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Editorial on the Research Topic

Psychoneuroendocrinology of Psychosis Disorders

The pathophysiology of psychotic disorders is complex and imperfectly understood.
Clinical evidence and animal research link psychotic disorders to multiple systems beyond
neuropsychology, in particular the neuroendocrinological and immune-inflammatory systems.
That a relationship exists between hormones and the brain has been observed in clinical practice
for several centuries. Already back in 1891, Emil Kraepelin hypothesized an association between
hormones and dementia praecox, the name he gave to the disease now known as schizophrenia
(1). A further insight into this association came from Hoskins (2), who analyzed post-mortem
tissues and attempted to treat schizophrenia with glandular extracts (2). The discovery in the
1970s of hypothalamic hormones represented a fundamental milestone in this understanding,
which reached a peak when the pituitary gland entered the stage in the 1980s. The notion that
neurotransmitters regulate pituitary hormone release via hypothalamic hormones is illustrated in
the catchphrase, “the pituitary is the window to the brain” (3).

At present, more than a hundred hormones have been identified, all with complex and
partially undetermined actions. Pituitary, thyroid, adrenal, and gonadal dysfunctions are all
known to result, on occasion, in psychotic symptoms. Hormones can be briefly involved in the
pathophysiology of psychotic disorders through short-term activation that temporarily modifies
neuronal function [e.g., adrenocorticotropic hormone (ACTH) release after a stressful stimulus], or
through early organizing effects that result in long-lasting structural change (e.g., altered formation
of hypothalamic nuclei during fetal life).

Hormones interact broadly with key neurotransmitters implicated in the development of
psychosis, namely dopamine, serotonin, glutamate and GABA, the downstream effect being striatal
dopamine over-reactivity (4), the most well-established pathophysiological mechanism underlying
psychosis. Abnormalities in the hypothalamus-pituitary-adrenal axis (HPA) and hypothalamus-
pituitary-thyroid axis (HPT), for instance, are consistently found in people suffering from psychotic
disorders, including during early phases of the disorder. In this Special Issue, we feature an analysis
of the functional status of the HPA and HPT in a naturalistic population of 486 inpatients with
schizophrenia and 154 healthy controls in Shanghai (Zhu et al.). This research team found that
hormonal levels varied according to diagnosis of schizophrenia, disease stage (e.g., first-episode
vs. recurrent) and gender. Also, a weak association was observed between disease severity and
cortisol level. Duval et al. used an integrative experimental approach to investigate HPA and
HPT reactivity in response to appropriate stimulating/inhibiting drugs in subjects diagnosed
with schizophrenia, schizoaffective or bipolar disorder and healthy controls. Although, due to
the small sample size, this remains a preliminary finding, the results showed pathophysiological
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differences between schizophrenia and depression in
schizoaffective and bipolar disorder, which were tentatively
explained by distinct dopamine and noradrenaline abnormalities.

Hormonal balance is known to be impacted by environmental
triggers. According to the neural diathesis-stress model,
abnormalities in the HPA result in an exaggerated response
to psychosocial stressors, which, in turn, can impact the
dopaminergic and glutamatergic systems. This could explain
the role of psychosocial stressors as so-called second-hit risk
factors in the neurodevelopment trajectories that culminate in
psychosis. The issue of the triangular relationship among stress,
HPA and psychosis is addressed in three articles of the present
Research Topic. Cullen et al. conducted a meta-analysis to
study the concordance between naturally-occurring psychosocial
stressors and cortisol levels in subjects with psychosis or at
ultra-high risk (UHR) for psychosis and in healthy subjects. The
authors did not observe any significant differences in cortisol
responses to stressors between subjects in the psychosis spectrum
and healthy subjects. Their results contradict the classical view
that HPA abnormalities in psychosis are caused by increased
exposure or increased sensitivity to stress, instead suggesting that
cortisol alterations are epiphenomena of global physiological
dysregulation. In the same vein, applying a Mendelian
randomization model to a longitudinal cohort of 133 UHR
subjects, Iftimovici et al. showed that, given the same cortisol
levels, conversion to psychosis is more likely in female subjects
with relatively high levels of expression of the glucocorticoid
receptor NR3C1. It appears, therefore, that hormonal levels are
only one piece in a more complex puzzle that involves genetic,
epigenetic, and other physiological regulators. In the last two
decades, the microbiome has emerged as an important signaling
system that modulates the effects of stress exposure on brain
development through cross-talk with glucocorticoid hormones
and neurotrophins, as beautifully reviewed by Hoffman et al..
One highly stressful experience is admission to the emergency
department as a result of an acute mental crisis. Potvin et al.
report an increase in peripheral endogenous cannabinoid levels,
such as anandamide and oleoylethanolamide, in 107 patients
with schizophrenia/schizoaffective disorder experiencing a
mental crisis. An increase in cannabinoid level was positively
associated with depressive symptoms, possibly mediated by
dysregulation of the HPA axis.

Psychotic disorders usually appear shortly after puberty and
present differently in male and female subjects. In addition,
psychotic symptoms appear to be exacerbated in women
during periods of estrogen withdrawal, such as post-partum
and para-menopause. Clinical observations such as these
have fuelled research into the role of gonadal hormones in
the pathogenesis of psychotic disorders. Animal research has
shown that gonadal hormones regulate neurodevelopment and
plasticity, and they interact with neurotransmitter systems,
including the dopaminergic system. Brzezinski-Sinai and
Brzezinski have summarized the vast body of knowledge
linking gonadal hormone fluctuations and the course of
psychotic disorders in women. Their mini-review offers
practical suggestions for optimizing psychosis management

throughout various stages of female reproductive life. Aside from
physiological fluctuations, the gonadal hormone-gonadotropin
releasing hormone (GnRH) feedback system can be impaired in
pathological conditions, such as the polycystic ovary syndrome
(PCOS). PCOS is frequently co-morbid with psychosis and
remains a condition that is often recognized late and treated
late. Doretto et al. review pathophysiological hypotheses
about PCOS and its co-occurrence with psychosis and address
the effects of antipsychotic drugs on this condition. The
authors emphasize that antipsychotic-induced weight gain,
metabolic disturbances and hyperprolactinaemia worsen
PCOS symptoms and are much easier to prevent than to
treat once they occur. Exogenous hormones interfere with
the production of natural hormones so that contraceptives,
hormone replacement therapies, and hormonal treatments for
infertility may all indirectly impact proneness to psychosis. The
systematic review by González-Rodríguez et al. explores the
effects on psychopathology of fertility treatments that induce
hypoestrogenism. They can exacerbate depressive and psychotic
symptoms and act as triggers of mood and psychotic disorders.
Despite several anecdotal reports of psychotic symptoms
induced or worsened by fertility treatments, proper trials are
still lacking. The authors review nine trials, all conducted
in non-clinical populations, that focus on mood profile and
advocate for future investigations with participants experiencing
psychotic disorders.

Patients with schizophrenia-spectrum disorders are known
to have a reduced life expectancy, mostly accounted for
by cardiovascular comorbidities. It has been proposed that
psychotic disorders and cardiometabolic conditions may share
genetic liability as well as neuroendocrinological pathogenicity.
Investigating the overlap has been difficult because most studies
conducted in patients with schizophrenia are confounded by
long-term use of antipsychotics as well as by the effects of
chronicity—e.g., social isolation, sedentary habits, poor diet, and
substance abuse. Studies assessing patients with recent-onset
psychosis are in a better position to yield useful information.
In this Research Topic, three studies have focused on this
topic. Petruzzelli et al. retrospectively analyse clinical records
of a precious, albeit small, sample of drug-naïve children
and adolescents admitted to their ward with a diagnosis of
schizophrenia-spectrum or affective-spectrum disorders. Young
patients with a diagnosis of schizophrenia-spectrum disorder
had high fasting glucose, fasting insulin, and insulin resistance
index HOMA-IR, indicating a potentially higher risk of diabetes
mellitus type 2, when compared to patients with affective-
spectrum disorders. However, in a sample of 60 patients with
recent-onset psychosis and 50 healthy controls, Montalvo et al.
did not detect any significant differences in glucose parameters.
Nevertheless, they describe an inverse association between
glycated hemoglobin (HbA1c)—a marker of long-term exposure
to high glucose levels—and several hippocampus- and prefrontal
cortex-dependent cognitive domains. Finally, Lis et al. found
significant alterations in leptin levels, glucose metabolism, and
lipid profile in patients with a first episode of psychosis when
compared to healthy controls, indicating an impairment of the
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adipo-insular axis in early psychosis. Also in this study, the
authors observed a negative correlation between a metabolic
parameter—leptin in this case—and cognitive performance. No
alteration in the adipo-insular axis was detected in unaffected
offspring of schizophrenia patients, failing to support the
hypothesis of a shared familial liability between psychotic and
metabolic disorders. Future studies with larger sample sizes are
needed to confirm these findings.

Psychoneuroimmunology is a branch of
psychoneuroendocrinology that studies the interrelationships
between the immune-inflammatory system and the central
nervous system. The role of the immune system in the
etiopathogenesis of psychotic disorders is supported by
genetic data that identify several genes located in the major
histocompatibility complex and involved in antimicrobial
defense as susceptibility genes for schizophrenia. Furthermore,
there is an epidemiological connection between maternal
infections during pregnancy and psychotic disorders.
Aguilar-Valles et al. provide a review of the literature that

encompasses both clinical evidence and animal models and
explores the effect of maternal inflammatory activation on the
development of the dopaminergic neurotransmission system.

Our Research Topic highlights the key role of
neuroendocrinological and immune-inflammatory factors
in the development, maintenance, and outcome of psychotic
disorders. The papers summarized here clearly show that body
and mind are one, and that a holistic approach is vital for the
effective clinical management of patients with psychosis.
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Objective: Neuroendocrine dysfunction is related to the pathogenesis of mental
disorders, but conclusions from clinical research lack consistency. We aimed to
investigate the neuroendocrinal pathophysiology and its correlation with clinical
symptoms in patients with schizophrenia.

Methods: The present cross-sectional study included 486 inpatients with schizophrenia
admitted at a psychiatric hospital in Shanghai within one year, and 154 healthy controls
(HC) matched on age and gender. The serum hemoconcentrations of thyroid-stimulating
hormone (TSH), total triiodothyronine (TT3), total thyroxine (TT4), free triiodothyronine
(FT3), free thyroxine (FT4), adrenocorticotrophic hormone (ACTH), and cortisol (COR)
were measured via electrochemical luminescence immunoassay. Pathophysiological
conversions of neuroendocrine were then associated with gender, age, age at onset,
antipsychotic treatment using hierarchical multiple linear regression.

Results: When compared to HC, the schizophrenia group showed elevated ACTH and
COR levels and decreased TT3 and TT4 levels (p‘s < 0.05). First-episode patients showed
lower TSH and higher FT3 and FT4 (p’s < 0.05) compared to recurrent patients. Female
patients showed higher TSH and lower TT3, FT3, and ACTH levels (p’s < 0.05) compared
to males. We observed the area under the curve (AUC) of the predictive model to
distinguish between schizophrenia and HC to be 0.737 among total samples and
between first-episode and recurrent schizophrenia to be 0.890 among subgroups.

Conclusions: Decreased TT3 and TT4 and elevated ACTH and COR levels appear to be
associated with schizophrenia symptoms. The chronic recurrent trait of schizophrenia
g February 2020 | Volume 11 | Article 6518

https://www.frontiersin.org/article/10.3389/fpsyt.2020.00065/full
https://www.frontiersin.org/article/10.3389/fpsyt.2020.00065/full
https://www.frontiersin.org/article/10.3389/fpsyt.2020.00065/full
https://www.frontiersin.org/article/10.3389/fpsyt.2020.00065/full
https://www.frontiersin.org/article/10.3389/fpsyt.2020.00065/full
https://loop.frontiersin.org/people/539124
https://loop.frontiersin.org/people/30163
https://loop.frontiersin.org/people/124787
https://loop.frontiersin.org/people/579273
https://loop.frontiersin.org/people/582845
https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles
http://creativecommons.org/licenses/by/4.0/
mailto:yirufang@aliyun.com
mailto:wangfangpsychiatry@163.com
https://doi.org/10.3389/fpsyt.2020.00065
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://doi.org/10.3389/fpsyt.2020.00065
https://www.frontiersin.org/journals/psychiatry
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyt.2020.00065&domain=pdf&date_stamp=2020-02-27


Abbreviations: HPTA, hypothalamic–pituit
pituitary–adrenal gland axis;HPGA,hypothala
HC, healthy controls; PANSS, Positive and N
stimulating hormone; TT3, total triiodothyron
thyroxine; FT4, thyroid hormone; ACTH, adr

Zhu et al. HPTA and HPAA in Schizophrenics

Frontiers in Psychiatry | www.frontiersin.or
may cause long-term effects on FT3 and FT4 while changes in thyroid, and adrenal
function as a result of mental disorder varied with gender. The pathophysiological
parameters provide fair to good accuracy of these models.
Keywords: schizophrenia, thyroid function tests, pituitary–adrenal function tests, neuroendocrine system,
chronic stress
BACKGROUND

Neuroendocrine dysfunction is related to the pathogenesis of mental
disease. To date, however, research findings lack evidence of clinical
consistency. For example, many psychoneuroendocrinological
studies have focused on treatment-naïve patients (1). Because
antipsychotics need to be maintained for as long as is necessary,
follow-up psychoneuroendocrinological changes are short of
longitudinal evidence.

Hypothalamic–pituitary–thyroid axis (HPTA) function is
significantly associated with the onset of schizophrenia, by
affecting emotion regulation and cognitive functioning (2). The
hypothalamic–pituitary–adrenal gland axis (HPAA) also plays
an important role in the relationship between psychological
stress and neural activity (3).

The neuroendocrine functions of HPTA andHPAA are involved
in the regulation of moods, emotions, and cognitive behaviors in
acute or chronic stress. Lowering pituitary volume in schizophrenia
is most likely by enhancing stress regulation and lowering the
distress due to psychotic symptoms (4). For example, clinically
significant fluctuations in thyroid hormones were found after
surgery for Cushing’s syndrome (5). These findings suggest that
theremay bemultiaxial changes in pituitary function associatedwith
the appearance of psychiatric symptoms. Most neuroendocrine
studies of schizophrenia focused on antipsychotics, course of
disease, symptoms, and other influencing factors as research
objectives. Thyroid and adrenal function in hospitalized patients
with schizophreniamay be associatedwith factors of disease, acute or
hospitalized phase, gender, and recurrence. Women are more prone
to endocrine dyscrasia. Many, however, underestimate gender
differences, which affect the generalizability of results (6–8). It is
important to include these variables in analyses involving
schizophrenia since they are likely to be involved in the
pathogenesis of psychosis.

Aside from clear-cut neuroendocrine disorders of the
pituitary axes (e.g., hyperthyroidism), which are shown to be
high risk factors of psychiatric symptoms (9), subclinical
neuroendocrinal hyper- or hypofunctions are also commonly
seen in the course of diagnosis and treatment of schizophrenia
(10, 11). Due to the side effects of antipsychotic drugs, cardiac
deceases, diabetes or smoking, neuroendocrine diseases have a
higher comorbidity in patients with schizophrenia (12),
particularly disorders in HPTA and HPAA, which are closely
ary–thyroid axis; HPAA, hypothalamic–
mic–pituitary–gonad axis; COR, cortisol;
egative Syndrome Scale; TSH, thyroid-
ine; FT3, free triiodothyronine; TT4, total
enocorticotrophic hormone.
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related to the occurrence and development of schizophrenia
(13, 14).

Patients with schizophrenia may self-regulate their hormone
levels in the HPTA and HPAA under chronic stress exposure (15).
For example, free triiodothyronine (FT3) level is positively associated
with cognitive function (16), while cortisol (COR) responses to stress
(17). In terms of thyroid hormonal components, conjugated
thyroxine is the storage and transportation form of the hormone,
while FT4 is the active component. Total thyroxine (TT4) is
composed of T4 and free thyroxine (FT4), with only 0.02% of the
circulating hormone being FT4 (18). T4 undergoes extra-thyroidal
conversion to T3, which is three to four times more active than T4
(19). Hence, compared to T3, T4 is a more moderate adjustment for
overall thyroid function. The main adrenal function, as we know,
activates to boost metabolism and to increase excitability of the
central and peripheral nervous systems (20). Moreover, type II
iodothyronine 5′ deiodinases catalyzes the conversion of T4 to T3
(21), and chronic physiological COR increasemay result in a decline
in T3 by inhibiting this enzyme in schizophrenia (22).

Many studies have found sex differences in HPAA in patients
with early psychosis or schizophrenia. Patients with recent onset of
psychosis were observed to have a significant sex difference, with a
blunted COR response to awakening inmen but not in women (23),
while a significantly lower dehydroepiandrosterone sulfate (DHEA-
S) was found in male patients (24). COR-to-DHEA-S (C/D) ratio
might predict health levels of patients (25). In the domain of
executive function, COR predicted poor performance on the
cognitive functioning in male schizophrenics (26). On the other
hand, Labad J et al. (27) suggest that there are sex differences in the
relationship betweenHPAAmeasures and cognitive abilities in early
psychosis. So, there are different interpretations of HPAA by gender
due to first episode or recurrent schizophrenia. Furthermore, we
have noticed that the most common diseases of the neuroendocrine
systems present with obvious gender differences (28) (Table 1).

In short, we noticed that there was not too much on the topic
and that few studies had included both first episode and chronic
schizophrenics focusing on both of hemoconcentrations of
HPTA and HPAA hormones. We collected them among
patients with schizophrenia and healthy controls (HC). There
have been numerous studies conducted over the past years that
February 2020 | Volume 11 | Article 65
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TABLE 1 | Gender ratios in common hypothalamic–pituitary–glandular axial
disorders.

Disease Gender ratio (Male : Female

Hyperthyroidism 1:4–6
Hypothyroidism 1:4
Cushing disease 1:3
Addison’s disease 1:2–3
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have examined HPAA and HPTA in samples of patients with
schizophrenia and psychosis. Findings from these studies have
been examined in meta-analyses and systematic reviews (29–31).
However, many of these markers have not been examined in the
same samples. We excluded potential endocrine diseases related
with these two axes before analysis, and we hypothesized that
schizophrenia with different episodes of disease or gender
difference may have an effect on neuroendocrine function.
PARTICIPANTS AND METHOD

Participants
The study was approved by the Institutional Ethical Committee
for clinical research of Shanghai Changning Mental Health
Center, Shanghai, China. Informed consent was provided
according to the Declaration of Helsinki. We recruited 486
patients with schizophrenia and 154 healthy individuals
matched on age, gender, and ethnicity (Han).

Patients were recruited from Shanghai Changning Mental
Health Center, an in-patient psychiatric ward, from 01 March
2017 to 28 February 2018. There were approximately 590,000
permanent residents in the Changning district of Shanghai (32).
Therefore, we expected that the psychiatric demographics was
representative of that of the city of Shanghai.

The diagnosis of schizophrenia without comorbid diagnosis was
ascertained according to the DSM-IV criteria. The mental
examination was conducted by three-level ward round including at
least one chief physician. Patient inclusion criteria were: Chinese Han
Frontiers in Psychiatry | www.frontiersin.org 310
ethnicity, aged 18 to 65 years, at stable phase (no more acutely
symptomatic reoccurrence at the time of investigation under more
than a year of stable medication adherence) or first-episode patients.
Exclusion criteria were: More than one antipsychotic medication for
the acute psychosis treatment in a year, first-diagnosed but not
antipsychotic naïve (use of levothyroxine, antithyroid, glucocorticoid,
bromocriptine, testosterone, estrogen, progestin, oral contraceptive,
amiodarone, lithium, psychoactive substance or other medicines
related to neuroendocrine diseases within a year); use of stimulants
or inhibitors (microsomal drug metabolizing enzyme inducers or
inhibitors, diuretics, or any affecting thyroid or adrenal function
shown in medicine instruction); pregnant or in postpartum period;
history of central nervous system disease; history of thyroid, adrenal, or
gonad diseases tested using B-ultrasonography or immunoserology;
any neuroendocrine diseases confirmed by the neuroendocrine test;
Pittsburgh sleep quality index (PSQI) (33) scores >7. We defined that
the first-episode patients were not on antipsychotic medication, while
the recurrent patients took only one medication for at least one year.

Blood samples of the HC group were collected from medical
examination items of the general population in Shanghai,
recorded in the medical examination center of Tongren
Hospital, affiliated to Shanghai Jiaotong University School of
Medicine. The healthy individuals were voluntarily recruited by
advertisement to participate in the study with no psychiatric
history, which were excluded by a self-made questionnaire. The
Mini-International Neuropsychiatric Interview (M.I.N.I) (34)
and the PSQI were then used for screening any psychotic
disorder of the HCs (see Figure 1 for a flow diagram of
sample selection).
FIGURE 1 | Flowchart of screening process and data classification.
February 2020 | Volume 11 | Article 65
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Measures
Positive and Negative Syndrome Scale
The Chinese Mandarin version of the Positive and Negative
Syndrome Scale (PANSS) (35) has been shown to be a reliable
and valid instrument for the assessment of the severity of
psychopathology in hospitalized patients with schizophrenia.
The scale consists of 30 items, each rated using a 7-point scale.
We recorded patients’ total PANSS, positive symptoms, negative
symptoms, and general psychopathology scores as variables.

Hemoconcentration of Hormones in HPAA and HPTA
The hormones tested include serum concentrations of thyroid-
st imulating hormone (TSH), TT3, FT3, TT4, FT4,
adrenocorticotrophic hormone (ACTH), and COR. We collected
venous blood of the patients who must be under inpatient sleep
management with good sleep rhythm, as well as healthy
individuals, between 6:00 a.m. and 8:00 a.m. Blood samples were
taken before breakfast to minimize the effects of circadian
variation. A total of 5 ml blood was collected by a single
venipuncture into yellow plain tubes (with coagulants and
separation gel). After standing at room temperature for 30 min,
the blood sample was centrifuged for 15 min at 1,800 g. The serum
was carefully aliquoted into 2-ml screw-top microtubes for
subsequent storage. Two aliquots were collected from each study
individual and one for standby application. Each microtube was
labeled with a coded identification label and stored at −80°C (36).
The panel of 640 sera was used to measure hormone
concentrations over two widely available commercial automated
analyzer systems with standard procedure: Roche Cobas e601 and
Modular e170 automatic electrochemiluminescence immunoassay
system (ECLIA) for TSH, T3, T4, and COR and ACTH,
respectively (37, 38). The hormonal assay was performed in the
Lanwei Clinical Testing Laboratory, Shanghai, China. We used the
reference intervals of these hormone concentrations for
comparison according to the People’s Republic of health
industry standards: TSH 95% CI (range, 0.27–4.20 mIU/L), TT3
(range, 1.3–3.1 nmol/L), FT3 (range, 2.8–7.1 pmol/L), TT4 (range,
66–181 nmol/L), FT4 (range, 12–22 pmol/L), ACTH (range, 7.2–
63.3 ng/L) and COR (range, 171~536 nmol/L).

Statistical Analysis
Given the relatively large sample size (640 data points for HPTA
and HPAA), sample size calculation was omitted. All statistical
computations were performed using SPSS 17.0. Data were
represented as mean ( ± SD). Comparisons of the candidate
values between patients with schizophrenia and HCs were
performed via independent sample Student’s t-test or one-way
ANOVA for normally distributed data, and WilcoxonW-Test or
Mann-Whitney U-test for skewed distribution data, as
appropriate. Analysis of covariance (ANCOVA) was conducted
for comparison of hormones in these two axes (age, BMI, drug
dose as covariables), as appropriate. Chlorpromazine (CPZ)-
equivalent dose was conversed for analyzing risk of antipsychotic
treatment in recurrent schizophrenics (39). The differences
Frontiers in Psychiatry | www.frontiersin.org 411
between groups were analyzed by post hoc with Bonferroni
correction (40). A hierarchical multiple linear regression
analysis for each PANSS subscore was conducted by including
HTA axis hormones (TSH, FT4, and FT3) and HPA axis
hormones (ACTH, COR) and main covariates (gender, age,
age at onset, and CPZ-equivalent dose). All statistical analyses
were defined as two-tailed p value, significance level of 5% (a =
0.05). After normal transformation where necessary, the
nonnormal distribution data were conducted with statistical
disposal for Cohen’s d or h2. Effect sizes were provided by OR,
Cohen’s d or h2.
RESULTS

Comparison Between Schizophrenia and
HC Groups
Table 2 presents the statistics for the participant groups. Themedian
of illness duration and age at onset was 9 years and 26 years old,
respectively. There was no difference in age between the two groups
(p > 0.05). Age and BMI were considered as covariables to measure
the difference in these two axes between groups, and there were no
group × age or group × BMI interactions (p’s > 0.05). The
schizophrenia group showed significantly higher BMI, FT4,
ACTH, and COR levels and significantly lower TT3 and TT4
levels compared to HC (p’s < 0.05).

Although there were no significant differences between the
two groups in TSH or FT3 levels (p’s > 0.05), higher TSH and
lower FT3 levels of female patients were observed compared to
female HC (p’s < 0.05), while higher FT3 of male patients was
observed compared to male HC (p’s < 0.05). The female
schizophrenia group showed higher FT4, and the male
schizophrenia group showed higher ACTH compared to each
isosexual HC (p’s < 0.05).

Mean ( ± SD) for the normal distribution data and median (Q1,
Q3) for the skewed distribution data; BMI, body mass index; TSH,
thyroid-stimulating hormone; TT3, total triiodothyronine; FT3, free
triiodothyronine; TT4, total thyroxine; FT4, free thyroxine; ACTH,
adrenocorticotrophic hormone and COR, cortisol.

We constructed a hierarchical multivariable prediction model
using the TSH, FT3, FT4, ACTH, COR, gender (woman = 0, man =
1), and age for diagnosis of schizophrenia. The receiver operating
characteristic (ROC) curve showed the fair accuracy of this model,
yielding an area under the curve (AUC) of 0.737 (95% CI, 0.699–
0.774), and the best cut-off value (Youden index) was 0.463.

Table 3 presents the number of participants with abnormal
endocrine concentrations between groups for HPTA and HPAA
hormone levels outside of the upper or lower limit of the normal
range. The only significant differences were TSH, TT3, FT4,
ACTH, and COR levels between female groups, and TT3 and
COR between male groups (p’s < 0.05). However, there was no
difference in FT4 or ACTH level between the male subgroup as
well as FT4 between female’s (p’s > 0.05).
February 2020 | Volume 11 | Article 65
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TABLE 3 | Qualitative comparison between schizophrenia and HC groups outside of upper or lower limit of the normal range in the gender subgroups.

Abnormal value (n%) c2 value p OR 95% CI for OR

Schizophrenics
(n = 486)

Healthy controls
(n = 154)

Lower Upper

TSH 45(9.3%) 3(1.9%) 9.011 0.003 5.128 1.572 16.67
Male 19(6.5%) 3(3.2%) 1.409 0.235 2.075 0.604 7.246
Female 26(13.4%) 0(0%) / 0.001a / / /
TT3 95(19.5%) 7(4.5%) 19.645 <0.001 5.102 2.315 11.24
Male 44(15.1%) 6(6.5%) 4.635 0.031 2.551 1.059 6.250
Female 51(26.3%) 1(1.6%) 17.369 <0.001 21.277 2.890 166.7
FT3 6(1.2%) 6(3.9%) 3.172 0.075 0.308 0.098 0.970
Male 2(0.7%) 3(3.2%) / 0.093a 0.205 0.034 1.258
Female 4(2.1%) 3(4.9%) 0.550 0.458 0.407 0.089 1.873
TT4 6(1.2%) 0(0%) / 0.344a / / /
Male 2(0.7%) 0(0%) / 1.000a / / /
Female 4(5.1%) 0(0%) / 0.575 / / /
FT4 74(15.2%) 13(8.4%) 4.583 0.032 1.949 1.048 3.323
Male 38(13.0%) 7(7.5%) 2.057 0.151 1.880 0.792 4.274
Female 36(18.6%) 6(9.8%) 2.565 0.109 2.088 0.835 5.236
ACTH 70(14.4%) 6(3.9%) 12.337 <0.001 4.149 1.767 9.709
Male 38(13.0%) 6(6.5%) 3.001 0.083 2.151 0.887 5.319
Female 32(16.5%) 0(0%) / <0.001a / / /
COR 236(48.6%) 6(3.9%) 99.208 <0.001 23.256 10.101 52.63
Male 138(47.3%) 6(6.5%) 50.171 <0.001 12.987` 5.495 30.30
Female 98(50.5%) 0(0%) / <0.001a / / /
Frontiers in Psychia
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ap was calculated by Fisher’s exact test.
TABLE 2 | Quantitative comparison between schizophrenia and HC groups in the gender subgroup.

Schizophrenics
(n = 486,

male/female = 292/194)

Healthy controls
(n = 154,

male/female = 93/61)

Z/t/F P Cohen’s d

Age (y) 39.3 ± 12.6 37.3 ± 8.1 0.687 0.492 0.064
Male 39.0 ± 12.9 38.4 ± 7.2 0.660 0.510 0.079
Female 39.8 ± 12.2 35.7 ± 9.3 1.819 0.069 0.267
BMI (kg/m2) 23.6 ± 4.0 22.3 ± 3.2 4.169 <0.001 0.386
Male 23.9 ± 4.0 22.7 ± 3.5 2.594 0.010 0.309
Female 23.2 ± 3.9 21.8 ± 2.6 3.416 0.001 0.501
TSH (mIU/L) 2,09 ± 1.48 1.86 ± 0.86 0.387 0.699 0.036
Male 1.85 ± 1.37 1.88 ± 0.81 1.870 0.061 0.223
Female 2.46 ± 1.58 1.83 ± 0.93 2.874 0.004 0.422
TT3 (nmol/L) 1.58 ± 0.30 1.88 ± 0.51 75.332 <0.001 0.637
Male 1.64 ± 0.30 1.92 ± 0.55 37.091 <0.001 0.560
Female 1.49 ± 0.27 1.81 ± 0.43 50.181 <0.001 0.802
FT3 (pmol/L) 4.48 ± 0.79 4.43 ± 0.97 0.914 0.339 0.062
Male 4.66 ± 0.78 4.38 ± 0.98 7.968 0.005 0.297
Female 4.21 ± 0.74 4.49 ± 0.94 7.351 0.007 0.309
TT4 (nmol/L) 103.2 ± 21.2 121.2 ± 20,2 9.148 <0.001 0.846
Male 102.2 ± 20.8 122.5 ± 20.8 7.693 <0.001 0.916
Female 104.9 ± 21.9 120.2 ± 19.5 5.024 <0.001 0.738
FT4 (pmol/L) 18.1 ± 3.4 17.3 ± 3.0 2.850 0.004 0.264
Male 18.2 ± 3.4 17.5 ± 3.0 1.812 0.070 0.216
Female 18.0 ± 3.5 17.0 ± 3.1 2.345 0.019 0.344
ACTH (ng/L) 34.3 ± 23.4 23.1 ± 9.3 5.418 <0.001 0.501
Male 39.4 ± 25.6 23.7 ± 11.3 6.213 <0.001 0.740
Female 26.8 ± 17.0 22.2 ± 4.81 0.707 0.480 0.104
COR (nmol/L) 490.2 ± 214.3 397.1 ± 75.7 38.984 <0.001 0.912
Male 500.6 ± 199.0 373.4 ± 84.3 32.637 <0.001 1.041
Female 474.7 ± 235.1 382.8 ± 60.3 3.726 <0.001 0.727
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Comparison Between First-Episode
and Recurrent Schizophrenia Subgroups
and HCs
The median ages of the recurrent schizophrenia group and the
HC group were 15 and 13 years older, respectively, than that of
the first-episode schizophrenia group (p < 0.001). The BMI
showed no change between the first-episode schizophrenia and
the recurrent schizophrenia subgroups (p = 0.001). The median
CPZ-equivalent dose of the recurrent schizophrenia group was
328.3 (mg/day). Total PANSS score and its sub-scales showed no
differences (p’s > 0.05).

Age and BMI were considered as covariables to measure the
difference in these two axes between groups, and there were no
group × age or group × BMI interactions (p’s > 0.05). The
subgroups of schizophrenia showed significantly higher ACTH
and COR levels and significantly lower TT3 and TT4 levels
compared to HC (p's < 0.05), but there was no difference in those
levels between subgroups of schizophrenia (p’s > 0.05). The first-
episode and HC groups showed significantly lower TSH level
than that in the recurrent group (p < 0.05) while the first-episode
group showed significantly higher FT3 and FT4 levels compared
to recurrent schizophrenia and HC (p’s < 0.05). See Table 4.

We constructed a hierarchical multivariable prediction model
using the TSH, FT3, FT4, ACTH, COR, gender, and age as
diagnostic predictor offirst-episode and recurrent schizophrenia.
The ROC curve shows the good accuracy of this model, yielding
an AUC of 0.890 (95% CI, 0.855–0.924), and the best cut-off
value (Youden index) was 0.700.

Comparison Between Genders in the
Schizophrenia Group
Of the 486 patients, 292 cases (60%) were males. There was no
difference in demographic characteristics between the female and
male patients with schizophrenia, including age, illness duration,
first-episode age, BMI, and CPZ-equivalent dose (p’s > 0.05).
Age, BMI, and CPZ-equivalent dose were chosen as covariables
to measure the difference in these two axes between groups.
Frontiers in Psychiatry | www.frontiersin.org 613
There were sex × age and sex × BMI interactions (p’s < 0.05), but
not sex × CPZ-equivalent dose interaction (p > 0.05). Positive
symptom score and TSH level in the female schizophrenia group
were significantly higher (p’s < 0.05), while negative symptom
score, TT3, FT3, and ACTH levels were significantly lower than
those in the male schizophrenia group (p’s < 0.05). See Table 5.

Correlations Between Clinical Features
and HPTA and HPAA Hormone Levels
in the Schizophrenia Group
The hierarchical multiple linear regression models of the three
regression analyses (PANSS positive, PANSS negative, PANSS
general) are shown in Table 6. These equations were constructed
by X1 = TSH, X2 = FT3, X3 = FT4, X4 = ACTH, X5 = COR, X6 =
gender, X7 = age, X8 = age at onset, X9 =BMI, X10 = CPZ-
equivalent dose (p’s < 0.05). The regression equations were
finally observed as follows:

Logit(Positive) = 10:987 − 0:031X1 + 0:075X2 + 0:200X3

+ 0:003X4 + 0:003X5 − 1:620X6 + 0:077X7

− 0:014X8 − 0:097X9 − 0:003X10;

Logit(Negative) = 20:639 − 0:061X1 − 1:472X2 + 0:143X3

+ 0:014X4 + 0:001X5 + 2:224X6 + 0:004X7

− 0:033X8 − 0:027X9 + 0:002X10;

Logit(General) = 35:158 − 0:132X1 + 0:051X2 − 0:015X3

− 0:004X4 + 0:004X5 + 0:711X6 + 0:037X7

− 0:008X8 − 0:025X9 + 0:001X10 :

In the subscales, the score of positive symptoms was positively
correlated with FT4 level, woman, and age (p’s < 0.05). The
negative symptom score was negatively correlated with FT3 level
TABLE 4 | Comparison between first-episode and recurrent schizophrenia subgroups and HCs.

Schizophrenics Healthy controls
(n = 154)

Z/t/F p Corhen’s d/h2 Post Hoca

First-episode (n = 92) Recurrent (n = 394)

Age (y) 27.2 ± 7.0 42.1 ± 12.0 37.3 ± 8.1 156.670 <0.001 0.330 1 < 3 < 2
BMI (kg/m2) 23.6 ± 4.1 23.6 ± 4.0 22.3 ± 3.2 6.924 0.001 0.021 1,2 < 3
Total PANSS 85.7 ± 9.8 85.5 ± 11.8 / 0.153 0.878 0.018 /
PANSS positive 19.2 ± 5.2 19.6 ± 7.0 / 0.445 0.656 0.052 /
PANSS negative 17.5 ± 5.2 17.8 ± 5.1 / 0.357 0.721 0.041 /
PANSS general 37.7 ± 4.7 37.6 ± 5.4 / 0.222 0.825 0.026 /
TSH (mIU/L) 1.68 ± 0.95 2.19 ± 1.57 1.86 ± 0.86 5.826 0.054 0.021 1,3 < 2
TT3 (nmol/L) 1.61 ± 0.31 1.57 ± 0.29 1.88 ± 0.51 38.016 <0.001 0.112 1,2 < 3
FT3 (pmol/L) 4.67 ± 0.85 4.44 ± 0.78 4.43 ± 0.97 3.239 0.040 0.010 2,3 < 1
TT4 (nmol/L) 106.7 ± 20.7 102.4 ± 21.3 121.6 ± 20.2 85.993 <0.001 0.127 1,2 < 3
FT4 (pmol/L) 19.4 ± 3.7 17.8 ± 3.3 17.3 ± 3.0 16.943 <0.001 0.036 2,3 < 1
ACTH (ng/L) 33.2 ± 21.9 34.6 ± 23.7 23.1 ± 9.3 29.536 <0.001 0.051 3 < 1,2
COR (nmol/L) 512.7 ± 173.7 485.0 ± 222.6 397.1 ± 75.7 21.083 <0.001 0.063 3 < 1,2
Februa
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aBonferroni correction for multiple comparisons was applied, and the result was p < 0.05; BMI, body mass index; PANSS, Positive and Negative Syndrome Scale; TSH, thyroid-stimulating
hormone; TT3, total triiodothyronine; FT3, free triiodothyronine; TT4, total thyroxine; FT4, free thyroxine; ACTH, adrenocorticotrophic hormone and COR, cortisol.
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(p < 0.05) and positively correlated with FT4 level and man (p <
0.05). The general psychopathology score was positively
correlated with COR levels (p < 0.05). The r values of the three
models were 0.239, 0.290, and 0.194, respectively.
DISCUSSION

At first, we analyzed the overall level of these hormones in Table 2
and the probability of abnormal value in Table 3 between
schizophrenia and HC groups. Age and BMI were considered as
confounders, so we tried to eliminate them using the ANCOVA for
normally distributed data. While the differences were statistically
significant, the clinical significance of these differences remains
questionable since the mean values were within the normal
laboratory reference range. Therefore, it might help to compare if
the rates of abnormal values were greater/lesser in the schizophrenia
group using the laboratory cut-off values. Results showed that
qualitative values of TSH were affected by gender, whereas the
other converted qualitative values for HPTA hormones were
consistent with their quantitative data. The Fisher’s exact test was
applied because of the small expected sample size of abnormal TT4
values. For HPAA, ACTH qualitative data of female patients
differed from the corresponding quantitative data, whereas for
male patients, they were consistent. This may be due to the
skewed distribution of ACTH, in which the most elevated
hormone levels were still within the normal range (41). The other
converted qualitative data were consistent with quantitative results.
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The elevated FT4 level among schizophrenics compared to
HC is not enough to overcome the overall reduction in TT4
levels. The increased FT4 may be overconsumed by humoral
regulation for meeting the needs of pathological and
physiological conditions. Thus, TT4 is drained continuously
through the active transformation. The chronic toxicological
change of the active component FT4 may be one of the causes
of chronic psychopathology in schizophrenia (42). The present
pattern of TT4 reduction was observed among patients with
schizophrenia with a median illness duration of nine years. A
longitudinal study had previously confirmed increased
hypothyroidism as the disease progresses (43). It is also
possible that hypoalbuminemia, hypotransthyretin (44) and a
variety of drugs (androgens, glucocorticoids, growth hormones,
and so on) can reduce the thyroglobulin content (45), producing
a false-positive or false-negative outcome in HPTA among
patients with schizophrenia. Transportation is the main factor
to explain the difference between serum thyroid function and
TABLE 6 | Hierarchical multiple linear regression analysis of HPTA and HPAA
hormone levels for each PANSS subscore.

Model ba S.E. bb t p

PANSS positive
Constant 10.987 3.211 3.422 0.001
TSH −0.031 0.214 −0.007 −0.143 0.886
FT3 0.075 0.418 0.009 0.178 0.858
FT4 0.200 0.096 0.102 2.087 0.037
ACTH 0.003 0.015 0.010 0.195 0.845
Cortisol 0.003 0.002 0.082 1.625 0.105
Gender −1.620 0.687 −0.118 −2.358 0.019
Age 0.077 0.029 0.148 2.671 0.008
Age at onset −0.014 0.042 −0.018 −0.333 0.739
BMI −0.097 0.082 0.055 1.191 0.234
CPZ-equivalent dose −0.003 0.002 −0.077 −1.599 0.110
PANSS negative
Constant 20.639 2.425 8.509 <0.001
TSH −0.061 0.162 −0.018 −0.375 0.708
FT3 −1.472 0.316 −0.227 −4.660 <0.001
FT4 0.143 0.072 0.095 1.979 0.048
ACTH 0.014 0.011 0.066 1.308 0.192
Cortisol 0.001 0.001 0.027 0.553 0.580
Gender 2.224 0.519 0.212 4.285 <0.001
Age 0.004 0.022 0.009 0.172 0.863
Age at onset −0.033 0.032 −0.054 −1.047 0.296
BMI −0.027 0.062 −0.020 −0.432 0.666
CPZ-equivalent dose 0.002 0.001 0.059 1.248 0.213
PANSS general
Constant 35.158 2.543 13.824 <0.001
TSH −0.132 0.170 −0.037 −0.776 0.438
FT3 0.051 0.331 0.008 0.154 0.878
FT4 −0.015 0.076 −0.010 −0.193 0.847
ACTH −0.004 0.012 −0.017 −0.322 0.768
Cortisol 0.004 0.001 0.166 3.267 0.001
Gender 0.711 0.544 0.066 1.307 0.192
Age 0.037 0.023 0.090 1.607 0.109
Age at onset −0.008 0.033 −0.013 −0.238 0.812
BMI −0.025 0.065 −0.018 −0.383 0.702
CPZ-equivalent dose 0.001 0.001 −0.027 −0.563 0.574
Februar
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aUnstandardized Coefficients. bStandardardized Coefficients.
TSH, thyroid-stimulating hormone; TT3, total triiodothyronine; FT3, free triiodothyronine;
TT4, total thyroxine; FT4, free thyroxine; ACTH, adrenocorticotrophic hormone and COR,
cortisol; PANSS, Positive and Negative Syndrome Scale.
TABLE 5 | Comparison between genders in the schizophrenia group.

Schizophrenics Z/t P Corhen’s
d

Female
(n = 194)

Male
(n = 292)

Age (y) 39.8 ± 12.1 39.0 ± 12.9 0.532 0.595 –

Course (y) 13.2 ± 12.7 11.0 ± 10.6 1.743 0.081 –

Age at onset (y) 26.6 ± 8.2 28.0 ± 8.5 1.881 0.060 –

Body Mass
Index (kg/m2)

23.2 ± 3.9 23.9 ± 4.0 1.752 0.080 –

CPZ-equivalent
dose (mg/day)a

325.0 ± 143.9 332.0 ± 152.0 0.463 0.644 –

Total PANSS 85.2 ± 11.3 85.8 ± 11.6 0.590 0.555 0.055
Positive
symptoms

20.5 ± 5.5 18.9 ± 7.3 2.603 0.010 0.241

Negative
symptoms

16.7 ± 4.6 18.4 ± 5.4 3.775 0.000 0.350

General
psychopathology

37.2 ± 5.1 37.9 ± 5.3 1.555 0.121 0.144

TSH (mIU/L) 2.45 ± 1.58 1.85 ± 1.37 5.113 <0.001 0.488
TT3 (nmol/L) 1.49 ± 0.27 1.64 ± 0.30 11.394 <0.001 0.503
FT3 (pmol/L) 4.21 ± 0.74 4.66 ± 0.78 13.474 <0.001 0.587
TT4 (nmol/L) 104.8 ± 21.9 102.2 ± 20.8 1.503 0.133 0.132
FT4 (pmol/L) 18.0 ± 3.5 18.2 ± 3.4 0.584 0.559 0.083
ACTH (ng/L) 26.8 ± 17.0 39.4 ± 25.6 5.994 <0.001 0.588
COR (nmol/L) 474.7 ± 235.1 500.6 ± 199.0 1.758 0.079 0.132
PANSS, Positive and Negative Syndrome Scale; TSH, thyroid-stimulating hormone; TT3,
total triiodothyronine; FT3, free triiodothyronine; TT4, total thyroxine; FT4, free thyroxine;
ACTH, adrenocorticotrophic hormone and COR, cortisol; CPZ, chlorpromazine; a, derived
from the antipsychotic treatment in the recurrent schizophrenia subgroup (n = 394, male/
female = 222/172).
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actual thyroid hormone state of brain tissue. Transthyretin
synthesized in the choroid plexus is involved in movement of
thyroxine from the blood into the cerebrospinal fluid and the
distribution of thyroid hormones in the brain. Besides the serum
concentration of thyroid hormones, the dysregulation of
transthyretin plays several roles in neurobiological function of
schizophrenia, including neurodevelopment and endocrine
disruption (46).

Classic negative feedback regulation cannot explain the
synchronous increasing levels of ACTH and COR in the
present study as they are negatively correlated. It may be that
the synthesis, storage, reabsorption, decomposition, and release
process of thyroid hormone depend on humoral regulation for a
long period of time (19). Furthermore, illness duration can lead
to long-term changes that reform endocrine negative feedback.
For acute onset, therefore, negative feedback regulation shows
little effect on the secretion of TSH at neuroregulation stage (47).

Under stress, both ACTH and COR levels increased in
schizophrenia by means of depending on neural regulation (48),
which is more rapid than humoral regulation. The peripheral
hypersecretion of both FT4 and COR can maintain excitability of
the nervous system. The thyroid–adrenergic interactions produce
heat, maintain body temperature, and coordinate emotional
regulation (49). The elevated COR level in the acute phase is in
line with traditional biomedical models in the developmental course
of schizophrenia (50). However, the adrenal fascicular cells present a
pulse synthesis of COR, so the secretion is not only regulated by
ACTH, but also regulated by vasopressin secreted by hypothalamus
(51), stress (52), expression of peripheral clock genes (53), and so
on. There is a diurnal variation, a COR awakening response. The
secretion of COR appears to be aligned with circadian rhythm
fluctuations and seasonal differences. After controlling the time for
collecting samples, this result may explain the coelevation of ACTH
and COR levels with both acute and chronic stress.

In terms of disease progression, FT3 and FT4 levels of acute
stage patients were higher than those of chronic patients,
consistent with previous findings of elevated levels of thyroxine
during the acute stage of the disease (42). These findings suggest
that the chronic course of the disease may have long-lasting
effects on HPTA. In the present study, the chronic schizophrenic
course presented a median illness duration of nine years.
However, the free components of triiodothyronine and
thyroxine reduced to normal levels and deactivate the
biological changes from negative feedback and also have an
effect on inhibiting metabolism, reducing the excitability of
central and peripheral nervous systems. On the other hand,
Vedal et al. (54) found that lower FT4 is associated with use of
antipsychotics, which is contrary to our results in general. Out
first-episode schizophrenic patients had never taken
antipsychotics, and elevated FT4 is responsible for the
hypermetabolism at the acute stage in particular. The effect of
FT4 was then clarified after comparison among the first-episode
schizophrenia, recurrent schizophrenia, and HC groups. In
Table 2, the standardized mean effect sizes (Cohen’s d) of TT3,
TT4, FT4, ACTH, and COR range from 0.264 to 0.912 of
different clinical relevance. This was also the case for gender
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subgroups when comparing between schizophrenia and HC.
However, subgroup analysis in Table 3 indicates that the effect
size is miniscule. This suggests that while the differences are
statistically significant, they are likely of weak clinical relevance
in different periods of schizophrenia. Therefore, we assume that
the gender factor may play a more important role.

The main analyses also explored differences between diagnostic
groups with a sex-stratified approach. From another perspective of
morbidity, thyroid-related diseases in women have an incidence 5–
20 times more than in men (55). At certain physiological periods
such as pregnancy, HPTA function becomes altered. The increase of
estrogen during this period can result in increases in thyroxine-
binding globulin (56) and risk of schizophrenia (57). Recent studies
have established models in pregnant and nonpregnant women,
suggesting that pregnancy factors could result in decreases in FT4
level (58). We excluded pregnant women for homogenous of
samples. Then, we tested potential interactions with sex (age,
BMI, and CPZ-equivalent dose) and found that sex difference is
interacted with age and BMI in analyzing TT3 and FT3, but not
with medication. Results from subgroup analysis also showed
gender differences in HPAA and HPTA (24). We alleviated part
of the drug effect by means of conversing CPZ-equivalent dose
between gender subgroups. Then, compared to male patients, TSH
level of female patients was higher, while TT3, FT3, and ACTH
levels were lower. Cohen’s d values of TSH (0.488), TT3 (0.503), FT3
(0.587), and ACTH (0.588) showed relatively clear differences when
comparing between genders in the schizophrenia group in Table 5.
Principles of the autoimmune system indicate immune changes for
females after puberty and in the postpartum period by increasing 5-
HT (59). The elevated ACTH and T3 (high functioning) may play
important roles in the acute illness of male hospitalized
schizophrenics with an intense stress response (1). The reference
ranges of those axes should, therefore, be set out for schizophrenia
separately for the genders. Some have suggested that there is an
alteration in levels of HPAA hormones based on themenstrual cycle
(60). Further, a study of chronic stress and the HPAA found that
individuals who had suffered child maltreatment also presented with
gender differences in HPAA function; namely, COR activation
responses in females were significantly slower than in males (61).
In the aspect of molecular structure, sex hormones and
glucocorticoids both belong to neurosteroids. For example,
mifepristone achieves its antiprogesterone effect by competing to
bind to progesterone receptor while it also shows the ability of
attaching to glucocorticoid receptors (62, 63). Affected by the
concentration of these hormones, nonspecific receptors may
produce different biological effects, which can better explain the
higher morbidity of neuroendocrine diseases in women. Due to the
special complexity with large physiological fluctuations of hormone
levels in the menstrual cycle, the functional study of sex hormones
was very limited in schizophrenia research.

We observed the AUC of the predictive model to distinguish
between schizophrenia and HC to be 0.737 among total samples
and between first-episode and recurrent schizophrenia to be
0.890 among subgroups. The pathophysiological parameters
provide fair to good accuracy of these models, with great
improvement in the subgroups. A study indicated an
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association between use of antipsychotics and lower FT4 (54).
Although we are unable to clarify the risk of psychotropic
pharmacy, the changes of HPTA and HPAA have taken place.
Age, gender, TSH, FT3, FT4, ACTH, and COR took effect on the
discrimination models.

From the perspective of clinical medicine, the severity of
schizophrenia symptoms may be correlated with the clinical
features of hospitalized patients and their hormone levels in
HPTA and HPAA (42). Looking at PANSS subscales, the weak
correlations between positive symptom score and FT4 level and
gender, between negative symptom score and FT3, FT4 levels
and gender, and between general psychopathology score and
COR level remained. It indicates that thyroid hormones may be
associated with main symptoms of schizophrenia. Severity of
symptom is associated with increased FT4 level in male
schizophrenia (64), while thyroid dysfunction (TSH, FT3, and
FT4) is associated with schizophrenia, especially in female
patients (65).

The general psychopathology score reflects the emotional
response and part of the cognitive functioning of patients, with
higher scores previously found among those who attempt suicide
(66). The present findings indicate that the chronic stress
reaction of schizophrenia maintained at a high level for an
extended period of time, and is directly related to the severity
of psychotic symptoms. Elevated COR levels during the disease
likely impair cognitive functions by producing chronic stress.
CONCLUSION

The present study compared hormone levels in HPTA and
HPAA between patients with schizophrenia and HCs, between
female and male patients, and between first-episode and
recurrent patients. We also examined relationships between
patient clinical features (age, illness duration, PANSS scores,
and subscale scores) and HPTA and HPAA hormone levels.
Decreased TT3 and TT4 levels and elevated ACTH and COR
levels were found to be associated with the hospitalized patients.
In addition, in this specified research on schizophrenia, both
thyroid function and adrenal function varied with gender to
some extent. Further studies are needed to fully explain the
differences observed. The recurrent and chronic trait of
schizophrenia may cause long-term effects on thyroid function,
such as impacting TSH, FT3, and FT4 levels. Lastly, we found
that symptom severity evaluated by the PANSS in hospitalized
patients yielded a weak linear correlation with COR level.
Looking at PANSS subscales, the weak correlation with COR
level remained for the general psychopathology score.

Limitations
The use of antipsychotic drugs in patients with mental disorders
affects their neuroendocrine function (54). Therefore, we
recruited first-episode schizophrenic patients who had never
taken antipsychotics or recurrent schizophrenic patients who
had used medication in a lower dose for at least one year because
they had experienced the acute phase and the consolidation
Frontiers in Psychiatry | www.frontiersin.org 916
phase. Samples chosen from the consolidation phase can avoid
excessive interference of multiple antipsychotics on the axes.
Hence, the endocrine effect of drugs was not studied in this study
in order to avoid confounding caused by analysis of different
drugs between groups. Transformed variables using CPZ-
equivalent dose (39) may reduce the impact of confounder, but
cannot eliminate it. We hope to include patients in different
phases of the illness in future studies. If resources allow, we
recommend a longitudinal study design involving patients who
are in a stable phase initially and treated with only one
antipsychotic medication.
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Background: Glucose abnormalities and cognitive alterations are present before the
onset of schizophrenia. We aimed to study whether glucose metabolism parameters are
associated with cognitive functioning in recent-onset psychosis (ROP) patients while
adjusting for hypothalamic-pituitary adrenal (HPA) axis measures.

Methods: Sixty ROP outpatients and 50 healthy subjects (HS) were studied. Cognitive
function was assessed with the MATRICS Consensus Cognitive Battery. Glycated
haemoglobin (HbA1c), glucose, insulin, and C-peptide levels were determined in
plasma. The HOMA-insulin resistance index was calculated. Salivary samples were
obtained at home on another day to assess the cortisol awakening response and
cortisol levels during the day. Univariate analyses were conducted to explore the
association between glucose metabolism parameters and cognitive tasks. For those
parameters that were more clearly associated with the cognitive outcome, multiple linear
regression analyses were conducted to adjust for covariates. Each cognitive task was
considered the dependent variable. Covariates were age, sex, education level, diagnosis,
antipsychotic and benzodiazepine treatment, body mass index (BMI), smoking, and HPA
axis measures. Potential interactions between diagnosis and glucose parameters were
tested.

Results: There were no significant differences in HPA axis measures or glucose
parameters, with the exception of C-peptide (that was higher in ROP patients),
between groups. ROP patients had a lower performance than HS in all cognitive tasks
(p < 0.01 for all tasks). Of all glucose metabolism parameters, HbA1c levels were more
clearly associated with cognitive impairment in cognitive tasks dealing with executive
functions and visual memory in both ROP patients and HS. Multivariate analyses found a
significant negative association between HbA1c and cognitive functioning in five cognitive
tasks dealing with executive functions, visual memory and attention/vigilance (a ROP
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diagnosis by HbA1c negative interaction was found in this latter cognitive domain,
suggesting that HBA1c levels are associated with impaired attention only in ROP patients).

Conclusions: Our study found that HbA1c was negatively associated with cognitive
functioning in both ROP patients and HS in tasks dealing with executive functions and
visual memory. In ROP patients, HbA1c was also associated with impaired attention.
These results were independent of BMI and measures of HPA axis activity.
Keywords: glucose, glycated haemoglobin, cognition, early psychosis, cortisol
INTRODUCTION

Cognitive alterations are well-known predictors of social
functioning in people with schizophrenia and related psychotic
disorders (1). These cognitive alterations are present at early
stages of the psychotic illness, even before the development of
positive psychotic symptoms (delusions, hallucinations) (2).
Biological mechanisms explaining these cognitive deficits are
complex and include the potential role of hypothalamic-
pituitary-adrenal (HPA) axis hormones (3, 4), thyroid
hormones (5, 6), prolactin (7, 8), inflammatory markers (9, 10)
and the genetic background (11).

In our current study, we aimed to explore whether glucose
metabolism parameters might contribute to the cognitive
impairment of people with recent-onset psychosis (ROP).
Previous studies including drug-naïve first-episode psychosis
and healthy controls have reported increased glucose and
insulin resistance (12) and impaired glucose tolerance (13),
suggesting that glucose-related parameters may be altered in
patients with psychosis at the early stages of the illness. Previous
studies have also reported an increased prevalence of type 2
diabetes in the parents of people with non-affective psychosis
(14). It was initially thought that this association may be due to
shared environmental or genetic risk factors, or both. However, a
recent study (15) exploring the association between polygenic
risk score of schizophrenia and glycated haemoglobin (HbA1c)
while adjusting for polygenic risk score of type 2 diabetes, and
clinical and demographic covariables suggests that the
mechanisms of hyperglycemia or diabetes are at least partly
independent from genetic predisposition to schizophrenia.

It is also known that comorbidity with diabetes mellitus is
associated with more severe cognitive deficits in schizophrenia
(16). Type 2 diabetes is a risk factor for cognitive decline (17),
mild cognitive impairment (18), and progression to dementia
(19). Although the exact pathophysiology of mild cognitive
impairment in type 2 diabetes is unclear, many studies suggest
that several coexisting risk factors contribute to the cognitive
impairment (20) : chronic hyperglycaemia, diabetic
complications (macrovascular and microvascular disease),
inflammatory reaction and advanced glycation end products,
and psychological status (e.g. depressive symptoms). In a
systematic review (21) that included 86 studies exploring the
role of glucose regulation (glycaemia, hypoglycaemic events,
g 220
insulin concentration, insulin resistance, and glucose-lowering
treatment) and cognitive function in people with type 2 diabetes
without dementia, high HbA1c and glucose variability were
negatively associated with cognitive function. HbA1c is a
promising biomarker for cognitive impairment because it is
also associated with poorer cognitive abilities in people without
diabetes (17, 22). A recent study suggests that HbA1c is
associated to both cognitive performance and white matter
integrity in healthy young adults (22).

Few studies have explored the potential relationship between
glucose metabolism indices and cognitive functioning in patients
with psychotic disorders. In a study conducted in first-episode
drug-naïve patients with schizophrenia, glucose intolerance
(measured with a 75 g oral glucose tolerance test) was
associated with more negative symptoms and poorer social
cognition, but not with poorer neurocognitive performance
(23). In another study that measured HbA1c, this parameter
was associated with poorer global cognition and attention in men
(but not women) with schizophrenia (24). Insulin resistance has
been associated with alterations in dopaminergic reward systems
and homeostatic signals affecting food intake, glucose
metabolism, body weight, and cognitive performance (25),
being a potential moderator of the cognitive outcome in
patients with psychotic disorders. Although several studies
have reported an association between diabetes and cognition
on schizophrenia, few investigations have explored the role of
glucose parameters on cognition in patients with early psychosis.

We aimed to explore the previous hypothesis while adjusting
for HPA axis measures, as some indices, such as a blunted
cortisol awakening response (CAR) (3, 26, 27) and elevated
cortisol diurnal levels during the day (26), have been reported
to be associated with a poorer cognitive outcome in people with
ROP. Moreover, elevated glucocorticoids contribute to the
cognitive impairment of patients with type 2 diabetes (28).

Taking into account that HbA1c has been associated with
poorer cognitive performance in both patients with
schizophrenia (24) and healthy individuals (22), we
hypothesized that HbA1c would be associated with poorer
cognitive performance in both people with ROP and healthy
individuals. We also aimed to conduct exploratory analyses
regarding the contribution of other glucose-related parameters
(fasting glucose, c-peptide, insulin resistance) on poorer
cognitive functioning.
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METHODS

Sample
Sixty ROP outpatients and 50 healthy subjects (HS) were studied.
All patients (aged between 18 and 35 years) were attending the
Early Intervention Service for Psychosis from Reus (Hospital
Universitari Institut Pere Mata, Spain) had a DSM-IV diagnosis
of a psychotic disorder [schizophreniform disorder (n=14);
schizophrenia (n=10); schizoaffective disorder (n=8) or a
psychotic disorder not otherwise specified (n=28)]. All patients
had a duration of illness of <3 years (65% were patients with first-
episode psychosis). A control population of 50 HS matched by
sex and age was recruited from the community using
advertisements. The sample of the study belongs to a project
aiming to study the relationship between hormones and
cognitive abilities in early psychosis. For this reason,
participants of our study participated in a previous study that
tested a different hypothesis focused on HPA axis hormones (3).
The exclusion criteria were severe neurological disease or mental
retardation; pregnancy; language difficulties; visual impairment;
alcohol, heroin or cocaine dependence; or treatment
with glucocorticoids.

The research protocol was approved by the Ethics Committee
of Hospital Universitari Sant Joan, and all participants provided
written informed consent after having received a full explanation
of the study.

Clinical Assessment
All patients were interviewed by an experienced psychiatrist using
the Schedules for Clinical Assessment in Neuropsychiatry (29).
The OPCRIT checklist version 4.0 (available at http://sgdp.iop.kcl.
ac.uk/opcrit/) was used to obtain DSM-IV diagnoses. The severity
of positive, negative and general symptoms was assessed with the
Positive and Negative Syndrome Scale (PANSS) (30, 31) to assess
the severity of psychotic symptoms.

The Spanish version of the MATRICS Consensus Cognitive
Battery (MCCB) was used to assess neurocognitive functioning
(32), and it includes 10 cognitive tests assessing 7 cognitive
domains: processing speed, attention and vigilance, working
memory, verbal learning, visual learning, reasoning and
problem solving, and social cognition.

Sociodemographic and clinical variables were obtained in a
semi-structured interview. Substance use was recorded as the
consumption of alcohol (standard units/day), tobacco (cigarettes/
day), and cannabis (joints/day). Current psychopharmacological
treatment was recorded during the neuropsychological assessment,
as described previously (3). The dose of antipsychotics
was converted to chlorpromazine equivalents following an
international consensus of antipsychotic dosing (33).

Weight, height, waist circumference, and blood pressure were
assessed by physical examination. Body mass index (BMI) was
calculated with the formula weight (kg)/height (m)2.

Biochemical Measures
A fasting morning blood analysis (between 8:30 a.m. and 9:30
a.m.) was obtained by antecubital venepuncture. HbA1c, glucose,
insulin, and C-peptide were determined in plasma. The
Frontiers in Psychiatry | www.frontiersin.org 321
Homeostatic Model Assessment for Insulin Resistance
(HOMA-IR) index was calculated using the formula HOMA-
IR = [insulin (µUI/mL) x glucose (mg/dL)]/405.

Salivary samples were obtained at home on another day with
Salivette® tubes to assess the cortisol awakening response
(calculated as the area under the curve with respect to the
increase, considering three samples: awakening, 30’ post-
awakening, and 60’ post-awakening) and cortisol levels during
the day (calculated as the area under the curve with respect to the
ground, considering 5 samples: awakening, 30’ post-awakening,
60’ post-awakening, 10:00 a.m., and 11:00 p.m.). Both formulas
were computed using the trapezoid formula (34). A full
explanation of the processing of the samples and cortisol
determination with a high-sensitivity enzyme-linked
immunosorbent assay (ELISA) kit has been described
elsewhere (3).

Statistical Analyses
We used SPSS v 23.0 for conducting statistical analyses. Cortisol
measures were transformed with a Box-Cox transformation (35),
and the Trail Making Test (part A) was log transformed (ln) to
reduce skewness. Chi-squared tests and T-tests were used to
compare categorical and continuous data between both
diagnostic groups. Non-parametric tests (Mann Whitney U
test) were used to compare ordinal variables or continuous
measures that were skewed (e.g. insulin, c-peptide). Pearson
correlation analyses (and Spearman when needed) were used
to explore associations between continuous variables. A p value
<0.05 (two-tailed) was considered to be significant.

As HbA1c was considered the glucose-related parameter to be
studied in our main hypothesis, we verified that this value
followed a normal distribution and checked for potential
outliers with the 1.5 quartile (Q) rule for outliers (36). With
this definition, any observation is a suspected outlier if it falls
more than 1.5 x interquartile range (IQR) above the third
quartile or below the first quartile. In our sample, the
distribution for HbA1c values was: minimum value= 4.6, Q1 =
4.9, Q2 (median)= 5.1, Q3 (5.3), maximum value 5.8, IQR= 0.4.
Therefore, none of the values were considered outliers because
they were within the limits 1.5xIQR (lower interval: 4.3, upper
interval: 5.9).

Although our main hypothesis was conducted with multiple
linear regression analyses, we first conducted an exploratory and
univariate analysis to test the associations between different
glucose-related parameters and cognitive outcomes. We also
included exploratory correlational analyses between cognitive
scores. These exploratory analyses were not adjusted for multiple
comparisons following some recommendations that indicate that
is it not strictly necessary to correct for multiple testing in
analyses that are exploratory in nature (37). Multiple linear
regression analyses were conducted for testing the association
between HbA1c and cognitive variable while adjusting for
covariates. Several multiple linear regression analyses were
conducted, considering each cognitive task as the dependent
variable. HbA1c was considered the main independent variable.
We avoided the inclusion of different glucose metabolism
parameters in the same equation because they were highly
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correlated. The following covariates were included in each
equation with the enter procedure: age, sex, education level,
diagnosis, antipsychotic and benzodiazepine treatment, BMI,
smoking, and HPA axis measures. Potential interactions
between diagnosis and HbA1c were tested, and those
significant interactions were included in the final model.

Sample Size and Power Analysis
G* Power 3.1.9.4. was used for sample size and power
calculations. The original sample was calculated for detecting a
moderate effect size (f2 = 0.2) with multiple linear regression
analyses, considering an alpha error of 0.05 and a beta error of
0.15 (statistical power of 85%), and 12 predictors. The needed
sample size was 108. It is important to note that our sample is
small for detecting small effects. Moreover, in the stratified
analysis by diagnosis (e.g. correlation analyses), the statistical
power can decrease: the statistical power for detecting moderate
effect sizes (r= 0.3) was 59% for healthy individuals and 67% for
ROP patients.
Frontiers in Psychiatry | www.frontiersin.org 422
RESULTS

Clinical and hormonal variables from the sample are described in
Table 1. Both groups were well matched in age and sex, although
ROP patients had a lower education status and reported more
smoking and alcohol consumption. In relation to glucose-related
parameters, C-peptide concentrations were higher in ROP
patients than in HS. There were no significant differences in
HPA axis measures between groups.

ROP patients had a lower performance in all cognitive tasks
than HS (Table 2). The correlation matrix between cognitive
measures in all participants is described in Table 3.

Of all glucose metabolism parameters, HbA1c levels were
more clearly associated with cognitive impairment in cognitive
tasks dealing with executive functions and visual memory in both
ROP patients and HS (Table 4).

A multivariate analysis conducted in all participants (ROP
patients and HS) found a significant negative association
between HbA1c and cognitive functioning in five cognitive
TABLE 1 | Clinical characteristics and hormonal measures from the sample.

HS
N= 50

ROP patients
N=60

p value

Female sex, N (%) 22 44% 21 35% 0.335
Age (years) 23.8 4.8 24.5 5.4 0.465
Education level (years of study) 13.4 2.7 11.3 2.8 <0.001
Smoking, N (%) 10 20% 41 68.3% <0.001
Smoking (cig/day), all participants 1.6 4.4 9.0 9.6 <0.001
Smoking (cig/day), only smokers 8.0 7.0 13.1 9.0 0.101
Cannabis use, N (%)
No 38 76% 43 71.7% 0.215
Sporadic 10 20% 9 15%
Continuous 2 4% 8 13.3%

Alcohol consumption, N (%)
No 5 10% 27 45% <0.001
Sporadic 44 88% 28 46.7%
Continuous 1 2% 5 8.3%

BMI (kg/m2) 22.5 3.2 24.1 4.1 0.053
Antipsychotic treatment:
Chlorpromazine equivalents (mg/day)

0.0 0.0 371.1 334.0 <0.001

Benzodiazepine treatment:
Diazepam equivalents (mg/day)

0.0 0.0 2.6 7.7 0.021

Glucose metabolism parameters
Glucose (mg/dL) 78.6 11.2 78.7 11.1 0.956
Insulin (mIU/mL) 6.6 0 to 22.9 9.5 0 to 114 0.595
C-peptide (mg/L) 1.3 0.6 to 4.2 1.6 0.7 to 12.7 0.003
HbA1c (%) 5.1 0.3 5.1 0.3 0.250
HOMA-IR 1.4 0 to 4.9 1.3 0 to 26.18 0.802

HPA axis measures
Cortisol at awakening (nmol/L) 14.7 9.0 13.0 8.6 0.381
Cortisol 30’ post-awakening (nmol/L) 23.8 13.4 20.3 10.7 0.342
Cortisol 60’ post-awakening (nmol/L) 21.0 12.8 16.3 7.5 0.234
10:00 a.m. 12.5 7.4 12.0 6.4 0.971
11:00 p.m. 2.7 2.1 3.0 3.0 0.971
CAR (AUCi) 39.7 63.6 40.5 53.7 0.942
Cortisol during the day (AUCg) 2049.6 837.3 2082.3 733.4 0.834
May 2020 | Volume 11 | Ar
Data are mean (SD), median (range) or N (%).
Cortisol raw data are shown. However, p values were obtained using transformed cortisol values (Box-Cox transformation).
BMI, Body mass index; HbA1c, Glycated haemoglobin; HOMA-IR, Homeostatic Model Assessment for Insulin Resistance; HPA, Hypothalamic-pituitary-adrenal; CAR, Cortisol awakening
response; AUCi, Area under the curve (calculated with respect to the increase); AUCg, Area under the curve (calculated with respect to the ground).
Significant associations (p < 0.05) are represented in bold.
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tasks dealing with executive functions, visual memory and
attention/vigilance (Table 5). A diagnosis by HbA1c
interaction was found in this latter cognitive domain, which
means that the pattern in the relationship between HbA1c and
attention/vigilance differs between ROP patients and HS: in ROP
patients, higher HbA1c levels are associated with impaired
Frontiers in Psychiatry | www.frontiersin.org 523
attention and vigilance, but this pattern does not apply to HS.
This interaction is also described in Figure 1. As it is observed in
this figure, the interaction is driven by higher HbA1c values.
Although there were no outliers in our sample, we repeated a
sensitivity analysis excluding the two higher values (HbA1c=
5.8%) to explore whether the interaction was influenced for these
TABLE 2 | Cognitive functioning by diagnostic group.

HS
N=50

ROP patients
N=60

p value

Mean SD Mean SD

Verbal learning and memory
HVLT-R 27.5 3.8 22.8 4.9 <0.001

Visual learning and memory
BVMT-R 27.0 5.9 19.6 7.2 <0.001

Working memory
WMS-III-SS (nonverbal) 16.2 2.9 14.2 3.7 0.002
LNS (verbal) 14.2 2.9 12.0 2.3 <0.001

Processing speed
TMT-A† (seconds) 24.7 8.5 38.2 13.4 <0.001
BACS SC 61.9 9.6 45.9 12.3 <0.001
Category Fluency 24.1 5.1 18.3 5.2 <0.001

Reasoning and problem solving
NAB Mazes 27.0 5.9 19.6 7.2 <0.001

Attention/vigilance
CPT-IP 2.7 0.6 2.0 0.7 <0.001

Social cognition
MSCEIT-ME 94.4 9.2 86.8 9.8 <0.001
May 2020 | Volume 11 | Ar
†As this cognitive test is measured in seconds, higher scores reflect poorer cognitive performance.
HVLT-R, Hopkins Verbal Learning Test-Revised; BVMT-R, Brief Visuospatial Memory Test-Revised; WMS-III-SS, Corsi Block-Tapping Test; Weschler Memory Scale (3rd edition) spatial
span; LNS, Letter Number Span; TMT-A, Trail Making Test part A; BACS-SC, Brief Assessment of Cognition in Schizophrenia-Symbol Coding; NAB, Neuropsychological Assessment
Battery; CPT-IP, Continuous Performance Test – Identical Pairs; MSCEIT-ME, Mayer-Salovey-Caruso Emotional Intelligence Test – Managing emotions.
Significant associations (p < 0.05) are represented in bold.
TABLE 3 | Pearson's correlations studying the relationship between cognitive tasks in 110 participants.

HVLT-R BVMT-R WMS-III SS LNS TMT-A† BACS SC Fluency NAB Mazes CPT-IP MSCEIT-ME

HVLT-R r 1 0.596 0.469 0.539 -0.601 0.675 0.594 0.256 0.504 0.401
p value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 .007 < 0.001 < 0.001

BVMT-R r 0.596 1 0.599 0.554 -0.622 0.690 0.624 0.549 0.491 0.168
p value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.086

WMS-III SS r 0.469 0.599 1 0.387 -0.546 0.504 0.417 0.553 0.376 0.300
p value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.002

LNS r 0.539 0.554 0.387 1 -0.536 0.605 0.473 0.367 0.610 0.286
p value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.004

TMT-A† r -0.601 -0.622 -0.546 -0.536 1 -0.707 -0.559 -0.545 -0.573 -0.308
p value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 .001

BACS SC r 0.675 0.690 0.504 0.605 -0.707 1 0.653 0.494 0.635 0.312
p value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.001

Fluency r 0.594 0.624 0.417 0.473 -0.559 0.653 1 0.495 0.519 0.220
p value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.024

NAB Mazes r 0.256 0.549 0.553 0.367 -0.545 0.494 0.495 1 0.447 0.173
p value 0.007 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.078

CPT-IP r 0.504 0.491 0.376 0.610 -0.573 0.635 0.519 0.447 1 0.294
value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.002

MSCEIT-ME r 0.401 0.168 0.300 0.286 -0.308 0.312 0.220 0.173 0.294 1
p value < 0.001 0.086 0.002 0.004 0.001 0.001 0.024 0.078 0.002
†As TMT-A is measured in seconds, greater scores in this variable reflect poorer cognitive performance. For this reason, this variable showed negative correlations with other cognitive
tasks. The log transformed variable (ln TMT-A) was used.
HVLT-R, Hopkins Verbal Learning Test-Revised; BVMT-R, Brief Visuospatial Memory Test-Revised; WMS-III-SS, Corsi Block-Tapping Test; Weschler Memory Scale (3rd edition) spatial
span; LNS, Letter Number Span; TMT-A, Trail Making Test part A; BACS-SC, Brief Assessment of Cognition in Schizophrenia-Symbol Coding; NAB, Neuropsychological Assessment
Battery; CPT-IP, Continuous Performance Test – Identical Pairs; MSCEIT-ME, Mayer-Salovey-Caruso Emotional Intelligence Test – Managing emotions.
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values, and this was the case because the interaction term lost its
significance when these two higher values were excluded from
the analyses.
DISCUSSION

In our study that explored whether glucose metabolism parameters
may contribute to the explanation, at least in part, of the cognitive
deficits of individuals diagnosed with a ROP, we found that HbA1c
Frontiers in Psychiatry | www.frontiersin.org 624
contributed to a poorer cognitive performance in domains related to
processing speed, executive functions and visual memory in both
the ROP patients and the HS, whereas it was associated with poorer
attention and vigilance only in the ROP group.

With the main aim of a better understanding of the molecular,
cellular, and other system disturbances in patients with
schizophrenia, biomarkers of diagnosis, prognosis, or treatment
response have been recommended (38). The study of glucose
metabolism parameters in this population is of special interest
since patients with schizophrenia have a three-fold risk of
TABLE 4 | Correlations between glucose-related parameters and cognitive tasks: Stratified analyses by diagnosis.

HS ROP patients

HbA1c Glucose C-peptide Insulin HOMA-IR HbA1c Glucose C-peptide Insulin HOMA-IR

HVLT-R r 0.012 -0.080 -0.014 -0.152 -0.160 -0.076 0.120 0.023 0.076 0.063
p value 0.935 0.582 0.921 0.292 0.271 0.567 0.366 0.863 0.567 0.634

BVMT-R r -0.350 -0.238 0.000 -0.169 -0.184 -0.262 -0.002 -0.031 0.033 0.028
p value 0.013 0.096 0.999 0.242 0.205 0.047 0.985 0.817 0.806 0.835

WMS-III SS r -0.295 -0.285 -0.155 -0.395 -0.370 -0.218 0.052 -0.343 -0.102 -0.072
p value 0.037 0.045 0.283 0.005 0.009 0.097 0.695 0.008 0.442 0.590

LNS r -0.157 -0.092 0.055 -0.231 -0.258 -0.348 -0.134 -0.128 -0.104 -0.102
p value 0.276 0.524 0.707 0.106 0.073 0.010 0.332 0.357 0.454 0.461

TMT-A r 0.135 0.047 -0.050 0.091 0.081 0.330 -0.046 0.199 0.016 -0.008
p value 0.349 0.747 0.732 0.528 0.579 0.011 0.729 0.131 0.901 0.955

BACS SC r -0.329 -0.250 -0.152 -0.351 -0.375 -0.176 0.048 -0.002 0.055 0.050
p value 0.020 0.080 0.292 0.013 0.008 0.182 0.721 0.986 0.677 0.706

Fluency r -0.002 -0.070 0.076 -0.215 -0.202 -0.106 0.214 -0.044 0.061 0.073
p value 0.987 0.629 0.598 0.134 0.165 0.426 0.107 0.745 0.648 0.585

NAB Mazes r -0.243 -0.093 0.151 0.020 0.010 -0.425 -0.067 -0.174 0.021 0.050
p value 0.089 0.520 0.295 0.890 0.944 0.001 0.620 0.191 0.877 0.712

CPT-IP r -0.037 -0.042 -0.123 -0.248 -0.265 -0.262 0.049 -0.015 0.138 0.145
p value 0.800 0.775 0.397 0.082 0.066 0.047 0.717 0.912 0.303 0.277

MSCEIT-ME r -0.252 -0.268 -0.038 -0.295 -0.323 -0.137 0.036 -0.155 0.024 0.018
p value 0.078 0.060 0.793 0.037 0.024 0.318 0.797 0.259 0.863 0.897
May 2020 | V
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HVLT-R, Hopkins Verbal Learning Test-Revised; BVMT-R, Brief Visuospatial Memory Test-Revised; WMS-III-SS, Corsi Block-Tapping Test; Weschler Memory Scale (3rd edition) spatial
span; LNS, Letter Number Span; TMT-A, Trail Making Test part A; BACS-SC, Brief Assessment of Cognition in Schizophrenia-Symbol Coding; NAB, Neuropsychological Assessment
Battery; CPT-IP, Continuous Performance Test – Identical Pairs; MSCEIT-ME, Mayer-Salovey-Caruso Emotional Intelligence Test – Managing emotions.
Pearson’s correlation analyses were used for exploring associations between HbA1c and glucose measures and cognitive tasks. Spearman’s correlation analyses were used for exploring
associations between c-peptide, insulin and HOMA-IR, and cognitive tasks.
TABLE 5 | Multiple linear regression analyses exploring the relationship between HbA1c and cognitive abilities.

Unadjusted model Final model
(adjusted for covariates† and interactions between HbA1c and diagnosis)

R2 b p value R2 b p value Significant interactions

HVLT-R 0.0002 0.016 0.871 0.465 -0.014 0.862 None
BVMT-R 0.038 -0.194 0.043 0.486 -0.189 0.017 None
WMS-III SS 0.041 -0.202 0.034 0.371 -0.143 0.100 None
LNS 0.029 -0.169 0.077 0.292 -0.170 0.065 None
TMT-A 0.02 0.143 0.137 0.474 0.160 0.044 None
BACS SC 0.015 -0.124 0.197 0.617 -0.136 0.044 None
Category fluency 0.0001 0.010 0.914 0.417 -0.014 0.864 None
NAB Mazes 0.082 -0.287 0.002 0.407 -0.290 0.001 None
CPT-IP 0.008 -0.089 0.355 0.489 0.021 0.816 ROP x HbA1c: b= -1.888; p=0.016
MSCEIT-ME 0.015 -0.121 0.208 0.337 -0.099 0.266 None
b, Standardized beta regression coefficient (for HbA1c); HVLT-R, Hopkins Verbal Learning Test-Revised; BVMT-R, Brief Visuospatial Memory Test-Revised; WMS-III-SS, Corsi Block-
Tapping Test; Weschler Memory Scale (3rd edition) spatial span; LNS, Letter Number Span; TMT-A, Trail Making Test part A; BACS-SC, Brief Assessment of Cognition in Schizophrenia-
Symbol Coding; NAB, Neuropsychological Assessment Battery; CPT-IP, Continuous Performance Test – Identical Pairs; MSCEIT-ME, Mayer-Salovey-Caruso Emotional Intelligence Test
– Managing emotions.
†Covariates: age, sex, education level, diagnosis, antipsychotic and benzodiazepine treatment, BMI, smoking, cortisol at awakening, cortisol awakening response, cortisol levels during the
day (AUCg).
Significant associations (p < 0.05) are represented in bold.
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diabetes compared to the general population (39), and it gives us the
opportunity to investigate pathogenic processes underlying both
disturbances, with the aim of discovering new treatment strategies.

Biomarkers of schizophrenia have been widely used in recent
years. They are frequently divided into two groups: peripheral and
central biomarkers. The central nervous system and the periphery
are strongly connected, a fact that has revealed the relevance of
blood-based parameters as biomarkers in schizophrenia. Once
again, several classifications for biomarkers have examined
molecules modulating brain functions. Biomarkers have then been
divided into inflammatory biomarkers, neuroendocrine biomarkers,
neurotransmitters (well-documented and deeply understood), and
metabolic biomarkers (38). The last may include indicators of
metabolic syndrome or insulin resistance (13) that have been
proven to discriminate between patients with or without
metabolic syndrome. Furthermore, for many years, increased
glucose concentrations, insulin resistance, and impaired glucose
tolerance (13, 40) have been reported to be present in drug-naïve
first-episode psychosis patients compared to HS. However, in our
study, we did not find significant differences in most glucose-related
parameters, except for C-peptide between ROP patients and HS.

In our study, in terms of all glucose parameters, HbA1c levels
were found to be associated with poorer cognitive performance,
particularly in those cognitive tasks assessing executive function
and visual memory in both groups, ROP patients and HS. These
findings agree with a recent study carried out by Zhang et al. (24),
who found this parameter to be correlated with poorer global
cognition and attention in men suffering from schizophrenia.
Frontiers in Psychiatry | www.frontiersin.org 725
Other studies (23) have reported an association between glucose
intolerance and more severe negative symptoms and poorer
social cognition, although no associations were found for
neurocognitive performance. There is also a meta-analysis
suggesting that type 2 diabetes is associated with more severe
cognitive deficits in schizophrenia (16). Interestingly, in a meta-
analysis (21) exploring different glucose-related biomarkers and
cognitive impairment in people with type 2 diabetes, high HbA1c
was negatively associated with cognitive function. Our study is in
accordance with this last study, as we found a greater association
for HbA1c than for other fasting-related glucose parameters.
These results are seemingly in agreement with a recent study
investigating glucose metabolic parameters associated with
cognition and white matter microstructure in healthy young
populations (22). HbA1c levels (even under the diagnostic values
for diabetes mellitus) were inversely correlated with measures of
cognitive performance. Moreover, this low-grade HbA1c
variation negatively affected white matter integrity, that also
correlated with cognitive function. This study supports our
findings related to the transdiagnostic relationship between
HbA1c and cognitive function, as associations between these
measures were observed in both ROP patients and healthy controls.

In contrast with other cognitive domains, attention was
negatively associated with HbA1c in ROP patients but not in HS.
It is not clear why a distinct pattern could exist between ROP
patients and HS in this particular domain. Previous studies that
have measured allostatic load, an index that reflects systemic
biological dysregulations including glucose homeostasis
FIGURE 1 | Scatterplot graph of the association between glycated haemoglobin and attention in patients with a recent-onset psychosis and healthy subjects. ROP,
Recent-onset psychosis; HS, Healthy subjects.
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parameters (glucose and insulin), have reported associations with
poorer attention in ROP patients but not in HS (41). In another
double-blind, placebo-controlled experimental study that assessed
the effects of multiple-dose oral glucose administration on cognition
in younger and older patients with schizophrenia andHS, a decrease
in attentional performance at the 75 g glucose dose, when compared
to placebo, was found in younger patients with schizophrenia (42).
These findings suggest that glucose metabolism parameters might
differentially affect ROP patients and HS in the attention and
vigilance domains. However, it is also important to mention that
this interaction was driven by higher HbA1c values, as the
interaction lost its significance when analyses were restricted to
people with HbA1c below 5.8%. The HbA1c range of our sample
was also low, which limits the possibility of finding associations
between cognitive outcomes and this glucose-related biomarker.
Further studies might improve this issue by including a sample with
a greater proportion of patients with glucose intolerance. This can
be achieved by recruiting patients with a longer duration of the
illness, because pre-diabetes and diabetes might increase over time.
As only 16% of patients with first episode psychosis show abnormal
glucose tolerance (13), the recruitment of patients with psychotic
disorders at early stages of the illness might explain the narrow
range of HbA1c levels in our sample.

The negative correlation between HbA1c and cognitive
performance found in our study may be partially explained by the
fact that cognitive tasks associated with HbA1c are mainly those
implicating hippocampal functions and the prefrontal cortex, a
hypothesis that is supported by a recent review (43). Continuous
exposure to glucose and prediabetes have been significantly
associated with structural brain abnormalities such as decreased
brain volume and grey matter and white matter volume (44).
Further, the risk of brain infarcts and decreased hippocampal
volume may be associated with continuous exposure to glucose,
which is reflected by higher levels of HbA1c. This indicator of long-
term glycaemic control is also thought to impact negatively on white
matter structure even in healthy individuals (22). This last study
suggests that biological processes other than microvascular and
macrovascular disease could be playing a role in this associations. As
pointed out by Repple et al. (22), it is plausible that inflammatory
processes might constitute one of several biological mechanisms
potentially mediating the relationship between glycose
dysregulation and brain structural damage. This is a particularly
important issue to be studied because the low-grade inflammation is
also found in people with psychotic disorders (45–47), even before
the onset of the disease (48, 49), and is associated with poorer
cognitive function (9, 50). The duration of postpandrial glucose
increase, a major contributor to chronic hyperglycaemia (and
higher HbA1c), is also thought to contribute to excessive protein
glycation, generation of oxidative stress and inflammation (51).
Future longitudinal studies are needed to explore whether the
association between HbA1c levels and impaired cognitive function
could be explained by changes in inflammatory markers.

Recently, some authors have hypothesized that central
insulin resistance could have an important role in the
relationship between metabolic and cognitive disorders (52).
There is consistent evidence pointing out that the dopamine
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system has an important role in glucose homeostasis control
because the dopaminergic and insulin signalling pathways
influence each other (53–55) and that both central nervous
system insulin and striatal dopamine can regulate peripheral
glucose homeostasis (56). Given the central importance of
dopaminergic dysregulation, cognitive deficits, and metabolic
dysfunction in schizophrenia (57–59), the potential role of
cen t ra l ne rvous sy s t em insu l in s i gna l l ing in the
pathophysiology of schizophrenia is an interesting field to
be explored. This knowledge could help in the exploration and
development of future therapeutic strategies.

For most cognitive domains, with the exception of attention
and vigilance, the association between HbA1c, and cognition was
not specific for patients with ROP. Moreover, ROP patients and
HS had similar HbA1c levels, which were in the normal range.
These findings suggest that subtle differences in HbA1c could
have a significant impact on cognitive processing independent of
diagnosis. As our study has a cross-sectional design and includes
psychotic patients who are at early stages of the disease, our study
does not allow us to infer causality. Future longitudinal studies
are needed to explore whether longitudinal changes in glucose
metabolic parameters (mainly HbA1c) could contribute to
cognitive impairment in patients with schizophrenia. This is an
important hypothesis to be tested, as chronic antipsychotic
treatment is associated with weight gain and metabolic
abnormalities, including the risk of type 2 diabetes (60). If our
results are replicated in longitudinal studies, therapeutic agents
that improve insulin sensitivity and promote neurogenesis, such
as metformin (61), could be considered cognitive enhancement
options for people with ROP and higher HbA1c values.

The results regarding HbA1c and cognitive performance
were independent of HPA axis activity, as all multivariate
analyses were adjusted for cortisol levels during the day and
the CAR. These two HPA axis measures have been reported to
be associated with impaired cognitive functioning in ROP
patients (4): a blunted CAR has been associated with poorer
verbal memory in ROP patients (27), higher afternoon plasma
cortisol levels are associated with poorer verbal memory (62),
and a more flattened diurnal cortisol slope has been associated
with poorer working memory in women with ROP (3). It is
also important to control for HPA axis activity when
exploring the role of glucose-related parameters on
cognition because a central dysregulation of the HPA axis
has been reported in type 2 diabetes and because higher
morning cortisol levels are associated with poorer cognitive
abilities in people with type 2 diabetes (28). In patients with
type 2 diabetes, there are elevated basal plasma cortisol and
ACTH levels (63–65), higher late-night cortisol (66), and
increased cortisol levels following overnight dexamethasone
suppression (67, 68).

Several strengths of our study should be noted. The patients
in our study seemed to be representative of our catchment area,
and our first-episode psychosis unit is a referral center in our
area. On the other hand, to the best of our knowledge, few studies
have tried to specifically investigate metabolic biomarkers for
cognition in schizophrenia. Although some studies have
May 2020 | Volume 11 | Article 455

https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles


Montalvo et al. HbA1c and Cognition in Psychosis
explored the association between diabetes mellitus and poorer
cognitive functioning in patients with schizophrenia (16, 24), our
study is the first to specifically highlight the relationship between
HbA1c and cognitive function in the early stages of the psychotic
illness. The search for biomarkers in cognition has been the focus
of interest in research on patients with schizophrenia (50).
However, in recent decades, the vast majority of studies have
investigated whether neurotrophic factors or inflammatory
markers may be correlated with cognitive deficits or cognitive
recovery in schizophrenia (50), and metabolic parameters have
been a second focus of interest.

The main limitation of our study is the cross-sectional
design. Therefore, no causal relationships between glucose
metabolism parameters and cognitive functioning can be
inferred. The relatively small sample size limits the
possibility of the conduction of specific subanalyses
regarding sex differences or psychotic phenotypes. Larger
studies are needed to test whether the role of HbA1c on
cognitive outcomes differs by subtypes of psychotic
disorders. The CAR was obtained only on one day, as
consensus guidelines (69) recommend obtaining repeated
measures for this parameter on separate days. As in the
original study (3), we administered dexamethasone to all
participants, and we decided to measure the CAR only on
one day. Finally, a replication dataset was not included.

In summary, the present study suggests that long-term
exposure to higher glucose levels, although within the normal
range, is negatively associated with cognitive performance in
both ROP patients and HS in tasks dealing with executive
functions and visual memory, two cognitive domains that
involve the hippocampus and prefrontal cortex. Our study
suggests that this association is independent of BMI and HPA
axis functioning. These findings highlight the importance of
the consideration of the inclusion of HbA1c in future
longitudinal studies exploring cognitive changes in patients
with a psychotic disorder at early stages of the disease to
disentangle a potential negative effect on cognitive outcomes.
Frontiers in Psychiatry | www.frontiersin.org 927
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Clemente Garcia-Rizo4, Miquel Bioque4, José Antonio Monreal1, on behalf of PNECAT
Group and Javier Labad1

1 Department of Mental Health, Parc Tauli Hospital Universitari, Institut d’Investigació i Innovació Parc Tauli (I3PT),
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Sabadell, Spain, 2 Department of Psychiatry, Bellvitge University Hospital, Bellvitge Biomedical Research Institute (IDIBELL),
Department of Clinical Sciences, University of Barcelona (UB), Centro de Investigación Biomédica en Red en Salud Mental
(CIBERSAM), Hospitalet de Llobregat, Barcelona, Spain, 3 Mental Health Services, Parc Sanitari Sant Joan de Déu, Sant Boi
de Llobregat, Spain, 4 Barcelona Clinic Schizophrenia Unit, Neuroscience Institute, Hospital Clinic de Barcelona, Institut
d’Investigacions Biomèdiques August Pi i Sunyer (IDIBAPS), Centro de Investigación Biomédica en Red en Salud Mental
(CIBERSAM), Department of Medicine, University of Barcelona, Barcelona, Spain

Background: The association between infertility treatments and mental disorders has
been poorly addressed. This work aims to review current evidence on the
psychopathological effects of hormonal treatments used for infertility on women and the
occurrence of newly diagnosed mood and psychotic disorders.

Methods: A systematic review was performed by searching PubMed and clinicaltrials.gov
databases from inception until September 2019. Clinical trials on hormone treatments for
infertility in patients with mood or psychotic disorders, as well as those evaluating the
onset of symptoms, were included. Selected studies were published in English, Spanish,
and Dutch language peer-reviewed journals. Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines were followed. Observational studies
and case reports were excluded. Effect sizes for changes in depressive symptoms were
calculated with Hedges’g and Cohen’s d confidence intervals. A meta-analysis was not
performed due to the heterogeneity of hormonal compounds in protocols.

Results: From 1,281 retrieved records, nine trials were included; all of them were
conducted in non-clinical populations. Four trials compared Gonadotropin-releasing
hormone (GnRH) agonists and GnRH antagonists, showing a better mood profile for
hormonal protocols including antagonists in one trial. Two trials compared protocols using
GnRH agonists/antagonists versus natural cycle protocols (without gonadotropin
stimulation), with a better mood profile (less depressive symptoms) in those protocols
g May 2020 | Volume 11 | Article 479130
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without gonadotropin stimulation. Other studies compared long and short protocols of
GnRH agonists (no differences); two GnRH agonists, buserelin, and goserelin (no
differences); and two patterns of clomiphene vs placebo administration (no differences).
None of the selected studies investigated the risk of relapse in women with a previous
diagnosis of depressive or psychotic disorders. When exploring pre-post changes in
depressive symptoms, effect sizes suggested mild mood worsenings for most protocols
(effect sizes ≤ -0.4), with the following pattern (worse to better): GnRH agonist > GnRH
antagonist > no gonadotropin stimulation.

Conclusions: This is the first systematic review exploring the psychopathological effects
of hormonal infertility treatments. Our study suggests that protocols without gonadotropin
stimulation show a better mood profile when compared to those using GnRH antagonists
or GnRH agonists. Future studies need to include patients with major mood and psychotic
disorders.
Keywords: infertility, sex hormones, fertility treatments, psychosis, affective
INTRODUCTION

Women with fertility problems have been extensively found to
suffer from psychological burden and may experience this
clinical situation as very stressful (1). The relationship between
assisted reproductive technologies (ARTs) and mental distress is
complex, and it calls for a careful examination of the direction of
the effects between both variables (2–4).

ART treatments may increase mental distress in women
undergoing these therapeutic options (1). Mental health
consequences may be partially explained by psychological
factors, such as neuroticism, as well as by biological factors
derived from the biochemical nature of treatment compounds (3).

When focusing on reproductive medicine, it seems to be
crucial to determine whether a woman is infertile (5). Medical
history (e.g., health history, the use of other medications);
physical examination; blood tests including assessments of
hormone levels; and ultrasonography exploring the ovaries,
uterus and Fallopian tubes appear to be mandatory (5, 6). In
some cases, infertility in women might be secondary to an
ovulation problem or an obstruction of the Fallopian tubes (7).
However, in 5%–15% of cases, all tests and physical examinations
are normal, and specific causes cannot be determined (8).

Once the cause of infertility is found, all potential options for
treatment should be considered (9). Briefly, four main types of
infertility treatment are available: gamete intrafallopian transfer
(GIFT) and zygote intrafallopian transfer (ZIFT), intrauterine
insemination (IUI), and in vitro fertilization (IVF) techniques
(10). IUI is a fertility treatment based on placing sperm directly
into the uterus while the woman is ovulating (11). IVF is an ART
process based on controlled ovarian stimulation, egg retrieval from
women’s ovaries and the fertilization of these eggs with sperm in
the laboratory (11). Finally, the embryo is placed in the woman’s
uterus. GIFT and ZIFT refer to the collection and placement of
gametes or zygotes, respectively, into the Fallopian tube (12).

Regarding IVF techniques, we will focus on the use of
biological compounds, mainly hormones, aiming to achieve
g 231
controlled ovarian stimulation. These molecules are factors
that can be associated with psychopathological changes in
healthy women and women with previous mental disorders (9).

Many biological compounds have been developed for
ovulation induction in IVF, with the main aim of obtaining
more oocytes (13), including clomiphene citrate, aromatase
inhibitors, gonadotrophins, and gonadotropin-releasing
hormone (GnRH) analogues (9). Clomiphene citrate blocks
oestrogen receptors and increases follicle-stimulating hormone
(FSH) levels. Aromatase inhibitors block the conversion of
androgens to oestrogens. Gonadotrophins include recombinant
FSH and luteinizing hormone (LH), and GnRH analogues
include agonists and antagonists.

Conventional controlled ovarian stimulation protocols
include the administration of gonadotropin-releasing hormone
(GnRH) agonists with the main aim of the desensitization of the
pituitary gland through the suppression of the release of both
pituitary follicle-stimulating hormone (FSH) and luteinizing
hormone (LH) (13). This technique has been successfully
associated with IVF; however, several adverse effects have also
been described, such as mood disturbances (3). More recently,
GnRH antagonist protocols have been found to be an alternative
for ovarian stimulation. They seem to show lower rates of
ovarian hyperstimulation syndrome and may reduce the length
of ovulatory stimuli compared with other ovulation induction
protocols (14). GnRH antagonist protocols are based on the daily
administration of recombinant follicle stimulating hormone (r-
FSH) analogue to start ovarian stimulation (2–3 cycle days).
Some studies have found GnRH protocols to have higher rates of
pregnancies than treatment with clomiphene or aromatase
inhibitors (13). More recently, a short GnRH antagonist
protocol has been recommended for younger women
undergoing their first ART cycle (14).

Nevertheless, sex hormones have been found to regulate
mood and may play an important role on the pathophysiology
of affective disorders as well as schizophrenia and other psychotic
disorders (15). Rubinow and Schmidt proposed several models to
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explain how sex may influence brain function by means of
hormonal effects and how the regulation of affect may be sex
dependent (16). These investigations have also been conducted
in patients with psychotic disorders. If the response to stress may
be dysregulated in psychosis, Goldstein and co-workers (17)
reported that the interplay between steroid hormones and neural
activity may be sex dependent in psychosis, particularly for brain
functions implicating the prefrontal cortex (17, 18).

In the particular case of GnRH agonists, it should be noted
that they combine hormonal control of the cycle by means of a
hypoestrogenism state. This short induced-hormonal state may
determine subsequent mental health consequences that may be
partially explained through the hypothalamic-pituitary-gonadal
axis (19). Hormonal changes and withdrawal of oestrogens may
determine an increased vulnerability to depression in women as
well as a poorer prognosis (worsening of psychotic symptoms,
greater risk of relapse and higher needs of antipsychotic dosages)
in female patients with schizophrenia (20, 21). Therefore, those
fertility treatments that induce hypoestrogenism may have a
negative effect on depressive or psychotic symptoms.

Although some studies have addressed the effects of sex
steroids in brain functions in individuals with and without
mental illnesses (15–18), no previous systematic reviews have
explored the effects of infertility hormonal treatments on
psychopathology in women. The vast majority of the studies
have investigated pregnancy outcomes or other somatic
concerns, and psychopathological symptoms have been
widely neglected.

Several observational studies have investigated the prevalence
rates for psychiatric disorders in women undergoing fertility
treatments (22). The authors found a prevalence of mood
disorders around 26% in women, highlighting that major
depression was the most common diagnosis. In contrast with
these findings, Salih Joelsson et al. (23) compared depressive
symptoms in pregnant and non-pregnant women, and
pregnant women receiving fertility treatment (23). Pregnant
women did not differ in depressive symptoms compared to the
other two groups, suggesting a lack of negative effect of fertility
treatments on psychopathological symptoms. More recently,
Freeman et al. (24) carried out a prospective observational
study in women with a previous history of unipolar or bipolar
depression undergoing fertility treatment (24). They concluded
that maintenance of psychotropic medication was not sufficient
for avoiding affective recurrences. With regard to schizophrenia
and other psychoses, a national register study compared the
success rates of fertility in women with and without psychotic
disorders (25), although exacerbation of psychotic symptoms
was not investigated.

In brief, findings from cohort and observational studies seem
to be contradictory and inconclusive. Therefore, we aimed to
systematically review current evidence on the psychopathological
effects of hormonal treatments for infertility on women and the
influence of these treatments on the occurrence of newly
diagnosed mental disorders. We focused mainly on
investigations concerning women with mood disorders and
psychotic disorders.
Frontiers in Psychiatry | www.frontiersin.org 332
METHODS

Search Strategy
A systematic computerized search was performed by focusing on
trials evaluating the effect of hormone treatments for infertility in
major depression, bipolar disorder, schizophrenia, and other
psychotic disorders. PubMed database and ClinicalTrials.gov
were searched from inception until September 2019 in keeping
with the Preferred Reporting Items for Systematic Reviews and
Meta-analyses (PRISMA) guidelines (26). Electronic search was
also completed by revising all references of including studies for
potential papers to be included.

The following search terms were used: (clomiphene OR GnRH
OR letrozole OR vorozole OR anastrozole OR aromatase
inhibitors OR FSH OR LH OR r-FSH OR r-LH OR in vitro
fertilization OR IVFOR ICSI OR intracytoplasmic sperm injection
OR ovarian stimulation OR controlled ovarian hyperstimulation)
AND (psychiatric OR psychopathology OR psychopathological
OR relapse OR recurrence OR depression OR bipolar OR mania
OR psychosis OR schizophrenia) AND trial.

Inclusion Criteria
Studies that met the following inclusion criteria were considered:
a) trials focused on evaluating the effect of hormonal treatment for
infertility on women; b) studies that evaluated psychopathological
effects of infertility treatments on women without a diagnosis of
mental disorders (newly diagnosed mental disorder) or in women
with a previous mental disorder (major depression, bipolar
disorder, schizophrenia and other psychotic disorders);
c) published trials in peer-reviewed journals or registered in
clinicaltrials.gov; d) articles written in English, Spanish or Dutch
language; and e) studies that assessed the effectiveness of hormone
compounds for the treatment of infertility.

The exclusion criteria were as follows: a) naturalistic studies
and case reports, b) studies assessing the effect of hormone
compounds administered for uses other than the treatment of
infertility, and c) studies exploring the effectiveness of hormone
drugs to treat mental disorders.

Data Collection and Extraction
Titles and abstracts of studies identified in the initial searches
were screened independently by two review authors (AG-R and
JC). The same authors extracted data independently. Any
disagreements or discrepancies between them were resolved by
consensus and were explored with a third additional reviewer.
Full-text documents were also reviewed. From the initially
selected articles, those that did not meet our inclusion criteria
or met any exclusion criterion were excluded. The last search was
conducted on 29th October 2019. The PICO method for the
systematic review is detailed in Table S1.

Risk of Bias
The risk of bias was evaluated using the Cochrane risk of bias tool.
Studies were classified into three categories attending to their
quality: good, fair, and poor. A meta-analysis was not performed
due to the heterogeneity of the hormonal treatment protocols.
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Effect Sizes for Changes in Depressive
Symptoms
For those clinical trials that included information on depressive
symptoms at baseline and after the hormonal treatment for
infertility, effect sizes were calculated. Hedges’ g was used as a
measure of the effect size for changes in depressive symptoms
after the hormonal protocol using an on-line calculator that
allows the calculation of the effect size for paired samples tests
(https://effect-size-calculator.herokuapp.com/#paired-samples-
t-test). Another effect size measure considered in the systematic
review was confidence intervals (lower and upper limits) using
Cohen’s d. These measures were calculated using pre-post scores
(depressive symptoms) and standard deviation measures of all
studies with available data. If data were available as the median
(interquartile range), the mean and SD were estimated as
described previously (27). In a few cases in which data were
only available in figures, we extracted this information from
figures using the same procedure explained in a recent systematic
review (28). Previous studies suggest that data extraction from
figures shows high precision and seems to be a useful option to
perform a meta-analysis when randomized clinical trials publish
figures as the only source of outcome data (29).

Because the correlation between pre- and post-scores is
required to impute the standard deviation within groups from
the standard deviation of the difference, this correlation needs to
Frontiers in Psychiatry | www.frontiersin.org 433
be known for calculating the confidence intervals in effect sizes
(30). As these correlations were not reported in studies, we
calculated different confidence intervals using different
estimated correlations (r = 0, r = 0.25, r = 0.5, r = 0.75). The
confidence intervals calculated with a correlation of 0.5 will be
included in a table in the article and the confidence intervals
calculated with different correlations (sensitivity analyses) will be
included in the supplementary material (Table S3).

Hedges’g and Cohen’s d are effect size measures that indicate
the standardized difference between two means. It is assumed that
0.2 can be considered a “small” effect size, 0.5 represents a
“medium” effect size and 0.8 a “large” effect size (31). In our
systematic review, as effect sizes represent changes in depressive
symptoms, positive effect sizes would imply mood improvement
(reduction in depressive scores after hormonal treatment) whereas
negative effect sizes would indicate mood worsening. Effect sizes
closer to zero correspond to hormonal treatments that were
relatively “neutral” in terms of changing the mood status.
RESULTS

A total of 1,281 abstracts were identified, 1,257 in PubMed and
24 through other sources (www.clinicaltrials.gov). Further details
of the screening and selection process are described in Figure 1.
FIGURE 1 | Flowchart for studies inclusion.
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Published Articles Reporting
Psychopathological Effects of Hormonal
Treatments Used for Infertility
Eight trials investigated the effects of hormones used in women
undergoing fertility treatments (2, 3, 32–37). All of them evaluated
the effect ofGnRHantagonists orGnRHagonists on the occurrence
of newly diagnosed depressive symptoms in women (Tables 1, 2
and 3). None of them explored the effects of ART onwomenwith a
previoushistoryofaffectiveorpsychoticdisorders or theoccurrence
of psychotic or manic symptoms in women without a previous
diagnosis of mental disorder.

Haemmerli-Keller et al. (32) carried out a non-randomized trial
comparing women undergoing IVF with (cIVF) and without
gonadotropin stimulation (NC-IVF) (32). In the cIVF arm
(gonadotropin stimulation), human menopausal gonadotropin
(HMG) was initiated between days 3 and 5 of the menstrual
cycle, and GnRH antagonists were first administered
subcutaneously between days 6 and 7 of the menstrual cycle and
continued until ovulation induction with urinary human chorionic
Frontiers in Psychiatry | www.frontiersin.org 534
gonadotropin (hCG). NC-IVF patients received no stimulation at
all or very low dosages of clomiphene citrate from day 6 or 7 of the
menstrual cycle until the day of ovulation induction with hCG.
Depressive symptoms were evaluated in all women by means of
the Center for Epidemiologic Studies Depression Scale. The
authors found that patients who were given gonadotropin
stimulation showed higher rates of depression than women who
were not given gonadotropin stimulation.

Greco et al. (33) included 236 women who underwent
infertility treatment in a prospective controlled randomized
trial (33). Two methods of endometrial preparation for
blastocyst transfer were applied: modified natural cycle and
artificial cycle. Frozen-thawed single euploid blastocyst transfer
by means of a modified natural cycle was applied to 118 women.
The hormonal protocol for this treatment arm did not include
gonadotropin stimulation and final oocyte maturation was
induced with hCG. One hundred 18 women were included in
the artificial cycle arm. The hormonal protocol for this treatment
arm consisted of the administration of a GnRH agonist
TABLE 1 | Main characteristics of published clinical trials reporting psychopathological complications with hormonal treatments for infertility (n=8).

Author and year of
publication

Sample
size (n)

Country Mean age (SD) or
Median [IQR]

Inclusion criteria Treatment (main arm and control group)

Haemmerli Keller
et al. (32)

119
women

Switzerland NC-IVF: 34.0 (7.2)
c-IVF: 34.9 (4.5)

Women between 18 and 42 years
with indication of IVF c-IVF or NC-
IVF depending on medical indication
and women’s wishes

Non-randomized trial:
a) c-IVF (IVF with HMG and GnRH antagonists) (n=62)
b) NC-IVF (IVF without gonadotropin stimulation) (n=57)

Greco et al. (33) 236
women

Italy Modified-NC: 35.2
(3.6)
AC: 35.5 (3.8)

Women with indication of IVF at their
first IVF cycle

Randomized controlled trial, method of preparation,
blastocyst transfer:
a) modified natural cycle (n=118)
b) artificial protocol (n=118), GnRH agonist combined
with oestradiol valerate

Mamata et al. (34) 692
women

India GnRH antagonists:
30.6 (3.83)
GnRH agonists: 30.7
(4.21)

Women from 12 sites in India, aged
18- 45 years undergoing for first
cycle of IVF/ICSI

Non-randomized trial:
a) Group A - GnRH antagonist (n=232)
b) Group B - GnRH agonist (n=460)

Stenbæk et al. (3) 83
women,

Denmark GnRH antagonist: 31.2
[35.5-28.4]
GnRH agonist: 36.4
[37.6-32.7]

Women undergoing first infertility
treatment cycle of IVF or ICSI

Randomized trial:
a) GnRH antagonist (n=42): daily injections with r-FSH
b) GnRH agonist (n=41)

Bloch et al. (2) 108
women

Israel Total sample: 31.8
(5.4)

Women admitted, period 2006-2007,
first or second IVF cycle Age < 42
years No endometriosis No
psychopharmacological treatment

Prospective randomized trial:
a) Short protocol (GnRH agonist triptorelin plus daily r-
FSH (n=60) b) Long protocol (GnRH agonist triptorelin
for 14 days, followed by r-FSH (n=48)

de Klerk et al. (36) 391
women

The
Netherlands

Mild strategy: 33.0
(3.0)
Standard strategy:
32.8 (3.3)

Women who planned IVF,
randomization into one protocol No
previous history of unsuccessful IVF

Randomized controlled two-center trial:
a) Mild ovarian stimulation (GnRH antagonist co-
treatment) and single embryo transfer (n=197)
b) Standard GnRH agonist long-protocol ovarian
stimulation with double embryo transfer (n=194)

Heijnen et al. (35) 404
women

The
Netherlands

Mild strategy: 32.9
(3.1)
Standard strategy:
32.8 (3.2)

Women who planned IVF or
intracytoplasmatic sperm injection
with no previous IVF history

Randomized non-inferiority trial:
a) GnRH antagonist combined with single embryo
transfer (n=205)
b) GnRH agonist long protocol and transfer of two
embryos (n=199)

Tapanainen et al.
(37)

100
women

Finland Goserelin: 33.6 (4.0)
Buserelin: 33.6 (3.8)

Women who planned IVF Randomized trial:
a) Long-acting s.c. goserelin (LHRH agonist) (n=49)
b) Buserelin acetate i.n. (LHRH agonist) (n=51) plus
150 IU of HMG/day after 11 days of GnRH-a treatment
AC, artificial cycle; GnRH-a, gonadotrophin-releasing hormone agonist; HADS, Hospital Anxiety and Depression Scale; HMG, human menopausal gonadotrophin; i.n., intranasal; c-IVF,
conventional in vitro fertilization; n-IVF, non-conventional in vitro fertilization; IQR, interquartile range; NC, natural cycle; LHRH, luteinizing hormone-releasing hormone; r-FSH, recombinant
follicle-stimulating hormone; s.c., subcutaneous; SD, standard deviation.
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(buserelin acetate) combined with oestradiol valerate (33). The
authors did not find statistically significant differences between
both groups in terms of anxiety and depressive symptoms,
neither before the beginning of treatment, nor on the following
days after progesterone administration, blastocyst transfer or at
the pregnancy test (33), suggesting that the use of GnRH agonists
show similar psychological effects compared to blastocyst
transfer in a modified natural cycle. However, when calculating
the effect sizes for longitudinal changes in depressive symptoms
Frontiers in Psychiatry | www.frontiersin.org 635
(Table 3), both treatment arms were associated with worsening
of depressive symptoms, although a greater negative effect was
seen in the protocol using GnRH agonists (g = -1.22) when
compared to the natural cycle protocol (g = -0.53), that did not
include gonadotropin stimulation. It is important to underscore
that mean (SD) HADS scores for both groups were below 7,
which suggests that depressive symptoms were mild, because a
cut-off score ≥ 8 is thought to be appropriate for detecting major
depression in the general practice (38).
TABLE 2 | Methods and results of published clinical trials reporting psychopathological complications with hormonal treatments for infertility (n=8).

Author and year of
publication

Trial objectives Psychopathological assess-
ment (scales, interviews)

Outcomes Main results

Haemmerli Keller
et al. (32)

To compare the psychological burden
of conventional IVF with gonadotropin
stimulation and IVF without
gonadotropin stimulation

CES-D
Brief Symptom Inventory

Mean (pre-post)
differences in
CES-D between both
arms†

NC‐IVF patients had significantly lower
level of depression than cIVF patients.

Greco et al. (33) To evaluate clinical pregnancy rates of
two methods of endometrial
preparation for frozen-thawed single
euploid blastocyst transfer: modified
natural and artificial cycle with GnRH
agonist suppression
To compare psychological distress
between both strategies

HADS Mean (pre-post)
differences in
HADS scores between
both arms†

No significant differences were found
between both groups in anxiety and
depression scores before starting
treatment, on the days of progesterone
administration, at the blastocyst transfer,
and at the pregnancy test

Mamata et al. (34) To understand physical and
psychological burden in women under
fertility treatment
To compared GnRH antagonist
protocol with GnRH
agonist in terms of physical and
psychological burden

HADS
HSCL Somatization subscale

Mean (pre-post)
differences in
HADS scores between
both arms†

No statistically significant differences were
found in physical or psychological burden
between the protocols (GnRH antagonist
and GnRH agonist)

Stenbæk et al. (3) To investigate whether women
exposed to GnRH agonist protocols
exhibit higher levels of mental distress
compared to women under GnRH
antagonist protocols

Profile of Mood States
Perceived Stress Scale
Major Depression Inventory

Mean (pre-post)
differences in
MDI scores between
both arms†

Although the GnRH antagonist protocol
was associated with mood fluctuations
during the stimulation phase, mood
disturbances were not induced by either
of the protocols

Bloch et al. (2) To determine whether affective
symptoms appear with the use of
GnRH agonists inducing hypogonadic
states during IVF cycles
To compare long- (inducing
hypogonadism) and short-protocols
(without hypogonadism)

Brief Symptom Inventory
State-Trait Anxiety Inventory
CES-D

Mean (pre-post)
differences in CES-D
scores between long-
and short-protocols†

GnRH agonist-induced hypogonadal
states were not associated with increased
mood symptoms. Both protocols (short
and long) were comparable in their effects
on the induction of affective symptoms

de Klerk et al. (36) To compare the impact of
unsuccessful IVF on women’s
psychological symptoms between mild
and standard protocols
To compare self-reported symptoms
of depression between both protocols

HADS Mean (SD) on HADS
(depression scores)
after treatment
% of significant
depression

At the first IVF treatment cycle, mild
ovarian stimulation (including GnRH
antagonists) was associated with fewer
short-term depressive symptoms than
conventional protocols

Heijnen et al. (35) To investigate whether mild and
standard protocols differ in the
proportion of term livebirths and
women’s well- being, and cost per
couple

Assessment (baseline, 1 week
after outcomes):
HADS
HSCL Somatization subscale
Subjective Sleep Quality Scale

Differences in HADS
scores after each IVF
cycle (represented in
Figure) between both
arms

No statistically significant differences in
depressive or anxious symptoms between
the protocols

Tapanainen et al. (37) To investigate successful outcomes of
IVF treatment with goserelin depot
versus buserelin acetate

Ad hoc questionnaire with a
subjective estimation scale of
different side effects (e.g.,
tiredness, depression and
irritability) (scores from 1 =
absent to 5 = severe)

Mean (SD) scores after
treatment†

Buserelin group: higher incidence of
tiredness, depression, headache and
abdominal pain than the goserelin group.
No differences between the groups in
mental irritability, nausea, or swelling.
†Effect sizes for the change (pre-post) in depressive symptoms for each treatment arm could be calculated (see Table 3).
CES-D, Center for Epidemiologic Studies Depression Scale; HSCL, Hopkins Symptom Checklist; HADS, Hospital Anxiety and Depression Scale; HMG, humanmenopausal gonadotrophin
(HMG); IVF, in vitro fertilization; NC-IVF, non-conventional in vitro fertilization; SD, standard deviation.
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Stenbaek et al. (3) carried out a randomized trial in a total of
83 women undergoing treatment for infertility (3). Patients were
randomized to the GnRH antagonist protocol, which included
daily injections with r-FSH treatment, and GnRH agonists,
which were administered intranasally. Mood symptoms and
neuroticism traits were evaluated by self-reported assessment
scales. The authors found that neuroticism was associated with
higher scores on psychological distress, independent of the
protocol received. Mental distress associated with ART
treatments may not be attributed to hypogonadism or any
protocol (3). In terms of depressive symptoms, although
GnRH agonists seemed to show a slightly poorer profile than
GnRH antagonists, effect sizes were very small (Table 3), without
significant pre-post changes.

Similarly, Mamata et al. (34) carried out a trial across 12 IVF
centres in India (34). The authors divided participants into two
groups according to the type of treatment they received: a)
GnRH antagonists and b) GnRH agonists. Psychopathological
symptoms and somatic distress symptoms were assessed by
means of the Hospital Anxiety and Depression Scale (HADS)
and the Hopkins Symptom Check List (HSCL) during two
treatment visits. Although no statistically significant differences
in depressive or anxiety symptoms were found between both
protocol groups, the percentage of individuals who reported
Frontiers in Psychiatry | www.frontiersin.org 736
depressive symptoms was higher in those receiving GnRH
agonists compared to those under GnRH antagonists,
suggesting that women undergoing IVF/ICSI may suffer from
higher depressive symptoms than women not undergoing these
treatments, irrespective of the protocol assigned.

With the main hypothesis that GnRH agonists may be
responsible for the induction of depressive symptoms in
women undergoing IVF, Bloch and co-workers (2) carried out
a prospective randomized trial with two main treatment groups:
a short protocol and a long protocol (2). The long protocol
consisted of the subcutaneous administration of the GnRH
agonist triptorelin for 14 days. 225 IU of recombinant FSH (r-
FSH) were administered in a second step. The short protocol was
defined by the administration of the GnRH agonist from the first
day of the cycle, followed by concomitant 225 IU r-FSH. The
authors hypothesized that a long protocol may induce prolonged
hypogonadism compared to a short protocol, a fact that may
increase levels of psychological distress and may be associated
with higher depressive symptoms (2). The authors found a
significant increase in depressive and anxiety symptoms during
IVF-ET cycles, which were higher between the hypogonadal
phase and the peak in gonadotropin stimulation, at later points
in treatment. The hypogonadal state which was GnRH agonist-
induced was not found to be associated with increased mood
TABLE 3 | Effect sizes of changes in depressive symptoms in studies exploring the effect of hormonal treatments for infertility.

Study Assessment scale Arm N Before
treatment

After
treatment

Effect size measures

Mean SD Mean SD g d
95% CI limits

Haemmerli Keller et al.
(32)

CES-D NC-IVF
(no gonadotropin stimulation or very low
doses of clomiphene)

Pre (N = 57) 12.7 7.3 13.4 10.9 -0.07 -0.38 to 0.23
Post (N = 44)

CES-D cIVF
(HMG + GnRH antagonist)

Pre (N = 62) 12.2 8.6 15.7 7.9 -0.42 -0.73 to -0.12
Post (N = 45)

Greco et al. (33) HADS-D Modified-NC
(no gonadotropin stimulation;
oocyte maturation with hCG)

109 5.3 1.8 6.1 1.1 -0.53 -0.75 to -0.32

HADS-D Artificial cycle
(GnRH agonist)

113 4.9 1.5 6.8 1.6 -1.22 -1.47 to -0.98

Mamata et al. (34)§ HADS-D GnRH antagonist 232 -0.1 3.6 -0.03 NA#

HADS-D GnRH agonist 460 0.1 3.7 0.03 NA#

Stenbæk et al. (3)† MDI GnRH antagonist 42 8.7 9.6 8.2 7.3 0.06 -0.25 to 0.37
MDI GnRH agonist 41 6.3 3.8 7 5.4 -0.15 -0.47 to 0.17

Bloch et al. (2) CES-D Long-protocol
(GnRH agonist for 14 days+ r-FSH)

48 32.5 7.6 36.2 9.4 -0.43 -0.073 to -0.13

CES-D Short- protocol
(GnRH agonist + r-FSH from first day of
the cycle)

60 30.6 8.5 34.3 9.7 -0.40 -0.67 to -0.14

Tapanainen et al. (37)‡ Subjective depressive
symptoms

Goserelin
(GnRH agonist)

49 1.11 0.50 1.27 0.55 -0.30 -0.59 to -0.02

Subjective depressive
symptoms

Buserelin
(GnRH agonist)

51 1.35 0.87 1.59 1.04 -0.25 -0.53 to 0.03
May 2020 |
 Volume
g, Hedges’ g; d, Cohen’s d; SD, standard deviation; CI, confidence intervals; CES-D, Center for Epidemiologic Studies Depression Scale; cIVF, in vitro fertilization with gonadotropin
stimulation; AC, artificial cycle; NC, natural cycle; NC-IVF, in vitro fertilization without gonadotropic stimulation; GnRH, gonadotropin- releasing hormone; HMG, human menopausal
gonadotropin; r-FSH, recombinant follicle-stimulating hormone; HADS-D, Hospital Anxiety and Depression Scale—depression subscore; MDI, Major Depression Inventory; NA, not
assessed.
§In the Mamata et al. (34) study, mean differences in HADS-D were reported. Hedges g’ was calculated taking into account this information.
†As median and interquartile range were reported in the study by Stenbæk et al. (3), mean (SD) was computed as suggested by Wan et al.
‡In the Tapanainen et al. (37) study, mean (SD) changes in subjective symptoms of depression were obtained from figures with t he procedure described by Labad et al. (28).
#d Cohen confidence interval limits were not calculated because means and standard deviations for baseline and final visits were not available.
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symptoms, suggesting that neither long nor short protocols were
correlated with an increase in depression. Effect sizes for the
change in depressive symptoms suggest that both protocols are
associated mild mood worsening (Table 3).

De Klerk et al. (36) investigated the psychopathological effect
of IVF treatment on women undergoing mild ovarian
stimulation (including GnRH antagonist and single embryo
transfer) compared to an standard strategy (long-protocol with
GnRH agonist and double embryo transfer) (36). After IVF
treatment, women with negative outcome were more likely to
present depressive symptoms 1 week after the end of treatment
compared to women who received mild IVF treatment. The
prevalence of possible depressive disorder (defined as a HADS
score>7) was 38.8% for the women in the standard IVF group
who underwent multiple IVF cycles against 19.4% of the women
in the mild IVF group (p = 0.04). The authors associated these
results with the prolonged ovarian suppression by GnRH
agonists in those women who underwent the standard IVF,
suggesting that these treatments may lead to more symptoms
of depression.

Heijnen et al. (35) carried out a randomized, open-label, non-
inferiority trial in 404 women with an indication for IVF or ICSI
in the Netherlands, of whom 205 received mild ovarian
stimulation (single embryo transfer with the administration of
GnRH antagonists) and 199 were given standard ovarian
stimulation with the transfer of two embryos and with the
administration of GnRH agonists (35). The authors assessed
depressive symptoms and anxiety by means of the HADS and
found no statistically significant differences in psychopathological
symptoms between both groups (35).

One of the most relevant studies was the randomized trial
carried out by Tapanainen et al. (37). In this IVF study, patients
received two types of GnRH agonists. Individuals were
randomized to treatment with long-acting subcutaneous
goserelin or with intranasally administered buserelin acetate.
They both stimulate the production of testosterone and
oestrogen in a non-pulsatile manner, which results in the
downregulation of both sex hormone systems (37). After 11
days of the administration of either goserelin or buserelin, the
administration of 150 IU of HMG/day was started. The authors
found that patients receiving buserelin reported more depressive
mood, tiredness, and headache 1 week after starting the GnRH
agonist, when compared to those treated with goserelin (37).
However, when considering the effect sizes for the change in
depressive symptoms during the study, both protocols had
similar effects (mild worsening) on mood (Table 3).

Non-Published Studies Designed to
Assess Psychopathology in Women
Receiving Hormonal Treatments for
Infertility (Completed or Ongoing)
One trial was registered at clinicaltrials.gov and reported to
be completed.

In 2010, Pittman et al. started a double-blind, placebo-
controlled, crossover clinical trial in 20 menstruating women
Frontiers in Psychiatry | www.frontiersin.org 837
with regular menstrual cycles who suffered from unexplained
infertility (39). The main goal of this trial was to explore
psychopathological symptoms and physical concerns in women
receiving clomiphene citrate for superovulation with intrauterine
insemination. Women were randomized to treatment with
clomiphene citrate or placebo and received this intervention on
days 3–7 of their menstrual cycle. Ten patients received
clomiphene citrate 50 mg daily and then placebo daily, and 10
women received placebo and then clomiphene citrate daily.
Physical, behavioral, and mental symptoms were explored by
using the following assessment scales: Follicular Cycle Total
Physical Score for the Calendar of Premenstrual Experiences
(COPE) self-assessment, the Follicular Cycle Total Behavioral
Score for the Calendar of Premenstrual Experiences (COPE) self-
assessment, the Luteal Cycle Total Behavioral Score for the
Calendar of Premenstrual Experiences (COPE) self-assessment
and the Luteal Cycle Total Physical Score for the Calendar of
Premenstrual Experiences (COPE) self-assessment. Although
not statistically relevant, patients receiving placebo showed
higher scores than those receiving clomiphene citrate on the
Follicular Cycle Behavioral and Physical Scores (COPE). No
other differences in median scores were found in behavioral,
mental, and physical symptoms as measured by the luteal scales.
Quality Assessment and Risk of Bias
The assessment of the risk of bias has been presented in detail in
Table S2. Of all nine clinical trials included in our systematic
review, four were considered to be good (2, 3, 36, 39), four fair
(33–35, 37), and only one (32) had poor quality.

We did not identify any trial publication or non-publication
of results regarding the occurrence of psychotic symptoms in
women undergoing fertility treatments.
DISCUSSION

In this paper, we carried out a systematic review on available
work on the psychopathological effects of hormonal treatments
for infertility on women and the effects of these therapies on the
occurrence of newly diagnosed mood and psychotic disorders.
Finally, nine trials were included, all of them in non-clinical
populations. Four trials compared GnRH agonists and GnRH
antagonists (3, 34–36), showing a better mood profile (less
depressive symptoms) for those hormonal protocols including
antagonists in one trial. Two trials compared protocols using
either GnRH agonists or GnRH antagonists versus natural cycle
protocols that did not use gonadotropin stimulation, reporting a
better mood profile in those protocols without gonadotropin
stimulation (32, 33). Other two studies comparing long and short
protocols of GnRH agonists (2) and two GnRH agonists
(buserelin and goserelin) (37) did not find significant
differences in mood changes between treatment arms. An
unpublished study compared two patterns of clomiphene vs
placebo administration with no differences between groups (39).
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Most previous published trials evaluated the effect of either
GnRH antagonists or GnRH agonists on the occurrence of newly
diagnosed depressive disorder or depressive symptoms for the first
time in women. None of them investigated the risk or prevalence of
relapses in women with a previous diagnosis of depressive disorders
or psychotic disorders. When focusing on hormonal compounds
other than GnRH agonists or antagonists, one recent trial has been
developed to study the effect of clomiphene citrate on women under
the IVF protocol (39). Moreover, in the study by Haemmerli Keller
et al. (32), patients under the protocol without gonadotropin
stimulation could receive low doses of clomiphene (32). This
latter study suggests that the lack of gonadotropin stimulation is
associated with fewer changes in mood, as the effect size was very
small (g = -0.07).

Celano et al. (40) and Wilkins and collaborators (41) pointed
out that GnRH agonists (e.g., leuprolide and goserelin) induce
hypogonadism (40, 41), which could be related to different
psychiatric side effects. In the information about these
hormonal drugs (42, 43), depressive symptoms also seem to be
reported. These findings have been replicated in subsequent case
series (44, 45) and retrospective studies, including the report of a
patient treated with leuprolide (46). Furthermore, prophylactic
treatment with SSRIs has been reported to prevent the
development of depressive symptoms in these patients (45).

In our systematic review, we found that patients receiving
ovarian stimulation with GnRH antagonists had increased
depressive symptoms compared to patients who did not
receive ovarian stimulation (32). One study suggested that
treatment with one GnRH agonist, buserelin, had a poorer
mood profile than other GnRH agonist (goserelin) 1 week later
but showed similar mood changes at the end of the trial (37).
However, GnRH agonists did not seem to differ from GnRH
antagonists in their associated occurrence of depressive
symptoms, suggest ing that nei ther protocol has a
psychopathological effect on women undergoing fertility
treatments (3, 34–36).

In contrast, Ben Dor et al. (47) studied the effect of GnRH
agonists on a sample of 72 healthy women (medication-free; not
pregnant; no significant past or current medical illness; reported
regular menstrual cycles; and normal physical, gynaecological
examinations, and laboratory results) (47). The absence of
current or past Axis I psychiatric illness was confirmed by
Structured Clinical Interview for DSM-IV. The objective of the
study was to better understand whether the acute induction of
hypogonadism may determine significant depressive symptoms
in healthy premenopausal women, which individual symptoms
may be associated with hypogonadism and increase susceptibility
to depression and whether changes in plasma levels of ovarian
hormones correlate with changes in mood symptoms (47). After
a 2-month screening phase, every woman received the first dose
of depot leuprolide acetate. Relative to baseline, induced
hypogonadism with GnRH agonist was associated with
significantly decreased sexual interest, disturbed sleep, and hot
flashes but no significant change in any mood-related symptom
scores (47). The authors proposed that depressive symptoms
Frontiers in Psychiatry | www.frontiersin.org 938
associated with GnRH agonist ovarian suppression in
menopause could reflect mainly the effects of ovarian
suppression on women who are more vulnerable to the
development of depression or who are currently depressed
(47). However, once again, no clinical trials have explored the
effect of leuprolide on women undergoing fertility treatments.

Bloch and collaborators (2) investigated the relationship
between affective symptoms and gonadal steroids during in
vitro fertilization (2). They found that the drop from high
oestradiol levels at the oestradiol phase to lower levels at the
progesterone phase was correlated with increasing depressive
symptoms, suggesting that the abrupt decline in oestrogen levels
can precipitate negative mood states. This fact may be
responsible for the variability of the presence of depressive
symptoms in women undergoing IVF (2). This may be
partially in line with some observational studies exploring the
prevalence of depressive symptoms in women undergoing
fertility treatments. Particularly, Volgsten and co-workers (22)
carried out an observational study including couples undergoing
IVF or ICSI and applied the Primary Care Evaluation of Mental
Disorders (PRIME-MD) system, which is a tool to evaluate the
prevalence of psychiatric disorders according to 2% in men,
being major depression the most commonly found, irrespective
of the hormonal compound they received. More recently, other
studies have reported that pregnant women after fertility
treatment did not differ in terms of depressive symptoms
compared to those naturally pregnant, suggesting that the
treatment did not have a negative impact on mood (23).
However, the hormonal compounds were not included in the
discussion. Evans-Hoeker et al. (48) carried out a cohort study
including participants in two previous randomized trials, namely
PPCOS II and AMIGOS (48). The first trial compared patients
treated with clomiphene citrate versus letrozole, and the second
compared gonadotropins, clomiphene citrate and letrozole. Both
studies assessed whether maternal depression would have an
influence on pregnancy outcomes after non-IVF fertility
therapies. They did not find any negative effect of current
active depression on non-IVF outcomes. The effect of
hormonal compounds used in fertility treatment on the
recurrence of major depression have been poorly investigated.
Sejbaek et al. (49) carried out a register-based national cohort
study including women undergoing IVF, ICSI, and other embryo
transfer treatments (49). Women with a previous diagnosis of
depression had lower rates of live births. The authors did not find
statistically significant differences in rates of depression, but they
recommended that women with previous depression may
require specific psychiatric attention before starting a new
treatment. In the same line, other authors highlight that a
history of major depression would be a significant predictor
for major depression during fertility treatment (50). Psychosocial
support and interventions addressed to women with a previous
history of depression have been recommended when initiating
infertility treatment.

We did not find any clinical trial specifically investigating the
effects of hormonal treatments on depressive symptoms in
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unipolar or bipolar disorder patients. In a recent prospective
observational study that included women receiving infertility
treatments with a history of major depressive disorder or bipolar
disorder (24), a high risk of depressive relapse was found, even in
those women maintaining psychotropic medication. These
results suggest that maintenance of medication is not sufficient
to avoid affective relapses. In our systematic review, we did not
find clinical trials assessing recurrences in patients with
affective disorders.

Women with polycystic ovary syndrome (PCOS) show an
increased prevalence of higher depression and anxiety scores and
increased odds of moderate and severe depressive and anxiety
symptoms compared with controls (51). On the other hand, a
few studies that have evaluated the impact of PCOS-related
treatments (lifestyle interventions and pharmacotherapy) on
mood have reported no detrimental effect or even some
improvement in depressive and anxiety symptoms and quality
of life (51). In addition, clomiphene citrate, a selective oestrogen
receptor modulator used to induce ovulation, even in patients
with PCOS, has been associated with mood lability and
depressed mood in two cross-sectional studies (52, 53). In the
cross-sectional, self-report survey of Choi et al. (53), 41% of
clomiphene-treated women experienced depressed mood, and 75
of 162 (45%) experienced mood swings during treatment (53).
Mood changes (54), suicidal behavior (55), and visual
hallucinations (56) have also been associated with clomiphene
treatment in case reports.

None of the selected published clinical trials in our systematic
review specifically investigated the psychopathological effects of
the use of clomiphene citrate in the treatment of infertility on
women. In an unpublished randomized double-blind crossover
trial in 20 women (53), clomiphene treatment was not associated
with mood or behavioral changes, a result that contrasts those of
other studies suggesting that clomiphene induces psychological
side effects quite frequently (53).

In relation to patients with psychotic disorders, to the best of our
knowledge, no clinical trials have evaluated the psychopathological
effects of hormonal treatments for infertility on women diagnosed
with bipolar disorder, schizophrenia, or other psychotic disorders.
A case report linked the use of leuprolide acetate for in vitro
fertilization (IVF) treatment to a psychotic exacerbation in a 37-
year-old woman who suffered from a previous schizoaffective
psychosis (57). In this line, a case series of Purvin (58) showed
different visual disturbances (some of them persistent) secondary to
clomiphene citrate treatment in three women treated for infertility
with clomiphene for 4 to 15 months (58). In a review by Seeman
(59), there were five case reports of a self-limited psychotic disorder
induced by clomiphene (59). All cases were reported to start
psychotic symptoms during treatment, to have a paranoid
component and to stop when the drug was withdrawn. We did
not find any trial reporting the potential effects of hormones used in
fertility treatments on women with psychosis or the occurrence of
psychotic symptoms in non-diagnosed women. However, some
case reports have been reported on the use of clomiphene. A recent
national register study compared success rates of fertility treatments
Frontiers in Psychiatry | www.frontiersin.org 1039
in women with and without psychotic disorders prior to the
treatment (25), as a part of a cohort of 42,915 Danish women
undergoing fertility treatments. Women with previous diagnosis of
psychotic disorder had lower rates of success compared to non-
psychotic women. The authors did not evaluate depressive
symptoms as the main outcomes.

Several limitations in this systematic review should be
considered. The most important limitation of this systematic
review is the absence of a sufficient number of published articles
on the psychopathological effects of hormone compounds used
in infertility treatments in women. Furthermore, most clinical
trials included in our systematic review excluded patients with a
psychiatric history or psychopathological treatment. Therefore,
these exclusion criteria might bias the evidence because most
studies excluded women with mental illnesses. Although the
quality of selected clinical trials was fair to good in most cases (8/
9 = 89%), as none of them included patients with serious mental
illnesses, the research field needs to conduct more inclusive
clinical trials to overcome this limitation.

The prediction of acute exacerbations or the occurrence of
newly diagnosed mental disorders is limited by the scarce
literature in the field. Furthermore, most studies were focused
on depressive or anxiety symptoms, and they did not assess, in
general, psychopathological symptoms according to the most
commonly used assessment scales for depression. Several
authors have reported that psychotic symptoms may occur
during fertility treatments, during or after the use of hormone
compounds; however, to date, few studies have focused on patients
suffering from schizophrenia and other psychotic disorders. Most
of them are case reports or case series, and trials are still lacking on
this topic. To the best of our knowledge, this is the first systematic
review on the psychopathological effects of hormonal treatments
for infertility. Although the number of selected clinical trials was
low, our systematic review opens new avenues on the investigation
of hormone effects in women undergoing infertility treatments.
Future studies need to include patients with major mood and
psychotic disorders.
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Michał Lis1, Bartłomiej Stańczykiewicz2, Lilla Pawlik-Sobecka2,
Agnieszka Samochowiec3, Artur Reginia4 and Błażej Misiak5*
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It has been found that antipsychotic-naïve patients with first-episode psychosis (FEP)
present with impaired hormonal regulation of appetite in terms of low leptin and high
insulin levels (the adipoinsular axis). These findings imply that certain intrinsic mechanisms
might play a role in the development of metabolic dysregulation in early psychosis.
However, clinical correlates of this phenomenon remain unknown. Moreover, these
alterations have not been tested in individuals at familial high risk of psychosis (FHR-P).
In this study we aimed to assess the levels of adiponectin, insulin, leptin, glucose, total
cholesterol, lipoproteins and triglycerides in FEP patients, unaffected offspring of
schizophrenia patients (FHR-P individuals) and healthy controls (HCs) with respect to
cognitive performance and psychopathological manifestation. Participants were 35 FEP
patients, 33 FHR-P individuals, and 32 HCs. Cognitive performance was assessed using
the Repeatable Battery for Assessment of Neuropsychological Status (RBANS). The levels
of leptin and high-density lipoproteins (HDL) were significantly lower (leptin: 10.7 ± 15.7 vs.
12.6 ± 10.1, p = 0.046, and HDL: 48.0 ± 16.9 vs. 59.8 ± 17.5 mg/dl, p = 0.007), while the
levels of triglycerides and insulin were significantly higher (triglycerides: 137.4 ± 58.8 vs.
77.5 ± 33.2 mg/dl, p < 0.001, and insulin: 15.2 ± 13.1 vs. 9.6 ± 5.0 µIU/ml, p = 0.023) in
FEP patients compared to HCs. These differences were significant after controlling for the
effects of potential confounding factors. No significant differences in the levels of serum
markers between FHR-P individuals and HCs were found. There was a significant
negative correlation between the level of leptin and the RBANS language score after
covarying for potential confounding factors in FEP patients (B = –0.226, p = 0.006) but not
in other subgroups of participants. Our findings confirm impairment of adipoinsular axis in
early psychosis. However, results of our study do not support the hypothesis that familial
liability to psychosis might be associated with metabolic dysregulation. Leptin levels might
be associated with cognitive deficits in FEP patients. Longitudinal studies of individuals at
g May 2020 | Volume 11 | Article 480142
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risk of psychosis are needed to provide insights into causal mechanisms underlying
our results.
Keywords: adipose tissue, lipid, hormone, schizophrenia, obesity
INTRODUCTION

Cardiovascular comorbidities largely contribute to reduced life
expectancy in patients with schizophrenia-spectrum disorders
(1). Although environmental factors that underlie this
phenomenon have been widely recognized, accumulating
evidence indicates that certain intrinsic mechanisms might also
be relevant. Indeed, antipsychotic-naïve or minimally-medicated
patients with first-episode psychosis (FEP) present with a
number of cardio-metabolic, immune and the hypothalamic-
pituitary-adrenal (HPA) axis dysregulations (2). One of
hypotheses beyond these observations states that psychotic
disorders and cardiovascular risk factors share overlapping
genetic backgrounds (3). However, the role of environmental
factors (e.g., unhealthy life style or early-life stress) that act in the
premorbid phase of illness cannot be excluded.

Our group performed a systematic review and meta-analysis
of studies investigating the levels of appetite-regulating
hormones in (FEP) patients (4). We found that patients with
FEP present with increased levels of insulin and reduced levels of
leptin. Subgroup analysis of antipsychotic-naïve patients
confirmed these findings. No significant differences in the
levels of other hormones (adiponectin, ghrelin, orexin, resistin,
and visfatin) between FEP and healthy controls (HCs) were
observed in this meta-analysis. Notably, studies of multiple-
episode schizophrenia patients revealed increased levels of
leptin and insulin (5). Although our meta-analysis did not
demonstrate altered levels of adiponectin in FEP, low
adiponectin levels were reported in multiple-episode
schizophrenia patients (6). The authors of a recent meta-
analysis of studies in this field found that low adiponectin
levels in this group of patients might occur as a consequence
of antipsychotic treatment (6). Notably, adiponectin is another
hormone that regulates secretion of insulin. It has been found
that adiponectin not only increases insulin sensitivity but it can
also exert antiangiogenic, antiatherogenic and neuroprotective
effects (7). Although it has been observed that adiponectin levels
might be associated with cognitive performance in the general
population, these observations have not been confirmed in
patients with schizophrenia (8).

Leptin is a hormone released by white adipose tissue and is
able to pass through the blood-brain barrier. It reduces appetite
via interactions with receptors located in the arcuate nucleus of
the hypothalamus. Moreover, leptin plays an important role in
the brain development and may be responsible for learning and
memory processes (9). Apart from the hypothalamus, leptin
receptors are expressed by neurons of the cerebral cortex,
hippocampus, basal ganglia and cerebellum (10, 11). Leptin-
g 243
deficient mice not only develop extreme obesity and other
components of the metabolic syndrome but also show
decreased brain weight and cortical volumes (9, 12, 13). There
is evidence that leptin suppresses secretion of insulin by central
actions and direct effects on pancreatic cells. This peripheral
regulation of insulin secretion has been named as the
adipoinsular axis (14).

Insulin receptors are expressed by various cells of the central
nervous system. The highest concentration of insulin receptors
has been found in the olfactory bulb, cerebral cortex,
hippocampus, cerebellum, and hypothalamus (15). Notably,
insulin resistance has been associated with cognitive
impairment in FEP patients (16). There are various
mechanisms underlying the effects of central insulin signaling
on cognitive performance. Indeed, central insulin plays an
important role in maintaining neuronal plasticity (17). More
specifically, it has been demonstrated that central insulin is
involved in spatial learning and memory processes through its
interactions with receptors located in the hippocampus (18). In
addition, patients with type 2 diabetes are at risk of cognitive
impairment across various domains, including, i.e., attention,
learning, memory and executive function (19).

It should be noted that insulin resistance is not the only
cardiovascular risk factor associated with cognitive impairment
in schizophrenia. A recent meta-analysis revealed that a
diagnosis of metabolic syndrome and its single components
(hypertension, abdominal obesity, insulin resistance and
dyslipidemia) are also related to cognitive deficits (20).
However, this meta-analysis included only two studies that
investigated the effects of dyslipidemia on cognition in
schizophrenia (21, 22). These studies revealed that
dyslipidemia is related to impairments of executive function,
verbal memory and attention. Dyslipidemia may impact
cognitive performance through various mechanisms associated
with the injury of the blood-brain barrier and blood vessels as
well as increased amyloid deposition (23).

Although there is evidence that subclinical indices of
metabolic dysregulation, such as lipid profile disturbances,
decreased leptin levels and decreased insulin sensitivity, occur
in patients with FEP, it remains unknown whether these
alterations are present in unaffected individuals at familial high
risk of psychosis (FHR-P). Moreover, clinical correlates of
metabolic dysregulation in early psychosis are yet to be
established. Therefore, we aimed to compare the levels of
glucose, insulin, adiponectin and leptin as well as lipid profile
in FEP patients, FHR-P individuals and HCs. In addition, we
investigated whether these metabolic parameters are related to
psychopathological manifestation and cognitive performance.
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MATERIAL AND METHODS

Participants
We enrolled 35 FEP inpatients, 33 FHR-P individuals, and 32
HCs. The group of FHR-P individuals represented unaffected
offspring of patients with schizophrenia, who were diagnosed
according to the ICD-10 criteria. A diagnosis of FEP was
established based on the DSM-IV criteria using the
Operational Criteria for Psychotic Illness (OPCRIT) checklist
(24). All patients were recruited during their first inpatient
treatment and they had a negative history of antipsychotic
treatment before admission to the inpatient unit. The following
diagnoses were established in FEP patients: schizophrenia,
schizoaffective disorder, schizophreniform disorder, brief
psychotic disorder, and delusional disorder. In turn, HCs were
recruited through advertisements and had a negative family
history of psychotic and mood disorders in first- and second-
degree relatives. Participants were matched for age, sex, and
parental education level (the proxy measure of socioeconomic
status). The exclusion criteria were as follows: (1) comorbid
neurological disorders; (2) intellectual disability; (3) physical
health impairment that might affect biochemical markers
measured in the study (diabetes, hypertension, coronary artery
disease, autoimmune disorders, inflammatory diseases,
endocrine disorders); (4) drug and/or alcohol dependence
(except for nicotine) and (5) duration of antipsychotic
treatment longer than 30 days. Participants were recruited in
two big Polish cities (Wroclaw and Szczecin) in the time period
between October, 2016 and December, 2019. The study protocol
was approved by the Ethics Committee of Wroclaw Medical
University (Poland) and all participants gave a written
informed consent.

We used the following measures of psychopathology: the
Positive and Negative Syndrome Scale (PANSS) (25), the
Hamilton Depression Rating Scale (HDRS) (26), the Young
Mania Rating Scale (YMRS) (27), the Global Assessment of
Functioning (GAF) (28) and the Social and Occupational
Assessment of Functioning (SOFAS) (28). Cognitive
performance was recorded using the Repeatable Battery for
Assessment of Neuropsychological Status (RBANS) (29). The
RBANS includes several tests that are grouped into the following
domains: immediate memory (list learning and story memory),
visuospatial/constructional functions (figure copy and line
orientation), language (picture naming and semantic fluency),
attention (digit span and coding), and delayed memory (list
recall, list recognition, story memory, and figure recall).

Anthropometric Measures and
Biochemical Parameters
All participants underwent physical examination to record the
waist-to-hip ratio (WHR) and the body mass index (BMI). Blood
samples were collected between 7 a.m. and 9 a.m. after overnight
fasting. Subsequently, they were centrifuged to obtain serum
samples. Colorimetric methods were used to determine the levels
of glucose, total cholesterol, triglycerides and high-density
lipoproteins (HDL) in the Konelab 60 analyzer (Argenta). The
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level of low-density lipoproteins (LDL) was calculated using the
Friedewald formula. Electrochemiluminescence analysis was
applied to measure the levels of insulin (the Cobas e411
analyzer, Roche). The levels of adiponectin and leptin were
determined using the Enzyme-Linked Immunosorbent Assay
(ELISA) kits.

Statistics
Bivariate comparisons were performed using the c2 test
(categorical variables) and the Mann-Whitney U test or t-tests
(continuous variables). Normality of data distribution was
assessed using the Kolmogorov-Smirnov test. The Spearman
rank correlation coefficients were used to test bivariate
correlations. The analysis of covariance (ANCOVA) was
performed to test for between-group differences in metabolic
parameters after adjustment for age, sex, BMI, and cigarette
smoking status. Similarly, linear regression analysis was
performed in case of significant bivariate correlations between
the measures of psychopathology or cognitive performance and
metabolic parameters. Age, sex, BMI, cigarette smoking status,
and chlorpromazine equivalent dosage (CPZeq) were included as
covariates. Results were considered statistically significant if the
p-value was less than 0.05. All analyses were conducted using the
Statistical Package for Social Sciences, version 20 (SPSS Inc.,
Chicago, Illinois, USA).
RESULTS

General characteristics of the participants were shown in Table 1.
There were no significant between-group differences in age, sex,
parental education level, BMI, and WHR. As expected, cigarette
smoking rates were significantly higher, while the number of
education years was significantly lower, in FEP patients.
Similarly, patients with FEP scored significantly lower on all
domains of cognitive performance compared to HCs or FHR-P
individuals (except for visuospatial/constructional abilities). In
turn, FHR-P individuals had significantly lower scores of
visuospatial/constructional abilities, attention and delayed
memory in comparison with HCs.

Metabolic parameters in distinct groups of participants were
presented in Table 2. Patients with FEP had significantly lower
levels of leptin and HDL than HCs. The difference in HDL levels
between FEP patients and FHR-P individuals was also
significant. In turn, the levels of triglycerides and insulin were
significantly higher in FEP patients compared to HCs. Moreover,
patients with FEP had significantly higher levels of triglycerides
than HCs. These between-group differences remained significant
after covarying for age, sex, BMI, and cigarette smoking status
(Table 2).

There were several significant bivariate correlations between
metabolic parameters, psychopathological manifestation and
cognitive performance, especially in FEP patients (Table 3).
However, only a negative correlation between leptin levels and
the RBANS language score remained significant (B = −0.226, p =
0.006) in FEP patients after controlling for the effects of age
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(B = 0.023, p = 0.795), sex (B = 2.221, p = 0.314), BMI (B =
−0.071, p = 0.817), cigarette smoking status (B = −3.771, p =
0.047) and CPZeq (B = −0.004, p = 0.358) in linear regression
analysis. Other bivariate correlations between metabolic
parameters, psychopathological manifestation and cognitive
performance were not significant in linear regression analysis
(data not shown).
DISCUSSION

Our results provide further evidence that impaired adipoinsular
axis is an early sign of metabolic dysregulation in psychosis.
These findings are consistent with results of our meta-analysis
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showing increased levels of insulin and decreased levels of leptin
in FEP patients compared to HCs (4). Leptin is an anorexigenic
hormone released by adipose tissue and suppresses the release of
insulin by direct interactions with its receptors expressed by b-
cells (14). Therefore, leptin deficiency can contribute to excessive
release of insulin that is an adipogenic hormone. Increased
storage of adipose tissue leads to overproduction of leptin and
subsequent leptin resistance. Indeed, there is evidence that
multiple-episode schizophrenia patients present with increased
leptin levels (5). Impaired leptin signaling might also be related
to the pathophysiology of psychosis. It has been found that leptin
reduces dopamine neuronal firing in the mesolimbic system (30).

The observation that higher leptin levels are associated with
lower RBANS scores of language performance also support the
TABLE 1 | General characteristics of participants.

FEP, n = 35 FHR-P, n = 33 HCs, n = 32 p (FEP vs. HCs) p (FEP vs. FHR-P) p (FHR-P vs. HCs)

Age, years 34.2 ± 12.5 37.3 ± 11.2 32.3 ± 8.4 0.477 0.283 0.054
Sex, M(%) 18 (51.4) 12 11 0.218 0.232 1.000
Years of education 13.7 ± 3.0 15.4 ± 3.6 15.7 ± 2.5 0.007 0.044 0.743
Paternal education, higher/other than higher (%) 7 (20.0) 3 (9.1) 7 (21.9) 1.000 0.314 0.301
Maternal education, higher/other than higher (%) 7 (20.0) 6 (18.2) 9 (28.1) 0.566 1.000 0.554
BMI, kg/m2 23.9 ± 4.1 24.7 ± 4.2 23.7 ± 3.1 0.876 0.400 0.281
WHR 0.9 ± 0.1 0.9 ± 0.1 0.8 ± 0.1 0.072 0.788 0.151
Cigarette smoking (%) 12 (34.3) 5 (15.2) 4 (12.5) 0.047 0.158 0.732
CPZeq, mg/day 347.2 ± 174.2 – – – – –

HDRS 8.8 ± 7.8 – – – – –

YMRS 2.3 ± 5.3 – – – – –

PANSS-P 15.0 ± 5.3 – – – – –

PANSS-N 19.3 ± 8.0 – – – – –

SOFAS 48.5 ± 13.1 92.4 ± 9.8 93.7 ± 6.1 <0.001 <0.001 0.519
GAF 48.0 ± 15.2 – – – – –

RBANS – immediate memory 41.7 ± 9.4 49.4 ± 6.9 49.7 ± 6.3 <0.001 0.002 0.851
RBANS – visuospatial/constructional 35.0 ± 4.5 36.1 ± 4.1 38.1 ± 2.2 0.001 0.291 0.022
RBANS – language 27.5 ± 5.8 32.1 ± 6.1 32.4 ± 6.0 0.001 0.004 0.942
RBANS – attention 50.1 ± 13.8 59.8 ± 11.7 66.4 ± 8.5 <0.001 0.003 0.016
RBANS – delayed memory 46.1 ± 9.4 51.1 ± 5.3 54.4 ± 4.9 <0.001 0.041 0.009
May 2020 | Volu
Significant bivariate differences (p < 0.05) were marked with bold characters.
BMI, body mass index; CPZeq, chlorpromazine equivalent dosage; FEP, first-episode psychosis; FHR-P, individuals at familial high risk of psychosis; GAF, the Global Assessment of
Functioning; HCs, healthy controls; HDRS, the Hamilton Depression Rating Scale; PANSS-N, the Positive and Negative Syndrome Scale (negative symptoms subscale); PANSS-P, the
Positive and Negative Syndrome Scale (positive symptoms subscale); RBANS, the Repeatable Battery for Assessment of Neuropsychological Status; SOFAS, the Social and Occupational
Assessment of Functioning; WHR, waist-to-hip ratio; YMRS, the Young Mania Rating Scale.
TABLE 2 | Metabolic parameters in FEP patients, FHR-P individuals and HCs.

FEP, n = 35 FHR-P, n = 33 HCs, n = 32 p (FEP vs. HCs) p (FEP vs. FHR-P) p (FHR-P vs. HCs)

Total cholesterol, mg/dl 179.6 ± 37.6 191.6 ± 39.3 183.4 ± 36.8 0.682 0.207 0.395
LDL, mg/dl 104.1 ± 35.0 112.6 ± 36.5 108.2 ± 34.8 0.633 0.335 0.627
HDL, mg/dl 48.0 ± 16.9 60.6 ± 14.1 59.8 ± 17.5 0.007a 0.002b 0.836
Triglycerides, mg/dl 137.4 ± 58.8 91.8 ± 46.3 77.5 ± 33.2 <0.001c 0.001d 0.168
Leptin, ng/ml 10.7 ± 15.7 12.6 ± 10.1 17.6 ± 19.0 0.046e 0.086 0.475
Adiponectin, µg/ml 8.2 ± 4.0 7.6 ± 5.2 7.5 ± 4.0 0.533 0.587 0.995
Glucose, mg/dl 87.5 ± 19.4 87.0 ± 17.5 85.8 ± 11.3 0.995 0.999 0.998
Insulin, µIU/ml 15.2 ± 13.1 11.2 ± 6.4 9.6 ± 5.0 0.023f 0.152 0.205
Significant bivariate differences (p < 0.05) were marked with bold characters.
aANCOVA: group (FEP vs. HCs): F = 4.84, p = 0.032; BMI: F = 6.16, p = 0.016; cigarette smoking: F = 3.94, p = 0.052; age: F = 0.544, p = 0.464; sex: F = 2.71, p = 0.105.
bANCOVA: group (FEP vs. FHR-P): F = 6.84, p = 0.003, BMI: F = 8.53, p = 0.005, cigarette smoking: F = 3.01, p = 0.088, age: F = 0.28, p = 0.602, sex: F = 2.32, p = 0.133.
c ANCOVA: group (FEP vs. HCs): F = 25.00, p < 0.001; BMI: F = 8.92, p = 0.004; cigarette smoking: F = 0.001, p = 0.990; age: F = 0.202, p = 0.655; sex: F = 6.74, p = 0.012.
dANCOVA: group (FEP vs. FHR-P): F = 15.06, p < 0.001, BMI: F = 5.56, p = 0.022, cigarette smoking: F = 0.34, p = 0.563, age: F = 0.49, p = 0.486, sex: F = 5.35, p = 0.024.
eANCOVA: group (FEP vs. HCs): F = 5.04, p = 0.028; BMI: F = 13.70, p < 0.001, cigarette smoking: F = 0.559, p = 0.457; age: F < 0.001, p = 0.990; sex: F = 1.41, p = 0.239.
fANCOVA: group (FEP vs. FHR-P): F = 6.45, p = 0.014; BMI: F = 1.68, p = 0.199, cigarette smoking: F = 0.197, p = 0.659; age: F = 1.05, p = 0.310, sex: F = 1.80, p = 0.185.
FEP, first-episode psychosis; FHR-P, individuals at familial high risk of psychosis; HCs, healthy controls; HDL, high-density lipoproteins; LDL, low-density lipoproteins.
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involvement of leptin in the pathophysiology of psychosis.
Notably, the RBANS language score is composed of two
cognitive tasks—picture naming and semantic fluency. Patients
with schizophrenia show robust deficits of verbal fluency, with
semantic fluency being more impaired than phonemic fluency
(31). These impairments can be attributed to attenuated frontal
activation (32). There is evidence that neonatal leptin deficiency
reduces the frontal cortex volumes (33). Desensitization of leptin
receptors in the prefronal cortex has been associated with
upregulation of dopaminergic genes in this brain region (34).
Another potential explanation is related to the effects of leptin on
immune-inflammatory processes. Elevated levels of leptin in
obesity might contribute to the release of pro-inflammatory
cytokines (35). In turn, elevated levels of proinflammatory
cytokines have been associated with cognitive impairment in
patients with schizophrenia (36). Surprisingly, our study
demonstrated a negative correlation between leptin levels and
performance of the language domain. However, a cross-sectional
study design does not allow to conclude regarding direction of
causality. One of potential scenarios is that higher secretion of
leptin is a response to neurostructural alterations of the frontal
cortex and related cognitive impairment in FEP. A lack of
significant correlations between the RBANS scores and leptin
levels in FHR-P individuals as well as HCs further support
this interpretation.
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Furthermore, we demonstrated significantly lower levels of HDL
as well as significantly higher levels of triglycerides in FEP patients
than in HCs. These findings are also in line with those provided by
recent meta-analyses of lipid profile alterations in FEP patients (37,
38). Notably, we did not confirm the hypothesis that familial liability
to psychosis is related tometabolic alterations and impaired appetite
regulation. However, it should be noted that our operationalization
of familial liability might be insufficient to detect a significant
association as we did not assess prodromal symptoms. Moreover,
due to low sample size, we were not able to test our hypotheses in a
subgroup of individuals meeting the criteria of at-risk mental state
(genetic risk and deterioration syndrome) (39). Indeed, there is
evidence that individuals at clinical high risk of psychosis show a
high percentage of metabolic syndrome components prior to
exposure to antipsychotic treatment (40). Moreover, it has been
shown that measuring the levels of fatty acids in subjects at ultra-
high risk of psychosis may improve prediction of transition to overt
psychotic episode (41). Another study demonstrated that FEP
patients have significantly higher levels of prolactin, fasting
glucose, glycosylated hemoglobin and insulin resistance compared
to individuals at clinical high risk of psychosis (42). It cannot also be
excluded that results of our study simply reflect the effects of
environmental factors or unhealthy lifestyle characteristics that are
highly prevalent in early psychosis and include nutritional
deficiencies as well as low exercise activity (43–45).
TABLE 3 | Correlations between metabolic parameters, psychopathological manifestation, and cognitive performance.

TC LDL HDL Triglycerides Leptin Adiponectin Glucose Insulin

FEP:
HDRS
YMRS
PANSS-P
PANSS-N
SOFAS
GAF
Immediate memory
Visuospatial/constructional
Language
Attention
Delayed memory

r = 0.101
r = −0.266
r = −0.307
r = 0.047
r = 0.287
r = 0.238
r = 0.205
r = 0.111
r = −0.205
r = 0.096
r = 0.285

r = 0.213
r = −0.234
r = −0.216
r = 0.086
r = 0.181
r = 0.164
r = −0.023
r = 0.067

r = −0.343a

r = 0.063
r = 0.139

r = −0.301
r = 0.094
r = −0.064
r = −0.179
r = 0.340a

r = 0.329
r = 0.437a

r = 0.148
r = 0.440b

r = 0.144
r = 0.219

r = 0.391a

r = −0.399a

r = −0.175
r = 0.357a

r = −0.216
r = −0.246
r = −0.201
r = −0.123
r = −0.484b

r = −0.225
r = 0.014

r = 0.357b

r = −0.179
r = −0.203
r = 0.069
r = −0.125
r = −0.125
r = −0.082
r = −0.112
r = 0.552b

r = 0.003
r = −0.037

r = −0.255
r = −0.037
r = 0.048
r = −0.209
r = −0.021
r = 0.004
r = 0.294
r = −0.216
r = 0.175
r = 0.038
r = 0.765

r = 0.194
r = 0.091
r = −0.061
r = −0.240
r = −0.092
r = −0.041
r = 0.243
r = −0.140
r = −0.129
r = −0.180
r = 0.003

r = 0.321
r = −0.157
r = −0.220
r = −0.112
r = −0.107
r = −0.066
r = 0.140
r = 0.007

r = −0.375a

r = 0.005
r = 0.025

FHR−P:
SOFAS
Immediate memory
Visuospatial/constructional
Language
Attention
Delayed memory

r = 0.313
r = 0.224
r = 0.071
r = 0.268
r = 0.031
r = −0.189

r = 0.247
r = 0.222
r = 0.096
r = 0.274
r = 0.017
r = −0.139

r = 0.083
r = 0.225
r = 0.108
r = 0.055
r = 0.081
r = −0.043

r = 0.169
r = −0.067
r = −0.182
r = 0.154
r = −0.085
r = −0.243

r = −0.167
r = 0.267
r = −0.027
r = 0.053
r = 0.080
r = 0.141

r = 0.331
r = 0.302
r = 0.119
r = 0.087
r = 0.106
r = 0.142

r = 0.127
r = 0.029
r = −0.057
r = 0.173
r = −0.105
r = −0.270

r = −0.252
r = 0.045
r = −0.148
r = 0.091
r = 0.001
r = 0.012

HCs:
SOFAS
Immediate memory
Visuospatial/constructional
Language
Attention
Delayed memory

r = −0.112
r = −0.027
r = 0.157
r = −0.067
r = 0.245
r = −0.063

r = −0.066
r = −0.059
r = 0.189
r = −0.177
r = −0.379a

r = −0.167

r = −0.050
r = 0.158
r = 0.055
r = 0.286
r = −0.108
r = 0.288

r = −0.014
r = −0.527b

r = −0.115
r = −0.289
r = −0.324
r = −0.314

r = −0.021
r = 0.162
r = 0.141
r = 0.267
r = 0.316
r = 0.265

r = −0.310
r = 0.415a

r = 0.061
r = 0.234
r = −0.012
r = 0.279

r = −0.008
r = −0.368
r = 0.081
r = −0.104
r = −0.040
r = −0.193

r = −0.034
r = −0.146
r = −0.012
r = −0.146
r = −0.085
r = −0.154
May 20
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Significant correlations (p < 0.05) were marked with bold characters.
ap < 0.05, bp < 0.01.
BMI, body mass index; FEP, first-episode psychosis; FHR-P, individuals at familial high risk of psychosis; GAF, the Global Assessment of Functioning; HCs, healthy controls; HDL, high-
density lipoproteins; HDRS, the Hamilton Depression Rating Scale; LDL, low-density lipoproteins; PANSS-N, the Positive and Negative Syndrome Scale (negative symptoms subscale);
PANSS-P, the Positive and Negative Syndrome Scale (positive symptoms subscale); SOFAS, the Social and Occupational Assessment of Functioning; TC, total cholesterol; WHR, waist-
to-hip ratio; YMRS, the Young Mania Rating Scale.
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There are some important limitations of this study that need to
be acknowledged. Firstly, our sample size was not large. Therefore, it
cannot be excluded that our sample had insufficient power to detect
the association between familial liability to psychosis and metabolic
alterations. Moreover, we did not perform a detailed clinical
assessment of FHR-P individuals, especially with respect to
prodromal symptoms of psychosis. In light of these two
limitations, we were unable to test the hypothesis whether
metabolic dysregulation assessed in this study appears in
individuals at clinical high risk of psychosis. Another limitation is
that we cannot exclude medication effects. However, exposure to
antipsychotic treatment was low in our study and linear regression
analyses did not confirm a significant effect of CPZeq. It is also
important to note that we did not record initial sample of
individuals approached for participation and reasons for
nonparticipation. Therefore, it is difficult to evaluate
representativeness of our sample. Finally, a lack of longitudinal
study design does not allow to establish conclusions regarding
causality and temporal patterns of changes in metabolic parameters.

In summary, this study provides additional evidence of impaired
adipoinsular axis, in terms of low leptin and high insulin levels, in
early psychosis. Leptin levels might be related to cognitive
impairment in FEP patients; however, causal mechanisms of this
association need to be confirmed. Our findings provide novel
insights into potential mechanisms of early metabolic
disturbances and cognitive impairment in psychotic disorders.
Moreover, we confirmed that FEP is associated with specific lipid
profile disturbances. Longitudinal studies investigating our findings
in subjects at clinical high risk of psychosis, especially in those with
genetic risk and deterioration syndrome, are needed to confirm
direction of causality and address limitations of our study.
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Polycystic ovary syndrome (PCOS), a disease that usually emerges during adolescence, is
characterized by hormonal imbalance and ovarian dysfunction. The prevalence can vary
between 5.6 to 21.3% in women and 6% in adolescent girls. This discrepancy is related to the
population studied and the diagnostic criteria used. The underlying pathophysiology of PCOS
is not fully understood, but it can lead to a number of co-morbidities, including hypertension,
diabetes, dyslipidemia, and also, mental health disorders. Clinical and preclinical data indicate
neuroendocrine involvement with dysfunction in gamma-Aminobutyric acid (GABA) signaling
and neuronal androgen receptors that might reduce hypothalamic sensitivity and lead to an
impairment of estradiol and progesterone feedback. Based on these assumptions, the aims
of this paper are to review the association of PCOS and psychotic disorders in order to
address the burden of women comorbid for both conditions.

Keywords: polycystic ovary syndrome, psychotic disorder, women, antipsychotic drugs, schizophrenia
INTRODUCTION

Polycystic ovary syndrome (PCOS) is among the most common endocrine disorders, affecting 5.6–
21.3% of women of reproductive age worldwide (1, 2). It is a heterogenous clinical condition, with a
range of different phenotypes, a clinical reality that results in divergent opinions regarding diagnosis
and treatment. International guidelines have been developed with the aim of integrating the best
available evidence on diagnosis, assessment, and treatment and improving clinical care (2). These
guidelines highlight the necessity to avoid over diagnosis, especially in adolescents. They emphasize
the uncertainty of the natural history of this syndrome and its clinical implications. They point to
hyperandrogenism, ovulatory dysfunction, and polycystic ovaries (as seen on ultrasound) as the key
diagnostic features. Other potential features mentioned are: menstrual irregularity, subfertility,
obesity, hirsutism, acne, and abnormal biochemistry, namely elevations of serum testosterone,
androstenedione, luteinizing hormone, and insulin. The guidelines warn that affected women are at
increased risk for hypertension, dyslipidemia, insulin resistance, glucose intolerance, type 2 diabetes,
coagulation disorders, as well as cardiovascular morbidity and mortality.

Psychiatric symptoms such as anxiety and depression are additional common features of the
syndrome (3, 4), but they may be unrecognized by the treating physician. On the other hand,
physicians who see patients for psychological problems may not ask about features of PCOS, or if
they see clinical signs such as obesity, acne, and hirsutism, may automatically attribute them to the
effects of psychiatric medications. Publications on comorbidity between PCOS and severe
psychiatric disorders are more frequently seen in the gynecology and endocrinology literature
than in papers on psychiatry. Lack of recognition of the co-existence of PCOS and psychiatric
g June 2020 | Volume 11 | Article 543149
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syndromes impacts negatively on affected women by delaying
appropriate treatment. A large population-based study from
Sweden found that 22.4% of the 22,385 women participants
with PCOS had received at least one lifetime psychiatric
diagnosis (5). When compared to a matched comparison
sample, these women showed a higher prevalence not only of
depression and anxiety, but also of less common disorders, such
as bipolar disorder, schizophrenia spectrum disorder, eating
disorder, and personality disorder.

There are several competing theories regarding the etiology of
PCOS, but there is a consensus that the syndrome results from
multiple causes. Significant interactions are likely among genetic
and epigenetic factors, primary ovarian abnormalities, and
neuroendocrine alterations (6). Recent evidence shows that
neuroendocrine brain circuits, particularly the hypothalamic
GnRH neuronal, are involved in the etiology of at least some
forms of PCOS (7).

Similar neuroendocrine dysfunctions of the hypothalamic-
pituitary axis are found in psychotic disorder (5). Few studies,
however, have assessed the impact on clinical, course and
prognosis of comorbid PCOS and psychosis. The aim of this
paper, therefore, is to review this literature starting with the
variety of theories explaining the pathophysiology of PCOS,
followed by the consequences of the simultaneous occurrence
of PCOS and psychosis, the role of antipsychotic medications,
recommendations, and conclusion.
METHODS

This review is based on papers retrieved from PubMed searches
using the following terms: “psychosis”, “schizophrenia”,
“affective psychosis”, “antipsychotics”, “polycystic ovary
syndrome”, “menstrual dysfunction”, “hyperandrogenism”.
First, abstracts in English from papers published from 2005 to
2019 were assessed to evaluate their relevance to the combined
clinical effect of the two conditions, psychosis and PCOS. The
final inclusion/exclusion of articles was not based on a protocol
developed before as in a systematic review.

Theories About the Pathophysiology
of PCOS
Based on a recent extensive review (8), we summarize in this
section recent theories about the pathophysiology of PCOS.
PCOS begins during the pubertal years, but the diagnosis is
usually made later in life once the disorder has become relatively
more severe. Ovarian dysfunction is thought to be caused by an
impairment in the feedback loop of the steroid-hormone
gonadotropin-releasing hormone (GnRH) produced in the
hypothalamus. While there are other biologic systems and
interconnected signaling networks also involved in the
pathophysiology of PCOS, these latter networks may not be
impaired in all affected women (6, 8)

In healthy women, the frequency of GnRH pulses in the
hypothalamus regulate the pulsatile release of luteinizing
hormone (LH) and follicle stimulating hormone (FSH) from
Frontiers in Psychiatry | www.frontiersin.org 250
the anterior pituitary gland: faster frequencies favor LH secretion
and slower frequencies favor FSH release. In turn, LH and FSH
secretion regulates the production of follicles and gonadal
steroids in the ovary. The level of sex steroid hormones
produced by the ovaries—estrogens, progestogens, and
androgens—provides critical feedback to the hypothalamus
and pituitary gland, thus regulating the degree of GnRH, LH,
and FSH secretion. In PCOS, this physiological feedback loop is
compromised, resulting in hyperactivity of the hypothalamus-
pituitary-gonadal axis and an abnormally high LH : FSH ratio.
This then impairs follicle generation in the ovary and interferes
with the production of steroid hormones (6). Ovarian follicles
remain in their immature state, a pre-ovulatory stage
characterized by the cystic appearance of the ovary on
ultrasound. The increased secretion of LH, acting on ovarian
theca cells, stimulates the production of androgens. While
androgens would normally be transformed into estradiol via an
FSH-induced aromatase synthesized in ovarian granulosa cells
(see Figure 1), in women with PCOS, this transformation is
impaired due to the altered LH/FSH ratio. This leads to a state of
hyperandrogenism (9). It is unclear whether the problem starts
with a dysfunction in GnRH neurons in the hypothalamus or
whether this occurs secondarily due to pathology of upstream
neuronal systems (6).

Hyperandrogenism and KNDy Neurons
Some pre-clinical models tested in animals are trying to
understand how neuronal systems are causing hyperandrogenism
in PCOS. Studies that promote hyperandrogenic environments
during pre-natal life and/or post-natal life in female mice found
alterations in gamma-Aminobutyric acid (GABA) neurons in the
medial basal hypothalamus and kisspeptin/neurokinin B/
dynorphin neurons (KNDy neurons) in the arcuate nucleus
(ARN) (9). These hypothalamic neurons have receptors for
progesterone (PR), estradiol receptor a (ERa), and androgens
(AR) and are responsible for the control of GnRH neurons and
their feedback. As GnRH neurons have only ERb receptor and not
ERa, which is the most important receptor in estrogen activity, the
investigators concluded that the presence of these receptors in
kisspeptin neurons and in GABAergic neurons could be essential
for modulating the negative feedback to GnRH neurons (see
Figure 1). However, the findings concerning KNDy neurons are
still controversial: in some models, KNDy neuronal population is
high, in others, low or even not different at all. However, inhibition
of KNDy neurons has shown to ameliorate the signs and
symptoms of women with PCOS, by decreasing LH pulse
frequency and LH and testosterone serum levels (10).

Hyperandrogenism and GABA
Based on clinical findings showing elevated concentrations of
GABA in the cerebrospinal fluid of women with PCOS, animal
studies have also addressed the involvement of GABA (9). A
hyperandrogenic environment in female mice in prenatal life can
cause an increase in the frequency and degree of GABAergic
postsynaptic firing onto GnRH neurons. Unlike its function in
other brain circuits, GABA seems to exert an excitatory effect on
GnRH neurons attributable to their high chloride content. This
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leads to greater secretion of LH by the pituitary gland, as occurs
in PCOS. GnRH antagonists prevent this effect (9, 11).

Hyperandrogenism and Anti-Mullerian Hormone
Normally, a dynamic equilibrium exists between growing and
dormant follicles in the ovaries, regulated by a balance between
androgens, anti-Müllerian hormone (AMH), and FSH. In
PCOS, this balance is disrupted, leading to follicular arrest. It
is known that women with PCOS have higher than normal
serum levels of AMH, and that these levels remain high even
during pregnancy (11). Tata et al. (11) conducted a study in
which they classified 63 women with PCOS and 66 control
women into lean or obese groups according to their body mass
index. They found that lean pregnant women with PCOS had
higher AMH levels than lean pregnant controls. However,
there was no difference in AMH levels between PCOS
pregnant obese women and controls. These findings led to
the creation of a mouse model prenatally treated with AMH,
which induced brain masculinization of female offspring that
then showed neuroendocrine and reproductive PCOS-like
features. It was therefore concluded that high AMH levels
during pregnancy may be the cause of a hyperandrogenic
environment that ultimately leads to PCOS pathology (11).

Hyperandrogenism and Androgen Receptors (AR)
When animal experiments compared female knock out mice
with no brain AR with mice with no AR in the granulosa cells of
the ovary, the mice with no brain AR showed some of the
reproductive and metabolic features of PCOS, whilst the group
with no ovarian AR showed all the features. Despite this
difference, the conclusion reached was that hyperandrogenic
changes in the brain came first and were, therefore, primarily
responsible for what followed (12).
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Hyperandrogenism and Microbiota
It has been recently discovered that gut microbiota plays a role in
host sex differences (8). The composition of commensal
microbes of males and females appears to diverge at puberty,
thus implicating sex hormone levels. Torres et al. (13) have
suggested that hyperandrogenism may play a direct role in
altering the gut microbiome of women with PCOS. (14),
studying rats, demonstrated a shift in the distribution of
microbiota that was associated with sex hormone levels. In
addition, they showed that fecal transplants were able to
decrease androgen blood levels and increase estrogen levels,
thereby improving estrus cycles in rat models of PCOS. Gut
dysbiosis, therefore, may turn out to be an important
contributing factor in the genesis of PCOS.

Classification of PCOS
The many disparate findings of animal studies mirror the
multiple hypotheses that have been formulated to address the
potential etiology of PCOS. In order to minimize controversy,
guidelines to improve diagnosis and treatment have been
developed (2). The following classification system has been
introduced: phenotype A (hyperandrogenism + ovulatory
disfunction + polycystic ovarian morphology); phenotype B
(hyperandrogenism + ovarian dysfunction); phenotype C
(hyperandrogenism + polycystic ovulatory morphology);
phenotype D (ovarian dysfunction + polycystic ovulatory
morphology). The guidelines recognize that PCOS is also a
metabolic disorder, but do not incorporate insulin resistance
into the diagnostic criteria because tests for insulin resistance
show poor accuracy (2). The prevalence of psychological features
is also acknowledged, and recommendations are made for the
investigation and treatment of psychiatric illness associated
with PCOS.
FIGURE 1 | Understanding the neuroendocrine effects of the hyperandrogenic environment on PCOS development. AMH, Anti-Müllerian Hormone; AMHR, Anti-
Müllerian Hormone Receptor; AR, Androgen Receptor; ERa, Estrogen Receptor a; ERb, Estrogen Receptor b; FSH, Follicle-stimulating Hormone; GnRH,
Gonadotropin-releasing Hormone; GABA neurons, gamma-Aminobutyric acid neurons; KNDy neurons, kisspeptin/dynorphin/neurokinin B neurons; LH, Luteinizing
Hormone.
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Women With PCOS and a
Psychotic Disorder
Estrogen appears to exert an antipsychotic effect. When levels
decline, the emergence of psychotic symptoms is facilitated (15).
For instance, several literature reviews suggest that, in women
with chronic psychotic illness, symptoms are aggravated during
the premenstrual period (16), after delivery (17) and at
menopause (15).

PCOS women, might, therefore, be vulnerable to psychosis
because they are exposed to long durations of high levels of
unopposed estrogen as a result of infrequent ovulation (18).
When they do ovulate, they experience a precipitous reduction in
estrogen, mimicking a postpartum state. This could explain the
vulnerability of women with PCOS to psychotic symptoms (19).

Women with psychosis often show menstrual irregularity or
amenorrhea, attributable to the hyperprolactinemia induced by
the use of antipsychotic drugs (15). Hyperprolactinemia can also
interfere with fertility (20), a problem for up to 72% of PCOS
women (21). Antipsychotic medications impact negatively on
personal appearance because of associated weight gain,
hirsutism, acne, dental problems, halitosis, alopecia, rash,
tremor, stiff gait, unsightly mouth movements, voice changes,
or incontinence (22, 23). Similar symptoms are associated with
PCOS, leading to a negative body image (24), low self-esteem,
perceived stigma (25, 26), and a high prevalence of anxiety and
depression (27).

The high degree of symptom overlap between the two
conditions may be what prevents the recognition of primary
PCOS in psychiatric patients. Additionally, for women suffering
from both conditions, these symptoms are all aggravated.

The Role of Antipsychotic Medication
Besides leading to PCOS-like symptoms, the chronic
administration of antipsychotics has been shown to exert a
negative impact on gut microbiota (28–32), increasing the
dysbiosis caused by PCOS. Indeed, Davey et al. (30)
demonstrated that the administration of olanzapine for 3
weeks in rats induced identifiable alterations in the
microbiome. Antipsychotics have antibacterial properties.
Olanzapine, for instance, is able to completely inhibit the
growth of E. coli (32). For women with both conditions,
hyperandrogenism could, in this way, be aggravated by the use
of antipsychotics.

Furthermore, the weight gain induced by antipsychotics affects
more than appearance. Elevated body mass index and intra-
abdominal adiposity predict insulin resistance and type 2
diabetes (T2DM) in patients treated for long periods of time
(33, 34). Particular drugs (especially clozapine and olanzapine)
are more likely than others to cause weight gain (35, 36).
Compared to untreated psychiatric controls, Galling and
colleagues (37) reported an incidence of T2DM three times
higher in youth treated with antipsychotics for over three
months. Antipsychotic-induced diabetes has been confirmed in
animal models; both olanzapine and clozapine have been shown
to decrease the plasma level of insulin and to cause hyperglycemia
and insulin resistance in rats (16).
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Women with PCOS and without psychosis also show
symptoms of obesity and insulin resistance, both conditions
closely related to T2DM (38, 39). The prevalence of overweight
and obesity in PCOS is significantly greater than that of the
general female population. Impaired glucose tolerance in women
with PCOS was found to be 3-fold higher than in women of
similar age by the National Health and Nutrition Survey
(NHANES) II. When age and weight were controlled, the
comparative prevalence was two-fold (39). Even lean women
with PCOS show an increased risk for T2DM (40). The risk for
women suffering from both PCOS and psychosis that requires
antipsychotic treatment is, therefore, very high.

Antipsychotic drugs predispose to metabolic syndrome (37),
to which women with PCOS are already susceptible (41). The
available evidence shows that dyslipidemia is very common in
PCOS (42), and that elevated values of triglycerides and total and
low-density lipoprotein-cholesterol are frequently present. It is
well known that dyslipidemia, obesity, and diabetes are all potent
cardiovascular risk factors, but it is not currently certain whether
the increased cardiovascular risk seen in PCOS is mediated
through obesity or through other metabolic factors. Despite
uncertainty about the pathway, the risk of cardiovascular
illness is significantly elevated in PCOS (43), as it is in patients
with psychosis.

Cardiovascular disease is the major cause of mortality in
patients with psychosis. The rate is approximately two times
higher than it is in the general population (44) and antipsychotic
drugs are, at least in part, responsible (45, 46). The similarities
between both metabolic and cardiovascular side effects of
patients in treatment for psychosis and patients with PCOS
have profound health implications for women who suffer from
both conditions.

Valproate can be used together or alone to treat bipolar
disorder and it is known to induce PCOS-like symptoms.
Therefore, patients maintained chronically on valproic acid
should be monitored to avoid the development of menstrual
irregularities and signs of PCOS, since the reproductive
endocrine effects of valproate are reversible after the treatment
is discontinued (47).
CONCLUSIONS AND
RECOMMENDATIONS

Although PCOS is the most frequent of all endocrine
disorders among women of reproductive age, many women
do not receive adequate treatment because of a too late
diagnosis. To facilitate accurate diagnosis and timely
treatment, clinicians who see female patients need to be
familiar with the diversity of PCOS phenotypes. Patients
with severe mental illness, on the other hand, have limited
access to physical healthcare services (48). For this reason, it is
important that psychiatrists be aware of the possibility of
PCOS in their patients. When they learn about menstrual
cycle irregularity in their women patients or find signs of
hyperandrogenism, such as acne, hirsutism, and acanthosis
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nigricans (49), they must not automatically attribute them to
antipsychotic drug effects. Routine referral for a gynecology/
endocrinology consult is indicated.

Moreover, for women with PCOS and psychosis, treatment
with antipsychotic drugs can worsen PCOS symptomatology and
lead to negative consequences for a woman's reproductive
potential and her quality of life. Antipsychotic-induced weight
gain is an important concern in the management of these
patients. Prevention of weight gain (choosing the right drug,
keeping the dose as low as possible, instruction about diet,
exercise, and substance use) is more effective than after-the-
fact attempts at intervention. Adequate monitoring of body mass
Frontiers in Psychiatry | www.frontiersin.org 553
index, fasting glucose, and prolactin levels in patients on
antipsychotics is vital for patients suffering from both
conditions. Given the seriousness of psychotic conditions in
women with PCOS, further study of epidemiology, clinical
features, neurobiology, disability, quality of life, and treatment
in different settings is needed to more fully understand
this association.
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5. Ibáñez L, Oberfield SE, Witchel S, Auchus RJ, Chang RJ, Codner E, et al. An
International Consortium Update: Pathophysiology, Diagnosis, and
Treatment of Polycystic Ovarian Syndrome in Adolescence. Horm Res
Paediatr (2017) 88:371–95. doi: 10.1159/000479371

6. Coyle C, Campbell RE. Pathological pulses in PCOS. Mol Cell Endocrinol
(2019) 498:110561. doi: 10.1016/j.mce.2019.110561

7. Nordholm D, Rostrup E, Mondelli V, Randers L, Nielsen M, Wulff S, et al.
Multiple measures of HPA axis function in ultra high risk and first-episode
schizophrenia patients. Psychoneuroendocrinology (2018) 92:72–80. doi:
10.1016/j.psyneuen.2018.03.015

8. Witchel SF, Oberfield SE, Peña AS. Polycystic Ovary Syndrome:
Pathophysiology, Presentation, and Treatment With Emphasis on
Adolescent Girls. J Endocr Soc (2019) 3(8):1545–73. doi: 10.1210/js.2019-00078

9. Ruddenklau A, Campbell RE. Neuroendocrine Impairments of Polycystic
Ovary Syndrome. Endocrinology: Oxford University Press; (2019) Vol. 160.
p. 2230–42.

10. Deng Y, Zhang Y, Li S, Zhou W, Ye L, Wang L, et al. Steroid hormone
profiling in obese and nonobese women with polycystic ovary syndrome. Sci
Rep (2017) 7(1). doi: 10.1038/s41598-017-14534-2

11. Tata B, Mimouni NEH, Barbotin AL, Malone SA, Loyens A, Pigny P, et al.
Elevated prenatal anti-Müllerian hormone reprograms the fetus and induces
polycystic ovary syndrome in adulthood. Nat Med (2018) 24(6):834–46. doi:
10.1038/s41591-018-0035-5

12. Caldwell ASL, Edwards MC, Desai R, Jimenez M, Gilchrist RB, Handelsman
DJ, et al. Neuroendocrine androgen action is a key extraovarian mediator in
the development of polycystic ovary syndrome. Proc Natl Acad Sci U. S. A.
(2017) 114(16):E3334–43. doi: 10.1073/pnas.1616467114

13. Torres PJ, Siakowska M, Banaszewska B, Pawelczyk L, Duleba AJ, Kelley ST,
et al. Gut Microbial Diversity in Women with Polycystic Ovary Syndrome
Correlates with Hyperandrogenism. J Clin Endocrinol Metab (2018) 103
(4):1502–11. doi: 10.1210/jc.2017-02153

14. Guo Y, Qi Y, Yang X, Zhao L, Wen S, Liu Y, et al. Association between
polycystic ovary syndrome and gut microbiota. PloS One (2016) 11(4):1–15.
doi: 10.1371/journal.pone.0153196
15. Riecher-Rössler A. Oestrogens, prolactin, hypothalamic-pituitary-gonadal
axis, and schizophrenic psychoses. Lancet Psychiatry Elsevier Ltd (2017)
4:63–72. doi: 10.1016/S2215-0366(16)30379-0

16. Seeman MV. Menstrual exacerbation of schizophrenia symptoms. Acta
Psychiatr Scand (2012) 125(5):363–71. doi: 10.1111/j.1600-0447.2011.01822.x
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Background: Individuals with established psychosis and those at high-risk for the
disorder have been found to show abnormalities within the hypothalamic-pituitary-
adrenal (HPA) axis, including elevations in basal and diurnal cortisol, but a blunted
cortisol awakening response. However, the extent to which these features are
associated with psychosocial stressors encountered in the natural environment (which
are known to be more commonly experienced by these groups, and more distressing) is
currently unclear. We therefore conducted a systematic review and meta-analysis to
investigate the concordance between naturally-occurring psychosocial stressors and
cortisol levels in these populations.

Methods: PubMed, PsycINFO, and EMBASE were searched up to November 2019 to
identify studies examining the concordance between psychosocial stressors and cortisol
in healthy controls and individuals on the psychosis spectrum (patients with established
psychosis and/or high-risk individuals). An overall meta-analysis (including data for all
stressor-cortisol pairings) was performed to determine the degree of concordance
irrespective of group status, with meta-regression employed to test whether the degree
of concordance differed in established psychosis and high-risk groups compared to
controls. Planned stratified analyses were then performed to examine group differences
(where established psychosis and high-risk groups were combined) within individual
stressor-cortisol pairings.

Results: Eighteen studies (16 datasets) were eligible for inclusion. The overall model,
comprising 134 effect sizes, showed that stressors and cortisol measures were only
weakly correlated [r=0.05 (95% CI: -0.00 to 0.10), p=0.059] and that neither established
psychosis status (r=0.01, p=0.838) nor high-risk status (r=0.02, p=0.477) had a significant
effect of the strength of correlation. In stratified analyses, significant differences between
g June 2020 | Volume 11 | Article 513155
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healthy controls and psychosis spectrum groups were observed for only one of the six
stressor-cortisol pairings examined, where life event exposure and diurnal cortisol were
positively correlated in controls [r=0.25 (95% CI: 0.01 to 0.46)], but negatively correlated in
the psychosis spectrum group [r=-0.28 (95% CI: -0.49 to -0.04)].

Conclusions: Overall, we observed poor concordance between naturally-occurring
psychosocial stressors and cortisol irrespective of stressor type, cortisol measure, or
group status. We consider a range of methodological factors that may have obscured the
ability to detect “true” associations and provide recommendations for future studies in this
field.
Keywords: schizophrenia, psychosis, hypothalamic-pituitary-adrenal axis, stress responsivity, cortisol,
concordance, trauma, adversity
INTRODUCTION

Research conducted over the past four decades has provided
evidence to suggest that psychosocial stress contributes to the
onset and exacerbation of psychosis. Meta-analyses indicate that
major life events and childhood trauma (typically encompassing
experiences of neglect and abuse) are associated with increased
risk of developing psychotic disorders (1, 2). Furthermore, in
patients with established psychosis, minor daily stressors have
been associated with psychotic symptom intensity (3–6) and
illness relapse (7, 8). More recently, focus has shifted to
individuals identified as being at increased risk for psychosis
by virtue of a family history (FHx) of illness and/or clinical
features, the latter including individuals who fulfil ultra-high risk
(UHR) criteria, present with schizotypal personality traits, or
report psychotic experiences (PEs). Studying these populations
overcomes some of the potential confounds that often arise in
studies of patients with established psychosis (e.g., retrospective
recall, antipsychotic medication, and stress associated with
illness onset). Such studies demonstrate that high-risk
individuals are also more frequently exposed to childhood
trauma, major life events, and minor daily stressors, experience
greater distress in relation to these events, and report higher
levels of perceived stress compared to their healthy peers (4, 9–
17). Although these studies lend support to the notion that stress
may play a causal role in the development of psychosis, the
biological mechanisms underlying this relationship
remain unclear.

One leading hypothesis, the neural diathesis-stress model
(18–20), proposes that the hypothalamic-pituitary-adrenal
(HPA) axis plays a major role in mediating the effects of stress
on psychosis development. Specifically, it is hypothesized that
individuals with increased vulnerability for psychosis are more
sensitive to the effects of psychosocial stress due to abnormalities
within the HPA axis (e.g., HPA hyperactivity/dysregulation or
increased glucocorticoid sensitivity) and that these HPA axis
abnormalities in turn trigger the onset of psychosis by acting on
dopaminergic and glutamatergic pathways (20). The model is
supported by individual studies and meta-analyses reporting
elevations in basal and diurnal cortisol (21–28), a blunted
cortisol awakening response [CAR (23, 29–31)], and enlarged
g 256
pituitary volume (23, 32, 33) among high-risk individuals and
psychosis patients. It is important to note that these measures
represent different attributes of HPA axis function: While the
increases in basal/diurnal cortisol levels and pituitary volume
likely reflect chronic hyper-activation of the HPA axis, it is
thought that the CAR is a distinct HPA axis component driven
by endogenous processes, possibly related to anticipation of the
demands of the upcoming day (34, 35). Together, these findings
imply that HPA axis dysfunction characterizes individuals on the
psychosis spectrum; however, evidence linking these HPA axis
changes to psychosocial stressors is lacking.

Several systematic reviews/meta-analyses have been
published concerning the “stress response” in psychosis [for an
overview see (36)]; however, the majority have considered HPA
axis abnormalities and psychosocial stressors in isolation rather
than the concordance (i.e., degree of association) between these
measures. Of those that specifically examined HPA axis
responsivity to stress (37–39) all three looked exclusively at
responses to acute psychosocial stressor tasks, concurring that
individuals with schizophrenia and psychosis show a blunted
cortisol response relative to healthy controls. While recent work
indicates that laboratory-based psychosocial stressor tasks can be
considered ecologically valid [i.e., associations observed between
cortisol responses to these tasks and responses to real-world
examination stress (40)] these “performance-related” stressors
likely differ in both nature and frequency to the stressors shown
to be etiologically relevant to psychosis (e.g., major life events
and childhood trauma). Understanding the concordance
between psychosocial stressors encountered in the natural
environment and HPA axis function is important for several
reasons: If psychosocial stressors are found to correlate with
HPA axis markers, then this provides a plausible biological
mechanism for how stress might contribute to the onset and
maintenance of psychosis, further strengthening the case for this
being a causal factor. Similarly, if high concordance between
these measures is found, then this supports the notion that the
HPA axis abnormalities observed among individuals on the
psychosis spectrum are driven by psychosocial stressors, as
opposed to being simply epiphenomena (perhaps indicative of
global metabolic abnormalities). Furthermore, comparing the
degree of concordance in healthy individuals and those on the
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psychosis spectrum will help to clarify the extent to which
abnormal stress responsivity (either hyper- or hypo-
responsivity) is a feature of psychosis. Such work may
ultimately enable targeted interventions to be delivered to
those who are more sensitive, at least biologically, to the effects
of psychosocial stress.

To this end, we conducted a systematic review and meta-
analysis of studies examining the concordance between
naturally-occurring psychosocial stressors and HPA axis
function among individuals on the psychosis spectrum. Given
that cortisol is the most widely used measure of HPA axis
function (18, 35), we restricted our review to studies
examining stressor-cortisol concordance only. Our primary
aim was to test whether the degree of concordance differed
among healthy individuals and those on the psychosis
spectrum (patients with established psychosis and high-risk
individuals). Meta-analytic evidence indicates that the degree
and direction of concordance varies across different cortisol
measures and stressor types; for example, chronic stress has
been found to correlate positively with overall diurnal output,
afternoon/evening levels, and the CARi (increase in cortisol
following awakening) but negatively with basal morning levels
(41, 42). We were therefore concerned that combining all effect
sizes in a single analysis could lead to a neutral effect overall. To
mitigate against this, in addition to performing an overall meta-
analysis (which included all effect sizes), we also conducted
analyses within individual stressor-cortisol pairings.

As this was the first review to address these specific questions,
we tested four possible (and competing) hypotheses regarding
the pattern of findings across controls and psychosis spectrum
groups (see Figure 1). The “normal/adaptive” hypothesis (blue)
proposes that the degree of concordance between naturally-
occurring psychosocial stressors and cortisol is moderate-to-
Frontiers in Psychiatry | www.frontiersin.org 357
strong in both healthy and psychosis spectrum individuals, but
that there is no difference in the degree of concordance across
groups. If supported, this would imply that the HPA axis
abnormalities observed among psychosis spectrum groups
reflects a normal/adaptive response to the high levels of
psychosocial stress experienced by this population, thus, the
HPA axis itself is responding to stress appropriately. The
“hyper-responsive” hypothesis (yellow) proposes that
psychosocial stressors will be associated with cortisol in both
groups, but that this relationship will be stronger among those on
the psychosis spectrum. Support for this hypothesis would
suggest that psychosocial stressors measured in concordance
studies are, at least partially, responsible for the HPA axis
abnormalities in psychosis spectrum individuals, but that the
HPA axis responds excessively to these stressors in this
population. The reverse situation is represented by the “hypo-
responsivity” hypothesis (green), whereby the degree of
concordance is moderate-to-high in controls but is blunted
(perhaps due to glucocorticoid sensitization) in psychosis
spectrum groups. If supported, this would suggest any HPA
axis abnormalities observed in the psychosis spectrum group
occur despite the fact that this group experiences greater
psychosocial stress exposure/distress. Alternatively, the pattern
observed may be that presented in the “unrelated” hypothesis
(red), whereby concordance in both groups is similar but weak.
Such findings would indicate that the psychosocial stressors
commonly measured in concordance studies are unrelated to
HPA axis function, implying that any cortisol abnormalities
observed in psychosis spectrum groups must be driven by
other factors (e.g., unmeasured stressors, genetic variations, or
a manifestation of a globally dysregulated physiological system).
However, poor concordance could also reflect measurement
error (of psychosocial stressors, cortisol levels, or both). These
FIGURE 1 | Schematic representation of the four alternative hypotheses tested in the current meta-analysis.
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competing hypotheses were tested statistically by comparing
pooled effect sizes in psychosis spectrum and healthy
control groups.
METHODS

The protocol for this systematic review and meta-analysis was
registered prospectively on PROSPERO (CRD42019159290), the
search strategy and reporting was conducted in compliance with
the Meta-Analysis of Observational Studies in Epidemiology
(MOOSE) guidelines (43).

Search Strategy
PubMed and Ovid (PsycINFO, EMBASE) databases were
searched for articles published up to November 2019 using the
following terms: (genetic high risk) OR family history) OR
prodrom*) OR at risk mental state) OR clinical high risk) OR
ultra high risk) OR sibling*) OR offspring*) OR relative*) AND
(psychotic) OR psychosis) OR schizophren*) OR schizotyp*) OR
psychotic experiences) OR subclinical psycho*) OR psychotic)
OR psychosis) OR schizophren*) OR schizotyp*) OR psychotic
experiences) OR subclinical psycho*) AND (trauma) OR
advers*) OR neglect) OR stress*) OR hassles) OR life events)
OR maltreatment) OR abuse) AND (HPA axis) OR stress
response) OR cortisol) OR glucocorticoid). The searches were
performed independently by two researchers (SR, MV). No
restrictions were applied for year of publication. Reference lists
of eligible studies and relevant reviews were manually searched to
identify additional studies.

Study Selection
We included observational studies (cross-sectional, case-control,
and cohort studies) that examined the relationship between
naturally-occurring psychosocial stressors and cortisol in
individuals on the psychosis spectrum (patients with
established psychosis or those at elevated risk for psychosis)
and healthy controls. Patients with diagnoses of first-episode
psychosis, multi-episode psychosis, schizophrenia, and
schizoaffective disorder were eligible for the established
psychosis group. Consistent with a previous review by our
group (33), we defined high-risk individuals as those who met
criteria for one of the following groups: i) “ultra-high risk” for
psychosis [also known as “clinical high-risk” or an “at-risk
mental state” (44, 45)] as determined using a well-defined
assessment tool, ii) family history (FHx), as conferred by a
first- or second-degree relative with psychosis, iii) schizotypal
personality disorder (SPD) or high scores on a schizotypal
personality checklist, or iv) presence of psychotic-experiences
(PEs: also known as psychotic-like experiences or subclinical
psychotic symptoms).

All articles identified in the search were independently rated
for eligibility by two authors (SR, MV). Disagreements were
resolved following a discussion with a third author (AC). Article
titles and abstracts were first screened to remove those that were
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clearly not relevant to the review; a full text review was then
performed for all potentially eligible articles (both phases
performed in duplicate). Original studies meeting the following
criteria were eligible: i) inclusion of a psychosis spectrum group
(established or high-risk, as defined above) and healthy control
group, ii) assessment of naturally-occurring psychosocial
stressors (e.g., exposure to daily stressors, life events, trauma,
adversity, distress associated with these events, or perceived
stress), iii) measurement of cortisol (basal, diurnal, or CAR as
measured in saliva, blood, or hair), iv) concordance between
psychosocial stressor and cortisol reported, and v) published in
English in a peer-reviewed journal. Articles that did not include a
control group or report the association between psychosocial
stressors and cortisol were excluded. Conference abstracts were
not included (as none included sufficient data), but where
relevant abstracts were identified, additional searches (by
author name) were conducted to determine whether a full text
article had been subsequently published and/or corresponding
authors were contacted for further details. Where studies with
potentially overlapping samples were identified we contacted
study authors to clarify.

Data Extraction
Two researchers (SR, MV) extracted study characteristic data
from eligible articles, this included: author(s), year of
publication, psychosis spectrum group(s), psychosis spectrum
group recruitment/identification method, sample size, mean age
and sex of psychosis spectrum and control groups, proportion
treated with antipsychotic medication, stressor measurement
method, cortisol measure (tissue and type), and lapse-of-time
between stress measurement and cortisol collection. Researchers
were not blind to the names of authors, journals, or institutions.
A third author (AC) then checked all study details for accuracy
and extracted data necessary for effect size computation. The
latter varied across studies and included any statistical value
representing a within-group measure of the association between
psychosocial stressors and cortisol (e.g., correlation coefficient,
beta coefficient, or mean and standard deviation of cortisol for
participants exposed and not exposed to stressor). Where these
data were not provided for each group separately, we contacted
study authors for additional details (46–56) which were provided
in all instances.

Assessment of Study Quality
A modified version of the Newcastle-Ottawa scale [NOS (57)], a
quality appraisal tool for case-control, cohort, and cross-
sectional studies, was created for the purposes of the review to
capture pertinent features. The modified tool included 11 items
covering three domains (selection, comparability, exposure/
outcome) and was designed to be applicable to any of the
above study designs (see Supplementary Table 1 for a detailed
description of the items). The maximum score available across
the 11 items was 16. All studies were rated independently against
these criteria by two authors (AC, SR) with disagreements
resolved by discussion.
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Statistical Analyses
All computations and statistical analyses were conducted using
Stata version 16 (58). In order to facilitate pooling of effect sizes
(representing the association between psychosocial stressors and
cortisol, in each group separately) it was necessary to first derive
a common effect size for all studies. As correlational coefficients
(r) were the most commonly-reported effect sizes, and are easily-
interpretable [values of 0.1, 0.3, and 0.5 reflecting small,
moderate, and large magnitudes of effect, respectively (Cohen,
1988)] we requested r values from study authors where these
were not provided, or derived these from alternative statistics
where possible. Specifically, for studies reporting means and
standard deviations (SD), we first computed standardized
mean differences (d), representing the difference in cortisol
levels between those with and without stressor exposure, which
were then converted to correlation coefficients (59). As beta
coefficients (B) derived from regression models examining the
effect of stressors (measured as continuous variables) on cortisol
could not be converted to r values without prior standardization
of variables, effect sizes from studies reporting these values (53,
60) could not be included in meta-analyses; these results were,
however, retained in the systematic review. In order to perform
meta-analyses, all correlation coefficients were transformed to a
Fisher’s z score (59); for presentation purposes, pooled z scores
and associated confidence intervals were reverse-transformed to
the original units for ease of interpretation.

As nearly all studies included in the review provided multiple
effect sizes derived from the same study sample, thereby violating
the independence assumption, it was necessary to account for
dependence of effects. For the overall meta-analysis (which
included data for all stressor-cortisol pairings) we therefore
used robust variance estimation (RVE) which accounts for
correlated effects (61). We first derived the unconditional
overall effect size (degree of concordance), irrespective of
group status, by estimating the constant term only (62). This
analysis was performed to determine whether the pooled
correlation across all groups and studies was statistically
different from zero. Next we tested the effect of group status by
including two dummy variables, “established psychosis” and
“high risk”, to determine whether the effect sizes (degree of
concordance) in these groups differed from controls. To derive
pooled effect sizes for all groups (including the control group) we
then performed stratified analyses to derive the mean effect size
in each group separately. Finally, in a univariate meta-regression
model, we tested the effect of NOS scores on effect sizes. For all
RVE models we applied a random effects weighting scheme
which assumes that effect sizes from the same study are
correlated with each other. The assumed value of rho was set
at 0.5 after sensitivity analyses performed on the entire sample
showed that there were no differences when rho values of 0.1, 0.3,
0.5, and 0.8 were applied. Heterogeneity was assessed by means
of the Tau statistic (62), which provides an estimate of the
standard deviation of the true effect (59). Small sample bias
(i.e., publication bias) was assessed visually by means of a funnel
plot but was not tested statistically due to dependence of effects.
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As we anticipated that the degree and direction of concordance
would vary across different cortisol measures and stressor types (41,
42), we next performed planned stratified analyses to examine
group differences within individual stressor-cortisol pairings.
However, as this greatly reduced the number of studies
contributing to each analysis, and RVE performs poorly when the
degrees of freedom are small (63), it was necessary to employ a
different approach to deal with dependent effects. Thus, for studies
that included more than one psychosis spectrum group (for
example, an established psychosis group and a high-risk group),
we first computed within-study pooled effect sizes for each stressor-
cortisol pairing, which combined data from all psychosis spectrum
groups. As such, each study contributed only two effect sizes to each
stressor-cortisol pairing: one for the control group, and the other a
pooled effect size derived from all psychosis spectrum groups.
Stratified analyses were performed when three or more studies
were available using the default settings within Stata 16 (random
effects model with restricted maximum likelihood weighting
applied). We used the subgroup command which enables the
derivation of subgroup specific pooled effect sizes (and
heterogeneity estimates) and a between-group comparison of
effect sizes. Statistical significance for all analyses was set at p <
0.05 (two-tailed). Heterogeneity was assessed via the Cochran Q
and the I² statistics, where classification of the latter as likely
unimportant (0%–40%), moderate (30%–60%), substantial (50%–
90%), or considerable (75%–100%) is dependent on the magnitude
and/or direction of effects and statistical significance (Cochran Q) of
heterogeneity (64).
RESULTS

Search Results
After removing duplicates, 3,354 studies were identified in the
initial search (Figure 2). Of these, 3,141 were excluded following
a preliminary review of the title and abstract, with a full-text
review performed for 213 articles. After screening studies for
eligibility, 18 met criteria for inclusion in the review and meta-
analysis (31, 46–56, 60, 65–69), all of which were published in the
last decade. Details of the 18 studies are provided in Table 1.

Partially overlapping samples were identified for five studies.
Three studies authored by Labad and colleagues (48–50)
included overlapping study groups and stressor/cortisol
measures. The corresponding author provided a combined
dataset that included data for the largest available UHR, first-
episode psychosis (FEP), and healthy control subgroups which
was used for all meta-analyses (studies retained as separate when
describing characteristics). The combined dataset is herein
referred to as (70). Two studies included participants from the
UK Genetic and Psychosis (GAP) study (46, 65); as both
examined the association between cortisol and childhood
trauma, we used the largest sample for this analysis (46);
however, the earlier study (smaller sample) was retained as it
included additional stress measures not examined in the
later study.
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Study Characteristics
Group Status and Psychosis Spectrum Definitions
As dictated by our inclusion criteria, all studies included a
healthy control group and at least one psychosis spectrum
group. Four studies included both high-risk and established
psychosis subgroups (48, 51, 53, 55), eight included established
psychosis groups only (46, 49, 52, 54, 65, 67–69), and six
examined high-risk groups only (31, 47, 50, 56, 60, 66). The
most commonly-examined established psychosis subgroup was
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FEP (n=5), a further study examined recent-onset psychosis (49)
which included FEP patients, two studies included patients with
psychotic disorder where the stage of illness was not indicated
(53, 67), three studies included patients with schizophrenia (52,
54, 69), while a further study distinguished between patients with
early and chronic schizophrenia (55). With regards to high-risk
groups, these were most commonly youth meeting UHR criteria
(n=5) and individuals with a FHx of psychosis/schizophrenia
(n=4). One of the five studies examining young people at UHR
FIGURE 2 | Search process.
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also included those who presented with clinical stage 1a
symptoms (47). Soder and colleagues included a high-risk
group comprising individuals who scored above threshold on a
measure of psychotic experiences (PEs), whilst a further study
(31) included children who at age 9–12 years presented with PEs
in combination with other antecedents of schizophrenia.

Sample Sizes and Demographic Characteristics
The total number of healthy controls, established psychosis
patients, and high-risk individuals was N=1046, N=797, and
N=745, respectively. Control groups varied in size, ranging from
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25 (68) to 133 (46), the latter study also comprised the largest
established psychosis group (n=169). With regards to high-risk
group sizes, the smallest comprised of 21 UHR individuals (48)
with the largest including 348 UHR youth from the NAPLS-2
study (66). Participants in the high-risk groups were the
youngest on average (mean age = 23.7 years; range: 12.8 to
42.9 years), followed by healthy controls (mean age = 27.2 years;
range 13.1 to 43.5 years), with the oldest being those with
established psychosis (mean age = 31.1 years; range 20.6 to
43.8 years). When averaged across studies, the percentage male
was broadly similar across healthy control, established psychosis,
TABLE 1 | Characteristics of studies included in systematic review and meta-analyses.

Author Group N Age1 %
Male

Stress type (measure) Cortisol measures

Aas et al. (69) SCZ
HC

28
94

33.6
35.3

54%
51%

Childhood trauma (CTQ) Hair (3 cm)

Ciufolini et al.
(46)

FEP
HC

169
133

28.1
26.9

65%
36%

Childhood trauma (CECA) Saliva (CAR and diurnal)

Collip et al.
(60)2

FHx
HC

60
63

28.8
33.3

37%
29%

Daily event stress (ESM) Saliva (ESM)

Cullen (31) PE
FHx
HC

33
22
40

12.8
13.3
13.1

70%
50%
43%

Negative life events; Daily hassles Saliva (CAR and diurnal)

Faravelli et al.
(67)

PD
HC

54
102

43.7
43.5

56%
52%

Childhood trauma (CECA) Saliva (basal morning and
evening)

Garner et al.
(68)

FEP
HC

39
25

20.6
22.5

67%
84%

Perceived stress (PSS) Serum (basal morning)

Heinze et al.
(2015)

UHR+1a

HC
30
28

21.0
20.0

13%
7%

Perceived stress (PSS), Childhood trauma (CTQ) Hair (3 cm)

Hirt et al. (55) UHR
ESCZ
CSCZ
HC

29
34
24
38

22.5
24.0
35.5
24.0

79%
65%
79%
63%

Childhood trauma (MACE) Hair (3 cm)

Labad et al.
(50)3

UHR
HC

39
44

22.3
23.2

69%
65%

Perceived stress (PSS); Stressful life events (HRSS) Saliva (basal morning and
CAR); Serum (basal morning)

Labad et al.
(48)3

UHR
FEP
HC

21
34
34

22.1
23.9
24.3

71%
71%
71%

Perceived stress (PSS); Stressful life events (HRSS) Saliva (CAR and diurnal slope)

Labad et al.
(49)3

ROP
HC

56
47

24.8
23.8

63%
53%

Childhood trauma (CTQ); Stressful life events (HRSS) Saliva (CAR and diurnal slope)

Mondelli et al.
(65)

FEP
HC

50
36

29.2
27.3

64%
72%

Life events (BLEQ); Perceived stress (PSS); Childhood trauma (CECA) Saliva (CAR and diurnal)

Moskow
(2016)

UHR
HC

348
93

15.6
15.2

56%
65%

Daily stress (DSI) Saliva (basal morning)

Nordholm
et al. (51)

UHR
FEP
HC

41
40
46

23.9
24.1
24.7

43%
55%
58%

Perceived stress (PSS); Life events (BLEQ) Saliva (CAR and diurnal)

Seidenfaden
et al. (52)

SCZ
HC

37
39

32.3
31.7

46%
51%

Childhood trauma (CATS); Perceived stress (PSS) Plasma (basal morning); Saliva
(diurnal)

Soder et al.
(56)

PE
FHx
HC

43
32
35

26.2
33.3
27.3

33%
31%
37%

SES; Migration; Minority status; Perceived discrimination; Social undermining; Ostracism
experience; Child abuse; Bullying victimization; Trauma

Hair (3 cm)

Streit et al.
(54)

SCZ
HC

159
82

40.3
32.9

36%
40%

Perceived stress (SSCS) Hair (3 cm)

Vaessen et al.
(53)2

FHx
PD
HC

47
73
67

42.9
43.8
39.9

36%
55%
52%

Daily event stress (ESM) Saliva (ESM)
June 2
1Mean age in years; 2 Data from these studies are not included in meta-analyses as a common effect size could not be derived from these studies; 3 Due to partially-overlapping samples
and measures, the corresponding author provided a single dataset comprising the largest study groups which is used in all subsequent analyses in this review (70). FEP, first-episode
psychosis; HC, healthy control; PE, psychotic experiences; FHx, family history of psychosis; SCZ, schizophrenia; UHR, ultra-high risk; UHR+1a, group includes help-seeking youth meeting
UHR (stage 1b) and stage 1a criteria; ESCZ, early-stage schizophrenia; CSZC, chronic schizophrenia; ROP, recent-onset psychosis; PD, psychotic disorders; CECA, Childhood
Experience of Care and Abuse Questionnaire; ESM, experience sampling method; PSS, perceived stress scale; MACE, Maltreatment and Abuse Chronology of Exposure; HRSS, Holmes-
Rahe Social Readjustment Scale; CTQ, Childhood Trauma Questionnaire; BLEQ, Brief Life Events questionnaire; DSI, Daily Stress Inventory; CATS, Child Abuse and Trauma Scale; SES,
socioeconomic status; CAR, cortisol awakening response.
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and high-risk groups (52%, 60%, and 49%, respectively);
however, this varied substantially across studies, from as low as
7% in the control group of one study (47) to 84% in the control
group of another (68).
Psychosocial Stress Measures
Perceived stress and childhood trauma were the most common
types of psychosocial stressor examined across studies (n=8 for
both), followed by life event exposure (n=6). There was
consistency across studies in the measures of perceived stress
employed, with most studies using the Perceived Stress Scale
(71). For childhood trauma, there was less consistency, with the
most commonly-used measures being the Childhood Experience
of Care and Abuse (CECA) questionnaire (72) and the
Childhood Trauma Questionnaire (73). Daily stressors were
examined in two studies (albeit using different measures), one
reported both exposure and distress scores separately (31), whilst
the other reported a single score that accounted for both
exposure and associated distress (66); the former study also
reported distress scores (both current distress and distress at
the time of the event) for negative life events. The experience
sampling method (ESM), a structured diary technique in which
participants are prompted at multiple time-points throughout
the day to report the extent to which their current activity is
stressful, was used in two studies (53, 60). One study examined
nine individual psychosocial stressors (56), including,
socioeconomic status, migration, minority status, perceived
discrimination, social undermining, ostracism experience,
bullying victimization, childhood abuse, and trauma experiences.
Cortisol Measures
Across the 18 studies, cortisol was most frequently measured in saliva
(n=12), two of these studies also examined cortisol in blood samples
[serum (50); plasma (52)] with a further study examining serum only
(68). Hair sampling was the second most common method used to
determine cortisol levels (n=5), with all studies obtaining at least one 3
cm segment for analysis (47, 54–56, 69).With regards to the timing of
cortisol collection, basal samples (saliva, plasma, and serum) were the
most commonly-examined, with four studies obtaining a single
measure (50, 52, 67, 68), typically in the morning, and a further
study deriving a mean cortisol value from three samples obtained at
1-h intervals (66). The cortisol awakening response (CAR) was
measured in saliva in seven studies (31, 46, 48–51, 65): All of these
studies computed the area-under-the-curve with respect to increase
(AUCi) which captures the increase in cortisol from awakening levels;
one of these studies (46) also calculated the AUC with respect to
ground (AUCg) representing the total amount of cortisol secreted in
the hour following awakening. Diurnal cortisol was examined in
saliva in six studies, five of which calculated the total cortisol output
over the entire day using the AUCg (31, 46, 51, 52, 65), with the
remaining study calculating the diurnal slope between samples
collected at awakening and late evening (49). Two studies used the
ESM method to obtain multiple salivary cortisol samples throughout
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the day (53, 60) with repeated observations handled using multilevel
(hierarchical) models.
Quality Assessment
Study quality scores are presented in Table 2. Total scores ranged
from 6 to 12 (max=16) with an average score of 8 across the 18
studies. Sample size was a concern for most studies; only three
were awarded a single point for this item and none were awarded
two points. Of the three studies obtaining a single point, two (46,
66) included at least 85 participants in each group and so were
sufficiently large to detect a moderate correlation with 80%
power at the 0.05 level. Only one study conducted an a priori
power calculation (56); however, this was used to determine the
total sample size (comprising controls, FHx, and PE groups) and
so each individual group did not meet the criteria outlined above
(n≥85). With regards to participants, all studies used an
adequate/validated measure to confirm diagnosis (established
psychosis) or high-risk status; however, only 11 studies applied
the same measures to the healthy control group to confirm that
these participants were free from psychotic disorder and/or did
not meet high-risk criteria. A major area of weakness across the
studies was the extent to which psychosis spectrum and control
groups were representative/unbiased. In general, very few details
were available to be able to assess the extent to which patients
with established psychosis and at-risk groups were representative
of the target populations, and none reported that patients were
randomly selected from a registry. However, two studies reported
that they attempted to recruit all patients who were newly
admitted to psychiatric services operating within a large
catchment area (65, 67) and so were awarded a point for this
item. Similarly, details of methods used to identify and recruit
controls were minimal in most studies, with only one study (60)
reporting that controls were selected through random mailings
to addresses in the residential areas of patients and siblings. Only
three studies (31, 47, 52) reported the response rate (proportion
of individuals approached who agreed to participate) for any
group. One strength was that all studies either deliberately
matched psychosis spectrum and control groups on age and/or
sex (two points) or compared groups on these characteristics
(one point).

With regards to measures, all studies employed a widely used
measure of psychosocial stress (one point), with seven reporting
the reliability/validity of these measures (two points).
Descriptions of the cortisol collection procedure varied from
brief to very detailed, with half of the studies providing a
reference for the procedure and/or assessing compliance. Only
three studies reported details of the timing of cortisol collection
with regards to psychosocial stress measurement; two of these
studies used the ESM method, where cortisol samples were
collected within 10 min of the event stress rating (53, 60), the
other study reported the mean lapse-of-time between completion
of stress measures and collection of cortisol samples (31).
Assessment of potential confounders varied across studies,
ranging from very few confounders examined (age, sex, and
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TABLE 2 | Study quality ratings with regards to assessment of stressor-cortisol concordance.
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one other measure: n=4) to a wide range of variables that were
compared across groups and/or examined in relation to cortisol/
stress measures (n=11).

Description of Stressor-Cortisol
Concordance Findings Across Studies
From the 16 datasets, 139 separate effect sizes were available (124
correlation coefficients, 10 standardized mean differences
converted to correlation coefficients, and five beta coefficients).
Of these, 123 (88%) were not statistically significant (indicating
no association between stressor and cortisol), 11 (8%) were
statistically significant positive associations, and five (4%) were
significant negative associations. At the study level, nine (56%) of
the datasets included at least one statistically significant
association (31, 46, 53, 55, 56, 60, 65, 67, 70). With regards to
magnitude of effect irrespective of sign (positive or negative),
after excluding the five beta coefficients (which were not
standardized and therefore not comparable), 53 (40%) were
negligible, 62 (47%) were small, 14 (11%) were moderate, and
three (2%) were large effect sizes.

Basal Cortisol
Basal cortisol was examined in six studies, yielding 20 separate
effect sizes (morning=18; evening=2), only three of which were
statistically significant. The pattern of findings varied across
studies and stressor types. In one large study of patients with
psychotic disorder (67), morning salivary cortisol showed a
significant positive association with childhood trauma in
patients [r=0.29 (95% CI: 0.02 to 0.52)] that was not observed
in healthy controls [r=-0.06 (95% CI: -0.25 to 1.33)], yet evening
cortisol was significantly associated with childhood trauma in
controls [r=0.22 (95% CI: 0.03 to 0.40)] but not patients [r=0.14
(95% CI: -0.13 to 0.39)]. In contrast, Labad and colleagues (70),
who assessed morning basal cortisol in plasma, observed no
relationship with childhood trauma, instead finding a significant
negative relationship with stressful life events in controls [r=-
0.30 (95% CI: -0.54 to -0.01)] that was not present in either UHR
individuals [r=-0.01 (95% CI: -0.34 to 0.33)] or FEP patients
[r=0.14 (95% CI: -0.20 to 0.45)]. Plasma morning cortisol was
not, however, associated with childhood trauma in either
controls or individuals with schizophrenia in a further study
(52). One consistent finding was that basal morning cortisol was
not significantly associated with perceived stress in any group
(52, 68, 70); moreover, no relationship was found between basal
cortisol and daily stressors in UHR youth and healthy
controls (66).

Cortisol Awakening Response (CAR)
In total, 37 individual effect sizes were available for the CAR;
nearly all (n=35) calculated the increase in cortisol following
awakening (CARi) with only two pertaining to the total output of
cortisol in the hour following awakening (CARg). Five effect sizes
achieved statistical significance: A study of children at elevated
risk of schizophrenia observed that the CARi was strongly
associated with both current [r=0.52 (95% CI: 0.13 to 0.77)]
and previous distress [r=0.51 (95% CI: 0.11 to 0.77)] in relation
Frontiers in Psychiatry | www.frontiersin.org 1064
to negative life events in children with a FHx of schizophrenia,
but found no significant associations in children presenting
antecedents of illness (including PEs) or controls (31).
Moreover, this study found that negative life event exposure,
daily stressor exposure, and daily stressor distress were not
associated with the CARi in any group. Similarly, no
significant associations were found in any group between the
CARi and life event exposure in three further studies that
between them included controls, UHR individuals, and FEP
patients (51, 65, 70). With regards to childhood trauma,
significant associations were observed with the CARi in healthy
controls that were not observed in FEP patients in two studies;
however, in one study (46), the association in controls was
negative [r=-0.43 (95% CI: -0.56 to -0.28)] whilst in the other
study (70) the relationship was positive [r=0.39 (95% CI: 0.11 to
0.62)]. Interestingly, Ciufolini and colleagues also calculated the
CARg and found a significant positive association in the control
group [r=0.21 (95% CI: 0.04 to 0.37)] that was not present in the
FEP group. In contrast, there were no significant associations in
controls, UHR individuals, or FEP patients in any of three studies
examining the relationship between perceived stress and the
CARi (51, 65, 70).

Diurnal Cortisol
Thirty-nine effect sizes were available for diurnal cortisol, the
majority of which (n=31) were AUCg values (i.e., the total
cortisol output throughout the day), with the remaining (n=8)
representing the diurnal slope (i.e., the decrease in cortisol from
awakening to evening). Significant associations were found in a
single study (65), in which life event exposure was negatively
associated with diurnal AUCg cortisol in FEP patients [r=-0.36
(95% CI -0.58 to -0.09)] but positively associated in healthy
controls [r=0.42 (95% CI: 0.11 to 0.66)]. In contrast, two further
studies that assessed diurnal cortisol using the same sampling
procedure as this study found no significant relationships with
life event exposure or life event distress in any group (31, 51).
Moreover, neither of the diurnal cortisol measures (AUCg or
slope) were associated with childhood trauma, perceived stress,
or daily stressor exposure/distress in any group (31, 46, 51, 52,
65, 70).

Hair Cortisol
We identified 38 individual effect sizes for hair cortisol, of which
four were statistically significant. A single study (56) reported
positive associations of hair cortisol with socioeconomic status
[r=0.42 (95% CI: 0.08 to 0.67)] and lifetime trauma [r=0.48 (95%
CI: 0.15 to 0.71)] among individuals with a FHx of illness, and
similarly a positive association with lifetime trauma in
individuals reporting PEs [r=0.31 (95% CI 0.01 to 0.56)]; none
of these associations were significant in controls. However, this
study observed no significant associations between hair cortisol
and any other stressor (migration, minority status, perceived
discrimination, social undermining, ostracism experience,
bullying victimization, childhood abuse) in any group. The
only other study to report a significant effect (55), found a
negative relationship between childhood trauma and hair
cortisol among patients with chronic schizophrenia [r=-0.66
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(95% CI: -0.89 to 0.17)] that was not observed among patients
with early schizophrenia, individuals at UHR, or healthy
controls. In contrast, a further study of patients with
established schizophrenia found no association between hair
cortisol and childhood trauma (69); however, as childhood
trauma data was not collected in controls, no comparison is
available. Neither of the studies examining perceived stress
reported significant associations in controls or psychosis
spectrum groups (47, 54).

Experience Sampling Method (ESM) Cortisol
Two studies, yielding five effect sizes, assessed stressor-cortisol
concordance using the ESM method. The first of these (60),
reported that event stress was positively associated with cortisol
in individuals with a FHx of psychosis [B=0.04 (95% CI: 0.00 to
0.08)], a relationship that was not present among healthy
controls [B=0.00 (95% CI: -0.01 to 0.02)]. A later study by the
same group (53) tested both linear and quadratic effects of event
stress on cortisol, finding the latter to be a better fit. When using
linear predictor terms, a significant positive association was
observed among patients with psychotic disorder [B=0.28 (95%
CI: 0.01 to 0.05)] that was not present among FHx individuals
[B=-0.00 (95% CI: -0.02 to 0.02)] or controls [B=0.02 (95%
Frontiers in Psychiatry | www.frontiersin.org 1165
CI: -0.04 to 0.01)]. Similarly, in the quadratic model a significant
negative relationship (inverted U-shape) was detected in patients
with psychotic disorder [B=-0.02 (95% CI: -0.03 to -0.00)]
whereas positive (U-shaped), non-significant associations were
found in the FHx [B=0.00 (95% CI: -0.01 to -0.02)] and control
[B=0.12 (95% CI: -0.03 to 0.03)] groups.

Meta-Analysis of Stressor-Cortisol
Concordance
Overall Meta-Analysis of Stressor-Cortisol
Concordance
The overall RVE model, which included data from all stressor-
cortisol pairings, was performed on 134 effect sizes (beta
coefficients were excluded as they could not be converted to a
common metric). This model indicated a weak, positive
association between stressors and cortisol that did not achieve
statistical significance [r=0.05 (95% CI: -0.00 to 0.10), p=0.059].
A second model testing for group differences also showed no
significant effect of either established psychosis status [r=0.01
(95% CI: -0.01 to 0.16), p=0.838] or high-risk status [r=0.02 (95%
CI: -0.05 to 0.10), p=0.477] on effect sizes, indicating that the
degree of concordance in these groups did not differ from healthy
controls (see Figure 3). A further univariate regression model
FIGURE 3 | Results of overall meta-analysis comparing healthy controls, high-risk individuals, and patients with established psychosis on the degree of concordance
between psychosocial stressors and cortisol across all stressor-cortisol pairings. CI, confidence interval; ND, number of study datasets contributing effect sizes; NES,
number of effect sizes included in pooled effect size.
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indicated no effect of study quality (NOS scores) on effect sizes
[r = -0.01 (95% CI: -0.05 to 0.03), p=0.525]; moreover, as the
funnel plot was not asymmetric (Supplementary Figure 1) there
was no evidence of small sample bias. Heterogeneity estimates
derived from the RVE model (t2 = 0.016) indicated that 95% of
the “true effects” were estimated to lie between r values of -0.20
and 0.30.

Stratified Analyses Examining Concordance Within
Individual Stressor-Cortisol Pairings
Sufficient data were available to examine six individual stressor-
cortisol pairings (i.e., these pairings were examined in three or
Frontiers in Psychiatry | www.frontiersin.org 1266
more studies): i) childhood trauma and basal morning cortisol;
ii) perceived stress and basal morning cortisol; iii) life event
exposure and the CARi; iv) perceived stress and the CARi; v) life
event exposure and diurnal cortisol (AUCg); and vi) perceived
stress and diurnal cortisol (AUCg). Results of these stratified
analyses are presented in Table 3. As illustrated in Figure 4,
pooled effect sizes in both healthy control and psychosis
spectrum groups were in the small-to-moderate range with
both positive and negative associations observed. Statistically
significant group differences were found for the association
between life event exposure and diurnal cortisol (p=0.002); in
controls a significant positive correlation was observed [r=0.25
TABLE 3 | Subgroup meta-analyses comparing stressor-cortisol concordance in psychosis spectrum and healthy control groups.

Stressor-cortisol
pairing

Datasets contributing to analysis Healthy Controls Psychosis Spectrum HC vs.
PS

NES r (95%
CI)

P for
Q

I2 NES r (95%
CI)

P for
Q

I2 P

Childhood trauma &
basal (morning)

Faravelli et al. (67); Labad et al. (70); Seidenfaden
et al. (52)

3 -0.08 (-0.22–
0.06)

0.93 0% 3 0.13 (-0.22–
0.44)

0.03 71% 0.285

Perceived stress & basal
(morning)

Garner et al. (68); Labad et al. (70); Seidenfaden et al.
(52)

3 -0.05 (-0.26–
0.16)

0.73 0% 4 0.07 (-0.34–
0.47)

0.10 56% 0.611

Life events & CAR (AUCi) Cullen et al. (2014); Labad et al. (70); Mondelli et al.
(65); Nordholm et al. (51)

4 0.09 (-0.08–
0.25)

0.85 0% 7 0.11 (-0.13–
0.33)

0.96 0% 0.872

Perceived stress & CAR
(AUCi)

Labad et al. (70); Mondelli et al. (65); Nordholm et al.
(51)

3 -0.14 (-0.34–
0.07)

0.36 0% 5 0.12 (-0.12–
0.35)

0.62 0% 0.105

Life events & diurnal
(AUCg)

Cullen et al. (2014); Mondelli et al. (65); Nordholm
et al. (51)

3 0.25 (0.01–
0.46)

0.23 29% 5 -0.28 (-0.49–
-0.04)

0.47 0% 0.002

Perceived stress &
diurnal (AUCg)

Mondelli et al. (65); Nordholm et al. (51); Seidenfaden
et al. (52)

3 -0.03 (-0.23–
0.18)

0.57 0% 4 -0.09 (-0.35–
0.18)

0.25 34% 0.698
June 2020 | Volume 11 | Ar
CAR, cortisol awakening response; AUCi, area-under-the-curve with respect to increase; AUCg, area-under-the-curve with respect to ground; NES, total number of effect sizes included
before within-study pooling; CI, confidence interval; P for Q, P value associated with Cochran’s Q; HC, healthy control; PS, psychosis spectrum.
Bold text indicates that the effect size comparison between HC and PS groups is statistically significant at P<0.05.
FIGURE 4 | Results of stratified meta-analyses comparing healthy controls and individuals on the psychosis spectrum (established psychosis and high-risk groups
combined) on the degree of concordance between psychosocial stressors and cortisol within individual stressor-cortisol pairings. CI, confidence interval.
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(95% CI: 0.01 to 0.46)], whereas a significant negative correlation
was observed in the psychosis spectrum group [r=-0.28 (95% CI:
-0.49 to -0.04)]. No other group differences or individual effects
achieved statistical significance. Overall, heterogeneity estimates
ranged from low (particularly in the control group) to moderate,
except for the association between childhood trauma and basal
(morning) cortisol in the psychosis spectrum group, where
substantial and significant heterogeneity was observed (I2 =
71%, P for Cochran’s Q=0.03).
DISCUSSION

In the first meta-analysis to compare associations between
naturally-occurring psychosocial stressors and cortisol in
individuals on the psychosis spectrum and healthy controls, we
observed poor concordance irrespective of stressor type, cortisol
measure, or group status. The overall model, comprising 134
effect sizes, showed that stressors and cortisol measures were
only weakly (and not significantly) correlated. Moreover, meta-
regression analyses indicated that effect sizes among individuals
with established psychosis and those at high-risk for psychosis
did not differ from controls. In stratified analyses, performed to
test for group differences within individual stressor-cortisol
pairings, significant differences between healthy controls and
psychosis spectrum groups were observed for only one of the six
stressor-cortisol pairings examined. Thus, we found little
evidence to suggest that cortisol responses to naturally-
occurring stressors are any different in individuals on the
psychosis spectrum compared to healthy controls.

Of the four a priori alternative hypotheses presented
(Figure 1), our findings are most consistent with the
“unrelated” hypothesis: Regardless of whether analyses were
conducted using all effect sizes (excluding those derived from
ESM studies which could not be pooled), or within individual
stressor-cortisol pairings, the degree of concordance was weak,
and, in most instances, did not differ across groups. The only
significant group difference that we observed was for the
relationship between life events and diurnal cortisol where
significant associations were found in both controls and
psychosis spectrum groups, but the direction of these effects
differed (a positive correlation was observed in controls and
negative correlation in the psychosis spectrum group). However,
this finding appeared to be driven by a single study (65) which
reported significant, opposing relationships between life events
and diurnal cortisol in FEP patients and controls. Indeed, two
subsequent studies which used the same protocol for obtaining
cortisol samples in the home environment as Mondelli and
colleagues found no significant associations between life events
and diurnal cortisol in any group (31, 51), which is particularly
surprising given that that the latter employed the same life event
measure and included FEP patients (51). Our findings contrast
with those observed in studies examining cortisol responses to
acute psychosocial stressor tasks, in which healthy controls show
Frontiers in Psychiatry | www.frontiersin.org 1367
a robust cortisol response whilst patients with psychosis and
schizophrenia (37–39) and those at high-risk for psychosis (74,
75) demonstrate a blunted cortisol response. Together, these
findings suggest that the cortisol abnormalities previously
observed among psychosis spectrum groups (e.g., elevated
basal and diurnal cortisol and a blunted CAR) are unlikely to
be driven by greater exposure and/or sensitivity to these
psychosocial stressors (which do not appear to elicit a robust
cortisol response). Instead, these HPA axis abnormalities might
be epiphenomenal, perhaps secondary to medication effects,
substance use, or a manifestation of global physiological
dysregulation. Moreover, these findings suggest that
psychosocial stressors may contribute to the onset and
exacerbation of psychotic illness via other mechanisms (e.g.,
cognitive processes, or the immuno-inflammatory system) as
opposed to cortisol fluctuations.

There are several reasons why we should be cautious about
drawing these conclusions; these fall into the broad domains of
statistical power, analytical approaches, heterogeneity (relating
to study measures and populations), and timing of cortisol
collection in relation to stressor onset/measurement, which will
now be discussed in turn. First, low statistical power at both the
study level and meta-analysis level may explain the poor
concordance we observed between stressors and cortisol. Our
systematic review indicated that only a small number of studies
(2/18) included sufficient participants in each group to be able to
detect a moderate correlation. Given that the majority of studies
(87%) reported negligible-to-small correlations, this might
explain why so few statistically significant correlations were
observed at the study level. At the meta-analysis level, we were
only able to include data from 16 separate datasets, far less than
the minimum number (N=40) recommended (63). As such, our
meta-analyses were almost certainly underpowered.

The analytic approaches adopted across studies may have also
contributed to poor concordance. With regards to the analysis of
cortisol data, a study of healthy females reported that while
perceived stress scores showed no relationship with absolute
cortisol levels (mean of multiple samples obtained throughout a
single day), they were significantly associated with change in
cortisol levels (76), implying that cortisol measures indexing
deviation from normal HPA axis activity may be more sensitive
to psychosocial stress. Indeed, this might explain why studies
employing acute psychosocial stressor tasks observe a robust
“stressor effect” (i.e., an increase in cortisol from baseline as a
result of task anticipation and commencement). However, it
should be noted that we did not observe this pattern in our
review: In fact, more than half of the individual effect sizes that
achieved statistical significance (10/16) pertained to absolute
measures of cortisol (i.e., basal levels, diurnal AUCg, hair
cortisol). Another analytical issue pertains to adjustment for
potentially confounding factors, which substantially varied
across studies. Cortisol levels have been associated with a range
of participant factors, including age, sex, ethnicity,
socioeconomic status, and psychotropic medication, factors
which often distinguish psychosis spectrum and healthy
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control groups (20). As such, failure to account for these factors
may mask important group differences.

Heterogeneity across studies with regards to studymeasures may
have impacted on our ability to detect a significant overall
association between psychosocial stressors and cortisol. In this
review, we examined a broad range of psychosocial stressors,
including: exposure to specific, pre-defined events (daily stressors,
recent and major life events, childhood trauma); distress related to
these specific events; subjectively-rated stressfulness of current
activities (ESM activity stress); and appraisals of the degree to
which life is stressful, unpredictable, and uncontrollable (perceived
stress). While all of these measures are relevant to the concept of
“stress” (either because they index events that most individuals
would consider to be stressful, or because they capture subjective
experiences of stress/distress) there is likely substantial variability in
the extent to which they are associated with a biological stress
response. Moreover, perceived stress has been found to correlate
with both personality traits and depressive symptoms (77),
suggesting that it can be considered a trait-like feature rather than
a measure of stress exposure per se. Indeed, this might explain why
perceived stress was not associated with cortisol in any of the studies
included in our review. Coupled with the fact that, as noted above,
cortisol measures also varied substantially across studies, it is
perhaps unsurprising that we observed substantial heterogeneity
in effect sizes across studies. In addition to this, heterogeneity in the
study populations examined may have contributed to our inability
to detect significant differences between individuals on the psychosis
spectrum and healthy controls. In our overall analysis, we were able
to differentiate between individuals with established psychosis and
those at high-risk for the disorder; however, even within these
subcategories there was substantial variability. The established
psychosis group included patients with diagnoses of first-episode
psychosis, early stage schizophrenia, and chronic schizophrenia who
likely differed with regards to exposure to antipsychotic medication
and other confounding factors known to influence cortisol levels
(20). However, there was perhaps even greater variability within the
high-risk groups, which included help-seeking individuals meeting
UHR criteria (who present features consistent with the prodromal
phase of psychosis); adolescents and adults with a family history of
illness; and individuals reporting PEs. Within these groups, the
proportion of individuals who will go on to develop full psychosis
varies considerably (45, 78); indeed, it is likely that FHx individuals
who reach adulthood without developing psychosis do so due to
protective factors. In our review, we chose to include populations
that are frequently defined in the literature as being at “high-risk”
for psychosis on the basis that the neural diathesis-stress model
describes a mechanism that may operate in those with increased
vulnerability for psychosis, irrespective of cause (18, 20).
Nevertheless, it is important to note that this may have
contributed to substantial heterogeneity in effect sizes across studies.

A further possible explanation for the poor concordance we
observed is that cortisol samples are unlikely to have been collected
at the time of stressor exposure. A previous meta-analysis (41)
found that the degree of concordance between chronic stress and
cortisol is strongly influenced by the lapse-of-time between stressor
exposure and cortisol measurement (i.e., as time since stressor onset
Frontiers in Psychiatry | www.frontiersin.org 1468
increases, the degree of concordance diminishes). However, this
pattern did not emerge in the present review; rather, significant
associations with cortisol were observed for both distal (e.g.,
childhood trauma) and proximal events (e.g., ESM event stress).
As a related issue, it is possible that the time-lapse between stress
measurement and cortisol collection might be a contributing factor.
A recent study using data from a large sample of individuals at UHR
for psychosis and healthy controls indicated that the degree of
concordance between psychosocial stressors and basal cortisol was
moderated by the lapse-of-time between collection of these
measures (79): Specifically, daily stressors, life events, and
childhood trauma, were only associated with basal cortisol
measures when these stress measures were completed on the
same day as cortisol collection. The fact that this pattern was
observed for daily stressors occurring within the last 24-h and life
events/childhood trauma (which did not occur on the day of
testing) suggests that distress associated with recalling these events
might elicit a cortisol response that enables a significant association
to be observed. Importantly, after accounting for the lapse-of-time
between assessments, analyses indicated that the degree of
concordance was stronger among CHR individuals who later
converted to psychosis when compared to those who did not
(79); thus, accounting for the time-lapse between assessments
may improve precision and reveal important group differences. In
the present review, we found that only three studies reported the
lapse-of-time between stress measurement and cortisol collection,
and only two confirmed that measures were completed on the same
day. Both of these studies used the ESM approach to obtain cortisol
samples within 10 min of stressor ratings (53, 60); however, even
with this short lapse-of-time, significant associations between event
stress and salivary cortisol were not observed in healthy controls,
only those on the psychosis spectrum (i.e., relatives and patients
with psychotic disorders). Interestingly, a recent ESM study
examining individuals with 22q11.2 deletion syndrome (a
syndrome associated with learning difficulties, a range of physical
health problems, and psychiatric comorbidity—including
psychosis), reported that cortisol levels in the healthy control
group, but not the 22q11.2 deletion syndrome group, increased in
parallel with activity related stress, but that this association in
controls was only significant at the trend level (80). Together,
these findings suggest that the activity-/event-related stress
captured using existing ESM approaches may not be sufficiently
“stressful” to elicit robust changes in cortisol levels in
healthy controls.

In summary, there are a number of important methodological
issues that contribute to complexity when examining the
relationship between psychosocial stressors encountered in the
natural environment and cortisol. While none of these potential
explanations can fully account for the poor concordance that we
observed across a range of stressor and cortisol measures, it is
certainly possible that methodological issues obscured the ability
to detect “true” associations between these measures.

Limitations
As noted above, given that we were only able to include data
from 18 studies (representing 16 independent datasets) our
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meta-analyses were likely underpowered. This would have
affected our ability to detect statistically significant correlations
between stressors and cortisol (which were largely within the
small-to-moderate range), and to test for group differences in the
degree of concordance. However, it is important to note that
previous meta-analyses have observed group differences in
cortisol responses to psychosocial stressor tasks with far fewer
studies (37, 39). The small number of studies identified also
meant that in our stratified analyses (testing group differences
within individual stressor-cortisol pairings) it was necessary to
combine effect sizes derived from patients with established
psychosis and individuals at high-risk for psychosis in a single
“psychosis spectrum” group. As such, the psychosis spectrum
group was highly heterogeneous. It is possible that the inclusion
of individuals at different stages of illness (from adolescents
reporting isolated psychotic experiences to adult patients with
chronic schizophrenia) with varying degrees of psychopathology
may have diluted any group differences; indeed, recent theories
propose that different stages of illness may be associated with
different patterns of HPA axis dysregulation (35). However, in
our overall analysis (which included all effect sizes) we were able
to distinguish between established psychosis patients and high-
risk participants and found no substantial difference in effect
sizes in these groups. As noted above, there was also substantial
heterogeneity across studies with regards to both psychosocial
stressors (ranging from minor daily stressors to major life events
and childhood trauma) and cortisol measures (which included
both dynamic measures such as the CAR, and chronic cortisol
levels as measured in hair samples). This was reflected in the
heterogeneity estimates derived from the overall model where
the interval within which 95% of the “true effects” were estimated
to lie was wide and crossed zero (-0.20 to 0.30). While this
questions the extent to which these effect sizes could be pooled
using meta-analytic techniques, we performed stratified analyses
to reduce this heterogeneity. Moreover, pooling these results
enabled us to quantify the level of heterogeneity and address the
key question of whether the strength of association, irrespective
of stressor-cortisol type, differed in healthy controls and those on
the psychosis spectrum. A further limitation, noted above,
pertains to the fact that our search was restricted to studies
examining cortisol, as such, we did not consider other potential
markers of HPA axis function (e.g., adrenocorticotropic
hormone, hippocampal/pituitary volume, or glucocorticoid
receptor density, distribution and/or affinity). However,
cortisol is one of the most widely used indicators of HPA axis
function and expanding our search parameters would have likely
yielded an unmanageable number of studies to assess for
eligibility. These limitations are balanced by several strengths.
First, we employed robust statistical approaches to account for
dependence of effect sizes, thereby allowing us to include
multiple effect sizes from the same study. Second, to avoid
potential cancelling effects (i.e., deriving a neutral effect by
combining positive and negative associations) we additionally
conducted stratified analyses where effect sizes were pooled
within individual stressor-cortisol pairings (although the
number of studies contributing to each analysis was
Frontiers in Psychiatry | www.frontiersin.org 1569
substantially reduced). Finally, we included a wide range of
psychosocial stressors and cortisol measures, increasing the
number of studies in the review.
Implications
As noted above, there are several methodological issues that
might explain the poor concordance that we observed between
psychosocial stressors and cortisol. As such, we recommend that
future studies in this field i) conduct a priori power calculations
to determine the minimum number of participants required for
each group and ensure that recruitment is matched to the target
number; ii) investigate within-subject deviation from normative
cortisol levels, whether this be daily fluctuations (i.e., increase
from awakening or other time-point) or variations across days
(i.e., changes from mean level), as these variations may be more
strongly associated with psychosocial stressors; iii) move beyond
simple cross-sectional analyses and instead attempt to obtain
longitudinal measures of both stressors and cortisol in order to
disentangle the temporal relationship between these measures;
iv) report the lapse-of-time between stressor assessment and
cortisol collection and test whether this variable moderates the
strength of association (and, if so, account for interaction effects
accordingly); and (v) investigate potential confounders and
adjust analyses as appropriate. It is important to note that we
found no association between study quality/bias scores (which
considered some of these factors) and effect sizes. As such, it is
possible that these recommendations will not necessarily
increase the likelihood that a study is able to detect
concordance between naturally-occurring psychosocial
stressors and cortisol; however, this is an important first step
to elucidating these relationships.

Our findings should be considered with reference to existing
theories of psychosis aetiology. The neural diathesis-stress model
of schizophrenia hypothesized that HPA axis dysregulation
among those on the psychosis spectrum could be stress-
induced, a manifestation of hippocampal dysfunction or
glucocorticoid receptor abnormalities, or genetically
determined (18–20). While the current review provides no
evidence to suggest that cortisol abnormalities among
individuals on the psychosis spectrum are stress-induced, we
again emphasize the need to consider the range of
methodological issues that might have contributed to this null
finding. Aside from the aforementioned methodological issues, it
is also possible that repeated exposure to psychosocial stressors
among individuals on the psychosis spectrum leads to an initial
increase in HPA axis function, that, when exhausted, leads to a
dysregulated system that no longer responds to stress
appropriately—as proposed in the tonic/phasic model of HPA
axis dysregulation (35). However, this would not explain why
healthy controls (who we know experience lower levels of
psychosocial stressor exposure and distress) also showed poor
concordance, and we would have also expected to see variability
in the degree of concordance across illness phases had this been
the case. Our review provides important findings regarding the
relationship (or lack of) between psychosocial stressors and
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cortisol that should be incorporated in future revisions to
these theories.

Conclusions
This comprehensive systematic review and meta-analysis found
no evidence to suggest that individuals on the psychosis
spectrum are characterized by either hyper- or hypo-
responsivity of the HPA axis to naturally-occurring
psychosocial stressors. These findings are in contrast to the
blunted cortisol response observed during psychosocial stressor
tasks among patients with established illness and individuals at
high-risk for psychosis. While our findings suggest that
psychosocial stressors cannot explain the cortisol abnormalities
that have been previously reported in psychosis spectrum
groups, this might also reflect methodological issues that are
common to studies of naturally-occurring psychosocial stressors
(e.g., failure to acquire cortisol samples proximal to stress
exposure/assessment) but are tightly controlled in experimental
studies employing psychosocial stressor tasks. Moreover, without
adequate assessment of potential confounders and moderating
factors, no conclusions can be drawn regarding the true
relationship between psychosocial stressors encountered in the
natural environment and cortisol levels. Thus, we strongly
advocate that future studies attempting to investigate stressor-
cortisol concordance consider these factors during the study
planning phase and when conducting analyses. Nevertheless, the
current evidence suggests that cortisol responses to naturally-
occurring stressors are not a robust marker of either risk for
psychosis or established illness.
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Background: The endogenous cannabinoid systemmediates the psychoactive effects of
cannabis in the brain. It has been argued that this system may play a key role in the
pathophysiology of schizophrenia. While some studies have consistently shown that the
levels of anandamide, an endogenous cannabinoid ligand, are increased in the
cerebrospinal fluid of schizophrenia patients, inconsistent results have been observed in
studies measuring anandamide levels in the periphery. Here, we sought to determine if the
assessment of peripheral anandamide levels in patients evaluated in a psychiatric
emergency setting would show robust increases.

Methods: One hundred seven patients with a schizophrenia-spectrum disorder from the
psychiatric emergency settings of the Institut Universitaire en Sante ́ Mentale de Montreál
and 36 healthy volunteers were included in the study. A subsample of thirty patients were
assessed at two time points: at the emergency and at their discharge from the hospital.
Anxious and depressive symptoms, sleep and substance use were assessed using self-
report questionnaires. In addition to anandamide, the levels of oleoylethanolamide (OEA),
an anorexigenic fatty-acid ethanolamide, were also measured, since the prevalence of the
metabolic syndrome is increased in schizophrenia. Plasma levels of anandamide and OEA
were measured using liquid chromatography and mass spectrometry.

Results: Plasma anandamide and OEA levels were significantly increased in
schizophrenia patients, relative to controls (Cohen’s d=1.0 and 0.5, respectively).
Between-group differences remained significant after controlling for metabolic
measures. No differences were observed between schizophrenia patients with and
without a comorbid substance use disorder at baseline. Importantly, the levels of both
endocannabinoids significantly decreased after discharge from the emergency setting.
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Conclusion: The current results add to the growing body of evidence of
endocannabinoid alterations in schizophrenia. The strong elevation of plasma
anandamide levels in schizophrenia patients assessed in the psychiatric emergency
setting suggests that anandamide and OEA area potential biomarkers of the
psychological turmoil associated with this context.
Keywords: anandamide, oleoylethanolamide, schizophrenia, emergency setting, cannabinoids
INTRODUCTION

Schizophrenia is a complex psychiatric disorder, and its
pathophysiology is not fully understood. During the last
decades, several longitudinal studies have shown that cannabis
smoking is a risk factor for psychosis outcomes (1). In adult
populations with schizophrenia, several studies have also shown
that persistent cannabis smoking is associated with worse
outcomes (2). Moreover, several experimental studies have
shown that the administration of delta-9-tetrahydrocannabinol
to healthy volunteers produces transient effects that are similar to
the psychiatric symptoms and cognitive deficits seen in
schizophrenia (3, 4). These findings have fueled interest in
examining the potential role of the endogenous cannabinoid
system, which mediates the psychoactive effects of cannabis in
the brain, in the pathophysiology of schizophrenia (5, 6).

The endogenous cannabinoid (ECB) system is complex and is
composed of two primary natural ligands, namely anandamide
and 2-arachidonoylglycerol (2-AG), and two primary receptors,
CB1 and CB2 (7). Virodhamine, N-arachidonoyl-dopamine and
noladin ether are increasingly considered as ECB ligands (8), and
vanilloid receptor 1 and GPR55 as potential ECB receptors (9,
10); however, their precise roles remain to be determined.
Anandamide is synthesized from N-acetylphosphatidyl-
ethanolamine (NAPE) by NAPE-hydrolysing phospholipidase
D and degraded by fatty acid amid hydrolase (FAAH) (11) into
ethanolamine and arachidonic acid (12). 2-AG is synthesized
from diacylglycerol (DAG) by DAG lipase and degraded by
monoacylglycerol lipase into glycerol and arachidonic acid (13).
Interestingly, anandamide is involved in key functions that are
known to be altered in schizophrenia, including reward
processing, stress regulation and memory (14, 15). Moreover,
CB1 receptors are distributed in high densities in brain regions
known to be impaired in schizophrenia, such as the prefrontal
cortex, the hippocampus and the basal ganglia (7, 16).

Preliminary evidence suggests that the ECB system is
involved in the pathophysiology of schizophrenia. Indeed,
postmortem human brain studies using auto radiography have
consistently shown that CB1 receptor binding is elevated in the
dorso-lateral prefrontal cortex in schizophrenia (6). The
postmortem studies on CB1 receptor mRNA levels in the
dorso-lateral prefrontal cortex have produced mixed results
however (17, 18). As for in vivo studies, a recent positron
emission tomography (PET) study has shown an increase in
CB1 receptor binding in 67 schizophrenia patients in several
brain regions, including the ventral striatum, the insula, the
inferior frontal cortex and the medial temporal cortex (19).
g 274
Likewise, Wong et al. (20) had also observed an increase in
CB1 receptor binding in the pons in a small sample of 9
schizophrenia patients. However, a more recent PET study
actually showed a decrease in CB1 receptor binding in several
sub-cortical and limbic regions (21). Regarding the ECB ligands,
an elevation of anandamide levels in the cerebrospinal fluid
(CSF) of schizophrenia patients was initially reported by Leweke
et al. (22) in 10 schizophrenia patients (22). Subsequently, CSF
anandamide levels were found to be eight-fold higher in 47
schizophrenia patients than in 84 healthy controls and
individuals with other psychiatric disorders (23). Importantly,
the finding of elevated CSF anandamide levels in schizophrenia
has been replicated since then (24). CSF anandamide levels were
also found to be elevated during the initial prodromal stages of
psychosis (25).

Due to the ease of measurement, a growing number of
laboratories have examined peripheral levels of endogenous
cannabinoids in schizophrenia, with results being inconsistent
across studies thus far. In a study of 20 schizophrenia patients,
the blood levels of anandamide were shown to be higher in
patients with acute schizophrenia compared to healthy controls
(26). Similarly, Koethe et al. (25) found that plasma levels of
anandamide are elevated in twins discordant for schizophrenia
compared to healthy twins (25). Furthermore, the expression of
CNR1, the gene coding for the CB1 receptor, was found to be up-
regulated in the peripheral blood of schizophrenia patients (27).
Despite these promising results, other studies looking at blood
levels of anandamide did not detect any differences between
schizophrenia and healthy controls (24, 28).

The heterogeneity of findings on peripheral levels of
anandamide in schizophrenia could be explained by different
factors. One important factor is the phase of illness. In the acute
phase of illness or during emergency visits, when patients are
experiencing significant stress, anandamide levels may be more
increased. In fact, it has been shown in experimental studies
performed in healthy volunteers that acute stress provokes
increases in peripheral anandamide levels (29). Thus far, two
studies have been performed in schizophrenia patients during
the acute phase of illness—at least to our knowledge. A first study
showed significantly higher levels of anandamide in patients
compared to healthy controls (26), although it only included a
small sample of 12 patients. However, a study from Giuffrida
et al. (23) showed no significant alterations of serum anandamide
levels in acutely paranoid schizophrenia patients.

As argued by Desfossés et al. (30), important comorbid
factors such as substance use and metabolic problems may also
influence results. Substance use disorders are highly prevalent in
June 2020 | Volume 11 | Article 628
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schizophrenia and are associated with poorer clinical outcomes
in this population (31). In a dually diagnosed population, our
research team found that plasma anandamide levels were
increased, relative to controls, and that there was a positive
correlation between anandamide levels at baseline and substance
use at 3-month follow-up (32). As for the metabolic syndrome,
its prevalence is two to three times higher in patients with
schizophrenia (30-40% prevalence) than in the general
population (10-20%) (33). Given that anandamide is involved
in food control intake via central and peripheral mechanisms
(34), we performed a pilot functional neuroimaging study and
showed that plasma levels of anandamide were positively
correlated with amygdala hyper-activations in schizophrenia
patients in response to appetizing food stimuli (35). In
addition, an association has been observed between the CNR1
gene and the metabolic syndrome in 407 patients with
schizophrenia (36). Although structurally related to
anandamide, oleoylethanolamide (OEA) is a non-cannabinoid
natural bioactive fatty-acid ethanolamide, which binds
peroxisome-proliferator-activated receptors, and is degraded by
FAAH into oleic acid and ethanolamide (37). OEA has well-
demonstrated anorexic properties (37). In schizophrenia, most
studies on CSF and blood levels of OEA have shown no
significant alterations (22, 23, 25). However, it is crucial to
point out that these studies have not accounted for comorbid
metabolic problems.

The primary objective of the current study is to show that
peripheral levels of anandamide are increased in schizophrenia
patients evaluated in a psychiatric emergency setting. The
secondary objective is to examine the clinical correlates of
anandamide and OEA levels in schizophrenia.
METHODS

Participants
One hundred seven patients with schizophrenia or schizo-affective
disorder, male or female, and aged between 18 and 50 years old,
were recruited at the psychiatric urgency setting of the Institut
Universitaire en Sante ́Mentale de Montreál. The sample was taken
from the Signature Bank of the institute (http://www.iusmm.ca/
recherche/signature.html). Patients enrolled in the Signature Bank
were referred to the research team by the clinical emergency team
(nurses, social worker, and emergency psychiatrist), who met each
morning to discuss every new case. Psychiatric diagnoses were
established by psychiatrists on the ward, and were coded according
to the World Health Organisation International Classification of
Disease, ICD-10 (38). Diagnoses were confirmed after psychiatric
hospitalization. The mean number of psychiatric hospitalizations
in the last two years was 2.5 (± 3.4), and 34.7% of patients
experienced their first episode of psychosis. In this naturalistic
study, substance use disorder and metabolic syndrome were not
considered as exclusion criteria in the schizophrenia group. Out of
107 schizophrenia patients, 14 had a current comorbid substance
use disorder (alcohol, cannabis and/or stimulants). Patients with
substance-induced psychosis were however excluded if a
Frontiers in Psychiatry | www.frontiersin.org 375
schizophrenia of schizo-affective disorder was not confirmed by
the psychiatrist. Figure 1 shows the flowchart for the selection of
the 108 patients. Schizophrenia patients were treated with
antipsychotics (mean olanzapine equivalents: 13.0 ± 11.6 mg);
among them, 22 were treated with two antipsychotics or more,
and 10 were treated with clozapine. Thirty-eight healthy
volunteers, with no history of severe mental illness or substance
use disorder, were also recruited. None of the healthy controls
were treated with medication affecting the central nervous system.
Both groups did not differ in terms of age (schizophrenia: 31.5 ±
8.2 years; controls: 30.0 ± 7.3 years; t=1.0; p=0.32) and sex ratio
(schizophrenia: 40 females; controls: 17 females; c2 = 0.36;
p=0.55). None of the participants in either group had a history
of neurologic disorder, an IQ lower than 70, or chronic and
unstable medical diseases at the moment of participation in the
study. A subsample of thirty patients had measures at two time
points: at the emergency (T1; emergency phase) and at their
discharge from the hospital (T2; stabilization phase). Patients were
discharged on clinical decision resulting in a variable duration of
admission. At baseline, the subsample of 30 patients did not
differ from the rest of patients in terms of socio-demographic
variables, psychiatric symptoms and metabolic markers (see
Supplementary Table).

All participants signed a detailed consent form, and the study
was approved by the ethics committee of the Centre de Recherche
de l’Institut Universitaire en Sante ́Mentale de Montreál.
FIGURE 1 | Flowchart of the participants sample selection.
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Clinical Assessments
Substance use disorder severity was assessed with the Alcohol Use
Disorders Identification Test (AUDIT) (39) and the Drug Abuse
Screening Test (DAST-10) (40). Psychotic symptoms, depressive
symptoms and anxiety were measured, respectively, with the
Psychosis Screening Questionnaire (PSQ) (41), the Patient Health
Questionnaire (PHQ-9) (42), and the State Trait Anxiety
Inventory (STAI) (43); sleep problems were assessed with a
validated questionnaire from our team (44). The potential
influence of antipsychotics on results was examined by
calculating olanzapine equivalents (45).

Metabolic Syndrome
A 12-h fasting blood collection (38 ml) was obtained in the
morning for the emergency patients and healthy controls.
Within 2 h, the local hospital laboratory assayed serum total
cholesterol, high-density lipoprotein, low-density lipoprotein,
triglycerides, and fasting glucose, using standard hospital
techniques. Resting seated systolic and diastolic blood pressure
and heart rate was measured. Anthropometric measures (e.g.
body mass index and waist-to-hip ratio) were also collected.

Metabolic syndrome was defined as the presence of 3 or more
of the risk factors identified by the International Diabetes
Federation: (i) waist circumference: males≥ 102 cm; females≥
88 cm; (ii) triglycerides≥ 150 mg/dl; (iii) high-density lipoprotein
(HDL): males≤ 40 mg/dl; females≤ 50 mg/dl; (iv) arterial
pressure: systolic pressure≥ 130 mmHg; diastolic pressure≥ 85
mmHg; and (v) fasting glucose≥ 100 mg/dl) (46).

Analysis of Plasma Anandamide (AEA) and
OEA Levels
We collected blood samples (10 ml) of participants in the
morning after 12 h of fasting. Within 2 h, blood samples were
centrifuged (2600 rpm for 15 min), and plasma (1 ml) was stored
at −80°C in glass vials. Calibration curve standards were
prepared in a pooled human plasma (Innovative research,
Novi, MI) using standards of AEA-d4 and OEA-d4 (Cayman
Chemical, Ann Arbour, MI) ranging from 0.02 ng/ml to 6 ng/ml
and were kept frozen. Freshly thawed plasma aliquots and
calibration curve standards (450 mL) were diluted with 900 mL
of cold acetonitrile containing 10 ng/ml of the internal standard,
AEA-d8 (Cayman Chemical, Ann Arbour, MI). Samples were
then loaded to an Impact protein precipitation plate from
(Phenomenex, Terrance, CA). The flow through was diluted
with 500 mL HPLC grade water and submitted to solid phase
extraction on Hydrophilic-Lipophilic Balance Oasis HLB 30 mg
cartridges from (Waters). Eluted compounds were dried down
under a nitrogen stream and reconstituted in 75 mL of the
starting mobile phase. Aliquots of 15 mL were injected into the
liquid chromatography-mass spectrometry (LC-MS) system.
Chromatography was performed on an 1100 series from
Agilent Technologies (Santa Clara, CA) using a Charged
Surface Hybrid C18, 2.1x100 mm, 3.5 mm column from
Waters (Milford, MA). The eluents consisted of 40%
acetonitrile and 60% water (solvent A) and 90% isopropanol
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and 10% acetonitrile (solvent B), both containing 0.4% formic
acid. The initial mobile phase contained 35% B and was
increased to 45% B over 10 min. Endocannabinoids were
monitored on a triple quadrupole mass spectrometer 6410
from Agilent Technologies (Santa Clara, CA) operated in
positive Electrospray Ionization using the Multiple Reaction
Monitoring mode. The LC-MS method was linear for both
AEA and OEA from 0.02 to 6 ng/ml. Samples were run on
four batches, over four days. Coefficients of Variation as
measured for the Quality Controls across the four days were
within 9.6 % for AEA and 7.4 % for OEA.

Statistical Analyses
Potential group differences for dichotomic variables and
continuous variables were examined, respectively, with chi-
square tests and two-sample t tests. The potential relationships
between endocannabinoid levels and clinical variables (e.g.
psychiatric symptoms, sleep and metabolic variables) were
examined using linear regression analyses. For the regression
analyses, the potential association between endocannabinoid
levels and metabolic variables was examined by calculating the
number of metabolic syndrome criteria met by each participant.
Finally, a subsample of patients (n=30) were assessed at
admission (T1) and at their discharge (T2). A paired t test was
assessed to check for changes between T1 and T2. Pearson’s
correlation tests were performed to assess if antipsychotic dosage
(in olanzapine equivalents) was associated with each of the
endocannabinoid levels. Statistical analyses were performed
with R version 3.6.3. The threshold for statistical significance
was set at p < 0.05. For each series of variables, a false-discovery
rate (FDR) was applied to the p-value to account for type-II
error. Both corrected and uncorrected p-values are presented.
RESULTS

Between-Group Differences
Relative to controls, schizophrenia patients had increased
psychiatric symptoms (e.g. anxiety, depression, psychosis and
poor sleep efficiency), as well as higher scores on substance use
scales (e.g. AUDIT and DAST) (Table 1). A higher proportion of
patients presented the metabolic syndrome, compared to
controls (schizophrenia: 34.0%; controls: 8.1%; c2 = 7.99;
p=0.005). Furthermore, metabolic markers (e.g. Waist
circumference, Triglyceride, HDL) were found to be impaired
in schizophrenia. More importantly, anandamide levels were
strongly increased in schizophrenia patients, relative to controls,
with a large effect size (Cohen’s d=0.9; p < 0.001) (Table 1 and
Figure 2). OEA levels differed between patients and controls
with a smaller effect-size (Cohen’s d=0.5; p=0.013) (Table 1 and
Figure 2). Between-group differences in anandamide and OEA
levels remained significant after controlling for the potential
influence of metabolic markers. Likewise, there were no
differences in ECB levels between patients with and without a
substance use disorder (anandamide: p=0.56; OEA: p=0.43).
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Regression Analyses
Across groups, a significant and positive association was found
between anandamide levels and depressive symptoms (p=0.009)
(Table 2 and Figure 3). This association remained significant after
adjusting for the false-discovery rate (p*=0.043). A smaller negative
association was found between anandamide levels and sleep
efficiency (p=0.053) (Table 2). Across groups, there were no
significant correlations between endogenous cannabinoid levels
and substance use, anxiety and psychosis (Table 2). Positive
associations of small magnitude were observed between
anandamide levels and waist circumference (p=0.013) and arterial
pressure (p=0.018), while a small negative association was found
between OEA levels and triglyceride levels (p=0.038) (Table 2).
These associations were no longer significant after accounting for
the FDR adjustment. No association was found between the number
of metabolic syndrome indicators and ECB levels.
Frontiers in Psychiatry | www.frontiersin.org 577
Paired t Test
The mean length of hospitalization was 26.1 days (± 22.4). For both
endocannabinoids, the mean levels decreased between admission
(T1) and discharge (T2). In the case of anandamide, we observed a
mean decrease of 132.6 pg/ml (p < 0.001) and as for OEA, a decrease
of 639.7 pg/ml (p=0.005) (Table 3). Aside from endocannabinoids,
four clinical outcomes showed significant improvements from T1 to
T2, namely psychosis (0.024), anxiety (0.013), depression (p < 0.001),
and mean arterial pressure (0.05) (Table 3).

Antipsychotic Treatment
No statistically significant associations were found between
prescribed antipsychotic dosage (e.g. olanzapine equivalents) and
plasma ECB levels (rAEA: r=0.06; p=0.58; OEA: r= −0.02; p=0.89).
Between-group differences in anandamide and OEA levels
remained significant after controlling for antipsychotic dosage.
TABLE 1 | Differences between schizophrenia patients and healthy controls.

Type of variable Variable Schizophrenia
(n=107)

Controls
(n=38)

Statistics

Endogenous cannabinoids Anandamide 653.7 (222.8) 469.8 (110.1) t=6.5; p < 0.001
OEA 2856.8 (969.7) 2416.2 (716.7) t=2.9; p=0.005

Psychiatric symptoms AUDIT 5.2 (6.9) 4.1 (2.8) t=1.3; p=0.19
DAST 3.1 (3.2) 0.5 (0.6) t=8.0; p < 0.001
Psychosis 1.5 (1.4) 0.0 (0.0) t=11.1; p < 0.001
Anxiety 47.8 (14.8) 34.3 (10.2) t=6.2; p < 0.001
Depression 10.6 (7.0) 2.6 (3.1) t=9.4; p < 0.001

Sleep Sleep efficiency (%) 91.7 (16.0) 96.4 (7.9) t=-2.3; p=0.025
Metabolic Syndrome Waist circumference (cm) 97.2 (18.1) 88.2 (18.9) t=2.5; p=0.013

Triglyceride (mg/dl) 1.6 (1.2) 0.9 (0.5) t=4.6; p < 0.001
HDL (mmol/L) 1.1 (0.3) 1.4 (0.3) t=-6.1; p < 0.001
Mean arterial pressure (mmHg) 90.4 (11.0) 89.6 (9.7) t=0.4; p=0.66
Glycemia (mmol/L) 5.1 (1.0) 4.9 (0.5) t=1.4; p=0.16
Number of metabolic syndrome indicators 1.9 (1.3) 0.8 (1.2) t=4.6; p < 0.001
June 2020 | Volum
AUDIT, Alcohol Use Disorder Identification Test; DAST, Drug Abuse Screening Test; HDL, high-density lipoprotein; OEA, oleoylethanolamide; the metabolic syndrome is obtained when the
number of syndrome indicators is three or more.
FIGURE 2 | Boxplot of ECB plasma levels by Group (Schizophrenia vs. Controls).
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DISCUSSION

Despite substantial evidence that cannabis is a risk factor for
psychosis (1) and growing evidence suggesting that the
endocannabinoid system is altered in schizophrenia, studies
examining peripheral levels of anandamide have produced
inconsistent results thus far. In the current study, we sought to
determine the blood levels of anandamide and OEA in
schizophrenia patients recruited at the emergency setting. As
hypothesized, we found that anandamide levels were robustly
increased in patients relative to a group of healthy volunteers; in
the case of OEA, there was also an increase at baseline but it was
smaller. Importantly, we observed a significant decrease in both
biomarkers in a subset of patients after discharge from the
emergency setting. As such, these results suggest that
anandamide, and OEA to a lesser extent, are potential biomarkers
of the stress induced by an acute mental crisis prior to the
presentation to the emergency department. In addition, we
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observed a positive correlation between peripheral levels of
anandamide and depressive symptoms. However, there was no
association with psychotic symptoms, unlike the previous reports of
negative correlations between psychotic symptoms and anandamide
levels, as measured in the CSF (23) and the serum (47). Being in a
psychiatric inpatient setting is a source of significant stress for
patients with schizophrenia, and as mentioned in the introduction,
acute stress has been shown to result in increased peripheral
anandamide levels in healthy volunteers (29). Moreover, it is well
documented that stress is a risk factor for depression (48–50) and
that the hypothalamic-pituitary-adrenal (HPA) axis is disturbed in
major depressive disorder (51). Taken together, these observations
suggest that anandamide alterations are more related to emotional
turmoil associated with the psychiatric emergency setting rather
than the severity of psychotic symptoms. At the physiological level,
this association could be mediated by a dysregulation of the
HPA axis.
TABLE 2 | Linear regression analyses.

Clinical variable Anandamide OEA

Est. SE t p p* Est. SE t p p*

AUDIT Int. 2.642 1.787 1.478 0.14 0.14 3.491 1.725 2.024 0.045 0.045
Group -0.269 1.270 -0.212 0.83 0.83 -0.725 1.210 -0.599 0.55 0.55
ECB 0.004 0.003 1.521 0.13 0.28 0.001 0.001 1.058 0.29 0.63

DAST Int. 2.855 0.817 3.493 <0.001 0.001 2.668 0.784 3.402 <0.001 <0.001
Group -2.542 0.580 -4.381 <0.001 <0.001 -2.542 0.550 -4.621 <0.001 <0.001
ECB 0.000 0.001 0.288 0.77 0.77 0.000 0.000 0.555 0.58 0.63

Psychosis (PSQ) Int. 1.672 0.347 4.821 <0.001 <0.001 1.637 0.334 4.899 <0.001 <0.001
Group -1.539 0.247 -6.238 <0.001 <0.001 -1.509 0.234 -6.456 <0.001 <0.001
ECB -0.000 0.000 -0.571 0.57 0.71 -0.000 0.000 -0.483 0.63 0.63

Anxiety (STAI) Int. 42.579 4.003 10.637 <0.001 <0.001 45.479 3.884 11.71 <0.001 <0.001
Group -12.456 2.857 -4.359 <0.001 <0.001 -13.569 2.726 -4.979 <0.001 <0.001
ECB 0.008 0.006 1.388 0.17 0.28 0.001 0.001 0.642 0.52 0.63

Depression (PHQ-9) Int. 6.095 1.789 3.407 <0.001 0.001 7.481 1.746 4.285 <0.001 <0.001
Group -6.715 1.277 -5.259 <0.001 <0.001 -7.503 1.226 -6.120 <0.001 <0.001
ECB 0.007 0.003 2.668 0.009 0.043 0.001 0.001 1.901 0.06 0.30

Sleep efficiency (%) Int. 99.408 4.179 23.786 <0.001 <0.001 93.817 4.086 22.96 <0.001 <0.001
Group 2.552 3.019 0.845 0.40 0.40 4.426 2.900 1.526 0.13 0.13
ECB -0.012 0.006 -1.950 0.053 0.053 -0.001 0.001 -0.544 0.59 0.59

Waist circumference (cm) Int. 84.780 5.254 16.135 <0.001 <0.001 97.320 5.183 18.78 <0.001 <0.001
Group -5.318 3.751 -1.418 0.16 0.24 -8.814 3.640 -2.421 0.017 0.025
ECB 0.019 0.008 2.506 0.013 0.054 -0.000 0.002 -0.026 0.98 0.98

Triglyceride (mg/dL) Int. 1.950 0.304 6.420 <0.001 <0.001 2.144 0.292 7.356 <0.001 <0.001
Group -0.739 0.219 -3.371 <0.001 0.002 -0.712 0.205 -3.472 <0.001 0.001
ECB -0.001 0.000 -1.325 0.19 0.28 -0.000 0.000 -2.097 0.038 0.23

HDL (mmol/L) Int. 1.146 0.083 13.863 <0.001 <0.001 0.955 0.079 12.021 <0.001 <0.001
Group 0.335 0.060 5.625 <0.001 <0.001 0.372 0.056 6.651 <0.001 <0.001
ECB -0.000 0.000 -0.816 0.42 0.50 0.000 0.000 1.706 0.09 0.27

Mean arterial pressure (mmHg) Int. 83.477 3.074 27.156 <0.001 <0.001 86.851 3.009 28.86 <0.001 <0.001
Group 0.917 2.194 0.418 0.68 0.68 -0.485 2.112 -0.230 0.82 0.82
ECB 0.011 0.004 2.393 0.018 0.054 0.001 0.001 1.261 0.21 0.42

Glucose (mmol/L) Int. 5.117 0.263 19.451 <0.001 <0.001 5.249 0.254 20.64 <0.001 <0.001
Group -0.185 0.190 -0.972 0.33 0.40 -0.196 0.179 -1.094 0.28 0.33
ECB -0.000 0.000 -0.215 0.83 0.83 -0.000 0.000 -0.777 0.44 0.53

# of metabolic syndrome indicators (0-5) Int. 1.426 0.377 3.789 <0.001 <0.001 2.203 0.366 6.017 <0.001 <0.001
Group -0.941 0.272 -3.463 <0.001 0.002 -1.119 0.258 -4.341 <0.001 <0.001
ECB 0.001 0.001 1.350 0.18 0.28 -0.000 0.000 -0.865 0.39 0.53
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A secondary objective of the current study was to examine the
potential association of peripheral ECB levels and common
comorbidities (e.g. substance use disorder and metabolic
syndrome) in schizophrenia. In the current study, the
prevalence of the metabolic syndrome was increased in
schizophrenia patients, relative to controls, consistently
with the vast literature on the topic (33). Moreover, small
associations were found between metabolic variables and
plasma anandamide and OEA levels, which were no longer
significant after applying corrections for multiple comparisons.
In animal studies, there is strong evidence showing that CB1
receptor agonists and OEA exert control over food intake via
central and peripheral mechanisms, including hepatic
triglyceride biosynthesis (34, 37). In humans, mounting clinical
evidence gathered in populations with no severe mental illness
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suggests that blood levels of anandamide and OEA are increased
in obese individuals (52, 53). Moreover, complex associations
between plasma OEA levels and limbic activity (e.g. insula)
elicited by food cues have been observed in obese and control
individuals (54). In addition, controlled trials of the CB1 inverse
agonist rimonabant for the treatment of obesity have shown
significant reductions in body weight, triglyceride levels and the
prevalence of the metabolic syndrome (55). Similarly,
preliminary evidence suggests that OEA reduces appetite in
obese people (56). As mentioned in the introduction,
preliminary evidence has linked the ECB system to appetite
dysregulation in schizophrenia (35, 36). Overall, the significant
associations between anandamide and OEA and metabolic
variables are consistent with current evidence. Finally, we
found a small and negative relationship between anandamide
TABLE 3 | Paired t-test to assess the differences between endocannabinoid levels and clinical variables at admission (T1) and at release (T2).

Endocannabinoids
(pg/ml; n=30)

Mean (sd)
T1

Mean (sd)
T2

Mean Diff.
(T1-T2)

t p p*

Anandamide 543.5 (171) 410.8 (139) 132.6 3.76 <0.001 0.002
OEA 2287.0 (915) 1647.3 (757) 639.7 3.07 0.005 0.005
AUDIT 4.9 (7.5) 4.6 (7.8) 0.30 0.53 0.60 0.60
DAST 3.0 (3.1) 2.5 (2.8) 0.57 1.32 0.20 0.25
Psychosis (PSQ) 1.5 (1.4) 0.9 (1.0) 0.53 2.39 0.024 0.040
Anxiety (STAI) 45.3(15.0) 38.4 (15.0) 6.89 2.64 0.013 0.033
Depression (PHQ-9) 10.2 (6.2) 6.0 (4.9) 4.23 4.35 <0.001 <0.001
Sleep efficiency (%) 95.4 (8.3) 97.7 (4.1) -2.30 -1.38 0.18 0.18
Waist circumference (cm) 97.0 (13.5) 98.5 (12.5) -0.91 -0.78 0.44 0.84
Triglyceride (mg/dL) 1.6 (1.1) 1.6 (1.0) 0.02 0.10 0.92 0.92
HDL (mmol/L) 1.1 (0.3) 1.1 (0.3) 0.01 0.38 0.71 0.85
Mean arterial pressure (mmHg) 93.5 (11.0) 89.2 (8.9) 4.32 2.05 0.050 0.30
Glycemia (mmol/L) 5.1 (0.9) 5.3 (2.0) -0.16 -0.58 0.56 0.84
# of metabolic syndrome indicators (0-5) 1.8 (1.2) 1.6 (1.5) 0.27 1.35 0.19 0.57
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FIGURE 3 | Dispersion plot of depression levels (PHQ-9) on AEA levels.
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and sleep efficiency. To our knowledge, this is the first study
describing such an association in schizophrenia. The result is
consistent with the increasing evidence on anandamide as a sleep
regulator (57).

Unexpectedly, we found no relationships between ECBs
(anandamide and OEA) and substance use problems. In the
past, two studies have examined the influence of substance use
on ECB levels in schizophrenia. Our team found that plasma
anandamide and OEA levels were increased in a population of
schizophrenia patients with comorbid substance use disorder
(mainly alcohol and cannabis) (32). Conversely, another team
found that CSF anandamide levels were increased in
schizophrenia patients who used cannabis occasionally, relative
to controls, whereas there were no differences in CSF
anandamide levels between controls and schizophrenia patients
who used cannabis frequently (58). Considering that we found no
association, here, between substance use severity and plasma
levels of ECBS, the available evidence suggest that the impact of
substance use on ECBs in schizophrenia is complex, and that
results are influenced by factors such as the pattern of substance
use (e.g. use, frequent use, disorder), the type of substance (e.g.
cannabis and/or alcohol) and the biological sample used to
measure ECBs (e.g. blood versus CSF).

The current study has a few limitations that need to be
acknowledged. First, the positive symptoms (delusions,
hallucinations) of schizophrenia patients were assessed with
the PSQ, a self-report instrument, although interview-based
assessments are considered as the gold standard in the field
(59). Due to a lack of insight, patients may not self-report
psychotic symptoms. This may not only impede the
assessment of whether patients are in the acute phase of illness
or not, but also impede the investigation of a potential
association between ECB levels and psychotic symptoms.
Second, schizophrenia patients were treated with antipsychotic
medication before blood collection. Although the impact of
antipsychotics on peripheral anandamide and OEA levels are
currently poorly understood (32, 35), we cannot rule out this
confounding effect. However, no significant associations were
found between antipsychotic dosage and ECB plasma levels.
Moreover, it is worth noting that psychiatric hospitalization is
associated with very poor drug compliance in schizophrenia (60).
On the other hand, the main strength of the current study is that
it investigated peripheral anandamide and OEA levels in the
largest sample of schizophrenia patients assessed in the
psychiatric emergency setting (at least, to our knowledge), and
that a subgroup of these patients were reassessed after release
from the emergency when they no longer had acute symptoms.

The results of the current study show that plasma
anandamide and OEA levels are significantly increased in
schizophrenia patients evaluated in the psychiatric emergency
Frontiers in Psychiatry | www.frontiersin.org 880
setting. As such, anandamide and OEA are candidate biomarker
of this phase. In the future, longitudinal studies will need to be
performed in larger samples of schizophrenia patients in both the
acute phase of illness and after psychiatric stabilization. Future
studies will also need to assess a larger range of endocannabinoid
biomarkers that are not restricted to anandamide and OEA, and
to examine if changes in ECBs vary according to antipsychotic
response. Finally, the potential interactions between ECBs and
the HPA axis will need to be investigated in schizophrenia.
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Early life adversity and prenatal stress are consistently associated with an increased risk
for schizophrenia, although the exact pathogenic mechanisms linking the exposures with
the disease remain elusive. Our previous view of the HPA stress axis as an elegant but
simple negative feedback loop, orchestrating adaptation to stressors among the
hypothalamus, pituitary, and adrenal glands, needs to be updated. Research in the last
two decades shows that important bidirectional signaling between the HPA axis and
intestinal mucosa modulates brain function and neurochemistry, including effects on
glucocorticoid hormones and brain-derived neurotrophic factor (BDNF). The intestinal
microbiome in earliest life, which is seeded by the vaginal microbiome during delivery,
programs the development of the HPA axis in a critical developmental window,
determining stress sensitivity and HPA function as well as immune system
development. The crosstalk between the HPA and the Microbiome Gut Brain Axis
(MGBA) is particularly high in the hippocampus, the most consistently disrupted neural
region in persons with schizophrenia. Animal models suggest that the MGBA remains
influential on behavior and physiology across developmental stages, including the
perinatal window, early childhood, adolescence, and young adulthood. Understanding
the role of the microbiome on critical risk related stressors may enhance or transform of
understanding of the origins of schizophrenia and offer new approaches to increase
resilience against stress effects for preventing and treating schizophrenia.

Keywords: schizophrenia, microbiome, brain-derived neurotrophic factor, development, stress, cortisol
INTRODUCTION

Schizophrenia presents an enormous burden to individuals, families, communities, and public
health, but the mechanisms underlying its pathogenesis, presentation, and course remain largely
enigmatic, with no interventions known to prevent or cure the disease. New perspectives are
necessary to overcome this roadblock. The microbiome, which broadly refers to the collection of
genomes of the commensal microbes inhabiting our bodies, influences our health in broad and
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complex ways. The emerging science of the microbiome is a
promising new domain that could shed light on crucial disparate
features of schizophrenia, including its association with prenatal
and life course stressors, neurodevelopmental underpinnings,
inflammatory neuropathology, particularly of the hippocampus
and its metabolic comorbidity.

The Microbiome
The microbiome comprises a dynamic ecological community of
commensal microorganisms that inhabit our body where it
interfaces with the environment. These specific microbes,
which are collectively referred to as the microbiota, consist of
bacteria, viruses, fungi, and protozoa; approximately equal our
own cells in number; and combined pose over 200 times the
number of genes as the human genome (1, reviewed in 2). Recent
advances in high-throughput genetic sequencing and computational
abilities reveal the richness, complexity, and essential role of the
microbiome in human health. Its composition varies by anatomic
region, with the gut microbiome in the distal large intestine
considered the most influential for health.

After being seeded at birth by maternal vaginal bacteria in the
birth canal, the neonate gut microbiota develops in a phasic
manner, largely due to feeding. The gut is initially colonized by
microaerophilic Proteobacteria and facultative anaerobic
Actinobacteria, which consume oxygen and create a suitable
niche for subsequent obligate anaerobes like Bacteroides,
Clostridium, and Bifidobacterium spp. (3, 4) Breast milk
stimulates the growth of bifidabacteria, but weaning results in the
emergence of Firmicutes and Bacteroidetes (5). These phyla
proliferate with the introduction of solid foods and eventually
come to dominate the gut microbiota (5). By 2.5 to 3 years of age,
the infant gut microbiota structure stabilizes and resembles the
adult gut microbiota, which is also dominated by Firmicutes and
Bacteroidetes (3). The developmental dynamics of the infant gut
microbiota are shaped by host genes, host immunity and
environmental factors, such as diet, medications, and climate (6–8).

Over the last decade, it has emerged that the humanmicrobiome
highly influences the development of the central nervous system
(CNS) and the immune system. The microbiome is shaped by stress
exposures from early life and, in turn, influences stress responsivity
(9). Given this new information, our models of the endocrine
modulation of the stress response should be updated to account
for the microbiome.

The bidirectional influence of the gut microbiome and CNS
occurs through the “gut-brain axis” (GBA), components of
which include the vagal nerve, gut hormone signaling, immune
system, tryptophan metabolism, and microbial metabolites, such
as short-chain fatty acids (reviewed in 10). Activity along the
GBA intersects with the HPA axis (Figure 1) and may influence
many psychiatric disorders, as evidenced by the association of
gut dysbiosis with autism, depression, and anxiety disorders as
well as functional gastrointestinal disorders (11–16). Given the
purported inflammatory underpinnings for schizophrenia and its
severe comorbidities with other microbiome-linked metabolic
diseases, associations between schizophrenia and the microbiome
are of great interest.
Frontiers in Psychiatry | www.frontiersin.org 284
Stress Response and the Microbiome
Awareness of the overlap of stress signaling and the microbiome
began in 2004 with the report that germ-free mice had an
exaggerated hypothalamus-pituitary-adrenal (HPA) responses
to stress in comparison to non-germ-free mice (17). The
“microbiome-gut-brain axis” (MGBA) refers to bidirectional
signaling between the gut flora and CNS. Acute and chronic
stressors that activate the HPA axis also influence the microbiome
and gut epithelium which participate in behavioral and systemic
stress effects. The gut and brain communicate through the vagal
(parasympathetic) nerve, which is a cholinergic anti-inflammatory
pathway associated with slowed heart and respiratory rates and
digestive function. Under stress, the sympathetic nervous system
predominates and vagal function is reduced. The gut microbiome
produces neurotransmitters that influence behavior, including
acetylcholine, catecholamines, g-aminobutyric acid, histamine,
melatonin, and serotonin, all of which are also essential for
regulating gastrointestinal peristalsis and sensation. Thus, the HPA
axis and GBA are intersecting, co-dependent loops for managing
stress and inflammation as part of their physiological function.

In this review, we illuminate aspects of the stress response and
the microbiome as the GBA, with respect to schizophrenia. The
impact of stress exposures on the brain will almost certainly
entail signaling with the microbiome. Some factors that are
associated with an increased risk for schizophrenia are
considered across developmental stages, including the perinatal
window, early childhood, adolescence, and young adulthood.

The HPA Axis, Hippocampus,
Neurotrophins, and Schizophrenia
The neurobiology of the stress cascade and its potential for
toxicity is well described. The HPA axis is the stress response
system through which stress hormones and the CNS interact. Early
dysregulation of the HPA axis is associated with adult stress-related
disorders, including schizophrenia (18–20). Mechanistically, HPA
axis dysregulation is considered to be linked to schizophrenia risk
via glucocorticoid (GC) overproduction, especially during
vulnerable phases of neurodevelopment. Cortisol-releasing
hormone (CRH) is released from the paraventricular nucleus of
the hypothalamus following physical or psychological stressors.
CRH binds receptors on the anterior pituitary gland, driving release
of adrenocorticotropic hormone (ACTH). This stimulates the
adrenal cortex to release cortisol, the human GC hormone.
Under physiological conditions increasing cortisol levels inhibit
CRH release, terminating this stress cascade through a negative
feedback loop. However, excess and chronic stress hyperactivate the
HPA axis and cause abnormally high GC levels (21–24).

The effect of elevated GC levels on the hippocampus, the essential
structure for memory and contextualizing new information, may
be relevant. The hippocampus is the most commonly abnormal
brain region in groups of schizophrenia cases, with progressive
hippocampal volume loss a common observation (25). Increased
activation, metabolism, and inflammation of the anterior
hippocampus are associated with psychotic symptoms (26, 27)
(reviewed in 28). The hippocampus possesses a high concentration
of GC receptors that promote threat appraisal and help organize the
July 2020 | Volume 11 | Article 629
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stress response. Increased GC levels may drive overactivation and
inflammation of the hippocampus and thereby promote
schizophrenia (reviewed in 29–31).

GCs may also influence schizophrenia through interaction
with neurotrophin pathways. Neurotrophins are growth factors
responsible for neuron growth, differentiation, and formation of
new synapses (32). Brain-derived neurotrophic factor (BDNF),
the most abundant neurotrophin, is highly active in the
hippocampus, cortex, and basal forebrain, where it binds its
receptor, tyrosine kinase receptor B (TrkB), to play a key role in
synaptic plasticity and long-term memory formation (33).
Because GC receptors and TrkB are co-expressed in the
hippocampus, important crosstalk between GCs and BDNF
occurs here, as threat appraisal relies on both current stress
and appropriate context from memory (34). As such, GC and
BDNF equilibrium remains crucial for stress response regulation
throughout life. Impairment of GC receptors and TrkB in the
Frontiers in Psychiatry | www.frontiersin.org 385
hippocampus favors vulnerability to stress-related disorders,
including schizophrenia (reviewed in 35).

These pathways are influenced by the microbiome. Gut
dysbiosis can indirectly influence cortisol release and sensitivity
via chronic cytokine-mediated inflammation (36–38). This
proinflammatory state may be driven by microbes crossing the
intestinal barrier, releasing microbial byproducts such as
lipopolysaccharide (LPS), or be moderated through bacterial
metabolites, such as short-chain fatty acids (39–43) (reviewed
in 44). The microbiome further influences the structure and
function of the amygdala, which is critical for emotion learning
and social behavior, especially responses linked to anxiety and/or
fear (45, 46). Studies of germ-free mice show that the absence of
the microbiome during early critical developmental windows
leads to chronic cortisol elevation and altered hippocampal
BDNF levels (17, 47). Depleting the microbiome of previously
healthy mice through antibiotics disrupts the HPA axis (36, 48, 49).
FIGURE 1 | The hypothalamic-pituitary-adrenal (HPA) axis regulates the response to stress (red lines). Stress activates the hypothalamus to secrete cortisol-
releasing hormone (CRH), which induces the anterior pituitary gland to release adenocorticotropin hormone (ACTH; solid red lines). ACTH stimulates the adrenal
gland cortex to produce cortisol (solid red line), which negatively regulates CRH production to terminate the stress response cascade (dashed red line). Excess or
chronic stress can disturb normal HPA axis function via altered neuroendocrine signaling and gut dysbiosis (blue). Under excess or chronic stress, the hypothalamus
is hyperactivated, leading to upregulation of the anterior pituitary gland and adrenal gland activation (plus signs) as well as downregulation of CRH inhibition (minus
sign). Consequently, abnormally high levels of cortisol result in increased hippocampal signaling, which may overactivate the hippocampus, cause inflammation, and
alter the crosstalk equilibrium between cortisol and BDNF in the hippocampus. Excess or chronic stress causes gut dysbiosis, which alters gut hormone and
microbe metabolite signaling from the gut to the brain through the vagus nerve, i.e., the GBA.
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Taken together, these findings suggest that a healthy microbiome is
an important component of HPA axis development and that early
alterations of the microbiome can affect neuroendocrine pathways
throughout life.

Resilience in Schizophrenia
Identifying factors to increase resilience against stress is an area of
active research that may be addressed through MGBA research.
Anxiety and depression-like symptoms in germ free animas as well
as the transference of a depression phenotype from a human patient
to a rats through fecal microbiota support the feasibility of this
approach (50). Mice deficient in the CRH1 receptor and those with
increased GR activity display more resilient behaviors (51–54) and
these hormones can be modulating by the gut microbiome (11, 50).
Likewise, the expression of serotonergic, glutamatergic, and GABA,
which are dysregulated in association with poor resilience (55), are
modulated through microbiome effects in animal models (reviewed
in 56). A healthy microbiome may also contribute to resilience
through emotion regulation that manifests as positive emotions and
optimism, cognitive flexibility, and healthy interpersonal function,
attributes that are associated with active coping styles (reviewed in
57). There may be treatment role for nutritional supplementation,
as stress-related behaviors and HPA dysfunction in socially isolated
male mice was remedied by dietary supplementation with DHA
(58) and a rat study even demonstrated that stress sensitivity from
early life trauma might be remediated through long-term
supplementation with an eicosapentaenoic acid (EPA)/DHA
mixture (59). The overlap of findings on the M-GBA with
neuroendocrine and behavioral measures with those implicated
for resilience indicate opportunities to modify the impact of stress
exposures and augment resilience by targeting the microbiome.
PERINATAL DEVELOPMENT

Introduction
In 1934, Rosanoff and colleagues published “The Etiology of So-
Called Schizophrenic Psychosis” in the American Journal of
Psychology (60). This manuscript, which examined 142 pairs
of twins either concordant or discordant for schizophrenia, was
the first to associate birth complications with schizophrenia. In
subsequent decades, schizophrenia risk during pregnancy, birth,
and the neonatal period was broadly examined. Many risk factors
were identified that occurred in important early developmental
stages, including maternal infection, stress, and medical
complications during pregnancy, fetal growth restrictions, and
hypoxia during pregnancy and birth. Overall, early-life exposures
have the greatest impact on the development and function of
central neural circuits and the immune system (46).

Missing from this well-developed story is the impact of
maternal exposures on her microbiome and the potential for
vaginal dysbiosis (61, 62). The newborn’s gut microbiome is
seeded by the maternal vaginal microbiome during passage
through the vaginal canal (8, 63). Disruptions in maternal
microbiome may cause the newborn to be seeded with a more
inflammatory gut microbiome (64, 65). It is this newborn
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microbiome that appears to have a strong influence in driving
the development of the immune system and directing
neurodevelopment (17, 66–70). These important contributions
to fetal development must now be included is considering the
action of schizophrenia risk factors in the perinatal period.

Maternal Infection
Maternal infection during pregnancy is associated with the risk
for schizophrenia and is a maternal stressor. A 1988 study
reported an increased rate for persons who were in utero
during the 1957 influenza epidemic (71). Subsequent studies
replicated this finding and suggested the second trimester as the
gestational risk period for schizophrenia from influenza
infection, although other evidence points to the first trimester
(72–74). Other maternal infections associated with the
offspring’s risk for schizophrenia include rubella, varicella
zoster virus, herpes simplex virus, and Toxoplasma gondii,
known as TORCH agents, which can cross the placental
barrier and directly infect the fetus, as can measles, polio,
bacterial bronchopneumonias, and infections of the genitals
and reproductive tract (75–77). Taken as a whole, infection
with this group of pathogens during pregnancy is relatively
common and may be an important factor for psychiatric
disorder risk.

As to mechanism, there are several possibilities. One of these is
direct invasion, which is consistent with the very high rate of
schizophrenia following prenatal rubella, up to 20%, given rubella’s
well-known propensity for neural invasion in the developing fetus
(76). Supporting invasion, a mouse model of influenza infection
showed persistence of influenza RNA in the brains of offspring of
infected pregnant mice (78). Another possibility is indirect damage
driven by maternal inflammation. During maternal infection,
inflammatory cytokine levels are elevated (75) and these may
disrupt fetal neurodevelopment and potentially drive schizophrenia
risk. For instance, the proinflammatory cytokine IL-1b negatively
regulates hippocampal neurogenesis, suggesting a possible
mechanism through which chronic inflammation could affect
schizophrenia susceptibility (79). Notably, maternal inflammation
correlates with later childhood psychiatric symptoms (80). Other
potential risk pathways include effects frommaternal fever, maternal
antibodies crossing the placenta and medications, such as analgesics
and anti-inflammatories, taken by the mother during infection, all of
which may impact fetal neurodevelopment (81–83).

However, maternal infections also alter her microbiome,
potentially leading to increased production of inflammatory
products released by her gut, as well as to disrupted seeding of the
neonatal microbiome at birth (64, 65). Neonates born to mothers
with ongoing HIV infection show decreased gut microbiome
diversity including reduced levels of Prevotella, a bacterial genus
linked to inflammatory regulation of stressor (84). It is possible that
dysbiosis secondary to maternal infection sensitizes the neonate to
further stress-related injury, including elevated schizophrenia risk.
Given the data demonstrating the impact of maternal inflammation
on offspring schizophrenia risk and the microbiome’s potential
contributions to this inflammation, the microbiome may be a key
player in schizophrenia pathogenesis.
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Maternal Stress
Maternal stressors, such as depression, unwanted pregnancy,
death of a partner, and exposure to war and disasters, are associated
with schizophrenia in offspring (19, 85–88). For female fetuses,
these external stressors are most strongly correlated with
schizophrenia when they occur during the first trimester;
however, male fetuses demonstrated increased schizophrenia risk
through the second trimester, suggesting sex differences in critical
periods (87, 88). Importantly, maternal stress during the first six
months of postnatal life is associated with worse behavioral
outcomes in children, suggesting that disrupted caregiving may
also be a component to the schizophrenia risk posed by maternal
stress (89). Additionally, prenatal nutritional deficiencies, including
gross calorie deficits during famine and micronutrient deficiencies
in homocysteine and vitamin D, are associated with both
schizophrenia and the above-mentioned stressors (90–94), which
certainly impact the microbiome composition. The short-term
effects of maternal stress may act through adverse pregnancy
outcomes, while the long-term effects on neurodevelopment may
involve altered neonatal stress programming and gut dysbiosis (95).
Maternal stress increases fetal and neonatal exposure to maternal
cortisol, altering growth and behavior in humans and animal
models (reviewed in 96). Stress also has well-documented effects
on the microbiome, which may in turn alter inflammation and
neurodevelopment in a developing neonate (62, 97–103). As an
example, maternal perinatal stress increases offspring susceptibility
to allergic diseases, which suggests interactivity between maternal
GCs, perinatal immune development, and possible maternal
dysbiosis (79). In a mouse model, prenatal maternal stress led to
dysbiosis in both mother and offspring, increased IL-1b in utero,
and a corresponding decrease in BDNF in offspring (104). Other
experiments have shown antibiotics alter BDNF levels in dysbiotic
mice, suggesting that interventions in the gut microbiome may be
important in modifying risk (105).

Exploring how the maternal stress influences her microbiome
for fetal effects relevant to schizophrenia risk may enhance our
understanding of the disease and suggest new treatments or
prophylactics through probiotic use (reviewed in 106).
Mechanistically, the microbiome-driven effects of stress may
manifest through alterations of the HPA axis during key
developmental stages (107), impaired development of small
intestine immune tissue and IgA production (108, 109), or
alterations in gut-metabolites leading to aberrant development
(110). Given that many of these downstream events are linked
with schizophrenia risk, future work should aim to elicit the
microbiome contributions of schizophrenia risk secondary to
maternal stress.

Fetal Hypoxia
Many obstetric complications can lead to fetal hypoxia, which
carries well-known risks to medial temporal regions. With
regards to schizophrenia, fetal hypoxia may be the most
significant risk factor among obstetric complications, in
addition to maternal infections and fetal growth restriction
(111, 112). Multiple studies report increased exposure to fetal
hypoxia among persons with schizophrenia (113–115). One
study show fetal hypoxia predicts the risk for early onset
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schizophrenia even after controlling for prenatal infection and
fetal growth restriction (116). Further, fetal hypoxia is associated
with reduced gray matter and ventricular enlargement in cases
with schizophrenia and their non-ill siblings, although not in
unrelated controls (117). Mechanistically, hypoxia may have an
additive effect with genetic factors hastening the onset of
schizophrenia in susceptible individuals (118). Certainly
hypoxia may influence the composition and function of the gut
microbiome (119, 120). As described above with infection and
stress, these alterations increase future susceptibility to stress by
influencing systemic inflammation, stress pathways, and BDNF
production. Additionally, maternal microbes may invade the
fetal brain following a hypoxic episode, as has been shown in
sheep (121).

Fetal Growth Restriction
In 1966, a small but significant reduction in birth weight was
observed in schizophrenic patients when compared to their
siblings (122), prompting consideration that fetal growth
restriction was a schizophrenia risk factor. Some, but not
all studies associated lower birth weight, reduced head
circumference, and congenital malformations with increased
schizophrenia risk (123). There are heterogeneous causes of
fetal growth restriction, only some of which may be associated
with the risk for schizophrenia (124).

Maternal Complications
Other perinatal obstetric complications include maternal
bleeding, maternal diabetes, preeclampsia, and caesarean
section birth complications (125–127) (reviewed in 128). These
perinatal traumas—along with the aforementioned factors of
maternal infection, maternal stress, fetal hypoxia, and fetal
growth restriction—altogether present a compelling argument
for a close connection between the early window of neural
development and schizophrenia risk. Recent advances indicate
that the vaginal microbiome suggest that it may be a key player in
this relationship. After all, these traumas occur during the
perinatal period, when initial microbiota seeding of the
newborn’s gut by the maternal vaginal microbiome occurs
during fetal passage through the birth canal.

Neuroendocrine Pathways
Cortisol, the primary human “stress” hormone, is also of central
relevance for the developing fetus, promoting the maturation of
vital organs, including the lungs, gastrointestinal tract, liver,
heart, and brain. As such, the fetal HPA axis is tightly
regulated, and is responsive to minute changes in fetal plasma
levels of cortisol, which easily crosses the placental barrier (reviewed
in 129). Due to their high cortisol sensitivity, developing fetuses rely
on the placental enzyme 11b-hydroxysteroid dehydrogenase type 2
(11b-HSD2) to inactivate maternal cortisol by converting it to less
active cortisone, beginning in the second trimester (130). Thus, in
early gestation, before placental 11b-HSD2 is induced, maternal
hypercortisolemia has potent effects on developmental gene
expression. Even after the induction of 11b-HST2, some cortisone
can be reactivated through 11b-hydroxysteroid dehydrogenase type
2 (11b-HSD2), which converts cortisone back to cortisol (reviewed
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in 131). This effect can be heightened by factors like maternal
protein malnutrition, which diminish 11b-HSD2 gene expression
(132). The detrimental effects of elevated exposure to maternal
cortisol go beyond fetal development to influence emotional and
behavioral disturbances during infancy and childhood and in later
life (85) possibly including the perinatal schizophrenia risk pathways
described above (reviewed in 133). Beyond the direct association
between maternal stress and schizophrenia, elevated maternal
cortisol may enhance other risks. In one study, elevated maternal
cortisol during the second trimester enhanced the risk for adolescent
onset depression in the offspring of mothers who experienced
infections during pregnancy (134).

The neurotrophin BDNF is also critical for neurodevelopment.
Elevated levels of BDNF are reported in fetuses with severe growth
restriction as well as those with macrosomia in the context of
maternal diabetes (135). Mechanistically, it is proposed that BDNF
is neuroprotective in the developing fetus through anti-inflammatory
mechanisms (136). In vivo animal models demonstrate that
BDNF can reduce hypoxic brain injury through modulation of
inflammatory cytokines and promotion of microglial activation
(137). Given BDNF’s protective role in the developing brain, it is
possible that downregulation of BDNF could exacerbate
schizophrenia risk in the perinatal window.

The Microbiome
Colonization of a newborn neonate gut is normally seeded by the
vaginal microbiome during birth, as described, along with
maternal vaginal, skin, and oral and fecal bacterial strains (8,
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63, 138). These vaginal contributions are transient and by four
months post-birth, the infant’s gut microbiome is more similar
to the maternal gut microbiome (Figure 2) (139, reviewed in
140). Neonates born via caesarean section lack exposure to the
maternal vaginal microbiome and demonstrate a higher
prevalence of maternal oral and skin microbes. They are also
more likely to develop immune-related disorders (8, 64, 65, 141,
142). Disruptions of the maternal vaginal microbiome via infection,
stress, or other pathways may lead to neonatal dysbiosis (65,
reviewed in 143). Pre-term birth, caesarean sections, steroid use,
and antibiotic use are also associated with dysbiosis in the newborn
infant (144, 145).

The initial development of the microbiome, including its seeding
at birth and development through very early childhood, is important
for the development of a healthy core microbiome that is resistant to
later perturbation. Given that dysregulation of the microbiome can
cause pathogenic inflammation, dysbiosis in the perinatal window
may lead to long-term inflammatory dysregulation (146–148).
Further studies are needed to determine how maternal flora may
influence immune development and schizophrenia risk in
their offspring.
EARLY CHILDHOOD

Introduction
Childhood onset of schizophrenia is rare, but a number of neurologic
and psychiatric features are already present in childhood. Likewise, a
FIGURE 2 | The newborn neonate gut initially contains bacterial strains from the mother’s oral, skin, gut, and vaginal microbiomes. The maternal source of initial
colonization varies by the method of fetal delivery, i.e., vaginal birth or caesarean section. Although the newborn neonate gut microbiome stabilizes to resemble the
mother’s gut microbiome by about four months of age, this early and transient variability may have long-term impacts on childhood development.
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number of traumatic exposures in childhood are associated with
schizophrenia risk. The possibility that these presentations reflect the
interactions of stress signaling and neurotrophic effects that may be
influenced or modulate by the microbiome effects, which is currently
being explored.

Signs Across Neurodevelopment
Schizophrenia is highly heterogeneous and no one developmental
trajectory can describe the risk pathway for all cases. However, the
literature does note certain clusters of behavioral features,
including gross motor dysfunction and lower verbal intelligence
(149–153). As children develop, personality traits, social behaviors,
and mood symptoms may emerge that are more imminently
related to the risk for psychosis (reviewed in 154).

During the first two years of life, infants undergo rapid
neurodevelopment achieving important motor milestones, like
walking, running, pointing, stacking blocks; language milestones,
like simple sentences and phrases from a vocabulary of hundreds
of words; and social milestones, like beginning self-sufficiency,
responding to requests, recognizing self in photographs (reviewed
in 155). As failure to achieve milestones raises concern for
neurologic development, this developmental stage has been
studied in the offspring of affected mothers, in whom a 10%
recurrence risk is anticipated. “Pandysmaturation’ was identified
as a risk predictor in these “high risk” offspring, which involves a
delay in cranial development and visual-motor development and
disorganized motor performance (156, 157). Other studies
identified passive infants with short attention spans, absence of
stranger anxiety, poor communication competence, or abnormal
use of language, and lower reactivity as signs of increased
schizophrenia risk (158–162).

As children grow into early childhood, they typically become
more coordinated, speak fluently, begin to learn reading and
writing, and form friendships and social circles. Here again
motor difficulties including clumsiness, poor coordination, and
poor balance are predictive of higher schizophrenia risk (163, 164).
Academically, learning disabilities like dyslexia are associated with
higher schizophrenia risk (162). Among children of individuals
with schizophrenia, relative decreases in coherence and complexity
of language are associated with later schizophrenia risk (165).
Socially, isolation, impaired affection, disturbed behavior,
hyperactivity, impulsivity, and mood dysregulation including
depressive signs and emotional lability are concerning for
increased schizophrenia risk (158, 161, 162, 164).

In later childhood before transitioning into adolescence,
children continue to improve in athletic, academic, and social
behavior. Motor impairment of coordination and balance may
become more striking in children with high schizophrenia risk
(166–168). Additionally, high risk children may display learning
difficulties in attention, concentration, memory, and thought as
well as behavioral and mood dysfunctions such as increased
aggression, problematic interpersonal relations, social isolation,
low self-esteem, offending behaviors, poor affective control, and
depression (152, 153, 162, 169–176).

Taken together, childhood impairments in neurologic
development, marked by motor, cognitive, and behavioral
disturbances, appear be on the trajectory toward schizophrenia,
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although most children with these features will not become
psychotic. Notably, many of these factors entail stress effects
on neuroendocrine function and neural plasticity. New research
tracking the microbiome over development is showing its role in
neurodevelopment and behavioral responses.

Exposure to Trauma
Traumatic experiences, ranging from abuse to accidental injuries,
serious infections, and hospitalizations, may increase risk for
schizophrenia (reviewed in 177). Trauma that occurs in
childhood and adolescence is associated with psychosis and
other psychiatric outcomes. Neurobiological studies demonstrate
a stress hyporesponsive period in humans during the 6th through
12th postnatal months. Adverse experiences of newborns during
this period can have lasting effects on HPA axis modulation (178,
179) from a long term elevation of basal GC secretion. Early life
stress (ELS) rodent experiments demonstrate that maternal
separation effects on stress sensitivity are mediated through GC-
dependent mechanisms (reviewed in 180).

BDNF genetic variants may also influence sensitivity to trauma.
There are many variants to the human BDNF gene, however,
relatively few common variants fall within coding regions (181).
Among these the BDNFVal66Met variant is the most studied overall
and has been specifically investigated with regards to schizophrenia
risk (reviewed in 182). The BDNFVal66Met polymorphism disrupts
episodic memory in humans as a hippocampus-dependent
memory function. Extensive studies in both animal models and
humans have explored the effects of this polymorphism on
numerous psychiatric disorders (reviewed in 183). Regarding
schizophrenia risk, the 66Met allele decreases BDNF release
probability (184), producing lower efficiency in neurotrophic
activity, which is required for neurogenesis and neuroplasticity
(185). It is associated with impaired episodic memory and lesser
hippocampal activation (186). 66Met carriers with schizophrenia
spectrum or bipolar disorders exposed to childhood sexual abuse
show reduced grey matter volumes, consistent with the reduced
BDNF mRNA levels in 66Met carriers who were exposed to
childhood sexual abuse (186).

The higher sensitivity to trauma among 66Met carriers may
be explained through the physiopathology of stress-induced
changes in neural systems. BDNF plays a key role in neuronal
plasticity (32, 187). BDNF-signaling is impaired by ELS; early
traumas can evoke significant memory impairments in adulthood
in association with reduced BDNF levels (188). This reduction,
explained by hypermethylation of the BDNF promoters, can
interact with genetic susceptibility, as in the BDNF 66Met
carriers (189).

ELS prepares an organism, over the modulation of the HPA
axis, for similar adversities during life. This way, a mismatching
environment results in an increased susceptibility to psychopathology
(131) such as major depression, panic and other co-morbidities.
Epigenetics seem to make limbic system structures—mainly the
hippocampus and amygdala—more rigid and prone to react
depressively and protectively through adulthood. Of clinical
significance, a higher occurrence of co-morbidities is usually related
to a higher severity of positive and negative symptoms, suicidality,
and poorer outcomes (190, 191).
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ELS exposure is a negative regulator of BDNF and glucocorticoid
receptors (GR) expression in the hippocampus, in the long term,
favoring the vulnerability to develop neuropsychiatric disorders,
especially upon additional stress exposures (192, 193). An
alternative consideration is whether reduced neural capacity leads
to a compensatory brain activation that might produce or activate
trauma memories. A study of spatial working memory monitored
by fMRI found that subjects with schizophrenia had to recruit more
cortical regions for the task (194). In this same study, false memory
errors were also associated with greater bilateral prefrontal
activation. It is plausible that neural strategies to compensate for
deficits of perceptual organization, working memory and
visuospatial function may lead to a higher recognition of new
stimuli as (false) memories. False trauma memory is more
frequent among adolescents with posttraumatic stress
disorder (PTSD) who experienced childhood sexual abuse (195).
Combined, psychosis and childhood sexual abuse may greatly
amplify false memories.

It is possible that some of these traumatic experiences are
related to PTSD or stress symptoms, as is likely in many cases of
abuse. Alternatively, they may be related to direct brain injury, as
is likely in many cases of meningitis and encephalitis (196). Most
studies examining trauma in schizophrenia risk do not
distinguish between events that occur in early childhood versus
adolescence, instead identifying events that occur before a
determined age (e.g., 16 or 18 years old). However, examination
of the timing of trauma suggests that puberty is an important
window for distinguishing between anxious and depressive
outcomes (197). Future studies examining the timing of
traumatic exposures against puberty onset can better elucidate
schizophrenia risk in these two populations.

Abuse
History of sexual and physical abuse is strongly correlated with
greater psychotic symptom severity among adolescents and young
adults in clinical high-risk (CHR) cohorts for schizophrenia.
Patients from one such cohort reporting sexual abuse as
children or adolescents had increased likelihood of transitioning
to psychosis (198). Overall, sexual abuse history is more prevalent
in these high-risk individuals than the general population (198–
204). Physical abuse is also commonly reported by CHR
individuals and may be linked with cognitive defects (205–209).
Early physical trauma may lead to hyperarousal of the stress
response and chronically elevated cortisol levels (210).

Emotional abuse in childhood, including neglect and
maltreatment, has negative effects on mental health (211).
Perceived discrimination significantly predicts the transition to
psychosis, and emotional trauma and bullying are associated
with depression, anxiety, and low self-esteem in CHR individuals
(205). These various emotional traumas may impair cognitive
function by denying a positive, stimulating environment for the
developing brain (212, 213).

Physical and emotional trauma in childhood appears to alter
stress response. Adults who reported childhood trauma demonstrate
blunted cortisol responses, likely an adaptive response to chronic
cortisol elevation (211, 214). In schizophrenia, increased stress
sensitivity is a potential causal factor (133, reviewed in 215).
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Mechanistically, chronically increased cortisol may make the
hippocampus vulnerable to injury via cortisol-induced dendritic
restructuring or altered cortisol receptor levels (216–221). Cytokines
like IL-6 and TNF-a are elevated in children exposed to trauma and
can alter cortisol responses (222, 223). Additionally, the BDNF
pathway may be relatively inhibited from chronically elevated
cortisol, further promoting hippocampal injury and schizophrenia
risk (224).

The gut microbiome is influenced by early childhood trauma
and likely influences schizophrenia risk in turn (225).
Gastrointestinal distress is frequently associated with early
adversity in children, and the gut microbiome appears to
influence stress programming in animal models (226–229)
(reviewed in 230). Recent studies describe altered microbial
patterns in children subjected to adversity, with elevations in
Lachnospiraceae spp. suggestive of a potential influence on stress
sensitivity (231). Additionally, childhood adversity is associated
with altered gut microbiota during pregnancy, and may influence
observed alterations in inflammatory and GC response to stress,
thus contributing to propagation of schizophrenia risk across
generations (232). Mechanistically, microglia have an important
role in neuroplasticity and neurogenesis and are also sensitive to
peripheral inflammation. Gut dysbiosis may negatively influence
neurodevelopment through altered microglia activation (228,
233). Future work examining gut microbiome, inflammation,
and effects of probiotics in CHR patients may help further
elucidate connections between the microbiome, early trauma,
and schizophrenia.

Infections
Childhood infections are another important risk factor for
schizophrenia onset, especially viral CNS infections (234–236)
implicating the microbiome. Childhood infections increase
schizophrenia risk in a dose-dependent manner and familial
liability for infection also increases schizophrenia risk (237).
Additionally, hospitalization for severe infection and even
outpatient antibiotic treatment in children are related to
increased risk for future psychiatric hospitalizations, suggesting
a broad impact of childhood infections on mental health (238).

Mechanistically, direct CNS damage from infection or
indirect inflammatory damage may drive the increased
schizophrenia risk following childhood infections (238).
Antibiotic use in response to infection may also drive risk.
Several antibiotics including fluoroquinolones are associated
with neurotoxicity and psychosis risk (239). In addition to
neurotoxic effects, infections and antibiotics can elevate cortisol
levels, potentially affecting the stress cascade (240).

The microbiome also likely influences infection risk in
schizophrenia. Studies of germ-free mice show that the gut
microbiome primes microglia, stimulating viral specific immunity
and reducing viral-driven demyelination via a TLR4-mediated
process (241). Dysbiosis driven by antibiotic use or other factors
may therefore increase CNS damage from neuroinvasive viruses
and thereby increase schizophrenia risk. Interestingly, one study
showed antibiotic treatment during adolescence in mice reduced
anxiety-like behavior (99). However, cognitive deficits were shown
along with reduced hippocampal BDNF and hypothalamic
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oxytocin and vasopressin expression so the reduction in anxiety-
like behavior is suggestive of negative symptoms.
ADOLESCENCE

Adolescence is the transition from childhood into adulthood that
begins with puberty and ends with cessation of physical growth
and neural development in the early 20s (242). Puberty broadly
impacts mental health, neuroendocrinology, and the microbiome
(reviewed in 243). Neurologically, adolescence encompasses
improved abstract thinking, reasoning, and knowledge while
also seeing a trend toward increased risk-taking behavior.
Schizophrenia most frequently develops during adolescence
and young adulthood, and the changes that occur during this
developmental stage likely participate in shaping schizophrenia
risk. As with early childhood, there are concerning signs and
exposures during adolescence that are linked to schizophrenia.

Adolescent Signs
As with early childhood, broad impairments in neuromotor
development, cognitive function, and behavior often mark
individuals at risk for schizophrenia (reviewed in 154). As the
adolescent matures, poor coordination, balance, and perceptual-
motor and visual-motor functioning may become more apparent
in a subgroup of cases (152, 168, 173). Cognitively, lower
intelligence and especially a decrease in intellectual function
mark schizophrenia risk (151, 153, 169, 244). There is
impairment of individual domains including arithmetic and
spelling, formal thought disorders, attention difficulties, increased
distractibility, poor executive functioning, and general learning and
memory difficulties (152, 153, 169, 173, 245). Behaviorally,
aggression, withdrawal, and generally poor social competence
and peer relations are also concerning, with psychiatric
symptoms including affective flattening and anxiety often present
(149, 151, 174, 175, 246, 247).

Risk Exposures
As discussed earlier, studies of exposures do not usually
distinguish between pre-pubescent children and post-pubescent
adolescents. The aforementioned exposures of sexual, physical,
and emotional abuse as well as infection similarly convey
schizophrenia risk among adolescents. However, trauma may
have different long-term outcomes post-puberty, and its
potential effect on schizophrenia risk merits further study.
Additionally, the increased risk-taking behavior exhibited at
this stage may be influenced by early trauma and influence
further trauma exposures. New exposures, such as recreational
drug use, may also contribute to schizophrenia risk.

Recreational Drug Use
Recreational drugs exploration is frequent in adolescence and
many carry a significant risk for psychosis, particularly cannabis.
By their first psychotic episode, approximately half of patients will
have a history of cannabis use and one-third meet criteria for
cannabis use disorder (248). Alcohol use is similarly high among
individuals who have experienced their first psychotic episode, and
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there is elevated use of cocaine, amphetamine, barbiturate, and
other drugs. Cause and effect associations of cannabis and
psychosis are well described, although some schizophrenia-
susceptible individuals may self-medicate to reduce the anxiety
surrounding the presentation of schizophrenia symptoms, with
this drug-seeking behavior may further exacerbate their risk for the
disorder (249). Chronic exposure to tetrahydrocannabinol (THC),
an active ingredient in cannabis, can disrupt neurodevelopmental
maturation dependent on endocannabinoid pathways and may
lead to overactivation of a pro-hallucinogenic pathway of 5-HT2A
receptors, which may promote schizophrenia onset in susceptible
individuals (250).

Substance abuse can dysregulate the HPA axis. Alcohol and
nicotine use induce cortisol production, and long-term use can
cause chronic cortisol elevation and dysregulation similarly to
previously described trauma (251–254). Additionally, the gut
microbiome is dysregulated by psychostimulants, alcohol, and
opioids (255–259) (reviewed in 260). Microbiome influences on
addiction are an active area of research. Microglial function is
shaped by the microbiome and altered by drugs of abuse (233,
261). Likewise, BDNF dysregulation by dysbiosis is associated
with altered behavioral response to cocaine and alcohol (256,
262, 263). While more work is needed to establish causal
relationships, these findings suggest multiple ways in which the
microbiome may influence addiction behaviors.
YOUNG ADULTHOOD

The transition from adolescence to adulthood occurs during the
20s (242). This transition is typically marked by completion of
education and transition to complete independence, which can
increase stress in a young adult’s life. Onset of schizophrenia
typically occurs around this life transition, peaking at 18 to 25 years
old in men and 25 to 35 years old in women, with 80% of cases
initially presenting before 40 years of age (264–266). The age of
schizophrenia onset may be related to immune activation and
stress. Interestingly, inflammatory diseases including inflammatory
bowel disease, multiple sclerosis, and some autoimmune diseases
tend to initially present in young adulthood (264–266). Gut
dysbiosis and cortisol dysregulation are observed in many
autoimmune diseases and disruptions to these systems in early
adulthood likely influence schizophrenia onset as well (reviewed in
267, 268). First-episode schizophrenia patients have well-
documented inflammatory disturbances, such as cytokine
elevations and microglial activation (reviewed in 269).

Metabolic disturbances, including glucose intolerance, insulin
resistance, and hyperglycemia, also frequently present in this age
group and are more common among antipsychotic and naïve
first-episode schizophrenic patients compared to the general
population (270, 271). These changes may promote schizophrenia
onset through persistent inflammatory effects. Stress-related cortisol
elevations and gut dysbiosis both contribute to metabolic
disturbances, suggesting alternative pathways that influence
schizophrenia risk (272, 273). The microbiota also regulate adult
neuroplasticity and microglia activation (233, 274).
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Aerobic Exercise: A Potentially Protective
Factor
While a number of risk factors for schizophrenia are identified,
recent evidence points to protective factors. Specifically, aerobic
exercise (AE) is hypothesized to play an important protective role
against stress induced effects. AE induces a cascade of molecular and
cellular processes that support brain plasticity and growth of new
vasculature and trigger the processes through which neurotrophins
mediate neural plasticity (reviewed in 275–278). Among
neurotrophins, BDNF is the most susceptible to regulation by
physical exercise (279–281), with synthesis and release into the
blood circulation increasing in a dose-response manner (282, 283).
Consistent with these findings, Voss et al. (284, 285) found
increased connectivity between the bilateral parahippocampus and
the bilateral middle temporal gyrus was linked to BDNF increase in
AE subjects. A recent meta-analysis (286) of 29 studies (N = 1111
healthy subjects) examined the effect of exercise on BDNF in three
exercise paradigms: 1) a single session of exercise; 2) a session of
exercise following a program of regular exercise; and 3) resting
BDNF levels following a program of regular exercise. Results
demonstrated a moderate effect size for increases in BDNF
following a single session of exercise (Hedges’ g = .46, p < .001).
Further, regular exercise intensified the effect of a session of exercise
on BDNF levels (Hedges’ g = .59, p = .02). Finally, results indicated a
small effect of regular exercise on resting BDNF levels (Hedges’ g =
.27, p = .005). Examination of moderator effects across paradigms
found that subjects’ age was not significantly related to changes in
BDNF following exercise, but sex significantly moderated the effect
of exercise on BDNF levels, such that studies with more women
showed less BDNF change resulting from exercise.

Consistent with these reports, findings indicate individuals
with schizophrenia tend to have highly sedentary lifestyle
characterized by low aerobic fitness which was highly
correlated with poor cognitive functioning and symptoms
(287). These findings parallel reports among individuals at
clinical high risk for psychosis indicating lower levels of fitness,
less physical activity, as well as more barriers to exercise (288–
292). Yet, a pilot AE RCT indicated engagement in AE led to
11.0% increase aerobic fitness (293) as well as BDNF vs. a 1.9% in
the TAU subjects (294) (reviewed in 295). A hierarchical
multiple regression analysis indicated that, after controlling for
age, sex, changes in anti-psychotic and SSRIs, and changes in
menstrual cycle phase, BDNF changes independently predicted
changes in cognitive function (b = .38, t = 2.06, p = .05) (296).
Notably, improvements in cognitive functioning were associated
with intensity of AE activity (294).

Exercise alters the composition and functional capacity of the
gut microbiome independent of diet (reviewed by 28). As the
effects of AE on BDNF production are further studied in
schizophrenia, examination of how the microbiome influences
this pathway may be illuminating.
POTENTIAL MECHANISMS

Although some stress exposure is essential for growth and
development, stress that overwhelms adaptive capacities has
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adverse physiological consequences, as initially described in
1938 by Hans Selye (297). The initial stress axis model included
direct and feedback interactions among the hypothalamus
(release of corticotropin-releasing factor), pituitary (ACTH),
and adrenal glands (cortisol), which was then expanded by
Sapolsky’s “glucocorticoid cascade hypothesis” (298) to
encompass catecholamines and other interacting mediators of
adaptation in addition to GCs. This model must now be widened
to include the central influence of the microbiota on the initial
programming of the stress axis and ongoing bidirectional effects
that influence stress responding. The communication pathways
between the gut and brain includes the vagal nerve, through
which some microbial species invoke anxiolytic effects of some
species (299). Enteroendocrine cells secrete biologically active
peptides, including galanin, which stimulates the central HPA
axis leading to increased adrenal cortisol secretion, and ghrelin
which has similar effects linked to nutritional and metabolic
conditions (300, 301) (reviewed in 302, 303). Reciprocally, even
short durations of stress impact the relative proportions of phyla
in the microbiota mediated through neuroendocrine and
autonomic nervous system activity (304). The neuro-immuno-
endocrine pathways linking the gut and brain include afferent and
efferent neural pathways, immune effects, bi-directional
neuroendocrine signaling and by alterations in intestinal
permeability, critically influenced by relative proportions of
microbiota species, as shown in Figure 1.

Examined as a whole, broad pathways through which the gut
may influence stress and schizophrenia risk include cytokine-
driven global inflammatory modifications, stress hormone
metabolism, microglial activation, neuroplastic regulation, direct
infection, and other nervous system activity as described above.
Given schizophrenia risks at key developmental stages also coincide
with microbiome development and associated changes, examining
these pathways across development may be especially poignant.
During the perinatal period, as the brain and HPA axis develop,
dysbiosis in mother and child is influenced by multiple factors
including infection and stress and in turn may influence the brain
and HPA axis. As the child continues to grow and develop, the
microbiome continues to adapt and change. While stressors
including psychic and physical trauma, recreational substance
use, inflammatory diseases, metabolic disturbances, and AE have
been previously understood in context of neuroendocrine
pathways, these events also affect the microbiome which in turn
likely feed back into stress and neurodevelopment pathways. When
viewed as one interconnected system, the ways microbial,
endocrine, and neurological pathways influence each other across
development should improve our understanding of schizophrenia
risk and perhaps offer novel treatment methods. While current
knowledge rests largely on germ free, antibiotic treated or probiotic
supplemented animal models, the field is finally advancing to
human studies.
CONCLUSION

Our understanding of schizophrenia risk has evolved over the
past century as technological improvements have made better
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research methods possible. Recent decades demonstrate the
profound impact that neuroendocrine pathways have on
schizophrenia risk across human development. The microbiome
represents one of the newest frontiers in research that is broadly
impacting healthcare. Recent work has already demonstrated many
interactions between schizophrenia risk, neuroendocrinology, and
the microbiome, but there are unexplored areas throughout
development where further interactions likely occur. Thus, future
work examining schizophrenia risk must continue to incorporate
the crosstalk between the neuroendocrine pathways and
the microbiome.
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Introduction: The emergence of psychosis in at-risk individuals results from interactions
between genetic vulnerability and environmental factors, possibly involving dysregulation
of the hypothalamic-pituitary-adrenal axis. Hypercorticism was indeed described in
schizophrenia and ultra-high-risk states, but its association with clinical outcome has
yet to be demonstrated. The impact of stress through cortisol may vary depending on the
expression level of genes related to the stress pathway.

Methods: To test this hypothesis, we selected NR3C1, the gene encoding the
glucocorticoid receptor, and modeled through logistic regression how its peripheral
expression could explain some of the risk of psychosis, independently of peripheral
cortisol levels, in a French longitudinal prospective cohort of 133 at-risk individuals,
adjusted for sex, age, cannabis, and antipsychotic medication intake. We then performed
a genome-wide association analysis, stratified by sex (55 females and 78 males), to
identify NR3C1 expression quantitative trait loci to be used as instrumental variables in a
Mendelian randomization framework.

Results: NR3C1 expression was significantly associated with a higher risk of conversion
to psychosis (OR = 2.03, p = 0.03), independently of any other factor. Cortisol was not
associated with outcome nor correlated with NR3C1. In the female subgroup, rs6849528
was associated both with NR3C1 mRNA levels (p = 0.015, Effect-Size = 2.7) and
conversion (OR = 8.24, p = 0.03).

Conclusions: For the same level of cortisol, NR3C1 expression increases psychotic risk,
independently of sex, age, cannabis, and antipsychotic intake. In females, Mendelian
randomization confirmed NR3C1’s effect on outcome to be unbiased by any
environmental confounder.

Keywords: ultra-high risk of psychosis, stress, cortisol, hypothalamic–pituitary–adrenal axis, Mendelian
randomization, expression quantitative trait locus, genome-wide analysis study
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FIGURE 1 | Principle of Mendelian randomization. In a purely causal model,
the variation of gene expression (e) is fully determined by an eQTL SNP (s),
which itself has no effect (b) on phenotype (p) except through that gene’s
expression, so bs-e x be-p = bs-p. By identifying the different b, we can
estimate the effect of gene expression on the phenotype (explained variance),
free of other potential confounding factors.

Iftimovici et al. NR3C1 Expression and Psychosis Risk
INTRODUCTION

The concept of schizophrenia has moved from a chronic to a
progressive illness that typically emerges during late adolescence
and goes through several stages: early vulnerability, at-risk
mental state, first episode of psychosis (FEP), and finally,
chronic disease (1, 2). The at-risk state includes subjects with
psychotic symptoms that are either attenuated or not frequent
enough to allow a diagnosis of FEP, or who have a genetic risk
and present with nonspecific functional decline. Only up to a
third of at-risk subjects might convert to FEP after 3 years and
the reasons for this differential outcome are yet to be understood
(3). According to the main hypothesis in the field, the emergence
of psychotic symptoms could imply an interaction between genes
and environment, and could be mediated through epigenetic (4)
and transcriptomic processes (5). The biological response to
stress has been hypothesized to play a role in pathophysiology.
Abnormal cortisol levels have indeed been suggested at each
stage: increased basal cortisol in subjects at-risk (6) or with
schizophrenia (7), a possibly blunted cortisol awakening response
in FEP and in schizophrenia (8), and an attenuated cortisol
response to acute psychosocial stress in at-risk subjects (9).
Cortisol levels also have been proposed to predict the prognosis
in the at-risk individuals (10). However, relatively small sample
sizes and heterogeneous measures and outcomes mean that these
findings need to be interpreted with caution. Moreover, our recent
meta-analysis did not confirm the association between morning
salivary cortisol levels and conversion to psychosis (6). The
frequency of stress-related dysregulation in the at-risk group as
a whole might indeed not allow cortisol by itself to discriminate
between future converters and non-converters.

Further investigations of the stress pathway, at a molecular
and genetic levels, are therefore warranted. To this purpose,
confounders such as sex or environmental factors need to be
controlled, as they might account for cortisol’s observed weak
predictive power. Cortisol awakening response could be
significantly lower in males with FEP compared to male
controls and affected females (11). Sex differences have also
been suggested in morning cortisol levels in the at-risk stage
(12). This moderating effect of sex might further be seen at the
molecular level, on the glucocorticoid nuclear receptor NR3C1,
which acts as a transcription factor that binds to glucocorticoid
response elements and regulates gene expression upon stress.
Sex-specific effects of negative environment on NR3C1 regulatory
regions’ methylation have been observed (13), as well as sex-
specific upregulation of NR3C1 transcription under acute stress in
animal models (14). In humans, it has recently been suggested that
epigenetic mechanisms, including NR3C1 regulation, might differ
between males and females (15), with a sex-dependent role of
NR3C1’s methylation in depression, but also a sex-specific effect
of allelic variation of the NR3C1 gene (16, 17).

Moreover, NR3C1 expression could be of interest in psychosis,
not only through its relationship with cortisol, but also as a
possible direct marker. One study, although limited in sample
size, suggested that NR3C1 mRNA might be decreased in the
dorso-lateral prefrontal cortex of schizophrenia cases, relative to
controls, while among schizophrenia cases, it might be increased
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in suicide-positive vs suicide-negative subjects (18). Furthermore,
anxiety and depression are important prodromal symptoms in the
emergence of psychosis (2), and allelic variations in the NR3C1
gene have been found associated with depression, with or without
psychotic features (19, 20), as well as with cognitive deterioration,
independently of cortisol levels (20). However, there is not, to our
knowledge, any NR3C1 gene expression (mRNA or protein) study
in the context of emergence of psychosis.

In this context, we hypothesized that, in at-risk individuals,
NR3C1 peripheral expression may explain some of the risk of
psychosis, independently of cortisol levels, and adjusted by sex,
age, cannabis and antipsychotic medication intake. To shore up
this argument, we considered a Mendelian randomization analysis
in order to account for all possible unknown environmental factors.
In this analysis, the effect of an “exposure” variable (here, the level
of gene expression) on an “outcome” variable (here, conversion to
psychosis) is tested through the use of an “instrument” that
explains exposure independently of confounding factors (e.g.
environmental biases): stratifying a population using the
instrumental variable thus allows to test the unbiased effect of the
exposure on the outcome (21). A genetic variant representing an
expression quantitative trait locus (eQTL) of this gene could serve
as such an instrumental variable, because it does not depend on the
environment (Figure 1) (22). In our data, if an eQTL explained the
variation of NR3C1 expression, and if this expression level was
associated with conversion to psychosis, then stratifying at-risk
individuals on this eQTL could highlight the differences in
conversion rates that are only due to NR3C1 expression levels,
independently of any non-genetic confounders.

Using a French longitudinal prospective cohort of individuals
at-risk for psychosis, presenting attenuated or prodromal
symptoms [ICAAR, previously described (23)], with data on
cortisol levels, NR3C1 expression levels, and whole-genome
genotyping, we thus tested the following hypotheses in a
Mendelian randomization framework (Figure 2). i) At the
hormonal and molecular level, are basal cortisol and NR3C1
expression reliable biomarkers of conversion to psychosis? ii) At
the genetic level, does a genome-wide analysis study (GWAS),
July 2020 | Volume 11 | Article 680
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FIGURE 2 | The strategy of the analyses: from clinical to hormonal, molecular, and genetics levels.
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stratified by sex to account for genotype-by-sex interactions (16,
17), identify any eQTL that can explain NR3C1mRNA levels? iii)
Finally, would such an eQTL be associated with psychosis, thus
confirming the environmentally unbiased effect ofNR3C1 on risk
of psychosis? Last, as secondary outcomes, we tested if NR3C1
expression is associated with functional or depressive outcomes
or more specifically with psychotic features.
MATERIAL AND METHODS

Population
Participants were recruited through the French ICAAR cohort
(PHRC AOM-07-118, promoted by Hôpital Sainte-Anne) among
help-seeking individuals (16 to 30 years old) consecutively referred
to the Adolescent and Young Adult Assessment Centre (Service
Hospitalo-Universitaire, Hôpital Sainte-Anne, Paris, France)
between 2009 and 2014 (23). All help-seeking individuals were
examined at baseline and after 1 year follow-up with the
Comprehensive Assessment of at-risk mental state, CAARMS
(24), in its translated version (25), by specifically trained
psychiatrists. After baseline assessment, a consensus meeting for
best estimated diagnosis was held, and help-seekers were classified
as at-risk for psychosis stage IA or stage IB according to the staging
model distinction (26). Were included in the analysis all at-risk
stage IA and stage IB individuals, for which clinical, biological and
genetic data was available. Stage IA included patients with mild or
non-specific symptoms of psychosis or severe mood disorder, and
mild functional change. Stage IB included patients with moderate
subthreshold symptoms and moderate functional change.
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Inclusion criteria were alterations in global functioning (Social
and Occupational Functioning Assessment Scale score < 70)
during the past year, which were associated with psychiatric
symptoms and/or subjective cognitive complaints. Exclusion
criteria included manifest symptoms of psychosis (fulfilling
DSM-IV criteria), or other established psychiatric diagnoses
(pervasive developmental disorder, bipolar disorder, obsessive
compulsive disorder), serious or non-stabilized somatic and
neurological disorders, head injury and IQ below 70. Psychotic
conversion was characterized using the CAARMS-defined
psychosis onset threshold (i.e., supra-threshold psychotic
symptoms—thought content, perceptual abnormalities and/or
disorganized speech—present for more than 1 week). Individuals
who reached the threshold during the follow-up were considered as
converters and individuals who recovered or displayed persistent
subthreshold symptoms were called non-converters. Additionally,
each individual underwent clinical assessments including the Social
and Occupational Functioning Assessment Scale (SOFAS), the
Positive And Negative Syndrome Scale (PANSS) and the
Montgomery-Åsberg depression rating scale (MADRS), cannabis
intake in the last month, and antipsychotic treatment summarized
by the chlorpromazine equivalent doses (references for the
computation of chlorpromazine equivalent doses are available in
Supplementary Table 1). The population demographic and
clinical characteristics at baseline are described in Table 1. We
used the conversion status available after 1-year follow-up in order
to have an outcome that was closest to biological sampling.

Cortisol Measures
Salivary cortisol was collected using a synthetic swab at four
time-points during the day after initial enrollment. Cortisol was
July 2020 | Volume 11 | Article 680
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measured at 7:00 am (C1), 9:00 am (C2), 12:00 pm (C3), and 5:00
pm (C4). A range of ± 1 h was accepted for each time of
sampling. None of the subjects worked night shifts. The saliva
samples were stored at -20°C until analysis. After thawing, saliva
samples were centrifuged at 2000 g for 10 min, which resulted in
a clear supernatant of low viscosity; 100 ml of saliva were used
for duplicate analysis of each sample. Cortisol measurement
was done using a competitive solid phase time-resolved
fluorescence immunoassay with fluorometric end point
detection (DELFIA) conducted by Cortisollabor, University of
Trier, Department of Clinical and Physiological Psychology,
Trier, Germany (27). The inter-assay coefficient of variation
was 8.6% and intra-assay coefficient of variation was 4.3% as
previously reported (6).

Gene Expression
Total RNA was extracted and purified from blood samples
(PAXgene tubes) using a QIAcube robot and PAXgene Blood
RNA kit (QIAGEN) according to the manufacturer’s protocol.
Quality control was done using LabChip GX (Perkin Elmer,
Waltham USA). The full quantitative PCR (qPCR) protocol has
been described in Chaumette et al. (5). Briefly, complementary
DNA (cDNA) synthesis was performed using Reverse
Transcription Master Mix from Fluidigm® according to the
manufacturer’s protocol with random primers using a Nexus
thermocycler (Eppendorf). Specific target pre-amplification was
performed using a Fluidigm® PreAmp Master Mix at 12 cycles.
Real time PCR was performed on the qPCR-HD-Genomic Paris
Centre platform, using BioMark™ HD System, GE Dynamic
Arrays (Fluidigm) and TaqMan® Gene Expression assays (Life
Frontiers in Psychiatry | www.frontiersin.org 4104
Technologies, ThermoFisher). Thermal conditions for qPCRwere:
25°C for30minand70°Cfor60min for thermalmix; 50°C for2min
and 95°C for 10min for hot start; 40 cycles at 95°C for 15 s and 60°C
for 1 min. Data were processed by automatic threshold, with linear
derivative baseline correction using BioMark Real-Time PCR
Analysis Software 4.0.1 (Fluidigm). The quality threshold was set
at the default setting of 0.65. Normalization was done using the
GAPDH rate followed by a livak normalization with a
transformation by the 2DDCT method (28) providing the relative
mRNA expression level of NR3C1 in each sample. Moreover, we
checked on the Genevestigator platform (https://genevestigator.
com), using the RefGenes tool (29), that GAPDH was among the
top 10 genes with an expression that was both stable, and in
NR3C1 ranges, for it to be a good reference for normalization
(Supplementary Figure 1).

Genotyping Data
In the ICAAR cohort, 102 Caucasian individuals have been
genotyped using the Infinium PsychArray-24 v1.2 BeadChip
(Illumina). This chip was designed by the Psychiatric Genomic
Consortium and is enriched for polymorphisms relevant for
psychiatric diseases. Single Nucleotide Polymorphisms (SNPs)
annotation was given by the Illumina annotation file. Plink v2.0
(www.cog-genomics.org/plink/2.0/) was used for quality control
and association analyses. The quality control excludes samples
with less than 90% genotyping rate (mind > 0.1), SNPs with a
minor allele frequency less than 1% (maf < 0.01) and SNPs that
were not genotyped in at least 60% of the sample (geno > 0.4). No
sample was excluded during the quality control; after filtering,
306,841 SNPs remained to be analyzed in male samples and
TABLE 1 | Demographic, clinical characteristics, and cortisol measures of the male and female datasets at baseline.

Measure Males Females

Converters
mean ± std

Non-Converters
mean ± std

P-value Converters
mean ± std

Non-Converters
mean ± std

P-value

Number of subjects 29 49 13 42
Age at baseline 19.9 ± 2.5 21.4 ± 3.4 0.112 22.1 ± 3.7 21.1 ± 4.1 0.340
Symptoms
PANSS total 75.9 ± 15.6 67.3 ± 20.2 0.041 66.7 ± 22.0 61.7 ± 13.7 0.307
MADRS 21.8 ± 8.4 18.2 ± 9.9 0.038 21.4 ± 8.9 22.9 ± 9.8 0.368
SOFAS 43.9 ± 8.8 48.1 ± 11.6 1.0 51.9 ± 9.4 48.7 ± 8.4 0.156
Treatment
Antipsychotic use: % of
patients

34.5 (10/29) 22.5 (11/49) 0.371 7.7 (1/13) 19 (8/42) 0.590

Chlorpromazine equivalent (mg)* 75.1 ± 37.6 138 ± 73.1 0.071 462 ± 0.0 77.4 ± 44.4 0.217
Substance use (last month)
Tobacco use: % of patients 48.3 (14/29) 30.6 15/49 0.046 54 (7/13) 38 (16/42) 0.095
Cannabis use: % of patients 34.5 (10/29) 16.3 (8/49) 0.01 61.5 (8/13) 12 (5/42) 7.7 *10–9

Cortisol measures
at 7:00 am (C1) 9.0 ± 6.3 8.4 ± 4.8 0.984 8.1 ± 4.2 9.7 ± 5.7 1.0
at 9:00 am (C2) 7.4 ± 3.9 9.5 ± 4.4 0.894 8.4 ± 1.5 10.4 ± 6.8 1.0
at 12:00 pm (C3) 5.3 ± 3.0 5.2 ± 3.6 0.941 5.3 ± 5.7 4.6 ± 2.5 1.0
at 5:00 pm (C4) 3.6 ± 2.9 4.3 ± 2.6 0.989 2.1 ± 1.2 2.3 ± 1.1 1.0
July 2020 | Volume 11 | A
PANSS, Positive And Negative Syndrome Scale.
MADRS, Montgomery-Åsberg depression rating scale.
SOFAS, Social and Occupational Functioning Assessment Scale.
C1 to C4 are the four times of cortisol measures: 7am, 9am, 12pm, 5pm, respectively.
*References for the computation of each chlorpromazine equivalent are available in Supplementary Table 1.
P-values < 0.05 are in bold.
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300,732 in female samples. Linkage disequilibrium and haplotype
blocks were analyzed with Haploview.

Statistical Analysis
Statistical analyses of basal cortisol level and gene expression in
ICAAR cohort were performed using Python 3.7.2 and R 3.6.2.
Group distributions of quantitative values were compared with a
non-parametric Mann-Whitney Wilcoxon rank sum test.
Comparisons of multiple ordinal categorical groups were made
with a Chi-squared test for proportions. Correlations were
calculated using Spearman’s test. For demographic and clinical
comparisons between groups, the Bonferroni corrected threshold
was at 0.004. However, to be more stringent in detecting the
potential confounders at baseline, we considered the uncorrected
p-value threshold of 0.05 in order not to ignore any clinical
difference that could bias the association between NR3C1
expression and conversion, and for which Mendelian
randomization would be needed. All measures were standardized
using the mean and standard deviation in all the cohort. The
reported effect-sizes (ES) were calculated with Hedge’s g. In our
cohort of 133 subjects, we first regressed the odds of conversion,
OR, as follows (Figure 2):

OR = a + bCortisol + gNR3C1mRNA + dAge

+ eSex+zCannabis + hMedication (I)

A second model using a linear regression on the same
combination of explanatory variables was applied to test their
association with depression (MADRS scale) and functional
outcomes (SOFAS scale). Then for each SNP, stratified by sex,
we applied a linear regression as follows:

NR3C1mRNA = a+beQTL+gAge + dCannabis

+ eMedication : (II)

Finally, we applied a logistic regression to model the odds of
conversion in the female group as follows:

OR = a + beQTL + gAge + dCannabis + eMedication : (III)

Random Permutation Analysis and Bootstrapping
In order to derive robust non-parametric p-values for each
Wilcoxon test, we randomly permuted the assignment of values
to the groups, and repeated the statistical test 10,000 times. We
then computed how many times a p-value was smaller or equal to
the observed one. The reported p-value was calculated as the ratio
of this number to the total number of tests done (10,000). The 95%
confidence intervals (95% CI) were computed by bootstrapping,
where the variance of means from each group was estimated by
random sampling with replacement. This prevents any inference
on the statistical distribution of the population.

Mendelian Randomization Analysis
The Mendelian randomization analysis follows the steps of a
two-stage least squares (2SLS) regression analysis. First, the effect
of gene expression (e) on phenotype (p) was estimated by
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>logistically regressing the log-odds of conversion on cortisol
levels, NR3C1 mRNA levels, age, sex, cannabis and antipsychotic
intake. This gives a be-p parameter for the effect ofNR3C1mRNA
on conversion. Second, using Plink v2.0 (30), we performed a
GWAS eQTL analysis stratified by sex. NR3C1mRNA levels were
used as the quantitative trait, linearly regressed on the alleles of
each SNP in the GWAS, giving a bs-e parameter that estimates the
effect of SNP eQTLs on expression (e). The usual false discovery
rate (FDR) threshold of 0.05 was lowered to 0.025 to account for
the sex stratification. Last, we measured the effect of the SNP we
found (s) on phenotype (p) by applying logistic regression to
explain the log-odds of conversion by the alleles of the SNP, giving
a bs-p parameter (Figure 1). Its significance would confirm the
effect of mRNA levels on the risk of conversion, independently
from non-genetic confounders (Figure 2). An additive model was
applied for the SNPs’ alleles.
RESULTS

NR3C1 Expression but not Cortisol Levels
are Associated with Conversion to
Psychosis
At baseline, converters and non-converters were comparable in
age, antipsychotic treatment and clinical scales, except for male
converters who exhibited higher total PANSS andMADRS scores
than male non-converters (p = 0.041 and 0.038, respectively). In
both male and female groups, converters showed a higher cannabis
use than non-converters (p = 0.010 and p = 7.7*10⁻⁹ respectively).
Male converters smoked more tobacco than male non-converters
(p = 0.046). None of the cortisol levels at any 4 times of the day
were significantly different between converters and non-converters
in either group (Table 1). None of the cortisol levels were
significantly associated with NR3C1 expression (Supplementary
Figure 2).

In model (I), an increase in NR3C1mRNA levels significantly
increased the odds of conversion, independently of cortisol, age,
sex, cannabis use, and antipsychotic intake (OR = 2.03, p = 0.03),
with an explained variance of 11.6% (pseudo-R²) (Table 2,
Figure 3, Supplementary Figure 3).

When applying the same combination of variables frommodel (I)
to explain dimensional outcomes, no significant association was
found between depression, or functional outcome, and NR3C1
mRNA or cortisol, adjusted for age, sex, cannabis use, and
antipsychotic intake.
TABLE 2 | NR3C1 expression explains the risk of conversion independently of
cortisol, age, sex, cannabis, and antipsychotic intake.

Variable Odds Ratio 95% Confidence Interval P-value

Intercept 0.52 [0.13‑2.19] 0.37
Sexe 0.41 [0.11‑1.49] 0.18
NR3C1 mRNA 2.03 [1.08‑3.82] 0.03
Cortisol at M0 0.97 [0.86‑1.08] 1.08
Age 0.85 [0.44‑1.63] 0.63
Antipsychotic use 0.95 [0.41‑2.19] 0.90
Cannabis in the last month 1.42 [0.85‑2.36] 0.18
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FIGURE 3 | NR3C1 expression levels are higher in converters than in non-
converters.

Iftimovici et al. NR3C1 Expression and Psychosis Risk
Genome-Wide Analysis Study of eQTL for
NR3C1 Expression, Stratified by Sex
After FDR correction, correction for stratification, and adjustment
for age, cannabis, and antipsychotic intake, only one SNP,
rs6849528, remained associated with NR3C1 expression (p =
0.015, ES = 2.7) and explained 43% of its variance in the female
group. The mean of NR3C1 mRNA levels was robustly higher in
subjects with at least one allele A (genotype AG or AA, 95% CI =
[0.12‑0.15]) than in subjects with genotype GG (95%CI = [0.07 −
0.09]), with a significant non-parametric p-value = 2*10-4
(Supplementary Figures 4 and 5). No significant eQTL was
found in males with the same correction and adjustments.
eQTL-Based Mendelian Randomization
rs6849528 could therefore be used as an instrumental variable for
Mendelian randomization in the female group. Because the
probability of distribution of its alleles is not related to
environmental factors such as cannabis or tobacco use,
randomizing the female cohort on rs6849528 would account
for any unknown environmental confounder that could bias the
association between NR3C1 expression and conversion.
Accounting for age, cannabis, and antipsychotic intake, the risk
of conversion to psychosis was significantly associated with
rs6849528, in an additive model, with an odds-ratio of 8.24
(p = 0.03) (Figure 4).
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DISCUSSION

We applied multiple levels of analysis (hormonal, molecular and
genetic) to test the association of conversion to psychosis with
potential biomarkers from the biological stress pathway (NR3C1
expression level and cortisol levels at different times of the day),
while adjusting for age, sex, cannabis use, and antipsychotic
intake, in a longitudinal cohort of 133 subjects at-risk for
psychosis. Both stage IA and stage IB were included to be
representative of daily clinical practice.

First, we showed that after adjusting for cortisol levels, an
increase in NR3C1 expression was significantly associated with a
higher risk of conversion to psychosis. Cortisol itself was not
associated with conversion, which is in line with our previous
meta-analysis assessing the morning levels of cortisol (6). This
negative result was extended to other times of the day (waking
time, noon, afternoon). As cortisol levels were neither correlated
with NR3C1 expression, this may suggest cortisol’s effects in
psychosis might be conditional to the underlying biological and
genetic background.

Second, to strengthen the validity ofNR3C1mRNA’s association
with psychosis, we performed a Mendelian randomization analysis.
This allowed to account for any possibly uncontrolled
environmental confounding factor that could have biased the
association. Because of reported NR3C1 genotype-by-sex effects,
we performed this GWAS eQTL analysis stratifying by sex. In
females, we identified a SNP (rs6849528) strongly associated with
NR3C1 expression, and the odds of conversion to psychosis
appeared significantly increased in the group with the minor allele
A. Because the probability of distribution of alleles is independent of
environmental factors, this SNP’s association with psychosis
confirmed the involvement of NR3C1 expression in the risk of
psychosis, independently of any non-genetic confounder (Figure 4).

Whereas we initially postulated that the environment
regulated gene expression, through the mediation of biological
stress, we found that NR3C1 expression, one of the genes most
implicated in the stress pathway, was not dependent on cortisol
levels, but rather on genetic variability, in females. Given the
same level of cortisol, presuming the same level of stress, female
individuals with higher NR3C1 expression levels appeared thus
more vulnerable than others to the risk of conversion.

The GWAS analysis did not find any significant eQTL
associated with NR3C1 expression in males, so Mendelian
randomization could not be applied to bolster the association
between NR3C1 and psychosis in males. The absence of
significant eQTL in males might either be due to a lack of
power in a sample not large enough to detect the small effect-
sizes of common polymorphisms, either to the aforementioned
genotype-by-sex specificity of NR3C1 regulation (16, 17).

In this Mendelian randomization framework, we used
rs6849528 as an independent instrumental variable for
randomization. This SNP, located in an intron of the acyl-CoA
oxidase 3 gene (ACOX3) on chromosome 4, acted as a trans-
eQTL regulator ofNR3C1, located on chromosome 5. We wish to
highlight the fact that we relied on its association with NR3C1
expression, regardless of any actual pathophysiological
mechanism, and with the unique purpose of randomizing the
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FIGURE 4 | Mendelian Randomization using rs6849528 as an instrumental variable. a) NR3C1 mRNA levels are associated with psychosis. b) rs6849528 alleles
lead to differential NR3C1 expression. c) Because the probability of distribution of allele A is independent of environmental factors, its association with psychosis is in
favour of the involvement of NR3C1 mRNA in this risk, independently of non-genetic confounding factors.
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cohort in an environmentally unbiased way. It is indeed not
possible to draw any conclusion regarding rs6849528’s real
biological effect, especially as it may be associated with
psychosis through a pleiotropic effect rather than causal
association. ACOX3 participates in peroxisomal fatty acid beta-
oxidation. Peroxisomal dysregulation has been described in
relation with psychotic symptoms, in the context of inborn
errors of metabolism (31), so a possible direct effect of ACOX3
gene on conversion to psychosis could not be ruled out.
rs6849528 might affect NR3C1 gene expression on the one
hand, and phenotype, independently of NR3C1 expression, on
the other. In a purely causal model, the variation of gene
expression (e) is fully determined by an eQTL SNP (s), which
itself has no effect on phenotype (p) except through that gene’s
expression, and bs-e x be-p = bs-p (22). However, in our study,
bs-e x be-p << bs-p (0.04 < 0.97) suggesting pleiotropy. This was
expected as psychosis is a complex phenotype resulting from the
effect of many genetic and environmental factors. This also
explained the limited variance of risk of conversion explained
by NR3C1 gene expression (11.6%) compared to the variance of
gene expression determined by the eQTL (43%) (Figure 4).

Moreover, the causal biological effect may be driven by other
SNPs in linkage disequilibrium with rs6849528, which could act
as a proxy for its entire haplotype block in our eQTL analysis.
None of the SNPs in rs6849528 haplotype block have been
associated with schizophrenia in a GWAS. However, the
haplotype block around rs6849528 comprises several SNPs acting
as eQTLs of transfer RNA methyltransferase 44 (TRMT44),
according to the GTEx portal (https://www.gtexportal.org/home/).
One of these eQTL variants, rs6845969, impacts the expression of
TRMT44 in regions such as the hypothalamus or the pituitary
gland, involved in the stress pathway. Other variants in this
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haplotype act as eQTLs for expression of TRMT44 in the nucleus
accumbens, relevant to motivation through reward and
reinforcement (rs2386223; rs12503034, rs1880025). None of these
SNPs were available for testing in our eQTL GWAS, but they could
constitute pathophysiologically relevant factors; tRNAs have a
major role in translation, decoding mRNA sequence into protein,
and methylation of tRNA contributes to its stabilization (32).
Conversely, hypomethylation leads to cleavage of tRNAs into
tRNA-derived small RNA fragments, like microRNAs, which
have been shown to activate stress pathways (33). This might
explain how genetic variants could be associated with the
expression levels of a distant mRNA (trans eQTL). Through their
eQTL effect on TRMT44 activity, they might indirectly lead to an
increase in specific miRNAs which in turn regulate gene expression.
For instance, NR3C1 has been reported to contain in its 3’
untranslated region a target of miR-124 (34).

Our study has several limitations. First, sampling times varied
up to 1 h around the theoretical times for cortisol sampling. This
could explain why cortisol measurements did not correlate
with outcome. Second, a limitation inherent to Mendelian
randomization analysis is that it is not possible to account for
genetic confounders. In the same haplotype block, one SNP might
only be associated with NR3C1 expression level, while another
might only correlate with phenotype. Their linkage disequilibrium
would therefore act as a genetic confounding factor that cannot be
disentangled by such analysis (35). Third, we only considered the
variance of gene expression explained by the eQTL, while other
non-genetic factors are also known to regulate NR3C1 expression.
For instance, CpG-specific methylation of NR3C1 promoter
regions has been robustly implicated in its expression and
correlated with psychosocial stress (36). However, this
restriction to genetic factors was necessary in order to ensure
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https://www.gtexportal.org/home/
https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles


Iftimovici et al. NR3C1 Expression and Psychosis Risk
the unbiasedness of Mendelian randomization. Fourth, the eQTL
analysis did not find any of the previously reported SNPs that are
in the NR3C1 gene (19). However, such studies used a candidate
gene approach to analyze SNPs, while we looked for eQTL
genome-wide. Any eQTL we found had to have therefore an
important effect-size strengthening its interest for Mendelian
randomization. Also, all the data came from peripheral
measures: gene expression in blood and cortisol level in saliva.
These data may imperfectly reflect the levels in brain tissue.
However, blood-brain correlation has been reported to range
from 0.25 to 0.64 and to be greater for genes highly expressed in
both tissues (37). Finally, we cannot exclude that some non-
converters at 1 year did convert later, but the conversion rate is
maximal during the first year (3).

Further work is required to replicate our results, but our
multimodal approach, using phenotypic, hormonal, transcriptomic
and genetic data, illustrates how the implementation of statistical
methods, e.g. with Mendelian randomization analyses, could help to
detect biomarkers in psychiatry by adjusting for environmental
factors. This also suggests that the impact of stress should be
investigated in a comprehensive way, where cortisol levels would
only be one of these factors.
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The involvement of gonadal hormones in the pathogenesis of schizophrenia has long been
suspected because the psychosis differs in women and men and the illness first makes its
appearance shortly after puberty. Changes in sex hormones have been linked with
increased vulnerability to mood disorders in women, while testosterone have been
associated with increased sexual drive and aggressiveness in men as well as women.
Some studies have found abnormal levels of estrogens and testosterone in schizophrenia
patients, but the results have been inconsistent and sometimes attributed to the
hyperprolactinemia effect of antipsychotics, which may interfere with sex hormones
production. The purpose of this review is to present the current knowledge on the link
between blood levels of sex-hormones in women during the various stages of the female
reproductive life (i.e. puberty, menstrual cycle, pregnancy, contraception, and
menopause) and the course of schizophrenia. We also attempt to optimize the clinical
approach to women with schizophrenia at these different stages.

Keywords: schizophrenia, gonadal hormones, estrogen, progesterone, puberty, pregnancy, menstrual-
cycle, menopause
INTRODUCTION

During the fertile life and reproductive aging there are significant roles for gonadal hormones in the
regulation of several CNS processes, especially mood and cognitive functions. The sex hormones
help to organize and activate structural connections within the brain (1). Animal studies suggest
that sex steroid hormones play an essential role in myelination [e.g. (2)]. In humans, sex steroids
play a developmental role in gray matter and white matter structures in the brain and may continue
to exert effects in adult life and into old age (3). Cellular morphology in the brain changes
throughout the life span in response to environmental stimuli, and these effects are partially
mediated, levels of circulating gonadal hormones (4).

There are sex differences in the prevalence, onset, symptom profiles, and disease outcome that
are evident in schizophrenia (5). There are also differences between the sexes in the association of
some commonly considered risk genes for schizophrenia, such as DISC1 (6). Since sex steroids have
both genomic and non-genomic actions, other factors may also be responsible for the sex
differences, (e.g. the influence of sex steroids on the expression patterns of genes).

Higher brain functions, such as cognition, mood, and memory, are modulated by gonadal
hormones (7). Their action is accompanied by alterations in neuron and synapse numbers, as well as
in dendritic and synaptic morphology (8, 9). Although the determined sex difference in
schizophrenia is relatively small, (male: female ratio 58:42 (the age of onset is earlier in males
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and is accompanied by more severe negative symptoms (10, 11).
These observations lead many scientists to investigate a putative
co-regulation between schizophrenia and gonadal steroids. As
nicely described by Markham (12), the development of the
central nervous system in the embryo is strongly affected by
sex steroids. They modulate the interconnections between
neurons. They also control the function of glial cells. Different
receptor isoforms, different interactions between receptors and
co-regulators, chains of events originating at the cell membrane
and leading to effects in the nucleus all interact to determine
selective modulations of brain cells. All these actions affect brain
function which change through adolescence, pregnancy,
adulthood, up to menopause and ageing (12).

In this review we summarize the current knowledge on the
relationship between schizophrenia and gonadal hormones
(progesterone, estrogens, and testosterone) and its clinical
significance and implications. The data and recommendations
are based on literature derived from searching PubMed, and
PsychINFO, with appropriate search terms (schizophrenia,
gonadal hormones, estrogen, progesterone, testosterone,
puberty, pregnancy, menstrual-cycle, contraception menopause)
for all years subsequent to the year 2000.
SCHIZOPHRENIA AND ESTROGEN

There are well-established differences in the expression of
schizophrenia in women and men (13–16) many of which
have been attributed to the action of estrogen (17). Psychotic
episodes are more often during periods of estrogen withdrawal,
(e.g. the menstrual phase of the menstrual cycle, post-partum,
following cessation of estrogen therapy, and postmenopause).
Reduced relapse rates have been observed in women during
pregnancy, when plasma estrogen levels are high (12, 18).
Estrogens, mainly 17b-estradiol (E2), are known to exert many
genomic and non-genomic effects in the CNS (19). These effects
are mediated by two types of estrogen receptors, ER alpha and ER
beta, and they influence neuronal development, dendritogenesis,
synaptic plasticity, and neuronal excitability. The neuroprotective
effects are the ones most relevant for schizophrenia. These are
achieved through co-operation between membrane and genomic
signals, through epigenetic mechanisms such as histone acetylation
and DNAmethylation, and through regulation of synaptic function,
synaptic plasticity, and neurogenesis. Estrogens also promote cell
survival, protecting neurons against cytotoxic insults and other
forms of stress and injury (19, 20). It has been suggested that
cognitive deficits in people with schizophrenia may be especially
responsive to circulating estrogen levels and that cognitive
performance in women with schizophrenia may be improved by
estrogen (21, 22). Selective ER modulators (SERMs), such as
tamoxifen, raloxifene, and bazedoxifene, bind to the ligand-
binding domain of classic ERs and may act either as agonists or
antagonists, depending on the tissue. In several animal models, not
only estrogens but also SERMs have been shown to exert
neuroprotective effects (19, 23).
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Schizophrenia and Progesterone
The role of progesterone in schizophrenia was given less
consideration in the literature than estrogen. As Sun et al. (24)
well described it, “existing data on progesterone in relation to
schizophrenia is inconsistent, with some studies suggesting a
neuroprotective role for the hormone (e.g. animal models of
cognitive dysfunction and positive symptoms), while other
studies posit a disruptive impact of the hormone (e.g. negative
correlations with symptom modulation in patients). Based on
the clinical studies available there appears to be a link between
lower symptom scores and the mid-luteal phase of the menstrual
cycle, which is associated with high progesterone/high estradiol
levels” (24). There are some animal studies which support the
inhibiting effect of progesterone on hyperactive behavior (25).

Recently, it was reported that baseline levels of progesterone were
significantly higher in first-episode antipsychotic-naïve patients with
schizophrenia than in normal controls. It was speculated that lower
levels of progesterone at baseline may predict better therapeutic
outcome of antipsychotic treatment (26).
Schizophrenia and Testosterone
The earlier age of onset and greater incidence of schizophrenia
among males might be partially explained (apart from the
“estrogen hypothesis”) by testosterone exposure (12). However,
Most of the information about testosterone and schizophrenia is
in reference to males. Elevated levels of testosterone have been
associated with increased psychiatric symptoms (27). Very few
studies examined testosterone serum levels in men with
schizophrenia. Some of them reported either lower testosterone
levels compared to healthy controls (28) or no difference between
these groups (29).

Hyperprolactinemia often follows long-term antipsychotic
drug use, especially the typical antipsychotics (e.g. Risperidone),
so the studies of gonadal hormone levels might be affected by the
abnormal prolactin levels (30). It should be pointed out that
hyperprolactinemia is less common with the newer antipsychotics
(e.g., clozapine and aripiprazole), and thus does not occur so
often anymore.

While one study has reported normal testosterone levels for
unmedicated, first episode patients (31), others (32) reported
that gonadal hormone levels among men acutely admitted (for
symptom exacerbation or at first episode) were significantly
lower than controls (both testosterone and estrogen). It has
also been reported that circulating testosterone levels are
negatively correlated with negative symptoms (33).

Regarding women, it was recently reported (34) that there
were statistically significantly higher levels of serum DHEA-S in
schizophrenic women than in normal controls. No statistically
significant difference was determined between the groups
regarding serum testosterone and cortisol levels. It was
suggested that DHEA-S (and not testosterone) might be a
potential biologic marker for schizophrenia in women. However,
further research with greater patient numbers is required to verify
this theory.
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CLINICAL IMPLICATIONS

Our cumulative knowledge about the effects of gonadal
hormones on brain functions has significant clinical implications
in every stage of the schizophrenic woman’s reproductive life-
cycle. The following is an attempt to optimize the approach to
these women at each of these stages (i.e., puberty, menstrual cycle,
pregnancy, contraception, and menopause).

Puberty
In women, but not man, there is significant inverse relation
between puberty and age at onset of schizophrenia. This
difference led to the theory that female hormones act on the
developing brain to protect its function and delay the expression
of psychosis (35). Nevertheless, it should be remembered that the
start of puberty is associated with more than hormonal changes.
It is the beginning of increasingly divergent psychosocial
pathways that differentiate women and men at this important
time in their lives. Therefore, special attention should be made by
the family physicians as well as family members and teachers, to
possible early signs of schizophrenic behavior. It should be taken
into account that stress in adolescent girls has been implicated in
increased prevalence of depression and anxiety disorders.
Integrative clinical approach is suggested while examining
pubertal psychiatric complaints and genetical and psychosocial
aspects should be taken into consideration (36).

The Menstrual Cycle
The severity of psychotic symptoms in pre-menopausal women
with schizophrenia increases in phases of the cycle with low
estrogen (37–41). Also, a negative correlation has been reported
between estrogen levels and the required dose of antipsychotics
in menstruating women (42). Levels of estrogen are typically
peaking around the time of ovulation (midcycle) and declining
before the start of menses. The estrogen protection hypothesis
predicts that psychotic disorders worsen at times in the cycle
when estrogen is low, around menstruation (43) and several
publications support this assumption. A recent meta-analysis of
studies with women with psychiatric diagnoses demonstrated worse
mental health outcomes around the time of menstruation (44).

Psychiatric admission rates are higher than expected during
the perimenstrual phase. This is in agreement with the
observation that a worsening of psychotic symptoms occurs
during this phase (45). Most of the studies about the menstrual
cycle and psychotic symptoms lack measurements of hormonal
fluctuations throughout the menstrual cycle. Therefore, further
research with more precise measurements of the menstrual cycle
and symptomatology is required.

Pregnancy
Typically the age of onset for schizophrenia in women is during
the childbearing years so many of these women become
pregnant. Pregnancy reportedly appears to worsen mental
symptoms in women with schizophrenia. Psychotic denial of
pregnancy is a symptom that poses especially high risks for poor
outcomes if not addressed. Up to now, little research has been
Frontiers in Psychiatry | www.frontiersin.org 3112
done into interventions for psychotic disorders in pregnancy and in
particular, few studies have been done into use of antipsychotic
medication (46, 47). Research on the safety of medication during
pregnancy and breastfeeding is limited. Nevertheless, it is still
necessary to make treatment recommendations based on the
accumulated current information. It is generally accepted that
there is a greater risk for the mother and the fetus in not treating
schizophrenia during pregnancy and postpartum than in providing
antipsychotic treatment (48).

The following are the main recommendations to care
providers suggested in the literature:

“Take a sexual history and initiate discussion about intimate
relationships and contraception with all women diagnosed
with schizophrenia. During pregnancy, adjust antipsychotic dose
to clinical status, link the patient with prenatal care services, and
help her prepare for childbirth. There are pros and cons to
breastfeeding while on medication, and these need thorough
discussion. During the postpartum period, mental health home
visits should be provided. Parenting support is critical” (46, 47).

“Psychoeducation can apparently reduce pregnancy
complications for women with schizophrenia. Short-term,
focused psychotherapy can be helpful for some pregnant
women with schizophrenia. Some modifications need to be made
in the inpatient treatment of pregnant patients with schizophrenia.
In the postpartum period, women can be especially susceptible for
acute exacerbation of their schizophrenia” (49).

Contraception
It has been reported that mental illness is a risk factor for
inconsistent contraceptive use (50). The prevalence of sexually
transmitted infections is high in this population. The overall rate
of pregnancy in women with schizophrenia of child-bearing age is
lower than in the general population, but the percentage of
unwanted pregnancies is higher than that in the general
population. Contraceptive counseling to women and their
partners should be part of the care for women with schizophrenia.
Women with schizophrenia, who smoke, are overweight, have
diabetes, migraine, cardiovascular disease or thrombophilia, and
should be offered non-hormonal contraception. Women with more
than one sexual partner should be advised on barrier methods in
addition to any other contraceptive measures they are using. Long-
acting contraceptives, such as intrauterine devices and progesterone-
depot injections, are reasonable options for schizophrenic women.
Women who completed their family planningmight be offered tubal
ligation (or more recently salpingectomy) [for further information
and discussion see (51)].

Menopause
Women with schizophrenia may have the same climacteric
complaints as healthy women (e.g. vasomotor, physical, cognitive,
sexual, and psychosocial symptoms) (52, 53). These symptoms are
sometimes aggravated by factors associated with schizophrenia such
as lack of occupation, poverty, substance abuse, loneliness, and side-
effects of antipsychotic medications. Moreover, the psychotic
symptoms of schizophrenia, such as hallucinations and delusions,
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worsen as women approach the menopause, while in men, at the
same age, these symptoms generally improve (52, 53).

It has been reported that many schizophrenia women (and
their relatives) perceive menopause as being associated with
increased psychiatric symptoms (52, 54) and a decreased
quality of life (52, 55). The main symptoms that worsen in these
women are depression, anxiety, fatigue, and poor memory (53).

Apart from vasomotor symptoms many women with
schizophrenia suffer also from associated symptoms, such as
insomnia, irritability, and subsequently reduced quality of life.
Estrogen therapy with or without a progestogen is the proven
most effective treatment (56–58). Treatment of moderate to severe
vasomotor symptoms remains the primary indication for HT
(hormonal treatment). Almost all systemic HT products have
government approval for this indication. Selective estrogen
receptor modulators (SERM’s) such as tamoxifen, raloxifene, or
bazedoxifene, on the other hand can make flushing worse. As with
women in the general population, HT should be offered early after
the start of menopause, and potential hazards, such as breast and
cardiovascular changes, need to be monitored.

Women with schizophrenia at menopause may require increased
antipsychotic doses. The need for higher doses may continue and
become more marked the longer the period since menopause (59,
60). Drugs that raise prolactin levels are best avoided.
Frontiers in Psychiatry | www.frontiersin.org 4113
CONCLUSIONS

The data presented above indicate that the gonadal hormones
are involved in the pathogenesis of schizophrenia and affect its
course. A clear link between sex hormones and schizophrenia is
based on numerous studies and clinical observations of later
onset of schizophrenia associated with early puberty in girls,
lower relapse of psychiatric symptoms during pregnancy, high
relapse postpartum, fluctuation of the symptoms across the
menstrual cycle, and exacerbation of psychotic symptoms in
women with schizophrenia during the menopausal transition.
However, the exact mechanism by which sex hormones affect the
appearance, course and outcome of schizophrenia is still not
entirely understood.

A medical and social approach to women with schizophrenia
should be based on our knowledge about the inter relationship
between these women and their sex hormones in every stage of
their reproductive life.
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Schizophrenia and affective spectrum disorders (ASD) typically begin in adolescence or
early adulthood. The pathophysiological mechanisms underlying these disorders are still
not fully understood, and recent studies have suggested an involvement of dysfunctions in
cardiometabolic and neuroendocrine systems at the onset of both disorders. In this
context, we aimed to assess thyroid function, prolactin level, glucose metabolism, and
lipid profile in drug naive adolescents, comparing patients with first episode of
schizophrenia spectrum disorders (SSD) and patients with ASD. We performed a
retrospective chart review from inpatients aged from ten to eighteen years, referred to
Child and Adolescent Psychiatric Unit of University of Bari “Aldo Moro” over a period of 4
years, with diagnosis of SSD (n=30) or ASD (n=22), according to Diagnostic and Statistical
Manual for Mental Disorders-fifth edition (DSM-5) criteria. Data on serum prolactin,
glucose, insulin, total cholesterol, high density lipoprotein cholesterol, low density
lipoprotein cholesterol, triglycerides, thyroid stimulating hormone, free triiodothyronin,
and free thyroxin were collected, and the insulin resistance (IR) indexes “HOMA1-IR“ and
“HOMA2-IR” were calculated. The multivariable linear regression models, adjusting for
potential confounding factors (age, sex, and BMI), showed HOMA1-IR (p=0.001),
HOMA2-IR (p=0.002), glucose (p=0.004), insulin (p=0.004) and free thyroxin (p<0.001)
values higher in the SSD group than in ASD. No others significant differences were found.
Our findings suggest the need for a metabolic and endocrine screening at the onset of
SSD and ASD, particularly for indexes of IR, that is a testable and treatable risk factor for
cardiometabolic diseases. Further studies are required to better understand the role of
endocrinological and metabolic dysfunctions at the onset of severe mental illness also
considering influencing factors as age, gender, and BMI.

Keywords: early onset psychopathology, neuroendocrine dysregulation, metabolic syndrome risk factors, insulin
resistance, mood disorders, first episode of psychosis (FEP)
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INTRODUCTION

Schizophrenia and bipolar spectrum disorders are considered as
part of the psychosis continuum, with similar clinical features
such as psychotic and mood symptoms as well as neurocognitive
impairments of varying degrees (1). Similarities and differences
between neurodevelopmental trajectories in patients with early
onset schizophrenia and early onset bipolar disorder have been
described with regard to genetic, neurobiological, and
environmental risk factors as well as premorbid developmental
impairments (2–4). The etiopathological mechanisms
underlying both disorders are still not fully understood,
although the hypothesis of complex and multifactorial
interactions between genetic and environmental risk factors is
now widely accepted (2, 3).

Epidemiological studies have clarified that both disorders
typically begins in adolescence or early adulthood (5, 6). The
relationship between typical changes in the adolescent
maturational brain and the full onset of psychopathology is
not a unitary phenomenon and one of the fields of greatest
interest in this topic is the potential role of hormones in
modulating neuronal activity. A lot of evidence supported the
association between abnormal gonadal and adrenal hormones
levels and different psychopathological conditions (7), anyway,
other hormones are thought to have a role in the development
and correct functioning of the central nervous system. Recent
studies showing dysfunctions in cardiometabolic and
neuroendocrine systems, suggested that both psychotic and
affective disorders may involve multiple systems at different
stage of their clinical course (8, 9).

An increasing number of observational studies on
antipsychotic-naïve patients suggested the existence of a pre-
diabetic condition at the onset of the psychotic illness, while data
from patients with chronic course of schizophrenia showed a
higher rate of comorbid metabolic syndrome and type 2 diabetes
(10–12). Studies on glucose and lipid metabolism deregulation
at the onset of depressive and bipolar disorders are fewer and
less agree (13–15). Anyway a bidirectional relationship between
major depressive disorder, bipolar disorders, and cardiovascular
disease has been proposed (16, 17). Insulin signaling is suggested
to play a central role in the mechanisms underlying the
association between schizophrenia spectrum disorders (SSD)/
affective spectrum disorders (ASD) and cardiovascular risk
factors, also considering the potential action of insulin as
neuropeptide (18, 19).

Moreover the regulation of glucose homeostasis and insulin
sensitivity could be influenced by prolactin (PRL) and thyroid
hormones actions (20, 21), with a likely age-dependent
variability (22–24). We know that PRL, beside the lactogenic
activity, is involved in appetite regulation and plays metabolic
actions in both pancreatic and adipose tissue (25), so that
hyperprolactinemia (HPRL) could take part in metabolic
disorders. Moreover, higher PRL levels have been found in
first episode drug-naïve psychotic patients compared to healthy
Abbreviations: SSD, schizophrenia spectrum disorders; ASD, affective
spectrum disorders.
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controls; further researches are needed to clarify the relationship
between stress, HPRL, and emergence of the psychotic
symptoms, also considering the role of confounding factors as
age, sex, body mass index (BMI), and thyroid stimulating
hormone (26–28). Thyroid dysfunctions are frequently
associated in clinical practice with metabolic syndrome (29, 30)
as well as a relationship exists between HPRL and
hypothyroidism, also in children (31). In addition, altered
hypothalamic-pituitary-thyroid system’s function has been
described in schizophrenia, bipolar and depressive disorders
(32–34), but very few studies have been conducted at the onset
of these illnesses (1, 35).

The study of cardiometabolic and neuroendocrine dysfunctions
occurring in the acute phase of psychopathological onset may be
very informative of their implications in the pathogenesis of SSD/
ASD, since some confounding factors related to the chronicity, as
persistent negative symptoms, long-term antipsychotic treatment
or unhealthy lifestyle, are minimized. Moreover, subjects in
adolescent age may be considered at lower risk of cardiovascular
disease and endocrine disorders than adult subjects, therefore more
suitable to verify the hypothesis of an intrinsic relationship between
endocrine-metabolic dysfunctions and psychiatric disorders,
despite the limit of larger diagnostic instability and stress-related
hormonal variability than in adult patients.

Starting from the hypothesis of a co-shared vulnerability
between impaired glucose tolerance and SSD, detectable in
subclinical form even in patients with adolescent onset of
psychosis, in our previous study we found higher level of
PRL and increase in Homeostatic Model Assessment for
Insulin Resistance (HOMA-IR) in a sample of drug naïve
adolescents in the acute phase of first episode psychosis
compared to subjects at clinical high risk of developing
psychosis (36). The purpose of the present paper was to
extend our previous finding exploring glucose and lipid
metabolism as well as PRL regulation and thyroid status, to
verify the hypothesis that a greater impairment of the
parameters under study may be associated to the adolescent
onset of SSD more than of ASD.

Therefore, the aims of the present study were 1. to perform a
baseline evaluation of glucose metabolism and lipid profile, PRL
level and thyroid function in two samples of drug naïve
adolescents in the acute phase of first episode ASD and SSD; 2.
to compare the parameters of study between these two different
diagnostic groups, adjusting for age, sex and BMI.
METHODS

Subjects
We performed a retrospective chart review from inpatients of
both sexes aged between 10 and 18, referred to Child and
Adolescent Psychiatric Unit, Department of Basic Medical
Sciences, Neurosciences and Sense Organs over a period of 4
years. According to the purpose of this study, we selected
patients that, at the time of admission, had received diagnosis
offirst episode of SSD or first episode of ASD and had undergone
biochemical evaluation of glucose and lipid profiles, PRL level,
August 2020 | Volume 11 | Article 775
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and thyroid function. Diagnoses of early onset first-episode SSD
(schizophrenia, schizophreniform disorder, schizoaffective
disorder, psychosis not otherwise specified) were made in
accordance to Diagnostic and Statistical Manual for Mental
Disorders-fifth edition (DSM-5) criteria (37). The validated
Italian version of the Positive and Negative Syndrome Scale
(PANSS) (38), was performed within the first 72 h after the
admission to assess the severity of psychotic symptoms (positive,
negative and general symptoms). Diagnoses of early onset ASD
(Bipolar I disorder, Bipolar II disorder, Cyclothymic Disorder,
Disruptive Mood Dysregulating Disorder, Major Depressive
disorder, Dysthymia) were made in accordance to DSM-5
criteria (37). The validated Italian version of the Hamilton
Depression Rating Scale (HAM-D) (39) and Young Mania
Rating Scale (YMRS) (40) were performed within the first 72 h
after the admission to assess the severity of affective symptoms
(depressive, manic, and hypomanic symptoms). Parents and
patients were interviewed by two experienced psychiatrists
belonging to the research group and the evaluations were
discussed in regular reliability meetings, under the supervision
of a senior researcher. All the procedures above described were
conducted at the time of admission, as part of a more general
clinical and laboratory assessment needed for diagnostic
evaluation. Patients were excluded: if they were younger than
10 years or older than 18 years; if they had an history of
antipsychotics, antidepressants or mood stabilizing assumption;
if medical history, physical examination, laboratory, and
instrumental findings had revealed that psychopathological
symptoms were substance induced or due to another medical
condition; if there were any evidences of medical causes of
HPRL (such as pituitary/hypothalamic disorders, primary
hypothyroidism, renal, and liver insufficiency), abnormal
thyroid function and insulin resistance (IR). For each study
participant, body weight (kg) and height (m) were measured
simultaneously with the blood test; the BMI was obtained by
dividing weight by height squared (kg/m2). Electrocardiogram,
electroencephalogram, and brain magnetic resonance have been
used when indicated. Written informed consent from the parents
of all participants was obtained during hospitalization so the
clinical and laboratory data collected could be used for the
research purposes. The approval of methodology of the study
was obtained from the independent ethical committee of the
University-Hospital Policlinico of Bari.

Biochemical Measurements
Glucose Metabolism Parameters
Peripheral blood samples from all participants were collected
between 7,30 and 9 AM, following an overnight fast. Serum
glucose was determined using an enzymatic method; levels
between 3.33 and 5.55 mmol/L were considered normal for
both males and females. Serum insulin was estimated by
chemiluminescence. Hyperinsulinemia was defined as values
higher than 113.2 pmol/L, for both sexes. HOMA1-IR was
calculated using the homeostatic model of assessment as the
product of the fasting plasma insulin level (mU/ml) and the
fasting plasma glucose level (mmol/L), divided by 22.5. A
HOMA1-IR value higher than 2.6 was considered indicative of
Frontiers in Psychiatry | www.frontiersin.org 3117
increased risk of IR, according to references on normal weight
adolescents (41–43). We performed the evaluation of HOMA2-
IR using the HOMA-2 calculator, version 2.2.3, provided by
Oxford University (free download is available from the website
www.dtu.ox.ac.uk. No defined thresholds for “normal” vs
“abnormal” values are reported).

Lipid Profile
Total cholesterol levels were measured through a standardized
method traceable to the International Federation of Clinical
Chemistry Working Group (IFCC-WG) Reference Method.
Levels of 4.03± 0.13 mmol/L for males and 4.47 ± 0.12 mmol/
L for females were considered normal. High-density lipoprotein
cholesterol (HDLc) was estimated by clearance assay. Levels
between 1.01 ± 0.04 mmol/L for males and 1.16 ± 0.03 mmol/
L for females were considered normal. Fasting plasma levels of
low-density lipoprotein cholesterol (LDLc) were determined
using Friedewald formula (44). LDLc levels of 2.61 ± 0.12
mmol/L for males and 2.79 ± 0.1 mmol/L for females were
considered normal. Triglycerides (Tg) levels were measured
using a traceable IFCC standardized method. Levels within the
range 0.25–1.56 mmol/L were considered normal for both male
and female patients. Cut point values for acceptable, borderline-
high, and high plasma lipid have been considered according to
the 2011 Expert Panel on Integrated Guidelines for
Cardiovascular Health and Risk Reduction in Children and
Adolescents (45).

Serum PRL and Thyroid Status
Serum PRL levels were estimated by an immunoassay system.
HPRL was defined as PRL levels higher than 0.87 nmol/L in male
patients and 1.09 nmol/L in female patients. Thyroid stimulating
hormone (TSH) was determined by chemiluminescence; levels
between 0.36–3.74 mUI/L were considered normal for both
sexes. Free triiodothyronine (fT3) levels were determined by
chemiluminescence. Levels between 2.6–8 pmol/L were
considered normal for both males and females. Free thyroxin
(fT4) was evaluated by chemiluminescence. Levels between 9.78–
18.79 pmol/L were considered normal for both sexes.

Statistical Analyses
Statistical analysis was performed using R 3.5.2 (released on 2018-
12-20). Statistical significance a was fixed to 0.05. Categorical
variables were reported as absolute and relative frequencies (%)
and compared through chi-square test. Numerical variables were
reported as mean ± standard deviation and compare through
Welch t-test. In order to account for non-normality, evaluated
through Shapiro Wilk test, right-skewed numerical variables were
transformed in their natural logarithm. To analyze the association
between the SSD or ASD and the logarithmic transformation of
the 12 parameters, adjusting for potential confounding factors
(age, sex, and BMI), 12 multivariable linear regression models
were fitted with estimation of the ß coefficients. For each model, a
global validation linear model assumption significance test was
performed in order to verify the linearity assumption of the
dependent variable and the normality and homoskedasticity
assumptions of the residuals. We reported all p values and
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confidence intervals. Considering the features of the working
hypotheses, no correction for multiple testing were applied.
However, this should be considered in the interpretation of the
statistical significance.
RESULTS

The two samples of study were composed by 30 patients for the
SSD group and 22 patients for the ASD group. No significant
differences emerged for age, gender and BMI and the mean value
of BMI was within normal weight range in both study groups.
Demographic and clinical features of the two groups are
summarized in Table 1. When we performed the multivariate
regression analysis, adjusting for potential confounding factors
(age, sex, and BMI) (Table 2), in order to study the association
between the SSD or ASD and the hormonal and metabolic
Frontiers in Psychiatry | www.frontiersin.org 4118
parameters, we found a significant differences concerning
HOMA1-IR and HOMA2-IR index, fasting glucose, insulin
and fT4 (p values 0.001, 0.002, 0.004, 0.004, <0.001
respectively). Specifically, the HOMA1-IR was significantly
higher in the SSD group (3.1 ± 2.0) rather than in ASD group
(1.9 ± 1.2), with a mean value indicative of increase risk of IR;
also the HOMA2-IR was higher in the SSD group (1.9 ± 1.0)
rather than in the ASD group (1.3 ± 0.7). The mean value of
fasting glucose, although within the normal range, was
significantly higher in SSD group (85.1 ± 12.1) rather than in
ASD group (75.9 ± 6.9). In the same way, the mean value of
insulin was within the normal range for both groups, but
significantly higher in SSD group (14.6 ± 8.7) rather than in
ASD group (10.3 ± 6.1). No differences were found between the
two groups of study regarding the comparison of lipid profile.
Lower mean value of fT4 was found in ASD group (1.0 ± 0.1),
with a significant difference when compared with SSD group
(1.2 ± 0.2). No significant differences were found for the mean
serum level of fT3 and TSH, within the range of normality in
both groups. No difference was found between the two groups for
the mean serum level of PRL, even if patients with SSD tend to
have higher PRL values (24.5 ± 27.6) than patients with ASD
(17 ± 12.7), with a mean level near to a condition of HPRL.
DISCUSSION

Glucose and Lipid Metabolism
The main findings of this study were a significant increase in
fasting glucose, fasting insulin, and HOMA-IR indexes in drug
naïve adolescents with first episode of SSD compared to ones
with first episode of ASD, adjusted for age, sex, and BMI. Similar
lipid profile was found between the two groups, with mean values
including in the acceptable range according to the 2011 Expert
Panel on Integrated Guidelines for Cardiovascular Health and
Risk Reduction in Children and Adolescents (45). These findings
would indicate that adolescents with first episode of SSD might
TABLE 1 | Demographic and clinical features of ASD and SSD patients.

ASD (n = 22) SSD (n = 30) P value

Age [years]
mean ( S.D.)

15.4 (1.7) 15.8 (1.3) 0.362

Gender 0.235
Male n (%) 6 (27.3) 13 (43.3) –

Female n (%) 16 (72.7) 17 (56.7) –

Residence South of Italy South of Italy –

BMI [kg/m^2]
mean ( S.D.)

23.2 (5.3) 20.7 (2.7) 0.052

PANSS mean ( S.D.)
total
positive
negative
general

–

–

–

–

91.14 (8.7)
19.28 (2.9)
23 (3.4)

48.85 (4.4)

YMRS mean ( S.D.)
HAMD mean (S.D.)

32.7 (8)
18.58 (6.6)

–

–

–

–

ASD, affective spectrum disorder; BMI, body mass index; SSD, schizophrenia spectrum
disorder.
TABLE 2 | Results of the multivariate regression analysis (p-value), with adjustment by age, sex, and BMI.

ASD (n = 22) SSD (n = 30) ß Coefficient [95%CI] p value
(<0,05)

Mean value (SD) Natural logarithmic
transformation

Mean value (SD) Natural logarithmic
transformation

PRL (nmol/L) 0.7 (0.6) −0.5 (0.7) 1.1 (1.2)a −0.4 (0.9) 0.18 [−0.26;0.63] 0.407
TSH (mUI/L) 2.2 (1.3) 0.6 (0.6) 2.0 (1.1) 0.6 (0.5) 0.01 [−0.33;0.35] 0.940
fT3 (pmol/L) 4.6(0.7) 1.5 (0.1) 4.7 (0.8) 1.5 (0.2) 0.04 [−0.04:0.13] 0.329
fT4 (pmol/L) 12.6 (1.7) 2.5 (0.1) 15.3 (2.6) 2.7 (0.2) 0.20 [0.10;0.30] <0.001
Cholester (mmol/L) 3.7 (0.9)b 1.3 (0.2) 3.8 (0.7) 1.3 (0.2) 0.03 [−0.1;0.16] 0.629
LDLc (mmol/L) 2.0 (0.8)b 0.6 (0.4) 2.1 (0.6)a 0.7 (0.3) 0.1 [−0.15;0.31] 0.499
HDLc (mmol/L) 1.3 (0.3)b 0.2 (0.2) 1.4 (0.3)a 0.3 (0.2) 0.11 [−0.02;0.23] 0.086
Tg (mmol/L) 0.9 (0.4)b −0.3 (0.5) 0.7 (0.3) −0.4 (0.4) −0.19 [−0.47;0.09] 0.189
HOMA2-IR 1.3 (0.7) 0.1 (0.5) 1.9 (1.0) 0.5 (0.6) 0.53 [0.21;0.85] 0.002
HOMA1-IR 1.9 (1.2) 0.5 (0.6) 3.1 (2.0) 0.9 (0.7) 0.65 [0.27;1.03] 0.001
Glucose mmol/L 4.2 (0.4) 1.4 (0.1) 4.7 (0.7) 1.5 (0.1) 0.11 [0.04;0.19] 0.004
Insulin (pmol/L) 70.5 (43.0) 4.1 (0.7) 101.1 (60.2) 4.4 (0.7) 0.57 [0.22;0.92] 0.002
August 2020
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aMissing values for one participant, bMissing values for two participants.
ASD, affective spectrum disorder; fT3, free triiodothyronine; fT4, free thyroxin; HDLc, high-density lipoprotein cholesterol; LDLc, low-density lipoprotein cholesterol; PRL, prolactin; SSD,
schizophrenia spectrum disorder; Tg, triglycerides; TSH, thyroid stimulating hormone.
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have an increased risk of developing IR and diabetes mellitus
compared to adolescents with first episode of ASD, regardless to
antipsychotic treatment.

To our knowledge most of the studies on cardiovascular risk
factors at the onset of psychiatric illness involved adult patients,
with substantial numbers regarding the first episode of SSDmore
than ASD. Two recent papers comparing cardiovascular risk
factors between adolescent samples with first episode of
psychosis (FEP) and healthy controls, found that abnormalities
in lipid profile resulted associated with early-onset psychosis
more than alterations of glucose homeostasis, regardless of
antipsychotic treatment. Wedervang-Resell K. et al. reported
significantly higher TC/HDLc and Tg values in patients with
early onset psychosis, with and without antipsychotic exposure,
than healthy subjects; significantly increased in HOMA-IR scores
were found only in antipsychotic-exposed patients (46). In the
study of Jensen K.G. et al. youth patients with FEP had higher
cholesterol and LDLc than matched controls, while increased in
insulin and HOMA-IR were found in early onset patients with
dyslipidemia or family history of type 2 diabetes mellitus
(T2DM) (47). Cardiometabolic risk assessment performed in a
sample of recent onset bipolar disorder ranged between 12 and
35 years of age, showed higher triglyceride levels than healthy
controls (14).

The variability of these results among studies on adolescent
samples may be related to a lot of confounding factors, including
dietary intake, sedentary lifestyle, substance use, ethnicity as well as
to small samples size and age and sex distribution across different
samples of study. Furthermore, an age-related diagnostic
heterogeneity could explain some discrepancy between different
data, so that longitudinal studies will be more useful to understand
the trajectories of changes in glucose tolerance and lipid profile over
the time in adolescent population.

Anyway, our hypothesis that adolescents in acute phase of
first episode of SSD may have an intrinsic risk of IR appears in
accordance with data emerged by systematic review and meta-
analysis performed by A.M. Greenhalgh et al. to assess glucose
tolerance, insulin and IR in early adulthood antipsychotic-naïve
patients with non-affective psychosis (10). Their results showed
that, at the time of the onset of psychosis, patients have a slight
increase in fasting glucose, usually in the normal range, despite a
small increase in IR, by secreting additional insulin (10). In
addition, a systematic review and meta-analysis examining lipid
parameters in adult patients found that FEP was associated with
decreased total and LDLc levels but increased triglyceride levels
compared with healthy control groups, with no difference in
HDLc levels. The authors suggested that hypertriglyceridemia
may be added to the evidence for glucose dysregulation in this
cohort, considering it as a feature of T2DM (8). On the other
hand IR has been reported in more than half of all bipolar
patients and some authors supported the hypothesis that it is
associated with the chronic course of illness rather than to early
stage (19).

We know that a lot of physiological conditions and disease
states, involving neuroendocrine response to stress, were found
to be accompanied by IR (48). Increasing evidence showed that a
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co-shared genetic pathway partially explain the comorbidity of
schizophrenia, major depressive disorder, type 2 diabetes, and
metabolic syndrome (49, 50) and recent evidence supported the
hypothesis that intrinsic dysfunction in central nervous system
insulin signaling might represent the final common pathway of
interaction between metabolic syndrome schizophrenia and
mood disorders (18). As a result, considering that IR may be a
reversible condition, the use of HOMA-IR index at the onset of
psychosis may be a useful instrument to assess a latent risk of
later development of cardiovascular disorders, also in normal
weight adolescents (11, 51).

The calculation of HOMA-IR index is a good sensitive and
specific method for assessing insulin sensitivity, well accepted by
researchers, and used in epidemiological studies in adults,
adolescents, and children. The successful application of
HOMA-IR index in a given population is related to the use of
specific cutoffs for gender, ethnicity, age, and/or sexual
maturation level. There is no consensus regarding the reference
value of HOMA-IR for the diagnosis of IR in the pediatric age
group and several cutoff points have been reported in the
literature (43, 52). Moreover, the HOMA index may be
assessed using different methods, not exactly comparable, as
the original model for the HOMA1-IR or the update HOMA
computer model, with some physiological adjustment, for the
HOMA 2- IR. It is generally accepted that a value of HOMA1-IR
≥ 2.6 accurately classify normal-weight adolescents at increased
cardiovascular and metabolic risk (41–43). According to this
indication, the mean value of HOMA1-IR we found in the group
of SSD (3.1 ± 2.0) suggested a condition of risk of IR at the onset
of psychosis, despite the normal value of other metabolic
parameters and BMI. No clear cutoff points have been
identified for the use of HOMA2-IR in adolescents, anyway
also when we performed the comparison of HOMA2-IR between
the two groups of study we found a significant higher mean value
in SSD group, suggesting a higher risk of IR in adolescent with
SSD rather than with ASD.

PRL Levels
Although no significant difference emerged comparing patients
with SSD and patients with ASD, we observed a higher mean value
of PRL in SSD group, close enough to the cutoff for HPRL. Previous
studies have found PRL levels above the physiological limits in first
episode drug-naïve psychotic patients (26, 36, 53–55). Riecher-
Rossler has suggested that stress may induce HPRL and that both
inflammation and deregulation in the serotoninergic system could
contribute to the HPRL observed in first episode psychotic patients
who have not previously received antipsychotic treatment (54).
Future studies evaluating the levels of PRL in drug-naïve patients
are needed also considering the role of other factors as hormonal
influence, age and gender.

Thyroid Status
Regarding evaluation of thyroid function, first of all we must
consider that values compatible with good functionality have
emerged in both study groups. We know that thyroid disease can
always be ruled out when the serum TSH level is normal without
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drug administration or in the absence of obvious hypothalamic-
pituitary disease (56). Anyway, we found a significant lower level
of fT4 in ASD group, compared with SSD group and the meaning
of this data is not easy to explain. One recent study investigated
the association of thyroid function and suicide attempt in major
depressive disorder (MDD) patients, showing a lower serum fT4
level in suicide attempters than non-attempters, but without
significant differences in TSH and fT3 levels (57). Further studies
are needed to clarify the association between thyroid dysfunction
and onset of psychotic and affective disorders (56).

Limitations
Some methodological limitations should be recognized. The small
sample size as well as the retrospective design of the study limit the
statistical power of the study and, consequently, the generalizability
of our results. Moreover, a comparison with a healthy sample
would give more value to these findings. Further researches with
larger sample size allow us to better characterize abnormalities of
hormonal andmetabolic parameters with more specific association
with diagnostic subgroups. It is important to note that because of
the cross-sectional design of the study we cannot infer information
about the causality of the relationship between glucose metabolism
abnormalities and early onset SSD. Despite these limitations, in our
knowledge this is one of the very few studies in this field carried out
on a sample of patients under 18.
CONCLUSIONS

In conclusion this study showed an increase in HOMA-IR and
higher glucose, insulin levels and free thyroxin in drug naive
adolescents with first episode of SSD rather than in first episode
of ASD, suggesting the need to perform a metabolic and
endocrine screening at the onset of serious mental illness. IR is
a testable and treatable modifying factor and early identification
may be very important for prevention and management of the
progression of cardiometabolic diseases. Further studies with
larger sample size and with longitudinal design are needed to
better understand the role of endocrinological and metabolic
Frontiers in Psychiatry | www.frontiersin.org 6120
dysfunctions at the onset of severe mental illness also considering
influencing factors as age, gender and BMI.
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Prenatal infections have been linked to the development of schizophrenia (SCZ) and other
neurodevelopmental disorders in the offspring, and work in animal models indicates that
this is to occur through the maternal inflammatory response triggered by infection. Several
studies in animal models demonstrated that acute inflammatory episodes are sufficient to
trigger brain alterations in the adult offspring, especially in the mesolimbic dopamine (DA)
system, involved in the pathophysiology of SCZ and other disorders involving psychosis.
In the current review, we synthesize the literature on the clinical studies implicating
prenatal infectious events in the development of SCZ. Then, we summarize evidence from
animal models of maternal immune activation (MIA) and the behavioral and molecular
alterations relevant for the function of the DAergic system. Furthermore, we discuss the
evidence supporting the involvement of maternal cytokines, such as interleukin 6 (IL-6)
and leptin (a hormone with effects on inflammation) in mediating the effects of MIA on the
fetal brain, leading to the long-lasting effects on the offspring. In particular, IL-6 has been
involved in mediating the effects of MIA animal models in the offspring through actions on
the placenta, induction of IL-17a, or triggering the decrease in non-heme iron
(hypoferremia). Maternal infection is very likely interacting with additional genetic and
environmental risk factors in the development of SCZ; systematically investigating how
these interactions produce specific phenotypes is the next step in understanding the
etiology of complex psychiatric disorders.

Keywords: maternal infection, schizophrenia, dopamine, animal models, cytokines, IL-6, iron, leptin
INTRODUCTION

We are currently undergoing a SARS-CoV-2 pandemic, which like previous viral outbreaks [e.g.,
Zika (1)] can leave behind sequelae of health complications, including direct effects in the nervous
system (2) and alterations of brain development if infections occur during perinatal stages.

Indeed, maternal infection has been identified as a risk factor for several neurodevelopmental
disorders such as cerebral palsy, intellectual disability, autism spectrum disorder (ASD), bipolar disorder
g August 2020 | Volume 11 | Article 8521123
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(BD), and schizophrenia (SCZ) (3–9). We will focus on reviewing
the effects of maternal infection on the dopaminergic
neurotransmitter system and the link with psychosis,
particularly SCZ.

SCZ is one of the top leading causes of disability worldwide
(10) and the seventh most costly medical illness in modern
society (11, 12). SCZ is characterized by psychotic symptoms
such as delusions and hallucinations (also known as the
positive symptom dimension); alterations in drive and volition,
including lack of motivation, blunted affect, social withdrawal,
and reduction in spontaneous speech (the negative symptom
dimension) and alterations in neurocognition, including
difficulties in memory, attention, and executive functioning
(the cognitive symptom dimension) (13–15).

The positive symptoms of SCZ overlap with different
psychiatric disorders. Indeed, psychosis is also frequent during
mood episodes in BD, severe depression, substance use disorder
and neurodegenerative disorders (16–18). Intriguingly, some
SCZ-like psychopathological abnormalities (i.e., paranoid
delusional thinking and auditory hallucinations) are expressed
in an attenuated form in 5–8% of the otherwise healthy
population, especially in individuals with schizotypal or
schizoid personality traits (13, 19). This extensive overlapping
of symptoms and genetic risk factors with other psychiatric and
neurological conditions is suggestive of a common underlying
neuropathophysiology for these disorders, which, rather than
discrete diagnoses, may represent a continuum that extends to
the general population (13, 19, 20).
Frontiers in Psychiatry | www.frontiersin.org 2124
THE DOPAMINE THEORY OF SCZ AND
PSYCHOSIS

The classical dopamine (DA) hypothesis of SCZ (21) states that
the hyperactivity of the DA system is responsible for the
symptoms of the disorder. More recently, this hypothesis was
elaborated to include the proposal that the hyperactivity of the
mesolimbic DA system (Figure 1A) contributes to positive
symptoms in SCZ. Meanwhile, impaired function of the DA
system in the prefrontal cortex (PFC, Figure 1A) contributes to
the cognitive symptom dimension (22, 23).

The DA hypothesis of SCZ derives, in part, from the
identification of the mechanisms of action of antipsychotics,
many of which act as DA receptor 2 (D2 receptor) blockers (15).
Furthermore, pharmacological studies show that a single
exposure to amphetamine (AMPH), a stimulant drug that
increases extracellular levels of DA in striatal and cortical
regions via release and reverse transport (24, 25), evokes or
exacerbates positive symptoms in SCZ patients at doses which do
not induce psychosis in healthy subjects (26–28). Imaging studies
demonstrate that a significant number of non-medicated SCZ
patients show marked elevation of AMPH-induced striatal
dopamine release in comparison to healthy volunteers (29–31).
This response correlates significantly with the emergence or
worsening of positive symptoms (31–35).

Understanding the etiology of SCZ is an active area
of research. However, evidence accumulated in the last three
decades on environmental risk factors that affect early
A B C

FIGURE 1 | The dopaminergic system and mediators of maternal immune activation. (A) The meso-limbic DA neurons have their cell bodies in the ventral tegmental
area (VTA) and terminals innervate the nucleus accumbens (NAcc). Other VTA neurons project to the prefrontal cortex (PFC), constituting the meso-cortical system.
The nigro-striatal DA neurons lie in the substantia nigra (SN) and project to the dorsal striatum (STR). (B) Dopaminergic synapse, where dopamine is synthesized by
the conversion of tyrosine into L-3,4-dihydroxyphenylalanine (L-DOPA) by the enzyme tyrosine hydroxylase (TH). L-DOPA is then converted to dopamine by the L-
DOPA decarboxylase (DDC). Once packaged in synaptic vesicles and released to the extracellular space, dopamine can act on its receptors (DRs) on the post- and
pre-synaptic membrane. Dopamine neurotransmission is terminated when the dopamine transporter (DAT) reuptakes the neurotransmitter to the pre-synaptic side,
where it can be metabolized into 3,4-dihydroxyphenylacetic acid (DOPAC) by the monoamine oxidase (MAO) and homovanillic acid (HVA) by the catechol-O-methyl
transferase (COMT). (C) Maternal immune activation (MIA) with bacteria or viruses leads to the activation of immune cells that release cytokines, including interleukin
6 (IL-6) and, in turn, IL-17a. Both of these cytokines affect brain development in the fetus, increasing the risk for neurodevelopmental disorders, such as SCZ (SCZ).
These cytokines can act indirectly on the placenta, or in the case of IL-6 through the induction of hypoferremia, a reduction in circulating non-heme iron. Adipose
tissue can also release hormones such as leptin, which affects fetal development.
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neurodevelopment during pregnancy has led to the proposal of
the neurodevelopmental hypothesis for SCZ (36–38). In this
sense, accumulating evidence suggests that perinatal insults also
contribute to an increase risk of developing BD (9), particularly
those cases with psychoses (8).
NEURODEVELOPMENTAL ETIOLOGY OF
SCZ AND OTHER PSYCHIATRIC
DISORDERS

SCZ has been hypothesized to have a neurodevelopmental origin
(22): an outcome of an aberration in developmental processes
within the brain, which begins long before the onset of the
clinical symptoms (36, 39). There are numerous independent
lines of evidence supporting this hypothesis. For example, there
is a conspicuous absence of gross physical damage or signs of
progressive neurodegeneration in SCZ (22, 39). Besides, children
that go on to develop SCZ present behavioral, physical and brain
morphological alterations, before the clinical onset of psychosis
(15, 36, 39–41).

Finally, individuals who develop SCZ are more likely to have
experienced pre- or perinatal adverse events (22, 42), or
adolescent disturbances in brain development, compared to
control individuals (36, 39, 41, 43). These adverse events
include intrauterine growth retardation, pregnancy and birth
complications (44), nutritional deficiencies (45, 46) maternal
stress (47), and maternal infections (48).

There is also mounting evidence for the role of
neurodevelopmental disturbances in the etiology of BD, as
thoroughly reviewed by (9). In this regard, there is high co-
morbidity between BD and other developmental disorders such
as attention-deficit/hyperactivity disorder (ADHD) and ASD (9).
Remarkably, there are increased rates of BD due to obstetric
complications, cesarean section birth and perinatal infection (8,
9, 49, 50).
MATERNAL INFECTION, SCZ, AND
OTHER NEURODEVELOPMENTAL
DISORDERS

Ecological studies, including those based on the subjective report
of illness, suggest that SCZ is more prevalent in the offspring of
women that were pregnant during periods of influenza epidemics
(51, 52), as well as other types of infections, including diphtheria,
pneumonia, measles, varicella zoster, mumps and poliovirus (4,
53–56). Similarly, SCZ is more prevalent among individuals born
to pregnancies that occur during winter, a season associated with
an increased frequency of respiratory infections (36, 51, 57). The
main limitation of these studies is that “exposure to infection”
was defined solely by the fact that the individual was pregnant
during the time of the epidemic (i.e., based on the date of birth of
the offspring).
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It was later shown that SCZ in the offspring is significantly
associated with maternal infections using individual biomarkers of
illness in the maternal serum or clinical diagnoses (4). These
included respiratory infections (58), influenza (59, 60), rubella
(61, 62), Toxoplasma gondii (63, 64), herpes simplex virus-2
(HSV-2) (65, 66), maternal genital or reproductive infections
(67), and maternal bacterial infections (68). Some of these studies
used a broad definition of psychosis, where both non-affective (e.g.,
SCZ) and affective (e.g., major depression or BDs with psychotic
features) psychiatric disorders were included (62, 66, 69). This
suggests that maternal infection may be involved in the
development of psychotic features that may not be necessarily
restricted to those that characterize SCZ, but several other disorders
as well. Indeed, MIA involving influenza has been linked to BD (9)
[and Toxoplasma gondii infections to a lesser extent (70)],
especially for those patients that also develop psychotic features (8).

What remains unclear from these studies is the critical stage
(s) of gestation during which the developing brain may be more
vulnerable to this prenatal insult. Indeed, those studies that
have tried to dissect a specific trimester of gestation where
vulnerability to MIA may be increased, have provided evidence
for all three trimesters (58, 59, 68, 69, 71, 72). Overall, effect sizes
of prenatal infection across gestation and development of SCZ in
the offspring range from 1.5 to 7 for different infections (73),
suggesting the existence of additional factors that confer
vulnerability or resilience (6).

The wide variety of infections associated with SCZ and BD with
psychosis suggests that there may be a common factor underlying
increased susceptibility (74). Therefore, it has been hypothesized
that maternal immune activation (MIA), and the inflammatory
mediators released following all types of infections (4), may be
fundamentally involved. Epidemiological studies have provided
some evidence supporting this hypothesis. Increased levels of
maternal pro-inflammatory cytokines, specifically interleukin (IL)-
8 (72), tumor necrosis factor (TNF)a (69, 71, 75, 76), IL-6 (71, 75,
76), C-reactive protein (77) are associated with a higher risk of
psychosis or SCZ in the offspring. Several animal models have been
developed to investigate the immunological and neurobiological
link between MIA and altered behavior in the offspring, with heavy
emphasis in behavioral alterations.
ANIMAL MODELS OF MATERNAL
INFECTION

Initial approaches used prenatal infection with an influenza virus
[at gestational day (GD) 9 in mice], followed by the application
of a battery of behavioral tests relevant to SCZ in the adult
offspring (78). These studies showed that the adult offspring of
infected mothers presented, compared to the offspring of control
dams, decreased social interaction, reduced exploration in the
open field, impaired performance in the novel object test,
indicative of impaired working memory as observed in SCZ
and diminished PPI of acoustic startle (78). These behavioral
alterations are analogous to aspects of SCZ.
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Viral Mimetic Poly I:C
Further studies investigated the consequences of MIA using
molecular immunogens in rats and mice. The viral mimic
polyinosinic:polycytidylic acid (poly I:C) has been used to
stimulate the maternal immune system (with one or multiple
injections), at several stages of pregnancy in mice or rats, ranging
from GD 8.5 until GD 18.5. The effects of these prenatal
treatments have been extensively reviewed elsewhere (6, 7, 79–
81); thus, we will focus on those consequences more closely
relevant for psychosis. Prenatal stimulation with poly I:C
induced deficits in an operational measure of sensorimotor
gating (82), pre-pulse inhibition of acoustic startle and
increased sensitivity to the locomotor activating effects of
cocaine, AMPH and methamphetamine, whose locomotor
effects depend on the mesolimbic DA system (83–105).

An overall trend regarding these two phenotypes is one where
PPI deficits are more consistently observed when MIA occurs at
gestational stages earlier than GD 16 in both mice and rats. At
the same time, hyper-responsiveness to activators of the
mesolimbic dopaminergic system appears when challenging
the mothers at any developmental age [reviewed in (79)].

Models of Bacterial Infections
The role of bacterial infection has also been investigated by using the
Gram-negative bacterial cell wall component, lipopolysaccharide
(LPS). In rats, injections at several stages of gestation, ranging from
GD 9 until birth, induced, in the offspring, impairments in PPI, and
increases in sensitivity to the locomotor effects of AMPH (106–117).
LPS has also been administered either in alternate days (118) or
daily throughout pregnancy (119, 120). Similarly to acute LPS
administration, these chronic prenatal treatments also induced
impairments in PPI (118–120).

Other Models of Inflammation
Turpentine (TURP) is an inflammatory agent whose injection
[intramuscular (i.m.)] produces localized necrotic damage (121)
and the sequential induction of TNFa and IL-1b at the site of
injury, which trigger IL-6 release into the circulation (122, 123).
Using TURP at GD 15 or 18 in rats, we found that an earlier
challenge with TURP induces greater maternal inflammatory
response compared to later in gestation (124). Furthermore, this
difference in the inflammatory response during pregnancy
correlates with the effect on the offspring, such that treatment
at GD 15 induces impairment in PPI and hyper-responsiveness
to AMPH, while the same treatment at GD 18 does not affect any
of these behaviors (124).

Overall, some of the alterations in behavior induced by either
polyI:C or LPS, have been shown to appear in the adult but not in
the juvenile offspring (84, 93, 120, 125), as occurs in SCZ
patients. Also supporting the validity of the models toward the
disorder is the observation that a number of these alterations,
including deficits in PPI, were shown to be reversed by either
acute or chronic treatment with several antipsychotic drugs in
adult or adolescent animals [i.e., haloperidol, chlorpromazine,
olanzapine, risperidone or clozapine, which constitute the
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primary pharmacological treatment for psychotic illness (78,
83–85, 89, 119, 126–132)].
EFFECTS OF MATERNAL INFECTION ON
DOPAMINE NEUROTRANSMISSION IN
MOUSE MODELS

Given the central role of DA neurotransmission in SCZ, the
findings on the exaggerated locomotor response to AMPH and
other drugs that stimulate DAergic neurotransmission following
MIA, and the effectiveness of antipsychotic treatments to reverse
MIA effects, several studies investigated the effects of prenatal
immune activation on this neurotransmitter system. One often
used approach is the measurement of tissue DA content and its
metabolites, 3,4-dihydroxyphenylacetic acid (DOPAC) and
homovanillic acid (HVA, Figure 1B).

Prenatal poly I:C treatment at GD 15 induces enhanced release
of DA from striatal explants in the adult offspring (83). In addition,
poly I:C treatment at GD 9 results in increases DA and DOPAC
levels in the PFC and the globus pallidus (GP) and HVA in the
nucleus accumbens (NAcc) and GP of adult mice (133). Increases
in DA are also found in the NAcc following poly I:C treatment at
GD 9 (134). Similarly, several injections of poly I:C (GD 12-17)
result in elevated levels of DOPAC and HVA in the adult STR (84).

Prenatal LPS treatment has been shown to have somewhat
variable effects on DA. For example, daily administration of LPS
throughout the entire pregnancy results in increased DA levels in
the NAcc of adult animals (P 120, 170, or 400), but lower DA
levels in younger animals (P 39) (119, 120). Interestingly, a single
LPS administration at GD 10, results in a decrease of DA in the
dSTR (135–140). Decreased DA is also found in the NAcc, PFC,
amygdala, hippocampus, and hypothalamus, accompanied by
decreased levels of HVA in the NAcc and amygdala (P 120)
(140). Similarly, decreased DA levels in the NAcc at P 83 were
found when escalating doses of LPS were administered daily
from GD 15 until 19 (141).

Using MIA with TURP, we found increases in DA, DOPAC,
and HVA in the NAcc, but not in the dorsal STR or the PFC of
the male offspring in rats (142, 143).

Prenatal poly I:C treatment (GD 9) results in increased tyrosine
hydroxylase (TH) immunoreactivity, the rate-limiting enzyme for
the synthesis of DA, in the mesencephalon of embryonic mice at
GD 13 and 17 (92), as well as in the NAcc and SN of adult mice (P
120) (93). In the NAcc, TH immunoreactivity was decreased at P 35
(93) but increased at P 70 (90, 93). DAT immunoreactivity is also
found to be increased in the fetal mesencephalon (GD 17) (92), but
decreased in the dSTR at P 35, as well as in the NAcc at GD 19 and
P 35 (93). Immunoreactivity of DA receptors, D1 and D2, is
reduced in the adult mice’s PFC (90, 144) and increased in the
NAcc (for both D1 and D2) and dSTR (only D1) (93). In contrast,
Ozawa et al. reported that DA D2 receptor’s binding is reduced in
the STR of adult mice (84). Most of these data are consistent with a
scenario of increased synthesis of DA in the adult brain of MIA
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offspring, particularly in the meso-limbic, but not in the meso-
cortical pathway.

The effects of prenatal LPS administration on these markers
of DA neurotransmission are rather conflicting. Borrell et al.
(118) found increased TH immunoreactivity in the NAcc and
bed nucleus of the stria terminalis in adult rats whose mothers
were treated with LPS on alternate days during the entire
pregnancy. In contrast, Ling et al. reported in several studies
that a single dose of LPS at GD 10 leads to a significant decrease
in TH immunoreactivity, which was significant in the SN, at
several postnatal ages (P 21, 120, 210, 420, 510) as well as in the
VTA of post-weanling rats (135–140). As above, these results
support the idea that models of bacterial MIA have different
outcomes compared to those involving viral mimetics.

Finally, prenatal TURP administration at GD 15 leads to an
increase of TH levels in the NAcc, but not in other DA terminal
areas such as the dorsal STR or the PFC, nor in the VTA or SN
(124, 142, 143).

Overall, poly I:C and TURP inducemolecular changes consistent
with hyperactivity ofmesolimbicDAneurotransmission, whichmay
underlie the hyperactivity in response to AMPH and other
behavioral alterations that can be corrected by administration
of antipsychotics.
ROLE OF MATERNAL CYTOKINES IN
INDUCING MIA ALTERATIONS

A more causal role for elevated maternal cytokines in SCZ-related
alterations has been established through the administration of
exogenous cytokines to pregnant rats or mice. These
manipulations have been shown to be sufficient to induce several
molecular and behavioral effects in the offspring. For example,
prenatal administration of IL-6 in mice (at GD 9, 5 mg, i.p.) results
in impairments in PPI and other behaviors in the adult offspring,
whereas a similar treatment with IFNg or TNFa does not affect the
offspring (86). Significantly, the effect of an influenza virus and poly
I:C treatments on the fetal brain transcriptome overlapped to those
of IL-6 administration in utero, supporting the idea that many
effects of poly I:C are mediated by this cytokine (145).

Importantly, functional inhibition of poly I:C-induced IL-6 in
pregnant mice prevented several of the behavioral effects of
prenatal poly I:C in the offspring, including impaired PPI (86).
Also, the offspring of IL-6 “knock-out”mothers treated with poly
I:C, do not present these alterations (86). Similarly, knock-out of
IL-6 receptor in the placental trophoblasts prevented several
effects of prenatal poly I:C treatment (146), indicating a crucial
role of this organ in mediating the effects of MIA.

We also observed that co-treatment with an anti–IL-6 antibody
during gestation and TURP prevented the development
of a hyper-active DAergic system (143). This prenatal treatment
effect ively rescued the exaggerated AMPH-induced
hyperlocomotion and behavioral sensitization, elevated DA, and
TH in the NAcc in the offspring of TURP-treated mothers (143).

IL-6 can, in turn, act in more than one way to affect
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neurodevelopment (Figure 1C). One such mechanism is
hypoferremia, a reduction in maternal circulating non-heme
iron, which characterizes the acute phase response and is
triggered by all types of infection (147, 148). Proper iron
homeostasis is fundamental for healthy brain development,
especially for the DAergic neurons (149). Indeed, we
demonstrated that maternal iron supplementation, which
counteracts inflammation-induced hypoferremia, prevented the
development of exacerbated responses to a single AMPH
injection and enhanced behavioral sensitization following
repeated exposure to this drug in the offspring (142).
Furthermore, maternal iron supplementation during MIA also
reversed the increased levels of TH, DA and its metabolites in the
NAcc found in the offspring of mothers treated with TURP
(142). Notably, iron levels in the placenta were reduced by MIA
(but not in the fetal brain), which were rescued by maternal iron
supplementation (142), supporting a role for this organ in
mediating the effects of MIA in the development of the brain.

Another potential mediator of MIA, downstream of IL-6, is
IL-17a (Figure 1C), since blocking the latter cytokine with anti–
IL-17a antibodies prevented cortical malformations and the
emergence of abnormal behaviors in adult MIA offspring,
including impaired social interaction and increases marble-
burying behavior (150, 151). Meanwhile, overexpression of the
anti-inflammatory cytokine IL-10 in maternal macrophages
prevented the MIA-induced deficits in PPI, although in itself,
elevated IL-10 also induced other behavioral alterations (91). In
addition to IL-6, the hormone leptin has also been implicated on
the effects of MIA in the DAergic system.

Leptin
Leptin is the product of ob gene (152), a hormone that regulates
food intake and energy expenditure (153–155). Leptin is primarily
produced by adipose tissue and secreted into the circulation, where
levels correlate positively with body fat mass (156, 157). Leptin has
a multitude of physiological roles, including regulation of
inflammatory processes (158, 159). For example, leptin
treatment induces pro-inflammatory cytokines, including TNFa,
IL-1b, IL-6, and IFN-g (160–162). Inflammatory stimuli (e.g.,
TNFa, IL-1b, LPS, and TURP) in turn increase leptin synthesis
(163–167). During the acute inflammatory response, leptin is
involved in the induction of several sickness-type responses,
such as anorexia and fever (168–173).

Despite its clear involvement in several aspects of the
inflammatory response to infection, the role of leptin in brain
development has not yet been extensively studied. We
demonstrated that neutralization of leptin during MIA was
effective in curtailing several alterations induced by prenatal
TURP, including the hype-sensitized locomotor response to
AMPH, and increases in DA in the NAcc (Figure 1C) (143).
Intriguingly, leptin could affect the development of the
dopaminergic system, as constitutive leptin mutant mice have
impaired locomotor response to AMPH, and diminished DA
release in the NAcc (174). Leptin can also exert impairing effects
or the control of cytokines expression in the placenta (175).
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CONCLUDING REMARKS

MIA alters the development of the dopaminergic system and
many other neurotransmitter systems and brain regions (5, 6, 79,
80). Maternal cytokines, particularly IL-6, are central in
mediating these effects (5). However, other neuroendocrine
factors, such as the adipokine leptin, are potentially involved
and deserve further investigation.

Maternal infections and other environmental risk factors for
SCZ and neurodevelopmental disorders may independently
account for a few clinical cases since exposure to them does
not always generate the disorder or are implicated in several
psychiatric illnesses (6, 39, 79, 80, 176, 177). In this
regard, heterogeneity of response characterizes all known
environmental risk factors for psychopathology, including
the most overwhelming of traumas (176). Such response
heterogeneity is associated with pre-existing genetic (175) or
epigenetic (i.e., chromatin modifications) differences (178).

This hypothesis implies that in any given population, individual
predisposition is directly responsible for the vulnerability or
resilience to the environmental causes of many psychiatric
conditions (176), including SCZ (39, 179). Regarding
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vulnerability, there is a significant interaction between maternal
HSV‐2 seropositivity and GRIN2B genetic variation (GRIN2B
encodes for a NMDA glutamate receptor) (180). Also, exposure
to maternal infection has been reported to increase the risk of SCZ
only in cases with a family history of psychiatric disorders (181,
182). Animal models of MIA support this notion, as the effects of
poly I:C are enhanced when they occur in mice mutant for genes
linked to SCZ and other disorders (183–185). Furthermore,
interaction with other environmental risk factors, such as
maternal diet, gut microbiota, or experiences of peripubertal
trauma, can have a synergistic effect with maternal infection or
prevent its detrimental effect (6, 79, 186). Therefore, systematically
generating translational models of the interaction between genetic
and environmental (or environmental and environmental) risk
factors for SCZ and other neurodevelopmental and psychiatric
disorders appears to be the next step in understanding the
etiology of mental illnesses.
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Dopaminergic, Noradrenergic,
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and Ludovic Jeanjean

Pôle 8/9-APF2R, Centre Hospitalier, Rouffach, France

Background: This study aimed to assess hypothalamic-pituitary dopaminergic (DA),
noradrenergic (NA), thyroid (HPT), and adrenal (HPA) activity in schizophrenia, in
schizoaffective disorder, and in bipolar disorder.

Method: We investigated a combined approach of hormone responses to (1)
apomorphine (APO), a short-acting DA receptor agonist which decreases prolactin
secretion (PRL), and stimulates secretion of growth hormone (GH), adrenocorticotropin
(ACTH), and cortisol; (2) clonidine (CLO), an alpha 2-adrenoceptor agonist which
stimulates GH secretion; (3) 8 AM and 11 PM protirelin (TRH) which stimulates
thyrotropin (TSH) secretion; and (4) dexamethasone which suppresses cortisol
secretion, in 13 hospitalized healthy male controls and 39 untreated male inpatients: 13
with DSM-IV paranoid schizophrenia, 13 with DSM-IV schizoaffective disorder (bipolar
subtype, depressed at the time of the study), and 13 with DSM-IV bipolar disorder
(depressed).

Results: Compared to controls, paranoid schizophrenic patients showed (1) lower APO-
induced ACTH and cortisol stimulation, and (2) higher post-dexamethasone cortisol
values. Compared to controls, schizoaffective and bipolar patients showed (1) lower
DDTSH values (i.e., difference between 11 PM and 8 AM TRH-TSH responses), (2) lower
APO-induced PRL suppression, (3) lower CLO-induced GH stimulation, and (4) higher
post-dexamethasone cortisol values.

Conclusions: Although results must be interpreted with caution because of the small
sample, this preliminary study suggests that depressed bipolar and schizoaffective
patients share common biological dysregulations, distinct from that of paranoid
schizophrenic patients. From a pathophysiological viewpoint, paranoid schizophrenic
patients can be characterized by hyposensitivity of the hypothalamic DA receptors
(possibly resulting from an increase in presynaptic DA release) associated with
increased HPA axis activity, while depressed bipolar and schizoaffective patients can be
characterized by hyposensitivity of the pituitary TRH and DA-D2 receptors (possibly linked
g September 2020 | Volume 11 | Article 5338721134
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to the activation of the hypothalamic TRH and tuberoinfundibular DA neurons,
respectively), together with subsensitive postsynaptic a2-adrenoreceptors at the
hypothalamic level (possibly secondary to an erratic release of NA) and increased HPA
axis activity.
Keywords: schizophrenia, bipolar disorder, schizoaffective disorder, apomorphine challenge, clonidine challenge,
TRH test, dexamethasone suppression test
INTRODUCTION

It is now well established that the secretion of the hypothalamic
hypophysiotropic hormones is controlled by neurotransmitters
posited to play a preeminent role in the pathophysiology of
major psychiatric disorders such as schizophrenia (SCH),
schizoaffective disorder (SAD), and bipolar disorder (BD) (1,
2). Moreover, significant progress over the last decades has also
demonstrated that neuropeptides and neurohormones may be
directly involved in numerous mental illnesses [for a review, see
(3)]. Thus, the neuroendocrine strategy can characterize the
hypothalamic-pituitary dysfunction of affective and psychotic
diseases, and assess the functionality of some neurotransmitter
systems by using suitable pharmacological stimuli. To evaluate
the DA function in psychiatric patients, several studies have used
subcutaneous administration of apomorphine (APO), a non-
selective short acting dopamine (DA) agonist (4). APO inhibits
prolactin (PRL) secretion and stimulates adrenocorticotropic
hormone (ACTH), cortisol, and growth hormone (GH) release
(4–6). In drug-free SCHs, it has been consistently found blunted
hypothalamic-pituitary-adrenal (HPA) axis responses to APO
compared to controls (5–8); this blunting may reflect a
hyposensitivity of the hypothalamic DA receptors in SCHs.
Lower responsiveness of cortisol to APO has also been found
in SADs (5); but not in depressed BDs (9). Regarding GH and
PRL responses to APO, contradictory results have been reported
in SCHs and SADs (4–11). However, some studies found lower
APO induced-PRL suppression in depressed BDs compared to
healthy controls and unipolar depressed patients (9, 12).
Interestingly, it has been reported in patients with major
unipolar depressive disorder with HPA axis overactivity and
melancholic and psychotic features altered ACTH/cortisol and
GH responses to APO (13). These latter findings are in line with
the hypothesis that hypercortisolemia by increasing DA release
may induce a hyposensitivity of hypothalamic DA receptors (14).

Measurement of GH levels following administration of
clonidine (CLO)—a partial a2-adrenoceptor agonist—has been
widely used in the evaluation of noradrenergic (NA) a2-receptor
function in psychiatric patients (15). In depressed patients and in
SADs, GH response to CLO is often blunted (9, 15, 16)
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suggesting a hyposensitivity of hypothalamic a2-adrenoceptors
(15). In SCH, GH response to CLO differs from study to study:
increased, decreased, or unchanged responses have been
reported [for review, see (3)].

Overactivity of the HPA axis, and increased levels of cortisol,
is one of the most replicated biological findings in severe
depressed patients (17). However, hyperactivity of the HPA
axis is not specific to depression since it has also been found in
SCH and SAD (18, 19). Although, the mechanisms underlying
this abnormality are not fully understood, the most striking
feature is that type II glucocorticoid receptor (GR)-mediated feed
back inhibition is impaired—as reflected by a nonsuppression or
an early escape of serum cortisol levels in response to the
dexamethasone suppression test (DST) (20).

Many euthyroid major depressed inpatients display a
chronobiological HPT axis dysregulation (i.e., loss of the
nocturnal surge of thyrotropin [TSH], blunted 11 PM TSH
response to protirelin [TRH] test, and reduced difference
between 11 PM and 8 AM TRH-TSH responses [DDTSH] (21),
possibly associated with abnormal morning TRH-TSH response
and/or alterations in total and/or free thyroxine (T4) and
triiodothyronine (T3) serum concentrations (22). Chronobiological
dysregulation of the HPT axis (as reflected by reduced DDTSH
values) has rarely been found in SCHs, while it has been reported
quite comparable rates of reduced DDTSH values in SADs, unipolar,
and BD depressed patients (9).

In the present study, we used a series of five neuroendocrine
challenges (APO test, CLO test, 8 AM and 11 PM TRH tests,
overnight DST) and examined nine hormonal responses in a
population of 52 male drug-free hospitalized subjects. Our aim
was to identify response patterns in order to provide some
indication of altered central nervous system function in
patients with psychotic and affective diseases.
MATERIAL AND METHODS

Participants
Thirty-nine drug-free male inpatients, without a history of
suicidal behavior, and 13 healthy male hospitalized control
(HC) subjects participated in this study. Patients were
recruited from the inpatient units of the Pole 8/9 of the Centre
Hospitalier of Rouffach (France). All subjects underwent a
standard clinical interview and a semi-structured diagnostic
interview [Schedule for Affective Disorder and Schizophrenia-
Lifetime Version (23)]. Patients were independently classified
according to the Diagnostic and Statistical Manual of Mental
September 2020 | Volume 11 | Article 533872
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Disorders (DSM-IV) (24) criteria by two psychiatrists, blind to
the results of neuroendocrine investigations. The patient group
consisted of 13 paranoid SCHs, 13 SADs (bipolar subtype,
depressed at the time of the study), and 13 BDs (type II,
depressed at the time of the study). Before testing, inpatients
were medication-free for at least 2 weeks. The intensity of clinical
symptoms was evaluated with the Brief Psychiatric Rating Scale
(BPRS, 18-item). The control group consisted of 13 hospitalized
normal male volunteers without a personal or family history of
major psychiatric illness; none of them met criteria for Axis I
diagnostic or had been previously treated with psychotropic
medications. This study was approved by the local ethical
committee (Rouffach Hospital Review Board), and was
conducted in accordance with the Declaration of Helsinki. All
subjects gave their informed consent prior to participation.

Routine physical examination and laboratory tests were
performed in al l subjects . None had a his tory of
endocrinopathy, major medical illness, acute weight change (all
were within 15% of ideal body weight), alcohol, or substance
abuse. All subjects had basal PRL, TSH, FT4, and FT3 values
within the normal range. No patient had received long-acting
neuroleptics, electroconvulsive therapy, lithium salts, fluoxetine,
or monoamine oxidase inhibitor antidepressants within 2 years
of testing. All subjects were on a caffeine-restricted diet for at
least three days before testing and their environment was
synchronized, with diurnal activity from 8 AM to 11 PM, and
nocturnal rest (sleep).

Procedures
To reduce bias due to interferences between the tests, the order of
the tests was carefully determined. Two TRH-TSH stimulation
tests were carried out at 8 AM and 11 PM (day 1), using 200 µg of
synthetic TRH IV (Stimu-TSH, Laboratoires Roussel, Paris,
France) (25). This procedure has the advantage to take into
account the circadian activity of the HPT axis, which is maximal
during night. After an overnight fast, subjects were awoken at 7
AM. An indwelling cannula was inserted into an antecubital arm
vein and kept open with a slow infusion of 0.9% saline. Baseline
blood samples for levels of TSH were collected at -15 and 0 min.
The first TRH-TSH stimulation test was carried out at 8 AM, and
blood samples were taken after 15, 30, and 60 min. The second
TRH-TSH test was performed at 11 PM, on the same day, using
the same procedure; subjects were awake during the sampling
and fasting from 6 PM. The DST was carried out at midnight
with oral ingestion of 1 mg of dexamethasone (Dectancyl,
Laboratoires Roussel, Paris, France), followed by blood samples
drawn for the assay of serum cortisol at 8 AM, 4 PM, and 11 PM
the next day (day 2) (26).

On day 4, an APO test (SC injection of 0.75 mg Apokinon,
Laboratoires Aguettant, France) (10) and on day 8, a CLO test
(0.375 mg of Catapressan®, given orally, Laboratoires Boehringer
Ingelheim, France) (27) were carried out at 9 AM, after an
overnight fasting, according to the same sampling procedure.
Subjects were awoken at 7 AM, and a cannula was inserted into
an anterior forearm vein. Blood was drawn at -30, -15, and 0 min
before APO or CLO administration and further samples for the
assay of GH (following APO and CLO), and PRL, ACTH,
Frontiers in Psychiatry | www.frontiersin.org 3136
cortisol (following APO) were collected at 15, 30, 60, 90, 120,
and 150 min. Throughout the tests subjects were in bed and did
not smoke.

Assays
Blood samples were centrifuged at 3,000 rpm and 4°C, and the
serum separated and stored at -20°C until assay. All hormone
concentrations were determined by immunoassay techniques
based on enhanced luminescence (13). The ACTH assay
(Nichols Advantage® ACTH, Nichols Institute Diagnostics,
San Juan Capistrano, CA) had intra-assay and inter-assay
coefficients of variation of 2.7%–7.9% respectively; the
sensitivity was 1 ng/l. The GH assay (Nichols Advantage®

hGH, same supplier) had intra-assay and inter-assay coefficients
of variation of 3.9%–7.5% respectively; the sensitivity was 0.1 µg/l.
The TSH assay (Amerlite TSH-60 Assay, Amersham International
plc, Amersham, UK) had intra-assay and inter-assay coefficients
of variation of 5.1%–7% respectively; the sensitivity was less than
0.04 mU/l. The FT4 assay (Amerlite FT4 Assay, same supplier)
had intra-assay and inter-assay coefficients of variation of 5.1%–
5.3% respectively; the sensitivity was 0.5 pmol/l. The FT3 assay
(Amerlite FT3 Assay, same supplier) had intra-assay and inter-
assay coefficients of variation of 6.0%–8.0% respectively; the
sensitivity was less than 0.5 pmol/l. The prolactin assay
(Amerlite Prolactin Assay, same supplier) had intra-assay and
inter-assay coefficients of variation of 5.5%–6%, respectively; the
sensitivity was less than 1.3 µg/l.

The cortisol assay (Amerlite Cortisol Assay, same supplier)
had intra-assay and inter-assay coefficients of variation of 6.2%–
8.9%; the sensitivity was less than 3 nmol/l.

Statistical Analysis
Hormonal concentrations at 0 min, immediately before SC
injection of APO, were used to define baseline values of PRL,
ACTH, and cortisol (i.e., PRLBL, ACTHBL, and cortisolBL) (5).
ACTH and cortisol responses were determined for each subject
by subtracting the baseline level from the peak level after APO
(i.e., DACTH and Dcortisol). The PRL response to APO was
expressed as percentage of change from baseline according to the
formula: PRLS = (PRLSAUC/PRLBLAUC)x100 (10) in which
PRLBLAUC is the basal PRL area under the curve (calculated
as follows: PRLBL x 150 min), and PRLSAUC is the PRL
suppression area (defined as the difference between
PRLBLAUC and PRLAUC after APO). GH values from time
points -30, -15, and 0 min were averaged to obtain a single
baseline value before APO (GHAPOBL) and CLO (GHCLOBL)
stimulation tests. To be included in this research, subjects had to
have, before APO and CLO, a GHBL value < 2 µg/l. The
maximum GH responses to APO and CLO (DGHAPO and
DGHCLO, respectively) were determined for each subject by
subtracting the baseline GH level from the peak GH level. The
mean of the two TSH values, at -15 and 0 min, was calculated to
give baseline TSH (TSHBL) value. The maximum TSH response
(DTSH) was determined by subtracting TSHBL level from the
peak TSH level after TRH injection; DDTSH was defined as the
difference between 11 PM-DTSH and 8 AM-DTSH values. To
evaluate the cortisol response to DST we used the maximum
September 2020 | Volume 11 | Article 533872
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cortisol level after DST in any blood sample obtained at 8 AM, 4
PM, and 11 PM on day 2 (26).

Analyses were performed using StatView software version 5.0
(SAS Institute Inc, Cary NC, USA). Given the small sample size,
non-parametric statistical methods were employed. The
comparisons between different patient groups and the control
group were performed using the Mann-Whitney two-tailed test
(U test)—formal corrections for multiple comparisons were not
needed since we made planned comparisons. Within-group
differences were tested by the Wilcoxon two-tailed signed rank
test (T test) for paired data. Correlations between quantitative
variables were estimated using the Spearman rank coefficient (D).
We used receiver operating characteristic (ROC) curves to
determine thresholds of abnormal results (28). Categorical data
were analyzed with either Fisher’s exact test (two-tailed) or Yates’
c2-test. Results were considered significant when p ≤ 0.05.

Results
Table 1 displays the demographic data and the main results of
the DST, TRH, APO, and CLO tests for patients and HCs.
Patients and HCs were comparable for age. Basal hormone
values were not different across diagnostic groups of subjects.
BDs had lower BPRS scores (mean ± SD, 44.6 ± 12.1) than SCHs
(54.9 ± 14.9) and SADs (52.7 ± 15.6) (p < 0.05 by U test).

Apomorphine Test
PRL Levels
There was no age effect for PRLBL and PRLs values. Compared
with HCs, PRLS values were lower in SADs and BDs, while in
Frontiers in Psychiatry | www.frontiersin.org 4137
SCHs the difference was not significant. PRLs values were neither
influenced by PRLBL levels nor by HPA axis activity (i.e., cortisol
at baseline and following DST). As illustrated in Figure 1A, 3
SCHs (23%), 7 SADs (54%), 8 BDs (61%), and 1 HC (8%)
exhibited a PRLs value below 25%. SADs and BDs showed more
frequently blunted PRLs values than HCs (p = 0.03 and p = 0.01,
respectively, by Fisher’s exact test). The distribution was not
significantly different between SCHs and HCs (p > 0.30 by
Fisher’s exact test).

ACTH Levels
ACTH values were not related to age. The ACTH response to
APO was not correlated with ACTHBL levels. Compared with
HCs, DACTH values (Figure 1B) were lower in SCHs, while in
SADs and BDs DACTH values were not significantly different.
Owing to a wide variation of DACTH values, no meaningful
threshold for a blunted response could be defined.

Cortisol Levels
CortisolBL and DCortisol values were not influenced by age.
DCortisol values were lower in SCHs than in HCs. In SADs and
BDs, DCortisol levels were not significantly altered. Cortisol
response to APO was unrelated to the HPA axis activity, as
evaluated by cortisol values at baseline and following DST. We
found a positive correlation between DCortisol and DACTH
values in the overall population (r = 0.75; n = 52; p <
0.00001), in SCHs (r = 0.78; n = 13; p = 0.006), in SADs (r =
0.68; n = 13; p = 0.01), in BDs (r = 0.69; n = 13; p = 0.01), and in
HCs (r = 0.88; n = 13; p = 0.002). As shown in Figure 1C, 7
TABLE 1 | Demographic characteristics and biological data for normal controls and patients.

Control subjects(n =13) Schizophrenic
patients(paranoid
subtype)(n=13)

Schizoaffective
patients(bipolar
subtype)(n=13)

Bipolar patients
(depressed)(n=13)

Age, yearsa 33.2 ± 9.2 31.1 ± 10.3 32.3 ± 10.8 34.3 ± 10.8
Apomorphine test
PRLBL (µg/l) 9.2 ± 5.2 7.0 ± 3.5 8.7 ± 4.4 7.7 ± 3.3
PRLS (%) 40 ± 16 35 ± 15 24 ± 18* 19 ± 10**
ACTHBL (ng/l) 27.5 ± 18.9 25.7 ± 16.1 28.1 ± 15.5 27.2 ± 11.2
DACTH (ng/l) 50 ± 74 12.5 ± 26* 51 ± 50 23 ± 38
CortisolBL (nmol/l) 257 ± 75 343 ± 150 332 ± 103 243 ± 81
DCortisol (nmol/l) 154 ± 160 26 ± 112* 126 ± 155 107 ± 106
GHBL (µg/l) 0.4 ± 0.3 0.7 ± 0.5 1.0 ± 0.8 0.5 ± 0.4
DGH (µg/l) 16.6 ± 9.4 15.9 ± 21.0 20.2 ± 17.0 14.3 ± 8.7
Clonidine test
GHBL (µg/l) 0.4 ± 0.3 0.6 ± 0.3 0.5 ± 0.4 0.4 ± 0.3
DGH (µg/l) 17.4 ± 7.8 15.5 ± 19.4 7.5 ± 10.3** 9.2 ± 8.3*
TRH tests
8 AM-FT4BL (pmol/l) 14.9 ± 3.9 15.1 ± 4.2 14.6 ± 4.0 14.3 ± 4.1
8 AM-FT3BL (pmol/l) 5.1 ± 0.8 5.2 ± 0.9 5.3 ± 0.8 5.5 ± 0.7
8 AM-TSHBL (mU/l) 1.13 ± 0.45 1.30 ± 0.69 1.27 ± 0.50 1.25 ± 0.58
8 AM-DTSH (mU/l) 6.6 ± 3.3 6.6 ± 3.8 5.7 ± 2.5 7.4 ± 3.2
11PM-TSHBL (mU/l) 1.23 ± 0.72 1.39 ± 0.80 1.18 ± 0.52 0.99 ± 0.55
11 PM-DTSH (mU/l) 10.4 ± 4.1 10.4 ± 4.8 7.2 ± 2.4* 8.2 ± 3.4
DDTSH (mU/l) 3.8 ± 1.4 3.8 ± 2.3 1.4 ± 1.3** 0.7 ± 1.4***
Post-dexamethasone
Maximum Cortisol (nmol/l) 26 ± 15 86 ± 124* 64 ± 67* 71 ± 91**
September 2020 | Volume
aValues are mean ± SD. PRL indicates, prolactin; ACTH, adrenocorticotropin hormone; GH, growth hormone; TSH, thyrotropin; BL, basal concentration; PRLs, prolactin suppression;
D, peak concentration minus basal concentration; DDTSH, 11-DTSH minus 8 AM-DTSH.
Comparisons between control and patient groups were tested by U test (two-tailed): *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.
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SCHs (54%), 3 SADs (23%), 3 BDs (23%), and 1 HC (8%)
exhibited a DCortisol value below 20 nmol/l. While the
distribution of blunted cortisol responses was similar in SADs
and BDs and did not differ significantly from HCs, blunted
cortisol responses were more frequent in SCHs than in HCs (p =
0.03 by Fisher’s exact test).

GH Levels
DGHAPO values did not differ across patients and controls, and
were unrelated to age. APO-GH responses were not significantly
correlated with GHBL levels. Interestingly, DGHAPO values were
positively correlated with DACTH and DCortisol values in the
whole population (r = 0.44; n = 52; p = 0.001 and r = 0.31; n =
52; p = 0.02, respectively), whereas such a correlation was not
found significantly in HCs or in patients. When using a DGHAPO

value of less than 6 µg/l to define a blunted response, 6 SCH
(46%), 4 SADs (31%), 2 BDs (15%), and 1 HC (8%) showed
blunted responses. Compared to HCs, there was a trend towards
increased frequency of blunted GHAPO response in SCHs (p =
0.07 by Fisher’s exact test).

Clonidine Test
The GH responses to CLO were not influenced by GHBL values.
GHBL and DGHCLO values were not significantly correlated with
age in our population. Figure 2A shows the time courses of
serum GH in the 4 diagnostic groups. DGHCLO values were lower
in SADs and BDs than in HCs (Figure 2B). No such difference
was observed between SCHs and HCs. DGHCLO and DGHAPO

values were not significantly correlated in the total sample, in
patients and in HCs. When using a value of less than 8 µg/l to
define a blunted DGHCLO, 4 SCH (31%), 8 SADs (61%) and 7
BDs (54%) had blunted responses; none were noted in HCs.
Blunted GHCLO response was more frequent in SADs and BDs
than in HCs (p = 0.01 and p = 0.03 respectively, by Fisher’s exact
test), in SCHs the frequency did not reach statistical significance
(p = 0.09 by Fisher’s exact test).

Protirelin (TRH) Tests
The effect of age was not significant for FT4, FT3, and TSH
values (TSHBL, DTSH, DDTSH). As illustrated in Figure 3A,
DTSH values were higher in the evening than in the morning in
Frontiers in Psychiatry | www.frontiersin.org 5138
HCs, SCHs and SADs (all p < 0.005 by T test). In BDs, this
increment was not significant (p = 0.09 by T test). TRH-TSH
responses (i.e., 8 AM-DTSH and 11 PM-DTSH), when compared
with HCs, were not different in SCHs and BDs. In SADs, however,
11PM-DTSH values were lower than in HCs. When using an
11PM-DTSH value below 6.5 mU/l to define a blunted response,
6 SADs (46%) and 6 BDs (46%) (both p = 0.07 by Fisher’s exact test,
when compared with HCs); 3 SCHs (23%) and 1 HC (8%) exhibited
a blunted response. As shown in Figure 3B, DDTSH values were
reduced in SADs and BDs, while SCH showed similar DDTSH
values than HCs. Moreover, 12 SADS (92%) and 13 BDs (100%)—
while only 2 SCHs (15%) and 1HC (8%)—exhibited a DDTSH value
below 2,5 mU/l. Rates of reduced DDTSH values were comparable
in SADs and BDs and were higher than in HCs and SCHs (all p <
0.0003 by Fisher’s exact test).

Dexamethasone Suppression Test
Post-DST cortisol values were not influenced by age. Compared
with HCs, post-DST cortisol levels were higher in patients.
However the incidence of nonsuppression of cortisol after
dexamethasone [i.e., highest post-DST cortisol level > 130
nmol/l (13)] was rather low: DST nonsuppression was
A B C

FIGURE 1 | Prolactin suppression (A), and maximum increment in serum adrenocorticotropic hormone (ACTH) (B), and cortisol (C) above baseline after 0.75 mg
SC of apomorphine in controls and patients. The solid horizontal lines indicate the group mean; the shaded areas represent ± SEM. HCs, healthy control subjects;
SCHs, patients with paranoid schizophrenia; SADs, patients with schizoaffective disorder; BDs, patients with bipolar depression.
A B

FIGURE 2 | Time course (A) and maximum increment (B) in serum growth
hormone (GH) above baseline after 0.375 mg of clonidine PO in controls and
patients. The solid horizontal lines indicate the group mean; the shaded areas
represent ± SEM. HCs, healthy control subjects; SCHs, patients with
paranoid schizophrenia; SADs, patients with schizoaffective disorder; BDs,
patients with bipolar depression.
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observed in 2 SCHs and 2 BDs (both 15%); 1 SAD (8%); and
none HC (Figure 4).

Frequency of Abnormal Test Responses
Among Patients and Control Subjects
Figure 5 summarizes the number of abnormal test responses in
patients and HCs. When analyzing the frequency of normal/
abnormal test responses (i.e., APO-PRLs, APO-DCortisol, CLO-
DGH, TRH-DDTSH), SADs and BDs displayed a similar pattern
of abnormalities, significantly different from SCHs (Yates’ c2 =

28.43, df =7, p < 0.0002).
DISCUSSION

Our study clearly demonstrates that multihormonal responses to
a series of neuroendocrine test battery (APO test, CLO test, 8 AM
Frontiers in Psychiatry | www.frontiersin.org 6139
and 11 PM TRH tests, and DST) vary according to diagnostic
categories. In unmedicated paranoid SCH inpatients, pituitary-
adrenal response to APO (i.e., DACTH and DCortisol) was
reduced, while hormone responses to CLO and TRH tests were
not significantly altered. The patterns of abnormality of
hormonal responses of unmedicated depressed SAD and BD
inpatients were very close and were characterized by a reduced
APO-induced PRL suppression, a reduced CLO-induced GH
stimulation, and a chronobiological alteration of the HPT axis
(as reflected by reduced DDTSH values). It should be noted that
in the affective groups, BDs showed weaker psychotic symptoms
than SADs (as reflected by lower BPRS scores), while their
hormonal profile was quite comparable. Hence, this would
suggest that the biological correlates of psychotic symptoms
depend on the nosographical context. Increased HPA axis
activity (as evidenced by higher post-DST cortisol values
compared to HCs) was observed in SCHs as well as SADs and
BDs—although overt hyperactivity of this axis (i.e., DST non-
suppression) was rather infrequent in patients of our sample. In
addition, the differences observed in test responses between
patients and HCs did not seem to be an artifact of factors
known to influence serum hormone levels (such as age, gender,
medication) since we investigated a population of middle-aged
male drug-free subjects.

Apomorphine Test
Confirming our previous studies (5, 7, 8), ACTH and cortisol
responses to APO are strongly correlated. This suggests that
cortisol stimulation by APO, despite localization of DA-D2

receptors in the adrenal gland (29), is secondary to that of
ACTH. Blunted ACTH/cortisol to APO response has
consistently been found in schizophrenia (5–8). This blunting
appears independent of HPA axis activity (6) and DST status (7,
8). Moreover, it seems unlikely that decrease APO-induced
ACTH/cortisol stimulation is due to decreased reserve of
pituitary ACTH (8) or residual antipsychotic effect, given that,
in our study, baseline PRL levels are similar between SCHs and
HC (antipsychotics via a D2 blocking effect can increase
prolactinemia). From a pathophysiological viewpoint, the
mechanisms underlying a reduced ACTH/cortisol response to
A B

FIGURE 3 | Maximum increment in serum thyrotropin (TSH) level above baseline (DTSH) after 200 mg IV of protirelin (TRH) (A), and difference between 11 PM-DTSH
and 8 A-DTSH (DDTSH) (B) in controls and patients. The solid horizontal lines indicate the group mean; the shaded areas represent ± SEM. HCs, healthy control
subjects; SCHs, patients with paranoid schizophrenia; SADs, patients with schizoaffective disorder; BDs, patients with bipolar depression. †p < 0.005 by T test
(comparison between 8 AM-DTSH and 11 PM-DTSH values).
FIGURE 4 | Highest serum cortisol value following dexamethasone
suppression test (DST) in controls and patients. The solid horizontal lines
indicate the group mean; the shaded areas represent ± SEM. HCs, healthy
control subjects; SCHs, patients with paranoid schizophrenia; SADs, patients
with schizoaffective disorder; BDs, patients with bipolar depression.
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APO are not completely understood. It is known that APO binds
the D2-like (D2, D3, D4) receptor and the D1-like receptor (D1,
D5) subtypes (30). Since D2 and D1 receptors are involved in the
regulation of CRH (31, 32)—and therefore ACTH release—one
may hypothesize that the blunted ACTH/cortisol response to
APO reflects reduced hypothalamic DA receptor sensitivity.
Interestingly, D2 receptors are also expressed in the pituitary
corticotroph cells but their role is thought to be inhibitory on
ACTH secretion (33). Therefore, the blunted ACTH/cortisol
response to APO in paranoid SCHs is compatible with a
hyposensitivity (or persistent down-regulation) of the DA-D2

and/or D1 receptors connected with the regulation of HPA axis
possibly secondary to increased presynaptic DA activity at the
hypothalamic level. Given the DA abnormality in SCH is thought
to primarily involve synthesis and release activity (34), our
results are in line with the hypothesis of an increased DA
activity in the mesolimbic-hypothalamic pathway in paranoid
SCHs. However, APO has also affinity for serotonin receptors (5-
HT1A, 5-HT2A, 5-HT2B, and 5-HT2C), and a-adrenergic
receptors (a1B, a1D, a2A, a2B, and a2C) (30, 35). Most of these
receptors have been involved to different degrees in the regulation of
CRH activity [for a review, see (3)]. Consequently, the blunted
APO-induced ACTH/cortisol stimulation might also reflect in part
5-HT and a-adrenergic receptor dysfunction, although this
hypothesis needs further investigation in schizophrenic patients.

The GH and ACTH/cortisol responses to APO are correlated
in the whole sample, but not in the diagnostic groups of subjects.
Despite there is a trend towards blunting in SCHs, DGHAPO

values are not significantly different across patients and HCs.
This latter result is in agreement with previous published reports
(5–7, 36, 37) but not all (38, 39). As previously discussed (8), the
effect of APO on GH involves different pathways from those
mediating ACTH/cortisol response, since this response requires
the participation of GH-releasing-hormone (GHRH) neurons
and acetylcholine, and other neurotransmitters/hormones such
as NA, 5-HT, GABA, ghrelin, and cholecystokinin are probably
Frontiers in Psychiatry | www.frontiersin.org 7140
involved in the GH response to APO. These confounding factors
consequently may limit the value of the GH response to APO in
the investigation of DA function in psychiatry.

In agreement with several studies (5, 9, 12, 40) APO induced-
PRL suppression is altered in our population of BDs and SADs.
The lack of significant difference in the PRL response to APO
between SCHs and HCs is also consistent with prior reports (5, 7,
9) but not all (41). The release of PRL is inhibited by the
tuberoinfundibular (TI) DA neurons via D2 receptors (4). Our
findings suggest hyposensitivity of the D2 receptors of the
lactotrophs in BDs and SADs, possibly secondary to the
activation of the TIDA neurons. However, it is also possible
that PRLs blunting might be due to functional alteration of
lactotrophs cells. This hypothesis is not confirmed by a previous
study (40), in which 8 AM and 11 PM PRL responses to TRH
stimulation tests were comparable between unipolar (UP) and
bipolar depressed patients, while BDs, unlike UPs, exhibited
blunted APO-induced PRLs values (12).

Clonidine Test
CLO induces a robust GH response via activation of postsynaptic
a2-adrenoceptors, which increase the secretion of GHRH and
inhibit the secretion of somatostatin (42). The blunted GH
response to CLO is well documented in depression (16, 26, 43)
and in SAD (9, 16). Such a response may be due to decreased
postsynaptic a2-receptor responsiveness linked to an erratic
release of presynaptic NA (43). Thus, the comparable DGH
values found in depressed BDs and SADs suggest a possible
biological link between these two diseases (i.e., NA dysregulation).
In agreement with a previous study of our group (16), DGHCLO

values in paranoid SCHs are not altered (suggesting normal
sensitivity of hypothalamic a2-adrenoreceptors in these patients),
although in disorganized SCHs it has been found greater CLO-
induced GH responses (37) (suggesting hypersensitivity of a2-
adrenoreceptors in these patients). However, this latter finding
has not been replicated (16).
FIGURE 5 | Number of abnormal test responses in controls and patients. HCs, healthy control subjects; SCHs, patients with paranoid schizophrenia; SADs,
patients with schizoaffective disorder; BDs, patients with bipolar depression. PRLs, prolactin suppression following apomorphine (APO); DCOR APO, maximum
increment in serum cortisol level above baseline after APO; DGH APO, maximum increment in serum growth hormone (GH) level above baseline after APO; DGH
CLO, maximum increment in serum growth hormone (GH) level above baseline after clonidine (CLO); 11 PM-DTSH, maximum increment in serum thyrotropin level
above baseline (DTSH) after protirelin (TRH); DDTSH, difference between 11 PM-DTSH and 8 A-DTSH values. Comparisons between HCs and patients: *p < 0.05;
***p < 0.001 (by Fisher’s exact test).
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Protirelin (TRH) Tests
Results obtained from the morning TRH-TSH challenge agree
with those of previous published reports [for review, see (21)].
Morning TRH-TSH responses are not significantly different
across the patient and control groups. In the evening, TRH-
TSH responses at 11 PM are higher than at 8 AM (albeit not
significant in BDs). Consistent with a previous study, DDTSH
values are reduced in depressed SADs and BDs, while they are
unaltered in SCHs (9). We have already discussed that the
DDTSH test is a chronobiological refinement of the TRH test
(25, 44). Pathophysiological components involved in an
abnormal DDTSH test may be synthesized as follows (21):

1. A chronobiological component involving the determinants of
circadian TSH secretion [i.e., a weaker output of the
hypothalamic suprachiasmatic nuclei (45)], since reduced
DDTSH values are associated with decreased 24-h TSH
mesor and amplitude levels in depression (25).

2. A chronesthesic component involving TRH receptor
sensitivity, since altered sensitivity of TRH receptors is
more evidenced at 11 PM than at 8 AM (25). TRH
receptor hyposensitivity may be adaptive to prolonged
hypersecretion of endogenous TRH (46).

3. A self-regulating component, since the DDTSH test takes into
account the negative feedback of thyroid hormones on TSH
secretion. Indeed, the TRH test performed at 8 AM stimulates
thyroid hormone secretion, increasing, therefore, the negative
feedback of thyroid hormones on TSH secretion in the
evening (44).

4. A dynamic component, since 11 PM-DTSH blunting could
also be related to a reduced TSH resynthesis in the
thyrotrophs during the hours following the 8 AM TRH test
(given that TRH stimulates preformed TSH). Decreased TSH
synthesis could involve a hyposensitivity of the pituitary TRH
receptors and/or an increased negative feedback of thyroid
hormones, or a decreased central TRH activity [especially in
recent suicide attempters in whom FT4 levels are also reduced
(44)]. In our population, no patient had a history of suicidal
behavior; therefore reduced DDTSH values in SADs and BDs
are unlikely to be due to a decrease in the central activity of
TRH.
Dexamethasone Suppression Test
In our sample, SCHs, SADs and BDs exhibit significant higher
post-DST cortisol values than HCs, indicating a weaker
suppressing effect of dexamethasone. This finding, which could
reflect decreased type II GR function, converges with the growing
literature on HPA axis dysregulation in psychotic and affective
diseases (18, 19, 47). However in our study, DST nonsuppression
occurs only in a low proportion of patients. This non-expected
low incidence—especially in depressed SADs and BDs—is
nonetheless in accordance with some previous but not all
reports [for review, see (3)]. We could presume that the
sensitivity in detecting HPA axis overactivity would be better
using the combined dexamethasone/corticotropin-releasing
hormone (DEX/CRH) test (48–50), although all studies do not
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agree (51, 52). It has been hypothesized that the hyperactivity of the
HPA axis is primarily a reflection of abnormal limbic-hypothalamic
activation, with increased secretion of hypothalamic CRH and
consequent excessive adrenal cortisol secretion (17). Given the
high rate of reduced DDTSH values in BDs and SADs—possibly
reflecting endogenous TRH hypersecretion—one may hypothesize
that increased TRH secretion (both from hypophysiotropic and
non-hypophysiotropic neurons) could decrease glucocorticoid
secretion by impairing the last steps of 11ß-hydroxylation without
affecting the earlier steps (53). In such case, the GR function would
be only partially attenuated, despite CRH overdrive, explaining
therefore why SAD and BD patients with reduced DDTSH values
are often DST suppressors.

Limitations
Some shortcomings in this present study require discussion.
First, our results concern only a specific group of drug-free
male inpatients; they do not appear at present transposable to
outpatients, and consequently they cannot be generalizable to
affective and psychotic patients. Second, given the exploratory
nature of our research, and the drastic inclusion criteria, we
studied a rather small sample of psychiatric inpatients. This may
have reduced the statistical power of our analyses (performed
with nonparametric methods). Thus, our findings must be
considered preliminary until replicated in a larger patient
population. Third, among the confounding factors in assessing
neurotransmitter function, insufficient washout period could be
a major bias. However, our exclusion criteria and the length of
the wash-out period (minimum 2 weeks for the APO test and 3
weeks for the CLO test) seem sufficient to avoid biases induced
by drugs on the systems studied (5, 54). Finally, we did not
measure serum dexamethasone. However, it has been argued
that the concentration of dexamethasone bound to the receptors
in the pituitary is the relevant physiologic parameter rather than
the dexamethasone concentration in plasma (55, 56).

In conclusion, themultivariate neuroendocrine approach used in
this study was able to identify patterns of hormonal response
abnormalities in drug-free hospitalized patients with psychotic
and affective symptoms. From a pathophysiological viewpoint,
our results suggest that depressed bipolar and schizoaffective
patients share common biological dysregulations, clearly distinct
from that of paranoid schizophrenic patients. Future studies are
needed to determine whether these findings could be relevant in
managing psychiatric treatments.
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