified in studies using whole genome
or exome sequencing technologies as well as low-risk com-
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mon variants. ASD candidates identified by large genome
wide association studies belong to three signaling networks
including steroidogenesis, neurite outgrowth and synaptic
function.’ This strengthens the importance of studying ste-
roid hormones and their metabolites and their relation to the
manifestation of core symptoms of autism.

Peripheral levels of testosterone in young children originate
predominantly in adrenal cortex and may reflect brain levels
since steroid hormones cross the blood brain barrier.'’ There-
fore, it is possible to suppose that peripheral steroid hormon-
al levels might be related to brain functions, especially to be-
havioral measures relevant to autism phenotype. Our research
group previously reported increased salivary testosterone lev-
els in boys with autism and Asperger syndrome.'' Moreover,
our latest study examined 82 biomarkers of steroidogenesis
in plasma of prepubertal boys with autism, and lower levels of
metabolites of alternative backdoor pathway of androgen syn-
thesis were identified as well as the correlation of these bio-
logical markers with behavioral indices, namely, social inter-
action, was suggested." Several studies from other laboratories
showed alterations in peripheral sex steroid hormones in au-
tism. Ruta et al.”” showed increased serum androstenedione
levels in adults with ASD. Strous found lowered dehydroepi-
androsterone-sulfate (DHEA-S) levels in adults with ASD."
Increased steroid metabolites were detected in saliva of chil-
dren with autism." In addition, increased levels of steroid me-
tabolites were detected in urine of boys with autism and As-
perger syndrome.'s

Three core domains of autism were described: first, im-
paired socialization, e.g. delayed peer interactions, absence of
seeking to share enjoyment and interests, delayed initiation
of interactions, little or no social reciprocity and absence of
social judgment, and second, impaired communication, e.g.
delay in verbal language without using gestures, impairment
in expressive language and conversation, repetitive or idio-
syncratic language, delayed imaginative and social imitative
play. The third domain is restricted, stereotyped, and repeti-
tive patterns of behavior, which includes preoccupation with
stereotyped or restricted interests or topics, adherence to rou-
tines, stereotyped, repetitive motor mannerisms, preoccupa-
tion and fascination with parts of items with unusual visual
or tactile exploration.”” The severity of these core symptoms
can be quantified using the outcomes from the two diagnos-
tic instruments: the Autism Diagnostic Observation Sched-
ule (ADOS-2)"® and the Autism Diagnostic Interview-Re-
vised (ADI-R)."”

Apart from core symptom severities children diagnosed
with ASD may develop a broad scale of problem behavior that
is not necessarily related to ASD symptoms. Problem or chal-
lenging behavior is highly prevalent among children diag-
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nosed with ASD.” This may include self-isolated ritualistic
behavior, self-injurious behavior and various forms of aggres-
sive behavior. It is very likely that various forms of challeng-
ing behavior may be influenced by altered steroid hormonal
signaling.

There exists a limited number of studies focusing on rela-
tionship of steroid hormones and behavioral characteristics
in autism. Out of these, elevated repetitive behavior was re-
lated to lower cortisol levels in ASD children.” More severe
restricted and repetitive behaviors were also associated to se-
rum allopregnanolone levels.> Another study showed that
testosterone administration in healthy women reduced emo-
tion recognition ability, one of the autism features.”

The aim of our study was to assess the relationship of pe-
ripheral steroid hormones, symptom severities and problem
behavior in boys diagnosed with autism in Slovakia. In addi-
tion to actual hormonal levels, we tested whether selected
polymorphisms in genes related to testosterone metabolism
may have an influence on these measures. We selected four
polymorphisms in genes that were previously described in
connection to steroid metabolism and/or linked to autism
(Figure 1). We tested whether there exists a difference in gen-
otype distributions among autistic and neurotypical individ-
uals in Slovakia.

METHODS

Presented study was approved by the Ethical committee of
the Faculty of Medicine, Comenius University and the Uni-
versity Hospital in Bratislava, Slovakia. It is consistent with
the 1964 Helsinki declaration and its later amendments. Par-
ents were aware of the design and the course of the study by
signing the informed consent form of the corresponding child.

Inclusion criteria included diagnosis of autism and age un-
der 10 years. Into the analyses, only males were included since
females with ASD reached only low sample size due to the
lower incidence of ASD in females. Exclusion criteria were
other neurodevelopmental, psychiatric, endocrine or genetic
disorder.

Cohort description and psychological assessment

172 boys under 10 years of age diagnosed with autism at-
tended the study (mean age 5.191+0.14 years). Control group
consisted of 135 neurotypical boys without any of mentioned
diagnoses who donated only buccal swabs for DNA isolation
and subsequent genetic analyses. The age range of neurotypi-
cal boys was 5-18 years (mean age 11£0.55). The diagnosis of
ASD was determined by a clinical psychologist or psychiatrist
according to ICD 10, and children also underwent behavioral
testing by trained specialists at the Academic Research Center
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Figure 1. Scheme of steroid hormones, proteins and genes analyzed in ASD boys and rationale for selection of analyzed polymorphisms.
DHEA, dehydroepiandrosterone; DHEA-S, dehydroepiandrosterone-sulfate; SHBG, sex hormone binding globulin; AR, androgen receptor;
DHT, dihydrotestosterone; SRD5A2, 5-alpha reductase; ESR1, estrogen receptor 1.

for Autism, Institute of Physiology, Faculty of Medicine, Co-
menius Univeristy. This involved standard protocols of ADI-R
and ADOS-2. These instruments were used to assess the core
symptom severities.

ADI-R diagnostic tool describes three domains of autism
phenotype: Domain A represents the score of qualitative ab-
normalities in social interaction, Domain B represents the
score of qualitative abnormalities in communication and Do-
main C represents the measure of restrictive, repetitive, and
stereotyped patterns of behavior. Because of possible differ-
ences in the raw score resulting from the different number of
items evaluated according to age, the ADI-R scores were trans-
formed. The final score in each ADI-R domain was calculat-
ed as a ratio between the individuals raw score and maximum
possible score that the individual could achieve (i.e. sum of
maximal scores of all items evaluated). Thus, the transformed
values are expressed in percent (%).

ADOS-2 instrument contains five modules one of which is
selected for diagnostic procedure primarily according to level
of speech development and secondarily according to age of
the child. In our sample, 118 boys were diagnosed using Mod-
ule 1, 32 boys using Module 2 and 22 boys using Module 3.
ADOS-2 scale derived the following scores: social affect score
(SA), restricted and repetitive behavior score (RRB), total raw
score (RS), overall calibrated severity score (overall-CSS), so-
cial affect calibrated severity score (SA-CSS), restricted and
repetitive behavior calibrated severity score (RRB-CSS).** Raw
scores of ADOS-2 (SA, RRB, and RS) could only be used while
evaluating the group of children diagnosed using the same
module. Therefore, raw data were mapped onto the 10-point
calibrated severity scales based on percentiles of raw totals
corresponding to each ADOS diagnostic classification.”***
Overall-CSS, SA-CSS, and RRB-CSS thus enable to evaluate
the group of children independently on the type of module

used and independently on the developmental factors.** Use
of the calibrated domain scores instead of raw scores increas-
es the probability that biological parameters would be associ-
ated specifically to ASD symptoms rather than child character-
istics such as developmental level, age, IQ, language development
or other non-ASD behavioral abnormalities.”*

Problem behavior was assessed using The Behavior Prob-
lems Inventory (BPI-01) questionnaire. BPI-01 is an instru-
ment for the assessment of self-injury, stereotyped behavior,
and aggression/destruction in individuals with developmen-
tal disabilities.”® It consists of 52 items, out of which 15 items
are related to self-injurious behavior, 25 items are related to
stereotyped behavior and 12 items are related to aggressive
behavior. Each item was scored on two scales, a five-point fre-
quency scale (never=0, monthly=1, weekly=2, daily=3, hour-
ly=4) and a four-point severity scale (no problem=0, a slight
problem=1, a moderate problem=2, a severe problem=1).
Separate raw scores were calculated for self-injurious behav-
ior, stereotyped behavior and aggressive behavior as a sum of
the points for each item. Raw scores were used for correlation
analysis with hormonal levels. Only parents of 90 ASD boys
have filled in BPI-01 questionnaire.

Analysis of hormones

Blood samples of ASD boys were collected into the sterile
EDTA tubes (Sarstedt, Nitmbrecht, Germany) around 10 am
immediately after ADOS-2 diagnostic examination. All sam-
ples were processed immediately after collection by centrifu-
gation at 3,000xg, 4°C for 10 minutes. Blood plasma and leu-
cocyte mass samples were stored at -80°C until the analysis.

We selected the following peripheral steroid hormones:
testosterone (T), estradiol (E), dehydroepiandrosterone
(DHEA), dehydroepiandrosterone-sulfate (DHEA-S), and a
protein sex hormone binding globulin (SHBG). The concen-
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tration of T, E, DHEA, DHEA-S was assessed using ELISA
method (DRG Instruments GmbH, Marburg, Germany).
Briefly, 25 uL of the samples in the case of detection of E, T
and DHEA-S and 20 pL of the samples, standards and con-
trols in the case of detection of DHEA were transferred into
the microtiter plate with coated antibody. Thereafter, 200 uL
enzyme conjugate was added and whole plate was incubated
for 60 minutes (120 minutes for E) at room temperature (RT).
After incubation, the content was poured out and the plate
was washed with a wash solution for 3 times (400 uL/well).
Then, 100 pL of substrate solution was added into each well
and the plate was incubated for 145 minutes again. Besides the
hormones, the concentration of SHBG was measured (DRG
Instruments GmbH). First, the samples and standards were
diluted in the ration 1:20 in the assay buffer. Thereafter, 100 uL
of the assay buffer and 25 pL of pre-diluted samples and stan-
dards were transferred into the microtiter plate and incubat-
ed for 30 minutes at RT. Then, plate was washed 3 times with
400 pL of the wash solution per well. After this procedure,
100 pL of enzyme conjugated was added and plated was incu-
bated again for 15 minutes. Then, the plate was washed again
and incubated for 12 minutes with 100 pL of the substrate
solution. In all cases, the reaction was stopped by adding the
50 uL of stop solution. The absorbance was red at 450+10
nm (Epoch, BioTek Instruments Inc, Winooski, VT, USA).

Genetic analysis

Genomic DNA from leucocytes or buccal swabs (Sarstedt)
was extracted using the QIAamp DNA Blood Mini Kit (Qiagen,
Hilden, Germany) following the manufacturer’s instructions.

Among genes related to steroidogenesis and testosterone
metabolism, we have selected androgen receptor (AR), estro-
gen receptor (ESR1), sex hormone binding globulin (SHBG),
and 5-alpha reductase (SRD5A2). We have investigated the
differences in distributions of these variants in ASD and healthy
individuals and tested the influence of these variants on be-
havioral indices.

The (CAG)n repeat polymorphism in the gene encoding
androgen receptor was amplified using PCR in 20 uL reac-
tion volume with 250 nmoL/L primers: forward: 5GCGC-
GAAGTGATCCAGAAC 3' tagged with 6—carboxyfluoresce
in and reverse 5CTCATCCAGGACCAGGTAGC 3', 1xTaq
buffer (Fermentas, Vilnius, Lithuania) and 1U of Tag DNA
polymerase (Fermentas). The following PCR program was
used: initial denaturation step at 94°C for 4 min, followed by
35 cycles each consisting of denaturation at 94°C for 45 s, an-
nealing at 59.5°C for 45 s and polymerization at 72°C for 45 s.
The length of the final fragment was 181 bps. The number of
repeats was analyzed by capillary electrophoresis. This geno-
typing process was successful in 120 ASD and 128 control sam-
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ples. The 3 single nucleotide polymorphisms in genes encod-
ing estrogen alpha receptor ESR1 (rs2234693), sex hormone-
binding globulin SHBG (rs6259), steroid 5-alpha reductase 2
(rs9282858) were assessed by Sanger sequencing method in
commercial company LGC Genomics Ldt. (Middlesex, Lon-
don, UK). The rationale for selection of these polymorphisms
is explained in Figure 1.

Statistic analysis

First of all, correlation of hormonal levels with behavioral
determinants obtained from ADI-R (Domain A, Domain B,
Domain C) and ADOS-2 (overall-CSS, SA-CSS, RRB-CSS)
was done for the whole cohort (n=172) using Pearson corre-
lation test. Subsequently, since the hormonal parameters cor-
related with age, we divided the group of boys into three sub-
groups according to age: 2.5-4.99 years (n=98), 5-6.99 years
(n=41), 7-9.99 years (n=33) and correlation analyses were
done for all of these groups separately. In addition, raw data
obtained from ADOS-2 (RS, SA, RRB) were used for correla-
tion with hormonal levels in the group of boys under five
years who underwent ADOS-2 examination using Module 1
(n=80). Finally, hormonal levels were used for correlation
with the outcomes from BPI-01 questionnaire in the group of
boys where the data were available (n=90). Out of these 90
children, 60 belonged to the youngest age group (2.5-4.99
years), 23 belonged to the middle age group (5-6.99 years) and
7 children belonged to the oldest age group (7-9.99 years).

Genotypes were used to assess the association with behav-
ioral measures. To assess the relationship of a certain geno-
type in case of SNPs (152234693, rs6259, rs9282858), ASD boys
were divided into groups according to the genotype and the
differences of behavioral measures were tested among groups
by T test (in case of two genotypes present) or one-way ANO-
VA (in case of three genotypes present). To determine the ef-
fect size, Cohen’s d value was calculated. Correlations of the
number of CAG repeats in AR gene and behavioral parame-
ters were assessed using Pearson correlation test. Differences
in genotypic and allelic distributions among autistic and neu-
rotypical individuals were assessed using chi-square test and
Fisher’s exact test. Effect sizes were determined by calculation
of Cramer’s v and Phi coefficient, respectively.

Level of statistical significance was set to alpha<0.05. For
determination of correlations of hormones and SHBG with
behavioral parameters, correction for multiple comparisons
was used and the level of significance was set to alpha<0.01.
For determination of differences in distribution of genotypes
and alleles among ASD and control children, the multiple com-
parison testing derived alpha<0.0125. For statistical analyses
Graphpad Prism8 program (GraphPad Software, San Diego,
CA, USA) was used.



RESULTS

Levels of steroid hormones and SHBG were assessed in
plasma of ASD individuals. Phenotype of ASD individuals
was evaluated using ADI-R and ADOS-2 instruments and
BPI-01 questionnaire. Genotypes of four polymorphisms in
genes related to testosterone metabolism were assessed in
ASD and neurotypical individuals. Mean hormonal levels as
well as behavioral determinants derived from ADI-R and
ADOS-2 instruments are depicted in Table 1. As expected,
several parameters (SHBG, DHEA, and DHEA-S) showed
significant positive correlation with age (p=0.047, r=0.17; p=
0.0001, r=0.35; p=0.0004, r=0.28, respectively). Correlation
analyses of steroid hormones with behavioral indices were
done for the whole cohort (n=172) and also separately for the
three age groups. Results of correlation analysis for the hor-
monal parameters and behavioral parameters of the whole
cohort are displayed in Table 2.

Among all measured parameters we found significant neg-
ative relationship among SHBG levels and RRB-CSS ADOS-2
variable which represents the measure of restricted, repetitive
behaviors (p=0.001, r=-0.27) in the whole cohort (group of all
boys under 10 years of age) (Figure 2A). The same variable
negatively correlated with SHBG levels in the youngest age
group (2.5-4.99 years) (p=0.007, r=-0.31) (Figure 2B). In ad-
dition, in boys of the youngest age group diagnosed using
Module 1 (n=80) RRB raw score correlated negatively with
SHBG levels (p=0.0004, r=-0.45) (Figure 2C).

Correlations of steroid hormones and SHBG with scores of
problem behavior measured by BPI-01 instrument are shown
in Table 3. We found positive relationship among actual tes-
tosterone levels and frequency of stereotyped behavior (p=
0.006, r=0.30).

Analysis of genetic background of genes related to testos-
terone metabolism revealed that ASD boys with GG geno-
type (rs9282858) in SRD5A2 gene showed higher level of re-
stricted and repetitive behaviors (measured by ADI-R) (p=
0.009) (Figure 3A). This genotype was shown to be more fre-
quent in ASD boys compared to neurotypical boys, however
without reaching significance level (p=0.053). The allelic dis-
tribution in this polymorphism differed significantly among
ASD and neurotypical boys (p=0.031), where A allele was
more frequently present in neurotypical boys, whereas G al-
lele was more frequently present in ASD boys (Figure 3B).
However, the abovementioned difference in genotype and al-
lelic distribution among ASD and neurotypical boys did not
survive multiple comparison testing (p>0.0125).

SHBG gene polymorphism also displayed different distri-
bution of genotypes as well as alleles among ASD and neuro-
typical boys (p=0.045, p=0.019 respectively). Neither did this

Table 1. Mean levels of hormones and SHBG in plasma of ASD boys in appropriate age groups and mean scores of ADOS-2 and ADI-R variables

ADI-R (%) scores
Domain Domain Domain
A B C

RRB-
CSS

ADOS-2 scores
SA-
CSS

Overall-
CSS

E DHEA DHEA-S SHBG
(pg/mL) (ng/mL) (pg/mL) (nmol/L)

T
(ng/mL)

Age

34.68+2.50  1.12%0.12 0.25+0.04 73.02+5.65 7.48%0.14 7.13+0.15 7.53£0.19 0.50£0.02  0.56+£0.02  0.40%+0.01

0.3240.03

172

All boys under 10 years
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Table 2. Correlation analysis of hormonal levels and behavioral measures derived from ADI-R and ADOS-2 instruments

Domain A Domain B Domain C SA-CSS RRB-CSS Overall-CSS

T ng/mL

p 0.045 0.046 0.679 0.308 0.333 0.122

r 0.155 0.155 0.032 0.080 0.076 0.121
E pg/mL

p 0.039 0.093 0.689 0.295 0.175 0.208

r 0.182 0.148 0.036 0.093 0.120 0.112
DHEA ng/mL

P 0.090 0.157 0.539 0.709 0.352 0.721

r 0.138 0.115 -0.050 -0.030 -0.076 -0.029
DHEA-S pg/mL

P 0.143 0.034 0.748 0.945 0.763 0.575

r 0.118 0.171 -0.026 0.006 0.024 0.045
SHBG nmol/L

p 0.886 0.684 0.061 0.671 0.001* 0.018

r 0.013 -0.035 -0.160 -0.037 -0.274* -0.203

ADI-R variables: Domain A- score of qualitative abnormalities in social interaction, Domain B- score of qualitative abnormalities in commu-
nication and Domain C- restrictive, repetitive and stereotyped patterns of behavior. ADOS-2 variables: Overall CSS- overall calibrated severi-
ty score, SA-CSS- social affect calibrated severity score, RRB-CSS- restrictive and repetitive behavior calibrated severity score, p-value of sig-
nificance, r- Pearson correlation coefficient. *p<0.01. T, testosterone; E, estradiol; DHEA, dehydroepiandrosterone; DHEA-S,

dehydroepiandrosterone sulfate; SHBG, sex hormone binding globulin

The whole cohort (2.5-9.99 years) Group 2.5-4.99 years Group 2.5-4.99 years, Module 1
10— o ¢ o p=0.0014 10- wesem e o @ p=0.007 10+
o » o » r=0.27 omam o -en er=0.31 p=0.0004
g8-» e . . S eoem e o r=0.45
2 % s on »
$ B e we @« o @ -
§ 2 *ew * 2‘1
4 A
2—
*
0 1 4 T T 1 0 T T T T
0 50 100 150 200 250 300 0 50 150 200 250 0 50 100 150 200 250
SHBG nmol/L SHBG nmol/L SHBG nmol/L
A B © (5

Figure 2. Correlation of variables describing behavioral measures derived from ADOS-2 with SHBG levels. A: The whole cohort of ASD
boys, N=172. SHBG levels correlated negatively with RRB-CSS. B: Group of boys 2.5-4.99 years of age, N=98. SHBG levels correlated nega-
tively with RRB-CSS. C: Group of boys 2.5-4.99 years of age of Module 1 (ADOS-2) N=80. SHBG levels correlated negatively with RRB.
SHBG, sex hormone binding globulin; RRB-CSS, restrictive and repetitive behavior calibrated severity score; RRB, restrictive and repetitive
behavior raw score; ADOS-2, autism diagnostic observation schedule, second.

distribution difference remain significant after the correction
for multiple comparisons. Nevertheless, no difference in be-
havioral parameters among ASD boys of different genotypes
(AG, GG) was observed (data not shown).

No significant difference in distribution of genotypes and
alleles between ASD and neurotypical boys was found in se-
lected polymorphisms in genes ESR1 and AR. Neither did the
genotypes of AR gene (number of CAG repeats) correlate with
behavioral parameters. Boys with ASD of different genotypes
in ESR1 polymorphism (CC, CT, TT) did not differ in be-
havioral manifestations (data not shown). Genotypic and al-
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lelic frequencies of all tested polymorphisms are shown in
Table 4.

DISCUSSION

Children diagnosed with ASD represent a heterogeneous
group of individuals with different manifestation of autism
symptoms. We have tested the correlations of actual levels of
four steroid hormones and one protein (SHBG) with severity
of autism symptoms evaluated by ADI-R and ADOS-2 instru-
ments. The strongest negative correlation of SHBG protein
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Table 3. Correlation analysis of hormonal levels and behavioral measures derived from BPI-01 questionnaire

Frequency Severity Frequency of Severity of Frequency of Severity of
of SIB of SIB stereotyped behavior ~ stereotyped behavior — aggressive behavior —aggressive behavior

T ng/mL

p value 0.911 0.778 0.005* 0.076 0.998 0.935

r -0.012 -0.031 0.295* 0.191 0.000 -0.009
E pg/mL

p value 0.825 0.882 0.017 0.922 0.965 0.508

r 0.026 -0.018 0.278 0.012 -0.005 -0.079
DHEA-S ug/mL

p value 0.719 0.327 0.692 0.945 0.256 0.269

r 0.039 0.108 -0.044 -0.007 -0.126 -0.121
SHBG nmol/L

p value 0.272 0.314 0.086 0.105 0.194 0.112

r 0.133 0.122 0.207 0.196 0.157 0.192
DHEA ng/mL

p value 0.991 0.535 0.758 0.941 0.251 0.215

r -0.001 0.0717 -0.036 -0.008 -0.132 -0.143

*p<0.01. T, testosterone; E, estradiol; DHEA, dehydroepiandrosterone; DHEA-S, dehydroepiandrosterone sulfate; SHBG, sex hormone bind-
ing globulin; SIB, self injurious behavior; r, Pearson correlation coefficient; BPI-01, behavior problems inventory
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Figure 3. A: Various manifestation of repetitive behavior evaluated by domain C of ADI-R in ASD boys of different genotypes of SRD5A2
polymorphism rs9282858. B: Allelic distribution of SRD5A2 polymorphism rs9282858 among ASD and neurotypical boys. ASD, autism spec-
trum disorders; ADI-R, autism diagnostic interview, revised; SRD5A2, gene encoding 5-alpha reductase enzyme.

levels was observed with ADOS-2 derived variable RRB. RRB
variable describes the presence of restrictive and repetitive
forms of behavior that within ADOS-2 classification includes
the following items: stereotyped language/intonation of vocal-
izations in preverbal children, unusual sensory interests di-
rected to person or objects, hand and finger mannerisms and
other complex mannerisms (such as spinning in circles), un-
usual repetitive or stereotyped behaviors (such as lining up
toy cars).” These items result in a single RRB total score on the
ADOS diagnostic algorithms. RRB-CSS score was used for cor-

relation analyses of hormonal and SHBG levels in the group
of children at various developmental levels. Using CSS scores
enhances the specificity of the instrument to ASD symptoms
regardless of general developmental factors such as age, IQ or
language level.* In addition, we used RRB raw score for cor-
relation analysis with hormonal and SBHG levels in the group
of boys aged 2.5-4.99 years who were diagnosed using Mod-
ule 1 of ADOS-2 (n=80). These children represent the most
developmentally homogenous low functioning ASD group
with most severe language impairment. RRB raw score scale
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Table 4. Distribution of genotypes in ASD boys and neurotypical boys in Slovakia

SHBG rs6259 SRD5A2 rs9282858 ESR1 rs2234693

Genotype AA AG GG AA AG GG CcC CT TT
Control (%) 2(1.6) 35(28.2) 87(70.2) 1(0.7) 23(17.0) 111 (82.3) 22(20.2) 56 (51.4) 31(28.4)
ASD (%) 0(0) 30(18.1) 136 (81.9) 0(0) 15(9.1)  150(90.9)  27(186)  67(462)  51(352)
Statistics Fisher’s exact test, p=0.045* Fisher’s exact test, p=0.053 Chi-square 1.296, p=0.523

Phi coefficient=0.125 Phi coefficient=0.121 Cramer’s v=0.071
Allele A G A G C T
Control (%) 39(15.7) 209 (84.3) 25(9.3) 245 (90.7) 100 (45.9) 118 (54.1)
ASD (%) 30 (9) 302 (91) 15(4.6)  315(95.4) 121 (41.7) 169 (58.3)
Statistics Fisher’s exact test, p=0.019* Fisher’s exact test, p=0.031* Fisher’s exact test, p=0.367

Phi coefficient=0.102 Phi coefficient=0.094 Phi coefficient=0.041
AR (CAG) repeats Control ASD
Number of individuals 128 120
Mean nr.of CAG repeatstSEM 21.72%0.25 21.73%0.28
Statistics Unpaired T test
p=0.964

SHBG, sex hormone binding globulin; SRD5A2, 5-alpha reductase; ESR1, estrogen receptor 1; AR, androgen receptor; ASD, autism spectrum

disorders

offers broader scale of points than 10 point CSS scores and
may therefore serve to reveal more accurate correlations with
hormonal levels. The analysis showed negative correlation of
SHBG plasmatic levels and RRBs and RRB-CSS. It would be
beneficial to define RRBs more specifically, since RRBs de-
tected by ADI-R and ADOS-2 comprise both higher and
lower order RRBs, where lower order RRBs represent motor
repetitive behaviors such as repetitive finger mannerisms
whereas higher order RRBs include insistence on sameness or
resistance to change phenomena.” It is interesting to mention
that no hormonal parameters showed significant correlation
with overall severity scores of ADOS-2, whereas RRBs corre-
lated significantly with SHBG levels. This finding strengthens
the importance to search for the biological factors affecting the
particular ASD symptoms rather than the general ASD se-
verity. Nevertheless, the number of studies searching for hor-
monal biological markers of single autism symptoms is lim-
ited. One example presents recent study on adult males with
autism that showed decreased serum allopregnanolone levels
to be associated with more severe restricted and repetitive be-
haviors.” Plasmatic SHBG binds testosterone in plasma re-
sulting in lower levels of free testosterone biologically avail-
able to tissues.” Free testosterone passes the cellular membrane
of many cells as well as it enters the brain tissue. We showed
that lower levels of SHBG were associated with higher pres-
ence of RRBs in ASD boys. Our results suggest that optimal
SHBG levels could be a protective factor lowering androgen-
ic effect with possible behavioral consequences of lowering
RRBs manifestation. The mechanism how SHBG could affect
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restricted and repetitive behaviors remains to large extent a
mystery. The neural circuitry of RRBs has been described by
number of neuroimaging studies on ASD and other intellec-
tual disability individuals as well as animal models with over-
lapping results (reviewed by Wilkes and Lewis).” The neural
circuits between frontal and temporal cortices, basal ganglia
and cerebellum seem to be involved in RRBs. Volumetric MRI
as well as fMRI depicted the differences in volume of these brain
areas as well as connectivity among them in subjects with ASD
in relation to RRBs.”****' SHBG influences the levels of free
testosterone that is available to tissues for promoting its an-
drogenic effect. No studies explored the relationship between
testosterone levels and functional brain connectivity in rela-
tion to RRBs. However, fetal testosterone as well as actual plas-
matic testosterone was implicated in affecting brain functions
in other ASD relevant brain areas, the social brain. Testoster-
one reduced the connectivity in social brain default mode net-
work of the brain in healthy male adolescents.” Fetal testos-
terone was previously associated with restricted interests in
healthy boys.” In addition, one study on females explored the
effect of testosterone administration on the neural responses
in circuits of human social aggression and showed the in-
creased and more persistent neural responses after viewing
angry versus happy facial expressions in the areas of reactive
aggression involving amygdala and hypothalamus.* As men-
tioned above, there exists some evidence of testosterone in-
volvement in social as well as aggressive behavior in children
with ASD. Our study is the first to link the SHBG and testos-
terone levels and its metabolism to manifestation of restrictive



and repetitive behaviors in boys with ASD. In the present
study we showed different distribution of genotypes as well
as alleles of SHBG gene polymorphism rs6259 among ASD
and neurotypical individuals. A allele of this polymorphism
is a minor allele and GG genotypes are considered wild type
genotype, whereas GA and very rare AA genotypes are a vari-
ant genotypes in general population.” In our study ASD boys
possessed GG genotype more frequently than controls and G
allele of this polymorphism was present more frequently in
ASD group than control group. Previous studies showed that
GG genotypes are connected to lower SHBG levels and vari-
ant A allele (AA, GA genotypes) is connected to higher SHBG
levels,”** however others found no association of this poly-
morphism with SHBG levels.” In addition, variant A allele
and consequently lower SHBG levels were described to be
associated with polycystic ovary syndrome in women and in-
fertility in men.** In our study boys with ASD possessed more
frequently G allele than controls, so we can predict lower lev-
els of SHBG and thus enhanced androgenic effect in boys with
ASD. However, this cannot be confirmed due to the absence
of plasma samples from healthy children where plasmatic
SHBG and other hormonal levels could be determined. In
addition to strengthening the importance of SHBG and tes-
tosterone in regulation of RRBs, among all core symptoms of
autism the RRBs only showed strong sex differences, where
RRBs were strongly reduced in girls with ASD.* This study
also revealed sex differences in brain morphometry especial-
ly in motor system and in social brain areas. This is the only
study investigated the correlation of SHBG levels and behav-
ior, where SHBG was positively associated with craving sweet
and carbohydrate rich foods in luteal phase of menstrual cy-
cle in healthy premenopausal women.*' We are not aware of
other relevant behavioral studies.

In the present study we wanted to broaden the description
of ASD phenotype in terms of problem behavior, since prob-
lem behavior is frequently associated with ASD. BPI-01 ques-
tionnaire was used to analyze severity and frequency of three
types of problem behavior: self-injurious behavior, stereo-
typed behavior and aggressive behavior. Plasmatic testoster-
one levels correlated positively with the frequency of stereo-
typed behavior. Stereotyped behavior is described by BPI-01
as behavior that looks unusual, strange, or inappropriate, that
is voluntary and occurs repeatedly in the same way, however
it does not cause physical damages described by the question-
naire.”® Results from the BPI-01 questionnaire add some more
information value to RRBs described by ADI-R and ADOS-2
instruments. This outcome strengthens the importance of tes-
tosterone and SHBG levels in regulation of RRBs. In our study
only 90 parents of ASD children filled the BPI-01 question-
naire. It is interesting to mention that 60 out of these 90 chil-
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dren belonged to the youngest age group (2.5-4.99 years) and
only 7 belonged to the oldest age group (7-9.99 years). Taken
together with the results of SHBG correlations described above,
it seems that restrictive, repetitive and stereotyped behavior
may be under regulation of higher testosterone and lower
SHBG levels especially in the youngest age group of ASD boys
in Slovakia. It is also necessary to mention that these regula-
tions may apply only for this specific population and cannot
be generalized to the entire population of children diagnosed
with ASD.

Limitations of the present study include the absence of con-
trol blood samples which would enable the comparison of
measured hormones among ASD and age-matched neuro-
typical boys as well as the absence of data describing problem
behavior in these boys (BPI-01 questionnaire). It seems that
this is the limiting line in other laboratories too, since the
number of studies comparing plasmatic hormonal levels
among ASD and healthy children is very limited. Out of them,
Ruta et al."” showed elevated androstenedione, a precursor of
sex steroids in adults with ASD compared to neurotypical con-
trols. In our previous research we showed that salivary tes-
tosterone levels were higher in boys with Asperger syndrome
compared to healthy children." Finally, our recent study showed
lower levels of metabolites of alternative backdoor pathway
of androgen synthesis in ASD boys."” Taken together, associ-
ation among sex steroid hormones and ASD was recognized
on the basis of several findings, such as the existence of the
differences among steroid hormonal levels among ASD and
neurotypical population,'>" the confirmed association of pre-
natal sex steroids and autistic traits,” the presence of androgen
related conditions in females with ASD,* and also the associ-
ation of several genes involved in steroidogenesis with ASD.*
In the present study, polymorphism rs9282858 in gene SR-
D5A2 encoding 5-alpha reductase enzyme was analyzed in
ASD boys in comparison with neurotypical boys. ASD boys
with GG genotype showed higher incidence of restrictive
and repetitive behavior. A allele was more frequently present
in neurotypical boys, whereas minor G allele was more fre-
quently present in ASD boys, which confirmed our previous
findings on smaller sample size." This minor variant was de-
tected to cause the 5-fold stronger reductase activity.** Thus
ASD children may be under stronger androgenic activity also
due to the carrying minor variant of this polymorphism, since
5-alpha reductase enzyme catalyzes the conversion of testos-
terone to dihydrotestosterone (DHT), which carries more po-
tent androgenic activity. To separate the effect of testosterone
and estradiol on tissues, it is purposeful to study DHT regu-
lated genes, since DHT is non- aromatizable to estradiol. A
recent study on human neural cells by Quartier et al.** showed
that DHT regulates the expression of a number of genes that
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overlap with ASD candidate genes identified by GWAS. Re-
lationship of GG genotype of SRD5A2 polymorphism with
RRBs further strengthens the importance of testosterone me-
tabolism in ASD pathogenesis, esp. in relation to repetitive
behaviors. In addition, rs9282858 was also shown to predict
serum testosterone and SHBG levels in adult men, where GA
carriers had higher serum testosterone and SHBG levels than
GG carriers.* This result corresponds to our findings in ASD
boys, where GG carriers showed stronger RRBs and stronger
RRBs were shown to be related to lower SHBG levels.

To study the effect of non-aromatized testosterone on tis-
sues we analyzed the androgen receptor STR polymorphic
region (number of CAG repeats) in intron 1 that was earlier
described to regulate the androgen receptor transactivation
function.”” Longer variants of this polymorphic region de-
crease the ability of AR to activate transcription of several
different AR-responsive genes.”” Inversely, the lower number
of CAG repeats is responsible for higher transactivational ac-
tivity of AR enhancing the androgenic effect. Our previous
study showed lower number of (CAG)n repeats in the AR
gene in boys with Asperger syndrome." Another study showed
an association of shorter CAG variants and ASD in females
only.*® The number of CAG triplets ranges from 11-35 re-
peats, with a mean of 22, where long variants adversely influ-
ence AR transcriptional function resulting in e.g. impaired
sperm production and male infertility.*” The length of CAG
triplets was associated with mental giftedness,” performance
of mental rotation tasks in healthy population® as well as with
hyperactivity symptoms in ASD boys.” The present study does
not add a confirmation to the importance of AR gene poly-
morphism in ASD pathogenesis. No statistical difference in
CAG length among ASD and neurotypical individuals was
found, neither did the CAG length correlate with severity of
ASD symptoms measured by ADI-R or ADOS-2 instruments.
However, it needs to be mentioned that the AR genotyping
data were available only in 120 ASD boys, which is another
limitation of the study.

In the present study we also examined ESR1 polymorphism
that was previously described to affect ESR1 expression.” Nei-
ther did we find any differences in genotypic distributions in
ESRI gene polymorphism among ASD and neurotypical pop-
ulation, nor did the ESR1 genotypes show association with
behavioral measures. In addition, no differences in estradiol
levels were found in our sample. This suggests a minor impor-
tance of estrogen regulated mechanisms in ASD pathogene-
sis in our specific ASD population.

In conclusion, we found that SHBG levels negatively cor-
related with restrictive and repetitive behaviors in boys with
autism. Lower levels of SHBG supposedly promote stronger
androgenic effect due to higher doses of free testosterone avail-
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able to tissues. How higher doses of testosterone regulate re-
strictive repetitive behaviors is not exactly known; however,
the mechanism potentially involves motor brain areas and
circuitry and involves the tissues with androgen and estrogen
receptors that up-or down-regulate the number of androgen
and estrogen dependent genes that should be explored in
more detail. In fact, the four selected polymorphisms in genes
related to testosterone metabolism are presumably not suffi-
cient to elucidate the genetic contribution of this signaling
cascade to manifestation of autism symptoms, which is an-
other limitation of the present study. RRBs should also be in-
vestigated in more detail and captured more specifically.

Finally, ASD individuals differ from neurotypical popula-
tion in distribution of genotypes as well as alleles of polymor-
phisms in SHBG and 5alpha reductase genes. Moreover, ASD
individuals carrying specific variants of 5alpha reductase gene
tend to express more severe core autism symptoms such as
restrictive and repetitive behaviors. This behavior showed
negative correlation with plasmatic SHBG levels. In addition,
stereotypic behavior was positively correlated with plasmatic
testosterone. Further investigation is needed to clarify the ex-
act mechanisms how androgens regulate ASD related behav-
iors in males and females with autism.
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