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ABSTRACT

Estrogen has a crucial role in the regulation of reproductive and neuroendocrine function and exerts its effects through two classes of receptors,
nuclear and membrane estrogen receptors (mERs). G protein-coupled estrogen receptor 1 (GPER) is a member of mERs, and despite limited
research on the levels of GPER in patients with psychiatric diseases, a role of GPER in such conditions has been suggested. Here we evaluated
serum estrogen and GPER levels in children with attention deficit hyperactivity disorder (ADHD) in relation to their age- and gender-matched
healthy controls. A total of 82 children were included in the study, 47 drug- naive patients with ADHD (age: 6—12 years; male/female: 34/13) and
35 healthy controls (age: 6-12 years; male/female: 19/16). The subgroups according to ADHD types were inattentive, hyperactive/impulsive, and
combined. Serum estrogen was measured using an immunoassay system, while serum GPER was determined using a commercial sandwich
enzyme-linked immunosorbent assay kit. Estrogen levels in children with ADHD were similar as in control group, while GPER levels were sig-
nificantly lower in ADHD group compared to controls (p < 0.05). Logistic regression analysis showed a significant association between GPER
levels and ADHD (p < 0.05), and no association between estrogen levels and ADHD (p > 0.05). No significant differences were found in GPER
and estrogen levels between ADHD subgroups (p > 0.05). To the best of our knowledge, this study is the first to investigate estrogen and GPER
levels in ADHD. Our preliminary findings suggest a relationship between serum GPER levels and ADHD, and this should be further investigated.
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INTRODUCTION

Attention deficit hyperactivity disorder (ADHD) is a con-
dition characterized by hyperactivity, impulsivity, and lack of
attention. ADHD is one of the most common neuropsychi-
atric disorders in childhood, and current estimates indicate it
affects 3% to 10% of school-aged children worldwide. A higher
prevalence of ADHD has been traditionally observed among
boys, with the male/female ratio ranging from 4:1 to 9,
depending on the ADHD type and the setting [1]. In addition,
observed gender differences in the behavioral symptoms and
neuropsychological profiles of ADHD patients [2,3] indicated
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animportantrole of the neuroendocrine system in the etiology
of the disease [4,5]. For example, the risk of developing ADHD
appears to be higher in male children with genetic causes of
hyperandrogenism compared to general population [6], and
a positive relationship between salivary testosterone and
aggression was reported in disruptive children [7].

Estrogen is the primary female sex hormone with a cru-
cial role in the regulation of reproductive and neuroendo-
crine function. Different studies reported that estrogen also
modulates synaptic plasticity in the hippocampus, regulates
the formation of amyloid-p peptide, inactivates the expres-
sion of proapoptotic factors, and demonstrates antioxidant
activity [8].

Estrogen exerts its effects through two different classes
of receptors. The class of nuclear receptors includes estrogen
receptors alpha (ERa) and beta (ERP), which are transcrip-

tion factors and regulate the activity of different genes at the
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transcriptional level. The second class comprises membrane
estrogen receptors (mERs) and also includes G protein-cou-
pled estrogen receptor 1 (GPER) [9]. GPER, which is structur-
ally different from ERa and ERp receptors, is a transmembrane
protein that associates with G proteins to initiate signaling
pathways involved in non-genomic actions of estrogen. GPER
has been detected in several subcellular locations, including
the endoplasmic reticulum, nuclear envelope and plasma
membrane, and it may bind different agonists, such as chemo-
kines, vasoactive substances and neurotransmitters [10]. In
experimental studies on animals, GPER was found through-
out the central and peripheral nervous system (CNS and PNS)
of male and female rodents, ie, in the hypothalamus, hippo-
campus, midbrain, spinal cord and dorsal root ganglia [11,12].
Moreover, GPER was localized in different tissues and organs
of the human body, including adipose tissue, the kidneys, CNS,
immune, reproductive, and cardiovascular systems [13,14].

A series of clinical and preclinical studies suggested a
protective role of estrogen in neurodevelopmental disorders,
such as autism spectrum disorder (ASD) and schizophrenia.
They observed changes in the level of estrogen receptors in
the patients with ASD and schizophrenia, and demonstrated
that estrogen replacement therapy is effective in the treatment
of schizophrenia [15,16]. Other studies on patients with ASD
identified a significant relationship between decreased expres-
sion of the ERP gene (ESR2) and autism [17,18]. Furthermore,
in our previous study, we determined significantly lower
serum GPER levels in patients with ASD compared to con-
trols [19]. To the best of our knowledge, serum estrogen and
GPER levels have not been investigated in ADHD patients
up until now. To better understand the role of estrogen and
GPER in ADHD we evaluated serum estrogen and GPER lev-
els in children with ADHD in relation to their age- and gen-
der-matched healthy controls.

MATERIALS AND METHODS

A total of 82 children were enrolled in this study. The
ADHD group included 47/82 preadolescent children pre-
sented at the Child and Adolescent Psychiatry Unit of the
School of Medicine at Mugla Sitki Kocman University
and diagnosed with ADHD (age: 6-12 years; 34 males and
13 females). The control group included 35 preadolescent chil-
dren (age: 6-12 years; 19 males and 16 females).

The diagnosis of ADHD was reached based on a clinical
interview and using the Diagnostic and Statistical Manual
of Mental Disorders, 5™ edition (DSM-5) [20]. To support
the diagnosis of ADHD and exclude comorbid psychi-
atric disorders, the Schedule for Affective Disorders and
Schizophrenia for School-Age Children-Present and Lifetime
Version (K-SADS-PL) was applied [21]. The K-SADS-PL is a

semi-structured interview, and the version adapted for the
Turkish population [22] was used in this study. Patients in
ADHD group did not take any medication 6 weeks prior
to the study. Patients with comorbid psychiatric disorders,
genetic syndromes, metabolic disorders, or neurological dis-
ease were excluded from the study. Children without known
neurodevelopmental/neurological disorders, without physi-
cal and psychiatric disorders, and who had not been on any
medication were selected for the control group. Medical
illnesses in both groups were excluded based on the patient
medical history, clinical examinations, and routine labora-
tory tests (biochemical, hematological, and thyroid function
tests). The intelligence quotient (IQ) was determined using
Wechsler Intelligence Scale for Children-Revised (WISC-R),
and children with an IQ score greater than 8o were included
in the study. The parents of the children were given the
Conners’ Parent Rating Scale-Revised Long Form [23,24],
and the teachers of children from both groups completed the
Conners' Teacher Rating Scale [25-27].

This study was approved by the local Ethics Committee
of Sutcu Imam University, Medical Faculty, Kahramanmaras,
Turkey (approval date: 24.08.2015; no: 2015/12-04) and was
conducted inaccordance with the principles of the Declaration
of Helsinki. Written informed consent was obtained from all
patients and parents involved in the study.

Biochemistry assays

Blood samples of all children were collected between
9:00 am. and 11:00 am, centrifuged, and stored at -20 °C
until the analysis. The serum estrogen levels were mea-
sured using ADVIA Centaur XP immunoassay system
(Siemens Healthcare Diagnostic Inc., Ireland). The serum
GPER levels were determined using a commercial sandwich
enzyme-linked immunosorbent assay (ELISA) kit (SEGo45Hu,
Cloud-Clone Corp., Houston, TX, United States), according
to the manufacturer’s instructions.

Statistical analysis

Statistical analysis was performed using IBM SPSS
Statistics for Windows, Version 22.0. (IBM Corp., Armonk,
NY, USA). Descriptive data were expressed as mean + stan-
dard deviation (SD) and numbers and frequencies (%). The
results were compared between the two groups using the Chi-
squared test (categorical variables) or independent sample
t-test (parametric variables). A correlation between the serum
GPER/estrogen levels and clinical variables in ADHD group,
including ADHD scores, age, and estradiol/GPER levels, were
analyzed with the Pearson correlation coefficient. One-way
ANOVA test was used to compare GPER and estrogen lev-
els between ADHD subgroups (inattentive, hyperactive/
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impulsive, and combined subgroup). A logistic regression
analysis was used to determine the association between
serum GPER and estrogen levels and ADHD. A p value <0.05
was considered statistically significant.

RESULTS

In this study, we included 47 patients with ADHD
6-12 years old, and 35 age- and gender-matched healthy con-
trols. No significant difference was found between the groups
regarding the age (ADHD group: 8.65 years + 1.53, controls:
8.77 years + 1.73; p > 0.05) and gender (ADHD male/female
ratio: 34./13, controls male/female: 19/16; p > 0.05). The mean
levels of estradiol were similar in both groups (ADHD group:
17.16 + 5.75 pg/mL, controls: 16.17 + 4.94 pg/mL; p > 0.05), while
the mean serum GPER levels were significantly lower in chil-
dren with ADHD compared to controls [0.22 + 0.06 ng/mL
and 0.29 + 0.16 ng/mL, respectively; p < 0.05] (Table 1). The
logistic regression analysis showed no association between
the serum estradiol levels and ADHD. On the contrary, a sta-
tistically significant association was found between the serum
GPER levels and ADHD (p = 0.017, odds ratio [OR] = 0.006).

No significant difference was observed in the GPER and
estradiol levels between males and females in both groups
(Table 2) nor between ADHD subgroups [p > 0.05] (Table 3).

The lower serum GPER levels corresponded to higher
ADHD scores. The GPER levels were negatively correlated
with the hyperactivity, Clinical Global Impression (CGI)-
irritability-impulsivity, ADHD index, DSM-IV  inattentive-
ness and hyperactivity, and the total scores of the Conners’
Parent Rating Scale-Revised Long Form, as well as with the
inattentiveness, hyperactivity and conduct sub-scores of the
Conners’ Teacher Rating Scale (p < 0.05). On the contrary, no

TABLE 1. General characteristics and laboratory results of children
with ADHD and healthy controls

ADHD

Controls

Characteristic/parameter (n=47) (n=35) V4

Age (years), mean+SD 8.65+1.53 8774173 0.75
Gender, male/female 34/13 19/16 0.09
Estradiol (pg/ml), mean+SD 17.16+5.75 16.17+4.94 041
GPER (ng/ml), mean+SD 0.22+0.06 0.29+0.16 0.02

ADHD: Attention deficit hyperactivity disorder; GPER: G protein-coupled
estrogen receptor 1

TABLE 2. GPER and estradiol levels in relation to gender in ADHD
and control groups

Group  GPER/estradiol Female Male P

ADHD  GPER (ng/mL), mean+SD 020£0.06  022:006 026
Estradiol (pg/mL), mean+SD ~ 1538+4.0 ~ 17.84+62  0.19

Control ~ GPER (ng/mL), mean+SD 0.27+0.15  031+0.17 051
Estrogen (pg/mL), mean+SD ~ 15.62+5.0  16.64+4.97  0.55

ADHD: Attention deficit hyperactivity disorder; GPER: G protein-coupled
estrogen receptor 1

significant correlation was observed between estrogen levels
and any of the scales [p > 0.05] (Table 4). Similarly, there was
no significant relationship between GPER and estradiol levels,
nor between GPER and age (p > 0.05).

DISCUSSION

The aim of this study was to determine if serum estrogen
and GPER levelsare altered in children with ADHD, compared
to healthy controls. We showed that serum estrogen levels in
children with ADHD were similar as in control group, while
the serum GPER levels were significantly lower in ADHD
group compared to controls. The logistic regression analysis
indicated a significant association between serum GPER levels
and ADHD, and no association between estrogen and ADHD.
Also, the lower serum GPER levels corresponded to higher
ADHD scores. In addition, we observed no difference in the
GPER decrease between males and females. To the best of our
knowledge, this study is the first to evaluate serum estrogen
and GPER levels in children with ADHD.

Estrogen is considered to be neuroprotective in a num-
ber of neurodegenerative disorders, and chronic estrogen
deprivation was associated with an increased risk of stroke,
Alzheimer's disease and Parkinsons disease among other brain
conditions. Animal studies on neuroprotective effects of estro-
gen, showed that exogenous 17f3-estradiol (E2) replacement
prior to stroke decreases behavioral deficits in ovariectomized
female rats subjected to global cerebral ischemia (GCI), and
that exogenous E2 facilitates post-stroke recovery in mice [28].
Moreover, estrogen is known to contribute to neurotrophin
synthesis and to protect the brain against inflammation and
stress. Numerous studies showed that estrogen can regulate
the expression of brain-derived neurotrophic factor (BDNF), a
key molecule involved in cell survival, cell differentiation, and
synaptic plasticity in the CNS [29,30]. For example, Yiet al. [31]
showed that estrogen treatment increased the expression of
BDNF mRNA in the midbrain region of ovariectomized rats
[31]. Preclinical evidence suggests that BDNF knockout mice
are hyperactive, and cerebral levels of BDNF were decreased
in an ADHD rodent model. Moreover, clinical trials including
blood-level and genetic studies, suggest that neurotrophins
are involved in the pathogenesis of ADHD as well as in the
mechanism of therapeutic agents for ADHD [32]. However,
as far as we know, there has been no study investigating the
association between estrogen and neurotrophins in ADHD
patients, to date. Despite the lack of difference in the estro-
gen levels between the two groups in our study, the decreased
GPER levels might have affected neurotrophin expression in
ADHD patients.

A significant role of estrogen has also been suggested in
neuropsychiatric disorders. In the recent decades, the role of
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TABLE 3. GPER and estrogen levels according to ADHD subgroups

Estradiol/GPER ADHD-inattentive subgroup ADHD-hyperactive/impulsive subgroup ADHD-combined subgroup p
Estradiol (pg/ml), mean+SD 1794596 17.53+3.17 16.62+5.92 0.75
GPER (ng/ml), mean+SD 0.23+0.05 0.18+0.01 0.21+0.07 048

ADHD: Attention deficit hyperactivity disorder; GPER: G protein-coupled estrogen receptor 1

TABLE 4. Relationship of GPER and estrogen levels with the
Conners'Parent and Teacher Rating Scale Scores

Scale scores GPER Estrogen

r p r p
Conners’ Parent Rating
Scale-revised
Oppositional —-0.122 027 -0.991 0.37
Hyperactivity-impulsivity —0274 0.01 0.106 0.34
Anxiety-shy 0.201 0.86 0.127 0.25
Social problems —0.158 0.15 —0.044 0.69
Psychosomatic —-0.612 0.58 —0.009 093

ADHD index
DSM-1V inattentiveness
DSM-1V hyperactivity

-0.233 0.03 0.151 0.17
-0.293 0.01 0.146 0.19
—-0.253 0.02 0.175 0.11

DSM-1V total —-0.287 0.01 0.169 0.12
CGl-irritability-impulsivity —-0.223 0.04 030 0.24
CGl-emotional lability -0.104 0.35 —0.102 0.36

Conners’ Teacher Rating Scale

—0.249 0.02 0.111 0.31
—0.224 0.04 0.008 0.94
—-0.242 0.02 0.022 0.84

Inattentiveness
Hyperactivity

Conduct problems

ADHD: Attention deficit hyperactivity disorder; GPER: G protein-cou-
pled estrogen receptor 1; DSM IV: The fourth edition of Diagnostic and
Statistical Manual of Mental Disorders; CGl: Clinical Global Impression

estradiol and the activation of estrogen receptors has been
investigated in animal models of neurodegeneration, cog-
nitive impairment and affective disorders [33]. Such studies
showed that estrogen affects various neurotransmitter sys-
tems, including dopamine, serotonin and norepinephrine,
which have a role in ADHD and mood disorders [34].

Similarly, a protective role of estrogen has been indicated
in psychiatric disorders, such as schizophrenia, anxiety and
depression [35]; for example, a correlation between decreased
plasma estrogen levels and an increased risk of schizophre-
nia symptoms in women was reported in clinical trials [36].
Conversely, in two independent studies, a positive correlation
was described between the cognitive performance and estro-
gen levels in women with schizophrenia [37,38]. Other stud-
ies showed reductions in total, positive symptom, negative
symptom and general psychopathology Positive and Negative
Syndrome Scale (PANSS) scores in women with schizophrenia
treated with estradiol alone or in combination with standard
antipsychotic treatment [39]. Anxiety and depression have been
reported to be more prevalent in women, and there is growing
evidence that hormonal fluctuations and rapid decreases in
estrogen levels during specific periods of a womanss life increase
the risk of anxiety and depressive symptoms (35].

Despite limited research on the levels of GPER in patients
with psychiatric diseases, a role of GPER in mood disorders,

anxiety and ASD has been suggested [40,41]. Recently, it was
demonstrated that patients with generalized anxiety disorder
and depression had higher serum GPER levels compared to
healthy controls, and the increase in GPER levels was not gen-
der-dependent [42,43].

ASD appears to be gender-specific, where it affects five
times more males than females, and in Asperger syndrome (a
highly functional form of ASD) males are affected ten times
more than females. Similarly, ADHD is a gender-specific dis-
order, although clinical appearance of the disorder may vary
between genders. However, the etiologic factors of these
differences have yet to be clarified and the role of genetic
risks and hormones is emphasized. So far, the focus has been
mainly on the relationship between testosterone and ADHD.
Candidate gene studies have shown a significant relationship
between neurodevelopmental disorders and genes involved
in androgen biosynthesis or action [5]. Nevertheless, the
molecular mechanisms by which sex hormones may play
a role in susceptibility to ADHD are still unclear. In our
previous study on children with ASD, we found a negative
correlation between serum GPER levels and ASD severity,
and contrary to the estrogen levels, the decrease in serum
GPER levels in ASD patients was gender-independent [19].
In the current study, estrogen levels were similar in ADHD
and control group, while the serum GPER levels were lower
in ADHD group, although again this decrease was not asso-
ciated with gender. Comparable to our previous study [19],
we found that higher ADHD scores correlated with lower
GPER levels.

The importance of estrogen and estrogen receptors in
cognition is well-recognized today. Different estrogen recep-
tors may be involved in the mechanisms of E2 treatments
and their time- and dose-dependent effects on cognition. For
instance, E2 is thought to affect memory through the estro-
gen receptors on the membrane that activate and mediate
rapid signaling involved in the processes of synaptic plasticity
that are required for learning and memory [44]. All estrogen
receptors, including ERa, ERB and GPER, are expressed in the
hippocampus, but have different distributions and densities.
Current evidence suggests that GPER has a role in regulation
of memory function. Hippocampal GPER affects cell prolifer-
ation and regulates its own expression differently within the
dorsal and ventral regions of the hippocampus. In female rats,
after tasks that involve the hippocampus, binding of an ago-
nist to GPER strengthen their reference memory, while the
binding of an antagonist inhibits the reference memory. The
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activation of GPER affects cognitive function, in a time- and
dose-dependent manner [45]. Another study investigated the
effect of E2 on social transmission of food preferences (STFP)
task in ovariectomized mice and the role of estrogen receptors
in this process. Overall, they showed that E2 rapidly enhances
social learning in the STFP and that the GPER activation fur-
ther facilitates this process [46].

ADHD is associated with a significant deterioration in var-
ious areas of functioning, including social and peer function-
ing, academic achievement, as well as emotional and cognitive
functions. In a meta-analysis of 83 studies, Willcutt et al. [47]
showed that, compared to children without ADHD, children/
adolescents with ADHD demonstrate significant deficits in
measures of executive functions (EF), such as response inhi-
bition, vigilance, working memory and planning. Low serum
GPER levels observed in our ADHD group indicate that the
role of GPER in the development of neurocognitive deficits in
ADHD should be further investigated.

The limitations of this study include the small sample size
and its cross-sectional design. Also, the results obtained with
serum GPER levels may not completely reflect the brain lev-
els of GPER in children with ADHD. Thus, experimental ani-
mal studies are required to gain more insight into the brain
levels of GPER. On the other hand, the major strength of our
study is that, as far as we know, this is the first report on serum
estrogen and GPER levels in children with ADHD. Additional
large-scale studies are needed to clarify the regulatory mecha-
nisms of estrogen and GPER in ADHD.

Increasing understanding of the GPER cellular and tissue
distribution, as well as its function in various diseases, may
contribute to the development of new diagnostic and prog-
nostic approaches and customized treatment modalities,
including the use of GPER agonists and antagonists [48]. For
example, previous studies demonstrated anxiolytic effects of
GPER agonists in ovariectomized female rats [49] and male
gonadectomized rats [50], and understanding the exact mech-
anisms underlying those effects will lead to successful thera-
peutic strategies in humans.

CONCLUSION

Overall, serum levels of GPER were significantly decreased
in our ADHD patients compared to controls, while estrogen
levels were not different between the two groups. Our prelim-
inary findings suggest a possible relationship between GPER
levels and ADHD that is independent of serum estradiol lev-
els, and this should be further investigated.
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