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Editorial on the Research Topic

Biomarker Exploration in Neuropsychiatry: Understanding of the Pathophysiology and

Therapeutic Implications

This Research Topic, consisting of fifteen research and review articles, aimed to expand our
knowledge and understanding of inspiring advances in various technologies which have provided
us with new avenues to investigate biomarkers in neuropsychiatric disorders. Among these
technologies, rapid developments in bioinformatics allow us to use computation to extract key
information from biological databases. It includes the collection, manipulation and modeling of
data for analysis, visualization, or prediction through the development of algorithms and software.
It gives the researchers the new skills of finding the needle in a haystack. Here, Huang et al. searched
the Gene Expression Omnibus (GEO) database for microarray studies of fibroblasts, lymphoblasts,
and post-mortem brains of schizophrenia patients. They demonstrated that high FOS expression
in non-neural peripheral samples and low FOS expression in brain tissues exist in schizophrenia
patients. Since FOS is thought to play an important role in the pathophysiology of schizophrenia
(Monfil et al., 2018), they further carried out Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis and revealed that “amphetamine addiction” was among the top 10 significantly
enriched KEGGpathways. Likewise, the protein-protein interaction network analysis indicated that
proteins closely interacting with FOS-encoded protein were also involved in the amphetamine
addiction pathway. To the end, the authors propose that FOS and amphetamine-related genes
may be involved in schizophrenia pathogenesis and represent novel biomarkers for its diagnosis
in clinical practice.

In addition to bioinformatics, the analysis of structural covariance networks (SCNs) has
been successfully applied to obtain the abnormality in brain connectivity of neuropsychiatric
disorders. This technology based on voxel-based morphometry, can generate a map of correlation
between the gray matter volume of a targeted brain region and the other regions (Zielinski
et al., 2010). As such, SCNs analysis is regarded as a potential tool to reflect developmental
coordination or synchronized maturation between different regions of the brain. Here, Wang
et al. investigated abnormalities in SCNs between hippocampal subfields and the whole cerebral
cortex in amnestic mild cognitive impairment (aMCI) and in subcortical vascular mild cognitive
impairment (svMCI) patients, and then made comparisons of these abnormalities between
the two subtypes. They found: (1) significant correlations between hippocampal subfields,
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fusiform gyrus, and entorhinal cortex in gray matter volume in
each group; (2) as compared to normal controls, an increased
association between the left CA1/CA4/DG/subiculum and the
left temporal pole in aMCI group, and covariations between
the hippocampal subfields (bilateral CA1, left CA2/3) and
the orbitofrontal cortex in svMCI group; (3) an decreased
association between hippocampal subfields and the right
fusiform gyrus, as well as increased association between
the bilateral subiculum/presubiculum and bilateral entorhinal
cortex, when aMCI group was compared to svMCI group. These
findings demonstrate that there is altered whole-brain structural
covariance of the hippocampal subfields in svMCI and aMCI
patients and provide insights to the imaging biomarkers of
different mild cognitive impairment subtypes.

Omics-technologies, including genomics, transcriptomics,
proteomics, and metabolomics, have revolutionized biomedical
research over the past two decades, and are now poised to
play a transformative role in the explorations of biomarkers for
neuropsychiatric disorders. In the study by Brandão-Teles et al.
using human oligodendrocyte cell line as the model, the authors
performed a mass spectrometry-based, bottom-up shotgun
proteomic analysis to identify different effects triggered by typical
(chlorpromazine and haloperidol) and atypical (quetiapine and
risperidone) antipsychotic drugs. The results showed that the
two types of antipsychotic drugs shared common effects on
spliceosome machinery, eukaryotic initiation factor-2 signaling,
rapamycin (mTOR) signaling pathway, ubiquitination pathway,
energy metabolism, and 14-3-3 family proteins. Drug-specific
differences triggered by antipsychotics were also observed,
suggesting that (1) risperidone has more pathways in common
with the two typical antipsychotics than with quetiapine; (2)
chlorpromazine appears to increase protein levels, whereas
haloperidol has the opposite action; (3) quetiapine alters
fewer proteins than the other three drugs. Although in vitro
studies may have discrepancies with the in vivo scenario,
these detailed findings shed light on the biochemical pathways
underlying the mechanisms these antipsychotics, which may
guide the identification of novel treatment biomarkers and
the development of new therapeutic strategies. To decipher
the complexity and heterogeneity of neuropsychiatric disorders,
integration of proteomics, bioinformatics and systems biology
can be even more powerful (Guingab-Cagmat et al., 2013).
Hypothalamus has important modulatory functions in the
brain and controls the activity of hypothalamic-pituitary-adrenal
(HPA) axis responding to stress (Myers et al., 2014). Herein,
Zhang et al. established a chronic corticosterone-induced mouse
model of depression to assess the antidepressant-like effects
and mechanisms of baicalin, using a combined method of
proteomics and systems biology. Using proteomics, they found
370 differentially expressed proteins in the depression rat
model after baicalin treatment, including 114 up-regulation and
256 down-regulation in hypothalamus. Then systems biology
analysis was performed to narrow down the information,
and indicates that differentially expressed proteins are focused
on phosphoserine binding and phosphorylation, especially
participate in glucocorticoid receptor (GR) signaling pathway.
Finally, the findings demonstrate that baicalin can reduce

hypothalamic GR phosphorylation to remodel and normalize the
negative feedback of HPA axis.

Metabolomics is a global approach to understanding
regulation of metabolic pathways and networks of a biological
system, and emerges as another powerful tool for identification
of biomarkers in central nervous system research. Here,
for the first time, Papadopoulou et al. conducted a targeted
metabolomics study based on mass spectrometry platform,
to compare the serum metabolomes including up to 300
metabolites of a characterized group of mothers suffering
from post-partum depression (PPD) and a control group of
mothers. They demonstrated increased levels of glutathione-
disulfide, adenylosuccinate, and adenosine triphosphate (ATP)
in the PPD group, which are involved in oxidative stress,
nucleotide biosynthesis and energy production pathways.
Moreover, the metabolomic findings are further validated in
a separate cohort of PPD mothers and controls. Importantly,
the data indicate that PPD-induced molecular alterations are
detectable in the periphery and may open up new perspectives
for more studies aiming at early detection and diagnosis for
PPD. Although studies in peripheral samples are essential
for developing safe, non-invasive diagnostic and screening
approaches for neuropsychiatric disorders, the specificity of
disease-related molecular correlates in peripheral material
has always been one of the biggest challenges we are facing
(Filiou and Turck, 2011). Herein, Zhou et al. compared
plasma free fatty acid (FFA) levels and profiles among healthy
controls (HCs), affective psychosis (AP) patients with bipolar
disorder/major depression as disease-controls, and first-episode
antipsychotic-naïve schizophrenia (FEANS) patients, using a
more focused quantitative metabolomic strategy performed
with capillary gas chromatography. The FFAs are involved
in many important biochemical reactions such as membrane
regeneration, oxidation, and prostaglandin production, which
have important implications in schizophrenia pathology (Yao
and Reddy, 2002). Interestingly, as compared with HCs,
a significant reduction of total FFAs levels and disrupted
metabolism of fatty acids especially in saturated and n-6
fatty acid families were observed in FEANS patients. In the
meantime, the reduction of 16:0, 18:2n6c, and 20:4n6 levels were
merely detected in FEANS patients rather than in AP patients,
which have extensive symptomatic and genetic overlap with
schizophrenia. Collectively, these findings could help us better
understand the lipid metabolism with regard to schizophrenia
pathophysiology and provide insights into searching for
disease-specific biomarkers.

Despite the abovementioned “omics” technologies, discovery
of biomarkers is sometimes based on an underlying assumption
regarding the pathogenesis and pathophysiology of the disease,
a traditional strategy which can be termed as “hypothesis-
driven.” Several hypothesis-driven biomarker verification studies
have been collected in this Research Topic. As it is well-
known that altered HPA axis function has played an important
role in the neurodegenerative process in schizophrenia (Walker
and Diforio, 1997), here Liu et al. performed a quantitative
analysis of the peripheral blood mRNA expression of GR, GR
transcripts containing exons 1B (GR-1B), and neuron specific
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enolase (NSE) genes and serum cortisol and NSE (a specific
serum marker for neuronal damage). In this study, they found
abnormal serum levels of cortisol in chronic schizophrenia
patients and NSE protein levels in first-episode schizophrenia
patients, respectively. Additionally, further evidence of altered
NSE mRNA in chronic schizophrenia, GR mRNA in both first-
episode and chronic schizophrenia and decreased GR-1B mRNA
in chronic vs. first-episode schizophrenia were identified. These
abnormalities particularly implicate the disrupted HPA axis and
the dysregulation of GR mRNA and protein expression can be
manifested at different stages of schizophrenia. Based on the
assumption that abnormal immune system and immunological
responses may be related with the etiology of schizophrenia
(Monji et al., 2013), here another investigation implemented by
Zhu et al. recruited 69 FEANS patients, 87 chronic schizophrenia
patients and 61 HCs. They demonstrated that serum TNF-α and
IL-1β levels in chronic schizophrenia were significantly higher
than HCs, whereas their concentrations in FEANS patients were
significantly lower as compared with both chronic schizophrenia
patients and HCs. A moderate correlation between serum TNF-
α/IL-1β levels and PANSS negative subscale was also found
in chronic schizophrenia patients instead of FEANS. They
concluded that altered immune response in chronic patients
may be associated with the progression, psychotropic drugs,
or other factors occur during chronic stage. The ATP-binding
cassette subfamily B member 1 (ABCB1) gene is a multidrug
resistance protein 1 (MDR1) gene encodes p-glycoprotein (P-gp).
This protein expressed in the blood-brain barrier protects the
brain from drugs or neurotoxic substances, and thus may play
an important role in the bioavailability and response to central
nervous system drugs (de Klerk et al., 2013). Here, Shan et al.
explored the potential correlations of therapeutic responses with
selective serotonin reuptake inhibitors (SSRIs) and serotonin-
norepinephrine reuptake inhibitors (SNRIs) in a local Chinese
Han population consisting of 292 patients with major depression.
Interestingly, they found that the ABCB1 gene polymorphisms
(the TT genotype of rs2032583) could be a predictive factor of
better treatment responses to SNRIs in the Chinese population,
which however, ought to be replicated in future studies with a
larger cohort. Timely updates of underlying mechanisms and
pathophysiology can help to generate new hypotheses, and thus
may greatly accelerate new drug development and biomarker
discovery. Here, Gong et al., for the first time, provided
new evidence highlighting the involvement of biomarkers of
renin-angiotensin system (RAS) in inflammation-impeded brain
insulin pathway, which results in compromised neurobehavioral
changes. The data suggests that inhibition of RAS seems to be
a promising strategy to block or even cut-off the cross-talk and
vicious cycle between RAS and immune system, which could
serve as a potential therapeutic target for the inflammation-
associated neuropsychiatric disorders such as depression.

Second-generation antipsychotics, also named atypical
antipsychotic drugs (AAPDs), are first-line antipsychotics
with greater improvement of negative symptoms and fewer
extrapyramidal symptoms than first-generation antipsychotic
drugs. However, metabolic side effects, especially well-
documented dyslipidemia, type II diabetes, and weight gain

induced by prolonged usage of AAPDs raise the risk of
cardiovascular diseases, resulting in patient non-compliance,
relapse, and increased mortality (Mitchell et al., 2013). Since
related side effects could vary from patient to patient, potential
biomarkers screening to predict the risk of metabolic side
effects of antipsychotic drug is becoming a hot area in
pharmacogenomic research. Here, Li N. et al. systematically
reviewed recently updated findings on the pharmacogenomics
and gene polymorphisms related to lipid disturbances of AAPDs,
with the aim to find the possible relations between central
and peripheral pathways. In the review, evidence indicated
that in central nervous system, HTR2C, DRD2, LEP, NPY,
MC4R, BDNF, CNR1 polymorphisms play an important role
in regulating food intake, and they can be affected by AAPDs.
Meanwhile, the lipid metabolism in peripheral tissues may be
altered by the SNPs of LEP, NPY, MC4R, CNR1, INSIG2, and
ADRA2A. Among these genes, complex pathways are involved
in the modulation of energy intake and energy expenditure,
representing orexigenic and anorexigenic mechanisms. The
disturbance in glucose metabolism is another aspect of AAPD-
induced adverse effects. Recently, accumulating evidence
suggests that Wnt signaling pathway has a pivotal role in
the pathogenesis of schizophrenia and molecular cascades of
antipsychotic actions. TCF7L2, the key effector of Wnt signaling
pathway, is strongly associated with glucose homeostasis (Singh,
2013). Here, a mechanism study performed by Li R. et al.
explore the characteristics of metabolic disturbance induced
by olanzapine and their associations to TCF7L2. Significantly
increased body weight, fasting insulin, homeostasis model
assessment-insulin resistance index, and TCF7L2 protein
expression in liver, skeletal muscle, and adipose tissues were
found, which could be reversed by metformin co-treatment.
The results illustrate that TCF7L2 overexpression in liver,
skeletal muscle, and adipose tissues may serve as a potential
mechanism/biomarker indicative of olanzapine induced
metabolic changes. Anti-N-methyl-D-aspartate receptor (anti-
NMDAR) encephalitis is an autoimmune encephalitis and is
often combined with psychiatric symptoms, such as severe
hallucination, delusion, and aggressive behaviors (Warren et al.,
2018). Some scholars hypothesized that NMDAR dysfunction
was the “final common pathway” underlying the pathogenesis of
schizophrenia (Wang et al., 2017). Therefore, it is believed that
schizophrenia and anti-NMDAR encephalitis may have certain
shared underpinnings and could be on the same spectrum
(Maneta and Garcia, 2014). Here, Yang et al. reported a series
of three cases of anti-NMDAR encephalitis with psychiatric
symptoms. Using the anti-NMDAR antibodies in cerebrospinal
fluid and serum as the treatment biomarker, they found that the
AAPD clozapine may be effective, if the psychiatric symptoms
could not be controlled after intravenous immunoglobulin
and hormone therapy. It is noteworthy that quetiapine and
aripiprazole were ineffective and olanzapine even worsened the
psychiatric symptoms of these cases. It is speculated that the
distinct affinity of receptor subtypes may play a role but the exact
mechanism warrants further investigations.

Previously, metabolomes illustrating what happened in
the organism, were generally considered as end products of
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genomes and thus most of their fate was to be excreted as
waste. However, new advances have modified the theory and
demonstrated that downstream metabolite concentrations
can regulate upstream gene expression, which can in turn
exert certain therapeutic effects by regulating cascades of
biological process and metabolic activity (Bradley et al., 2009).
Hydrogen sulfide (H2S) is regarded as the one of the most
important endogenous gasotransmitter, and plays a number
of roles in the central nervous system under pathological
and physiological conditions such as anti-inflammation,
cytoprotection, anti-apoptosis, and antioxidation (Kimura,
2013). Endogenous H2S is mainly produced from L-cysteine,
cystathionine, and β-mercaptopyruvic acid in mitochondria.
Here, Wen et al. carried out a study showing the multifaceted
vasoprotection of H2S on cerebral ischemia/reperfusion injury.
They demonstrated that both endogenous and exogenous
H2S had prominent protection on vasomotor dysfunction
and neuronal injury induced by transient middle cerebral
artery occlusion in rats. Specifically, KCa channel might be
involved in the cerebrovascular relaxation to H2S, which is
endothelium-dependent. Increasing evidence suggests that many
neurosteroids have neuroprotective properties on the central
nervous system. Although the mechanisms are far from fully
elucidated, progesterone (PROG) and its active metabolite
allopregnanolone (ALLO) have eminent neuroprotective effects
against some nervous system diseases, including traumatic
brain injury and spinal cord injury and schizophrenia-related
cognitive impairment (Cai et al., 2018). Herein, Cao et al.
investigated the capability of different dose of PROG/ALLO
(8.16mg kg−1) on ameliorating ketamine-induced cognitive
deficits, and related mechanisms via the progesterone receptor
membrane component 1 (PGRMC1) pathway in hippocampus
and prefrontal cortex were elaborated simultaneously. The
results showed that PROG or ALLO could reverse the
impaired spatial learning and memory abilities induced by

ketamine, which was accompanied with the upregulation

of PGRMC1/EGFR/GLP-1R/PI3K/Akt pathway in the two
brain regions. Additionally, the coadministration of PGRMC1
specific inhibitor AG205 abolished their neuroprotective
effects, suggesting the crucial role of PGRMC1 underlying
the neuroprotection mechanisms of PROG/ALLO. The
study may shed light on future clinical practice utilizing
neurosteroid adjunctive therapy to enhance cognitive function
in neuropsychiatric diseases by targeting on PGRMC1 signaling.

In summary, this collection highlights the wide range
of technological strategies for discovery and validation
of biomarkers in neuropsychiatric disorders. And new
understanding of the mechanisms underlying the therapeutic
effects of some metabolic biomarkers are also discussed. These
studies enrich the pool of potential biomarkers for future
clinical application, which not only facilitate objective diagnosis
of neuropsychiatric diseases but also help develop promising
avenues to improve treatment responses.
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Olanzapine is a widely used atypical antipsychotic medication for treatment of
schizophrenia and is often associated with serious metabolic abnormalities including
weight gain and impaired glucose tolerance. These metabolic side effects are severe
clinical problems but the underpinning mechanism remains poorly understood. Recently,
growing evidence suggests that Wnt signaling pathway has a critical role in the
pathogenesis of schizophrenia and molecular cascades of antipsychotics action,
of which Wnt signaling pathway key effector TCF7L2 is strongly associated with
glucose homeostasis. In this study, we aim to explore the characteristics of metabolic
disturbance induced by olanzapine and to elucidate the role of TCF7L2 in this
process. C57BL/6 mice were subject to olanzapine (4 mg/kg/day), or olanzapine plus
metformin (150 mg/kg/day), or saline, respectively, for 8 weeks. Metabolic indices and
TCF7L2 expression levels in liver, skeletal muscle, adipose, and pancreatic tissues were
closely monitored. Olanzapine challenge induced remarkably increased body weight,
fasting insulin, homeostasis model assessment-insulin resistance index, and TCF7L2
protein expression in liver, skeletal muscle, and adipose tissues. Notably, these effects
could be effectively ameliorated by metformin. In addition, we found that olanzapine-
induced body weight gain and insulin resistance actively influence the expression of
TCF7L2 in liver and skeletal muscle, and elevated level of insulin determines the
increased expression of TCF7L2 in adipose tissue. Our results demonstrate that TCF7L2
participates in olanzapine-induced metabolic disturbance, which presents a novel
mechanism for olanzapine-induced metabolic disturbance and a potential therapeutic
target to prevent the associated metabolic side effects.

Keywords: olanzapine, Wnt signaling pathway, atypical antipsychotics, TCF7L2, weight gain, insulin resistance

INTRODUCTION

Schizophrenic patients possess an approximately 20% shortened lifespan compared with the
general population. One of the main causes of premature mortality is metabolic syndrome
(MetS) (Hennekens et al., 2005; Raedler, 2010), which is twice higher in schizophrenia patients,
featuring insulin resistance, glucose intolerance, dyslipidemia, hypertension, type 2 diabetes
mellitus (T2DM), cardiovascular disease, and obesity (Rethelyi and Sawalhe, 2011). Largely due
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to MetS (Ryan et al., 2003; Mathieu et al., 2009; Rheaume et al.,
2009), the first-episode, drug-naïve patients present impaired
glucose tolerance, insulin resistant, higher levels of plasma
glucose (Ryan et al., 2003; Spelman et al., 2007), and increased
visceral fat distribution (Thakore et al., 2002; Ryan et al.,
2004). In a recent systematic review and meta-analysis (Mitchell
et al., 2013b), the overall incidence rate of MetS is 32.5%
in schizophrenia patients and related disorders. In clozapine-
prescribed patients, the proportion could be as high as 51.9%
than that in unmedicated patients (20.2%) (Mitchell et al., 2013a).
Furthermore, MetS is also associated with increased risk of
cardiovascular diseases and all-cause mortality (Lakka et al.,
2002).

Increasing evidence shows that atypical antipsychotics (APPs)
are associated with metabolic adverse effects, such as weight
gain, obesity, glucose intolerance, dyslipidemia, and MetS
(Newcomer, 2007; De Hert et al., 2011; Mitchell et al., 2013b).
Compared to the first-episode and unmedicated schizophrenia
patients, the prevalence of metabolic disturbance is significantly
higher in patients on established antipsychotic drugs (9.8% for
unmedicated, 9.9% for first episode, and 35.3% for medicated
patients) (Chadda et al., 2013; Mitchell et al., 2013a). Numerous
studies have demonstrated that APPs are crucial in the high
prevalence of MetS in patients with schizophrenia (Alvarez-
Jimenez et al., 2008; Malhotra et al., 2013). Among APPs,
olanzapine is widely used for management of patients with
schizophrenia and other psychiatric disorders and produces the
most serious abnormalities in glucose and lipid metabolism
(Alvarez-Jimenez et al., 2008; Komossa et al., 2010). The
molecular mechanism underlying olanzapine-induced metabolic
disturbance remains largely unknown, although H(1)-histamine
receptor has been involved in the APPs-induced weight gain
(Kroeze et al., 2003). Interestingly, molecular genetics data show
that genes regulating glucose metabolism predispose human
population to schizophrenia susceptibility (Hansen et al., 2011;
Alkelai et al., 2012). Of these genes, TCF7L2 is found to be
associated with schizophrenia, which is the best replicated risk
factor for T2DM, and exhibits the strongest association to
diabetes susceptibility (Grant, 2012). Previous study suggested
that TCF7L2 may stimulate the pancreatic β-cells proliferation
and affect the production of glucagon-like peptide-1 in intestinal
endocrine cells (Jin and Liu, 2008). As a transcriptional regulator
of the canonical Wnt signaling pathway, it also regulates cell fate
specification during development and cell proliferation (Peifer
and Polakis, 2000; Clevers, 2006; MacDonald et al., 2009).
Previous study suggests that Wnt signaling pathway may be
associated with schizophrenia, and expression of Wnt-related
proteins is altered following APPs treatment, for example, the
expression of β-catenin and glycogen synthase kinase-3 (GSK-3)
protein are increased in rat medial prefrontal cortex and striatum
after APPs administration (Alimohamad et al., 2005a).

Indeed, converging evidence has recently showed that the
protein kinase B (Akt)/GSK-3 and Wnt signaling pathways could
play a key role in the pathogenesis of schizophrenia and the
molecular mechanisms of APPs (Alimohamad et al., 2005a;
Freyberg et al., 2010; Singh, 2013). It has been reported that AKT1
gene polymorphisms are associated with schizophrenia (Xu et al.,

2007), and antipsychotic drugs modulate the Akt/GSK-3 and Wnt
signaling pathways in order to correct the deficits induced by
the gene mutation (Alimohamad et al., 2005b). Furthermore,
the downstream molecule of the diabetes risk genes, TCF7L2,
is associated with schizophrenia (Hansen et al., 2011). These
findings prompt us to investigate the possible involvement of the
TCF7L2 in olanzapine-induced metabolic disturbances.

Metformin, a widely used biguanide antihyperglycemic drug
for T2DM, has been effectively used to prevent antipsychotic-
induced weight gain and other metabolic adverse events (Jarskog
et al., 2013; Boyda et al., 2014). Metformin normalizes blood
glucose levels by suppressing hepatic gluconeogenesis and
increases peripheral tissue insulin sensitivity (Kirpichnikov et al.,
2002).

In our current study, our goal was to explore the molecular
mechanisms and the protective effects of metformin against
olanzapine-induced metabolic disturbance. Male mice were
included in order to exclude sex differences (Cooper et al., 2007;
Wu et al., 2007; Li et al., 2016). Mice were subject to olanzapine,
olanzapine plus metformin, or saline for 8 weeks, respectively,
and the variables including weight, fasting blood glucose, and
insulin and oral glucose tolerance test (OGTT) were determined
prior to and after drug administration. Blood lipid profile and the
expression of TCF7L2 were also monitored in individual tissues
at the end of each treatment paradigm.

MATERIALS AND METHODS

Animals
Male C57BL/6 mice (18.9–22.6 g, 26–30 days old) were obtained
from Hunan Slack King Laboratory Animal Co., Ltd. They were
housed at 22± 2◦C, 55± 15% humidity on a 12 h light/dark cycle
(lights on at 7:00 am). Food and water were allowed ad libitum
throughout the study. The mice were fasted for about 12 h before
the start of experiments (when the mice were 8-week-old). This
study was carried out in accordance with the recommendations
of Guide for the Care and Use of Laboratory Animal (NRCU,
1996), Animal Ethics Committee of the Second Xiangya Hospital
of the Central South University. The protocol was approved by
the Ethics Committee of the Second Xiangya Hospital of Central
South University. After 1 week of acclimatization, the 8-week-old
mice were randomly divided into three groups (10 per group)
as follows: group 1 (sham mice) received a standard chow diet
plus saline, group 2 received a standard diet plus olanzapine, and
group 3 received a standard diet plus olanzapine and metformin.

Drug Treatment
Olanzapine (brand name: Zyprexa) was purchased from Eli
Lilly, United States. Metformin hydrochloride was obtained
from Hunan Xiangya Pharmaceutical Co., Ltd., Changsha,
China. Olanzapine was dissolved in 0.9% saline solution and
maintained in one gavage administration (4 mg/kg/day) every
day for 8 weeks. Olanzapine (4 mg/kg/day, oral) and metformin
hydrochloride (150 mg/kg/day, oral) were prepared as previously
(Matsui et al., 2010; Savoy et al., 2010). The vehicle solution for
metformin was 0.9% saline solution. All the drugs were prepared
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freshly prior to usage and administered orally (gastric gavage)
between 9:00 and 14:00 h every day.

Study Design
Mice (n = 10 per group) were randomly assigned into three
groups. Group 1 was subject to daily gavage of 0.9% saline
solution, while group 2 received daily gavage of olanzapine and
group 3 was given olanzapine and metformin. After 1 week of
acclimatization and fasting for 12 h, the baseline measurement
of body weight, whole-blood glucose level, serum insulin level,
and OGTT were determined prior to the administration of
olanzapine. The body weight of the mice was monitored weekly.
After 8 weeks of treatment, 10 mice in each group were fasted 12 h
and gavaged with glucose (2 g/kg body weight), blood glucose
was measured at baseline and at 0, 30, 60, 90, and 120 min after
glucose load. On the next day, at least 8 h after being fasted, the
mice were killed by decapitation. Blood samples were collected,
serum insulin level, blood lipid level [including total cholesterol,
low-density lipoprotein cholesterol (LDL-C), triglycerides and,
high-density lipoprotein cholesterol (HDL-C)], and OGTT were
determined. The liver, adipose, skeletal muscle, and pancreatic
tissues were collected, immediately frozen in liquid nitrogen, and
stored at −80◦C until further analysis. A part of the pancreatic
tissue was fixed with 4% paraformaldehyde in PBS and stored at
4◦C for immunofluorescence staining.

Metabolic Measures
Blood glucose was determined by clipping tails and using the
glucometer (EKF Diagnostics, Germany). For fasting insulin
measurement, blood samples were collected and centrifuged
(3500 rpm, 20 min, 4◦C) to separate the serum and stored
at −80◦C until assay. Serum insulin level was measured
quantitatively using a Mouse Ultrasensitive Insulin ELISA kit
(ALPCO Diagnostics, United States). The mice fasted for 12 h
were given with glucose (2 g/kg, p.o.). Blood samples were
collected from tail tip incision at 0, 30, 60, 90, and 120 min
after glucose administration. Blood glucose concentration was
plotted against time, and area under the curve (AUCg) was
calculated following trapezoidal rules (Dora et al., 2008). Serum
concentrations of triglycerides, total cholesterol, HDL, and
LDL were measured with an autobiochemical analyzer (C8000,
Abbott, United States).

Insulin resistance index was calculated based on the
homeostatic model assessment of insulin resistance (HOMA-
IR): [fasting insulin (mIU/L) × fasting glucose (mmol/L)]/22.5
(Mather, 2009).

RNA Extraction and Real-Time
Quantitative PCR
Total RNA was extracted from pancreatic tissues by using the
SYBR Green PCR kit (F-415XL, Thermo, United States). RNA
was reverse-transcribed using the protocol provided in the kit
(K1622, Thermo, United States). The primer sequences are
listed in Table 1. The gene was amplified through RT-PCR
method using the SYBRGreen PCR kit (Thermo, United States).
GAPDH was used as the reference gene. Amplification was run

for 40 cycles. Samples were denatured at 95◦C, followed by
annealing at 60◦C. The mRNA expression of the TCF7L2 gene
was quantitatively analyzed using Applied Biosystems 7300 Real-
Time PCR System (Applied Biosystems, Thermo, United States).
Data were analyzed with 2−MM CT (Schmittgen and Livak, 2008).

Immunofluorescence Staining and
Imaging
Pancreatic tissues were fixed for 4 h in 4% paraformaldehyde in
PBS and embedded for paraffin sectioning (5 µm). The sections
were deparaffinised, rehydrated, and incubated overnight at 4◦C
with goat antisera against insulin, TCF7L2 antibody (1:60–70, D-
4, sc-166699, Santa Cruz, CA, United States), and DAPI (AR1176,
Wuhan Boster Company). The sections were subsequently
probed with secondary antibodies for 20 min at 37◦C (Yang
et al., 2012). Images of the pancreatic tissues were acquired using
a fluorescent inverted microscope (Olympus IX71, Japan). For
morphometric analysis, the fluorescence intensity of pancreatic
sections was quantified using the Image J 1.37c1.

Western Blot Analysis
TCF7L2 proteins in the pancreas were extracted for Western blot
analysis (Yang et al., 2012). Frozen tissues were homogenized
in RIPA lysis buffer (Solarbio, Beijing, China) and centrifuged
at 12,000 rpm for 10 min at 4◦C to collect the supernatant.
Protein concentrations of the tissue lysates were determined
by bicinchoninic acid method. Tissue lysates were separated
by SDS–PAGE and transferred to PVDF membranes. Proteins
were probed with rabbit anti-TCF7L2 (1:2500, Abcam Inc.,
United Kingdom) or mouse anti-actin (1:1000, TA-09, ZSGB-
Bio Co., Ltd., Beijing, China) antibodies and incubated with
peroxidase-conjugated affiniPure Goat Anti-Mouse IgG (H+L)
secondary antibody (1:3000, ZB-2305, ZSGB-Bio Co., Ltd.,
Beijing, China). The proteins were visualized using a Western
Lightning Plus Enhanced Chemiluminescence reagent (ECL,
Amersham, United States). Density of the bands was analyzed
with a GDS-8000 system (UVP CA, United States).

Statistical Analysis
Statistics was performed using SPSS 19.0 (Chicago, IL,
United States). Statistical differences in measures of the
different groups were analyzed by one-way ANOVA followed
by Tukey’s multiple-comparison post hoc test. The weight levels
at different time points were compared across groups using
repeated measures ANOVA. Statistical power of the main results

1http://rsb.info.nih.gov/ij/

TABLE 1 | PCR primer sequences used to quantify mRNA levels of TCF7L2 gene
by real-time PCR.

Primer Sequence Pos Size (bps)

TCF7L2 F 5′-GTCCTCGCTGGTCAATGAATC-3′

TCF7L2 R 5′-CCGCTTCTTCCAAACTTTCCC-3′ 667–791 C 125

GAPDH F 5′-ATCACTGCCACCCAGAAG-3′

GAPDH R 5′-TCCACGACGGACACATTG-3′ 585–775 191
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was calculated with G∗Power 3.1. Correlations were identified
using Pearson’s correlation. Multivariate linear regression
was performed to examine the relationship between TCF7L2
expression and the change of weight, fasting blood glucose,
fasting insulin, AUCg, and HOMA-IR during the 8-week study
period. A second analysis was conducted with the metabolic
indexes as independent variables and TCF7L2 expression as the
dependent variable, with the probability of entry set at 0.10 and
removal at 0.15, reporting the coefficient of determination values
that were significant at p-level of 0.05. All data were presented as
mean± SEM. Statistical significance was defined as p ≤ 0.05.

RESULTS

Effect of Olanzapine on Body Weight
No significant difference was found in the body weight of
the three groups (one-way ANOVA, F2,27 = 1.029, p = 0.371)
prior to any treatment. However, olanzapine treatment induced
a significantly higher body weight than control group and
metformin group during (Figure 1A) and also after (Figure 1B,
one-way ANOVA, F2,27 = 0.521, p = 0.012) the 8 weeks
of treatment, although all three groups displayed significantly
increased mean body weight after drug administration. The
alteration of body weight from baseline to week 1 and week 8
was summarized in Figures 1C,D. As indicated in the figure, the
increase of mean body weight in mice was significantly higher
in olanzapine group than control group at week 1 and week
8 (one-way ANOVA, F2,27 = 7.217, p = 0.003; F2,27 = 5.28,
p = 0.012), moreover, treatment with metformin plus olanzapine
significantly ameliorated the mean body weight increase induced
by olanzapine at week 1 and week 8 (p = 0.032 and p = 0.018,
respectively). The statistic power of body weight gain at week 1
and week 8 was 0.77 and 0.67, respectively.

Effect of Olanzapine on Fasting Glucose,
Fasting Insulin, HOMA-IR, OGTT, and
AUCg
As shown in Figures 2A–C, after 8 weeks of drug treatment,
olanzapine-treated mice significantly increased fasting insulin
level and HOMA-IR compared with control group mice (one-way
ANOVA, F2,27 = 29.724, p < 0.001; F2,27 = 29.724, p < 0.001),
whereas no significant difference was found in the fasting glucose
between groups (one-way ANOVA, F2,27 = 0.37, p = 0.694).
Moreover, we assessed the effect of metformin on the metabolic
disturbances induced by olanzapine and found that metformin
remarkably reversed olanzapine-induced fasting insulin elevation
and insulin resistance (both p< 0.001), which was consistent with
previous studies (Wang et al., 2012).

To investigate insulin resistance and pancreatic beta-cell
function, we conducted the OGTT at week 8. Compared with
olanzapine group, metformin plus olanzapine treated mice
significantly reduced the blood glucose level at OGTT 30, 90, and
120 min (Figures 2D,E), and the glucose level was also lower
compared with placebo group mice at OGTT 90 and 120 min.
Oral glucose tolerance test following 8 weeks of treatment in

the mice revealed that AUCg values were significantly lower in
the metformin group compared with olanzapine group (one-way
ANOVA, F2,27 = 7.787, p = 0.001). The AUCg value did not differ
between the olanzapine treatment and control group (p = 0.209).
The statistic power of fasting insulin level, HOMA-IR, and AUCg
at the end of 8 weeks was 0.98, 0.96, and 0.79, respectively.

Effect of Olanzapine on Blood Lipid
In order to evaluate whether olanzapine could induce any
significant difference in blood lipid between control and
olanzapine treatment animals, we measured the serum total
cholesterol, HDL-C, LDL-C, and triglyceride levels in the three
groups after treatment completion. Olanzapine group displayed
a significantly higher serum LDL-C level than control group
(p = 0.034), which could be massively improved by metformin
(Figure 3A, p = 0.02), while no significant difference was found in
the level of total cholesterol and HDL-C between the treatments
(one-way ANOVA, F2,27 = 0.536, p = 0.591; F2,27 = 0.765,
p = 0.475). In addition, the triglyceride levels in metformin
treatment group was significantly lower than the olanzapine
treatment group and control group (Figure 3). The statistic
power of LDL-C and TG at the end of 8 weeks was 0.79 and 0.97.

Effect of Olanzapine on TCF7L2
Expression in Liver, Skeletal Muscle,
Adipose, and Pancreas
TCF7L2 expressing level in liver, skeletal muscle, and adipose
tissues is associated with glucose metabolism and insulin
resistance (Boj et al., 2012; Kaminska et al., 2012; Singh et al.,
2013). As shown in Figures 4A–C, we detected significant
difference of TCF7L2 protein expression in liver, skeletal muscle,
and adipose tissues between treatment groups (one-way ANOVA,
F2,27 = 20.842, F2,27 = 13.345, and F2,27 = 20.149, respectively,
all p < 0.001). Compared with the control, olanzapine treatment
obviously increased TCF7L2 protein expression in liver, skeletal
muscle, and adipose tissues (p < 0.001), which can be
effectively reduced by metformin (p < 0.001). There was no
significant difference in the level of TCF7L2 expression in
these tissues between metformin treatment group and control
group (p > 0.05). The statistic power of TCF7L2 protein
in liver, skeletal muscle, and adipose tissues was 0.94, 0.88,
and 0.95, respectively. To further explore the mechanisms of
olanzapine in MetS, we determined the expression of TCF7L2
mRNA and TCF7L2 protein in pancreas. However, there was
no significant difference of TCF7L2 mRNA or TCF7L2 protein
expression among the three groups (p > 0.05) as shown in
(Figure 5).

Relationship Between TCF7L2 Protein
Expression and Metabolic Measures
To investigate the relationship between the TCF7L2 protein
expression and metabolic variables changes, we performed
multiple linear regression analysis to evaluate the association
of TCF7L2 protein expression and altered body weight, blood
glucose, fasting insulin, HOMA-IR, and AUCg after olanzapine
challenge. TCF7L2 protein expression was significantly correlated
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FIGURE 1 | Comparison of the body weight between different treatment groups in C57BL/6 mice. C57BL/6 mice were treated with olanzapine (4 mg/kg/day, Ola),
olanzapine (4 mg/kg/day, Ola) + metformin (150 mg/kg/day, Met), or saline for 8 weeks. (A) Body weight of mice from olanzapine group (Ola), olanzapine +
metformin group (Ola +Met), and control group (Control) during 8-week of treatment. ∗p < 0.05, ∗∗p < 0.01, Ola vs. Control group; #p < 0.05,##p < 0.01, Ola +Met
vs. Ola group. (B) Body weight measured at the end of 8-week treatment. (C) Body weight gain after the first week of treatment. (D) Body weight gain after 8 weeks
treatment. All the results (n = 10 for each group) were expressed as mean ± SEM. ∗p < 0.05, ∗∗p < 0.01.

with changes in body weight, fasting insulin, HOMA-IR,
and AUCg from baseline to week 8 (Table 2). The results
demonstrated that the extent of increases in body weight,
HOMA-IR, and AUCg exerted a greater influence on TCF7L2

TABLE 2 | The correlation analysis between TCF7L2 protein expression and
changes of metabolic measures.

TCF7L2 expression Person correlation coefficient

Weight
change

Fasting
insulin
change

HOMA-IR
change

AUCg
change

Liver 0.457∗∗ 0.592∗∗∗ 0.636∗∗∗ 0.460∗∗

Skeletal muscle 0.459∗∗ 0.499∗∗ 0.503∗∗ 0.399∗

Adipose 0.377∗ 0.639∗∗∗ 0.584∗∗∗ 0.364∗

Test statistic: multivariate linear regression analysis. ∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001.

protein expression elevation in liver, with coefficient of
determination (R2) value of 0.461 (p < 0.001). Similarly, we
used the same multivariate linear regression model to investigate
the changes of these variables in skeletal muscle and adipose
tissues, and found that the extent of increases in HOMA-IR and
body weight had a greater impact on TCF7L2 protein expression
elevation in skeletal muscle, with R2 value of 0.352 (p = 0.003),
and the increase of insulin level contributed to major impact on
TCF7L2 protein expression elevation in adipose tissues, with R2

value of 0.408 (p < 0.001).

DISCUSSION

The exact mechanism of olanzapine-induced metabolic
disturbance remains unclear and numerous animal and
post-mortem studies have demonstrated that Wnt signaling
pathways are associated with schizophrenia and the intracellular
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FIGURE 2 | Comparison of the fasting glucose, insulin level, insulin resistance, and glucose tolerance between different treatment groups in C57BL/6 mice.
C57BL/6 mice were treated with olanzapine (4 mg/kg/day, Ola), olanzapine (4 mg/kg/day, Ola) + metformin (150 mg/kg/day, Met), or saline for 8 weeks. Effect of
different treatment groups on fasting glucose (A), insulin level (B), and HOMA-IR (C) at the end of 8-week treatment. (D) Oral glucose tolerance test (OGTT) on
overnight fasted mice from olanzapine group, olanzapine + metformin group, and control group after 8 weeks of treatment. Blood glucose level was measured
before and 30, 60, 90, and 120 min after glucose administration (2 g/kg body weight). ∗p < 0.05, Ola vs. Control group; #p < 0.05, ##p < 0.01, Ola +Met vs. Ola
group. (E) Area under curve of glucose (AUCg) of three treatment groups determined by OGTT. AUCg was calculated following trapezoidal rule from 0 to 120 min.
Values (n = 10 for each group) were reported as mean ± SEM. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001.

mechanism of antipsychotic medications (Koros and Dorner-
Ciossek, 2007; Sutton et al., 2007; Freyberg et al., 2010; Sutton
and Rushlow, 2011). TCF7L2, a key effector of Wnt signaling
pathway, performs important metabolic functions in several
tissues, including the pancreas, liver, fats, and gut. In the present
study, we explored the possible relationship between olanzapine-
induced metabolic disturbance and TCF7L2 expression. We
found that olanzapine could significantly increase TCF7L2
protein expression in the liver, skeletal muscle, and adipose
tissues after 8 weeks of treatment, whereas metformin could
remarkably reduce the TCF7L2 protein expression after
olanzapine challenge. We further explored the relationship
between TCF7L2 protein expression in these tissues and changes
in metabolic variables. Our results demonstrated that the extent
of increases in some metabolic variables (body weight, insulin
resistance, AUCg, and insulin) actively influences the TCF7L2
expression in the liver, skeletal muscle, and adipose tissues.

Consistent with previous clinical and animal studies (Alvarez-
Jimenez et al., 2008; Coccurello et al., 2009; Komossa et al.,
2010; Kim et al., 2014), the present study confirms that

olanzapine could significantly induce weight gain, insulin
resistance, and impaired glucose tolerance. Although we did
not observe any significant change of fasting glucose in
mice with olanzapine treatment, the insulin resistance index
was significantly higher after olanzapine challenge. Similarly,
Girault et al. (2014) reported that chronic olanzapine treatment
(5 weeks) could cause increase in insulin without blood
glucose elevation. The observed olanzapine-induced insulin
resistance in this study is parallel with a previous study which
demonstrated the existence of hyperinsulinemia and insulin
resistance independently from body weight gain and psychiatric
disease through the use of olanzapine for 9 days in healthy
subjects (Teff et al., 2013). These results suggest that olanzapine
exerts direct effects on some insulin-sensitive tissues independent
of mechanisms underpinning the metabolic abnormalities.
Although no significant difference in AUCg was observed
between the olanzapine and control groups, an increasing trend
in blood glucose was evident in the olanzapine group at OGTT
30 min (p = 0.063). The greatest weight gain was observed in
the first week of drug administration, which is consistent with
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FIGURE 3 | Comparison of the blood lipid between different treatment groups in C57BL/6 mice. C57BL/6 mice were treated with olanzapine (4 mg/kg/day, Ola),
olanzapine (4 mg/kg/day, Ola) + metformin (150 mg/kg/day, Met), or saline for 8 weeks. Effect of different treatment groups on LDL-C (A), triglyceride (B), total
cholesterol (C), and (D), HDL-C at the end of 8-week treatment. All of the results are expressed as the mean ± SEM. ∗p < 0.05, ∗∗∗p < 0.001.

clinical observation that the first year is critical for development
of weight gain and metabolic abnormalities in the first treated
episode of psychosis (Perez-Iglesias et al., 2013; Tek et al., 2015).
In the present study, we failed to observe significant alterations
in blood total cholesterol and HDL-C levels after treatment
with olanzapine or olanzapine plus metformin. Consistently,
clinical data also demonstrate that atypical APPs are associated
with increased blood lipid levels in patients with schizophrenia
(Pramyothin and Khaodhiar, 2010; Kaushal et al., 2012; Schreiner
et al., 2012). Moreover, Koro et al. (2002) reported that
olanzapine treatment is associated with a nearly fivefold increase
in the prevalence of hyperlipidemia in contrast to the general
population using a large database (which contains over 18,000
patients with schizophrenia). The effect of APPs on blood lipid
profile in rodent models seems controversial, which showed
no alteration (Albaugh et al., 2006), or significant increase in
triglyceride level after chronic olanzapine administration (Skrede
et al., 2012; Zugno et al., 2012). Yet, a recent animal study (Horska
et al., 2016) demonstrated that olanzapine is associated with
hypertriglyceridemia and lowered LDL-C levels at the 8th day
of olanzapine treatment, but these alterations could not persist

after 8 weeks of olanzapine administration, and no significant
alteration in blood lipid profiles was detected in later phase of
olanzapine treatment. In the present study, we have observed
a massively decreased triglyceride after olanzapine treatment.
This seems contradictive with MetS-related insulin resistance
but features an impaired lipid oxidation caused by olanzapine.
In line with our findings, Albaugh et al. (2012) also reported
a significantly reduced triglycerides and free fatty acids after
olanzapine challenge in vivo. They further demonstrated that this
is largely due to the rapid and inappropriate utilization of lipids
triggered by olanzapine. Although data from previous literature
remain controversial, in our study, 4 mg/kg dose of olanzapine
did not significantly elevate triglyceride levels, possibly because
of the short duration of treatment or the improper dosage of
olanzapine. However, our data showed that olanzapine could
significantly increase LDL-C levels, which is consistent with
previous reports (Kaushal et al., 2012; Shao P. et al., 2013).

Recently, metformin was shown to effectively attenuate
antipsychotic-induced weight gain, insulin resistance, and
glucose dysregulation (Hasnain et al., 2010; Praharaj et al.,
2011; Wang et al., 2012; Chen et al., 2013; Jarskog et al.,
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FIGURE 4 | Effect of olanzapine on TCF7L2 protein expression in liver, skeletal muscle, and adipose tissue in C57BL/6 mice. C57BL/6 mice were treated with
olanzapine (4 mg/kg/day, Ola), olanzapine (4 mg/kg/day, Ola) + metformin (150 mg/kg/day, Met), or saline for 8 weeks. (A) Protein expression level of TCF7L2 in liver,
skeletal muscle, and adipose tissue of mice was measured via western blotting. Representative immunoblot images of TCF7L2 are shown. 1, 2, and 3 represents
Control, Ola, and Ola + Met group, respectively. (B) Quantitative analysis was used to qualify the TCF7L2 protein expression level in liver. (C) Quantitative analysis
was used to qualify the TCF7L2 protein expression level in skeletal muscle. (D) Quantitative analysis was used to qualify the TCF7L2 protein expression level in
adipose tissue. n = 10 for each group. All of the results are expressed as the mean ± SEM. ∗∗p < 0.01, ∗∗∗p < 0.001.

2013; Boyda et al., 2014). Therefore, we examined the effects of
metformin against olanzapine-induced metabolic abnormalities.
Our findings are consistent with previous studies, that metformin
could ameliorate olanzapine-induced metabolic abnormalities,
such as weight gain, glucose intolerance, and insulin resistance.
Meanwhile, metformin reduced TCF7L2 protein expression in
liver, skeletal muscle, and adipose tissues, which is much higher
in olanzapine treatment group, suggesting a close association
between olanzapine-induced metabolic disturbance and TCF7L2
expression. The results were further supported by the fact that
obesity surgery-induced weight loss could regulate the alternative
splicing of TCF7L2 in subcutaneous fat. Moreover, the TCF7L2
variant is associated with fasting glucose as well as impaired
insulin action in adipose tissue (Kaminska et al., 2012).

TCF7L2 is one of the strongest susceptibility genes for
T2DM across different ethnicities (Grant et al., 2006). Among

the TCF7L2 polymorphisms-associated metabolic disturbance,
the T-allele of rs7903146 in TCF7L2 is the most consistent
loci which is linked to schizophrenia and schizoaffective
disorders (Hansen et al., 2011). As a component of the
β-catenin/TCF transcription factor, TCF7L2 plays an important
role in conveying Wnt signaling pathway in regulating gene
expression. It has been suggested that Wnt signaling pathway
and β-catenin/transcription factor could suppress hepatic
gluconeogenesis through a liver-specific TCF7L2 dominant-
negative transgenic mouse model (Ip et al., 2015). Animal studies
also reported a strong association between liver-specific TCF7L2
overexpression and increased hepatic glucose production, and as
an example, liver-specific TCF7L2 overexpression could increase
hepatic glucose production (Boj et al., 2012). The role of TCF7L2
extends to non-pancreatic tissues, a recent study that revealed
that TCF7L2 overexpression in non-pancreatic tissues leads to
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FIGURE 5 | Effect of olanzapine on expressions of TCF7L2 in pancreas islets in C57BL/6 mice. C57BL/6 mice were treated with olanzapine (4 mg/kg/day, Ola),
olanzapine (4 mg/kg/day, Ola) + metformin (150 mg/kg/day, Met), or saline for 8 weeks. (A–L) Representative images of immunofluorescence images of islets
stained with antibodies to insulin (green), TCF7L2 (red), and DAPI (blue). Microscopic magnification 400×. (M) Quantitative analysis of TCF7L2 mRNA expression in
pancreas islets. n = 4 for each group. (N) Quantitative analysis of TCF7L2 protein expression in pancreas islets. Values are expressed as the mean ± SEM. Total
pancreatic fluorescence intensity was quantified using the Image J 1.37c. n = 4 for each group.

worsened glucose intolerance, and that the function of TCF7L2
in maintaining glucose metabolic balance in peripheral tissues
may be more robust (Bailey et al., 2015). Previous studies
have shown that antipsychotic medications may exert their
actions by modulating the activity and expression of Akt/GSK-
3β and Wnt-related intracellular signaling factors (Freyberg et al.,
2010; Sutton and Rushlow, 2011). For example, administration
of haloperidol or clozapine could alter GSK-3 and β-catenin
protein levels in the rat prefrontal cortex while both GSK-3 and
TCF7L2 transcription factors are key downstream regulators in

the canonical Wnt/β-catenin pathway (Struewing et al., 2010).
Our data imply that the altered TCF7L2 expression may be
related to the effect of olanzapine on metabolic tissues.

In the present study, TCF7L2 protein levels were significantly
higher in the liver, skeletal muscle, and adipose tissues of
the olanzapine-treated mice than that in the control, and
significantly lower in metformin-plus-olanzapine-treated mice.
Interestingly, TCF7L2 protein expression in the liver, skeletal
muscle, and adipose tissues was positively correlated with
changes in body weight, fasting insulin, HOMA-IR, and AUCg.
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To our knowledge, this is the first animal study to examine
the association between TCF7L2 expression and olanzapine-
induced metabolic abnormalities. The function of TCF7L2 in
pancreas is well-studied using TCF7L2-overexpressing transgenic
mice, Savic et al. (2011) have demonstrated robust glucose
intolerance in multiple non-pancreatic tissues, including brain,
stomach, intestine, and pancreas, and TCF7L2-null mice
displayed improved glucose tolerance and lower insulin levels.
Similarly, liver-specific knockout mice exhibit improved glucose
homeostasis, and that liver-specific overexpression of TCF7L2
mRNA leads to hepatic glucose production (Boj et al., 2012).
Similarly, feeding can influence the overexpression of TCF7L2
mRNA in epididymal fat tissue of C57BL/6J mice; moreover,
high concentrations of insulin could inhibit the TCF7L2 level
in adipocytes (Chen et al., 2015). Our data demonstrated that
TCF7L2 expression in the liver and adipose tissue may play a
critical role in regulating glucose metabolism. An explanation
for the altered TCF7L2 expression in liver and adipose tissues
may be related to weight gain, insulin resistance, and insulin
level elevation induced by APPs. Interestingly, hyperinsulinemia
could increase TCF7L2 mRNA expression, and subjects with
low insulin sensitivity had higher TCF7L2 mRNA expression
in skeletal muscle tissue (Karczewska-Kupczewska et al., 2016).
In line with these data, we hypothesize that increased TCF7L2
expression in skeletal muscle might promote glucose uptake
during insulin resistance conditions. Despite of the observed
changes in TCF7L2 expression in liver, skeletal muscle, and
adipose tissue, we did not use inhibitors to antagonize or suppress
TCF7L2 specifically, and thus it remains uncertain whether
the olanzapine-induced metabolic dysfunction is mediated by
TCF7L2. Intriguingly, a study of African-American patients with
schizophrenia reported an interaction between APPs treatment
and TCF7L2 under a multiplicative scale (Irvin et al., 2009).
Indeed, as APPs may alleviate symptoms of schizophrenia
through Wnt signaling pathway mediated by D2 dopamine
receptor (Sutton et al., 2007), our results emphasize the
potential pharmacogenetical and clinical relevance of TCF7L2 for
antipsychotic-induced metabolic dysfunction in schizophrenia
and provide a novel mechanism of TCF7L2 in antipsychotic-
induced metabolic disturbance. However, further studies are
needed to determine the role of TCF7L2 and other components
of Wnt signaling pathway in antipsychotic-induced metabolic
disturbance.

Notably, the mRNA and protein expression levels of TCF7L2
in pancreas did not differ in different groups in our study.
By contrast, previous studies reported that TCF7L2 expression
in human islets increased by fivefolds in T2DM compared
with nondiabetic individuals (Lyssenko et al., 2007). In vitro,
elevated glucose concentration can reduce beta-cell proliferation
and induce beta-cell apoptosis in cultured human islets, and
these effects are reversible by TCF7L2 overexpression. By
contrast, a previous study reported an opposite direction of
regulating the level of TCF7L2 mRNA (upregulated) and protein
(downregulated) in islets in diabetes (Le Bacquer et al., 2011). We
observed no alterations in TCF7L2 expression in the pancreatic
tissue, although the TCF7L2 is frequently considered to have
physiological effects on β cells. The precise nature of the TCF7L2

expression in pancreatic and its etiological basis in APPs-induced
metabolic disturbance remains the subject of future study.

Interestingly, oxidative stress also plays a key role in the
higher incidence of metabolic dysfunction of schizophrenia. For
example, Schiavone et al. (2017) found that redox imbalance plays
a crucial role in the visceral fat elevation in an animal model
of psychosis. Also, abnormal oxidative stress has been reported
in first episode patients with schizophrenia, with increased level
of thiobarbituric acid reactive substances and malondialdehyde,
which are important end-point products of lipid peroxidation
(Flatow et al., 2013). Indeed, in addition to a role in the
pathophysiology of schizophrenia, oxidative stress has also been
implicated in antipsychotic-induced metabolic dysfunction (Baig
et al., 2010; Gilca et al., 2014). It has been reported that
lipid peroxidation was altered in rat liver and brain following
antipsychotic administration in rats, moreover, APPs can also
elevate lipid peroxidation in human plasma (Dietrich-Muszalska
et al., 2013). However, how antipsychotic work on antioxidant
enzymes appears controversial and inconsistent (Parikh et al.,
2003; Martins et al., 2008; Andreazza et al., 2015) in rat brain
tissue after antipsychotic administration. A recent meta-analysis
(Flatow et al., 2013) also revealed that there is no replicable
and significant correlation between oxidative stress indexes
and clinical features. Given previous studies of altered lipid
peroxidation in antipsychotic-treated rats, and oxidative stress
is closely related to insulin resistance (Ando and Fujita, 2009),
the potential role of oxidative stress in antipsychotic-induced
metabolic dysfunction should be further elucidated.

This study has several limitations. Firstly, we utilized
healthy adult mice to analyze the mechanism of olanzapine-
induced metabolic disturbance. The use of a mouse model
for schizophrenia would be more reasonable given that
schizophrenia itself may predispose individuals to T2DM.
Secondly, the limited serum volume did not allow us to measure
theTCF7L2mRNA levels in the liver, skeletal muscle, and adipose
tissues, which can be a mediator of the observed outcomes.
Thirdly, although significant differences in TCF7L2 protein
expression were detected in the mentioned tissues, detecting the
differences of TCF7L2 expression in mice brain and gut tissues
is also a sensible approach, since proglucagon gene expression in
brain and gut may be controlled by TCF7L2 and Wnt signaling
pathway (Shao W. et al., 2013). Finally, we only observed the
effects of single antipsychotic, single dose of olanzapine, and one
antidiabetic drug. Because of many atypical APPs could induce
metabolic dysregulation and multiple type of antidiabetic drug
could treat diabetes, it is necessary to determine whether such
findings with olanzapine apply to other APPs. Further studies are
required to detect the difference in metabolic measures between
antipsychotic-treated normal and specific-tissue knockout mice.

CONCLUSION

Our study illustrates that olanzapine induces weight gain, fasting
insulin elevation, glucose intolerance, and increase of TCF7L2
protein expression in liver, skeletal muscle, and adipose tissues of
mice. These metabolic abnormalities and the increased TCF7L2
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expression in those tissues could be effectively ameliorated by
metformin. TCF7L2 overexpression in liver, skeletal muscle,
and adipose tissues may represent a potential mechanism
through which metabolic changes occurred following olanzapine
treatment.
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Objective: Abnormality of the immune system might play a significant role in the

pathogenesis of schizophrenia. We want to identity whether the serum TNF-α and IL-

1β levels were changed in FEDN patients and CP and to investigate the relationship

between both cytokines and psychopathological symptoms.

Methods: We recruited 69 FEDN patients, 87 CP and 61 healthy controls. Schizophrenia

symptomatology was evaluatedwith the Positive andNegative Syndrome Scale (PANSS),

the Scale for the Assessment of Negative Symptoms (SANS) and Clinical Global

Impression Scale (CGI). Serum TNF-α and IL-1β levels were examined using sandwich

enzyme-linked immunosorbent assay (ELISA).

Results: TNF-α and IL-1β levels in CP were significantly higher compared to healthy

controls, but TNF-α and IL-1β levels in FEDN patients were significantly lower than in

both CP and healthy controls. A moderate correlation between serum TNF-α or IL-1β

levels and PANSS negative subscore was found in CP. But there was no correlation

between altered cytokines and clinical symptoms in FEDN patients.

Conclusions: Increased TNF-α and IL-1β levels in chronic patients may be associated

with the progression, psychotropic drugs or other factors occur during chronic stage.

Immune modulating treatments may become a new strategy of therapy for this subgroup

of patients.

Keywords: schizophrenia, cytokines, TNF-α, IL-1β, negative symptoms
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INTRODUCTION

Schizophrenia is a chronic and severe mental disorder with
significant impairment in psychosocial functioning. The
mechanisms of schizophrenia are essentially unclear. More
and more evidence suggest that abnormal immune system and
immunological responses may be related with the etiology of
schizophrenia’; (DeLegge and Smoke, 2008; Miller et al., 2011;
Monji et al., 2013). Treatment of anti-inflammatory medications
for schizophrenia has further supported that neuroinflammation
may contribute to the etiology of this disorder (Sommer et al.,
2014; Goldsmith et al., 2016).

Cytokines are the important messengers between the central
nervous system (CNS) and immune cells. They play an important
role not only in the cell-cell communication but also in the
function of the immune system in the central nervous system
(CNS) (Müller et al., 2015). A number of cytokines such as
tumor necrosis factor (TNF)-α, interleukin (IL)-2, IL-1, and
IL-6 have been found to involve in neuro-immune-endocrine
communication and regulate neuronal activities in the mature
CNS (Behrens et al., 2008; Fan et al., 2015; Schiavone and
Trabace, 2017; Schiavone et al., 2017). Previous data have
found altered levels of cytokines in the cerebrospinal fluid and
the peripheral blood of patients with schizophrenia (Garver
et al., 2003; Potvin et al., 2008; Rodrigues-Amorim et al.,
2017), suggesting that cytokines may play an essential role in
the etiology of schizophrenia (Fan et al., 2007; Song et al.,
2009).

TNF-α and IL-1β are the proinflammatory cytokines. Both
TNF-α and IL-1β play essential roles in the immune response
because they promote dopaminergic neuronal differentiation
of neural stem cells and regulate the development of dopamine
neurons (Rodriguez-Pallares et al., 2005). They are also
participated in the selective vulnerability of the nigrostriatal
pathway related with dopaminergic neurotoxicity (Ferrari
et al., 2006; Sriram et al., 2006). Both TNF-α and IL-1β
were among the mostly reported cytokines in schizophrenia.
For example, Liu et. al reported that schizophrenia patients
had significantly overexpressed TNF-α and IL-1β in blood
mononuclear cells (Liu et al., 2010). Recently, one study
found that TNF-α and IL-1β were increased in the blood
of first onset and acute relapse patients with schizophrenia
(Wang et al., 2014). We found significantly increased TNF-
α and IL-1β levels in an immune-related animal model
that imitated negative symptoms in schizophrenia in our
recent study (Zhu et al., 2014a). It has been hypothesized
that increased levels of TNF-α and IL-1β may elevate
the immune responses of other cytokines, resulting in an
imbalance of Th1/Th2 cytokines in schizophrenia (Müller et al.,
2000).

But until now, no study has simultaneously reported TNF-α
and IL-1β in both first-episode drug-naïve (FEDN) and chronic
patients (CP) with schizophrenia. In this study we wanted to
know whether the serum TNF-α and IL-1β levels were changed
in FEDN patients and CP, and we also aimed to investigate the
relationship between the both cytokines and psychopathological
symptoms.

METHODS

Subjects
Sixty-nine (male/female = 46/23) FEDN patients and 87
(male/female = 44/43) CP who met DSM-IV criteria for
schizophrenia were recruited from the First Affiliated Hospital of
KunmingMedical University and Guangzhou Baiyun Psychiatric
Hospital. They included both inpatients and outpatients.
The inclusion criteria for FEDN patients were: (1) between
18 and 45 years; (2) course of illness ≤ 2 years; (3)
naïve to all psychotropic medications; (4) a stable living
arrangement. The inclusion criteria for CP were: (1) aged 18–
45 years; (2) course of illness ≥ 5 years; (3) on psychotropic
medications; (4) able to understand the process of the study.
The exclusion criteria were: (1) a psychiatric diagnosis other
than schizophrenia (determined by SCID); (2) serious or unstable
medical conditions including heart disease, epilepsy, hepatic
or renal diseases, diabetes, aplastic anemia, systemic lupus
erythematous or asthma; (3) planning to become pregnant,
or were pregnant or breastfeeding. (4) Subjects with ongoing
infections, allergies or past history of autoimmune disorders. (5)
subjects suffered from substance abuse/dependence other than
tobacco (which was based on subject and family report), received
immunosuppressive drugs, or took medications for physical
diseases.

Sixty-one healthy subjects (male/female = 31/30) were
recruited from the local community in Kunming and
Guangzhou. A clinical psychiatrist assessed the mental status
and family history of any psychiatric disorder of the healthy
controls. All of the healthy controls had no history of psychiatric
diseases and a family history of psychiatric disorder. The
other details of the exclusion criteria of healthy controls are
the same as the patients’ exclusion criteria except number
one.

We obtained a complete medical history, physical
examination and laboratorial tests from patients and control
subjects.. All subjects were Han Chinese and gave signed
informed consent to participate in the study. The study
protocol was approved by the ethics committee of the First
Affiliated Hospital of Kunming Medical University and
Guangzhou Baiyun Psychiatric Hospital. Then we gained the
complete medical history, physical examination and laboratorial
examination.

Clinical Measures
Two experienced psychiatrists evaluated patients’ symptoms by
PANSS and the Scale for the Assessment of Negative Symptoms
(SANS). Also, the Clinical Global Impressions Severity Scale
(CGI-S) was used for severity of psychotic symptoms. All
the researchers were trained to use the scales and passed the
conformance tests.

Serum TNF-α and IL-1β Measurements
Venous blood was collected between 7 and 8 a.m. following an
overnight fast. All the blood samples were detected within 1
year after they were collected. The serum was separated and
stored at −80◦C until assayed. Serum TNF-α and IL-1β levels
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TABLE 1 | Demographics of FEDN, chronic patients with schizophrenia and healthy controls.

FEDN(n = 69) Chronic patients (n = 87) Healthy controls (n = 61) χ2 orF df P-value

Sex(M/F) 46/23 44/43 31/30 0.087 2 0.087

Age(years) 25.8 ± 5.9 32.9 ± 7.1 29.5 ± 6.7 22.0 2 < 0.001**

Education(years) 10.5 ± 2.9 11.0 ± 3.1 12.1 ± 2.6 5.2 2 0.006**

Course of disease(years) 0.8 ± 0.2 6.8 ± 1.4 55.0 154 < 0.001**

PANSS total score 84.9 ± 11.2 78.5 ± 7.1 18.9 154 < 0.001**

P subscore 18.2 ± 4.3 14.9 ± 2.6 37.4 154 < 0.001**

N subscore 25.6 ± 3.8 26.2 ± 3.0 5.0 154 0.241

G subscore 41.7 ± 7.6 37.4 ± 3.8 31.1 154 < 0.001**

SANS score 58.7 ± 13.5 64.7 ± 9.8 9.7 154 < 0.001**

CGI 5.5 ± 1.2 4.3 ± 0.8 15.9 154 < 0.001**

IL-1β(pg/ml) 1.7 ± 0.2 19.3 ± 11.3 8.3 ± 7.5 91.6a 2 < 0.001**a

TNF-α(pg/ml) 8.2 ± 2.0 28.1 ± 13.3 15.4 ± 7.0 90.5 2 < 0.001**

FEDN, first-episode drug-naïve; PANSS, Positive and Negative Syndrome Scale; P subscore, positive subscore; N subscore, negative subscore; G subscore, general psychopathology

subscore; SANS, Scale for the Assessment of Negative Symptoms; CGI, Clinical Global Impression Scale; IL-1β, Interleukin-1β; TNF-α, tumor necrosis factor-α. aRefer to the results

after natural logarithmic transformation was performed for IL-1β. Age of onset, education, IL-1 β and TNF-α among the three groups were compared by ANOVA. **P < 0.001.

were examined by enzyme-linked immunosorbent assay (ELISA)
using an available kit (Bender Med Systems GmbH Campus
Vienna Biocenter 2A-1030 Vienna, Austria, Europe).

The standard and sample testing were performed using
duplicate assays by the same investigator who knowed nothing
about the study. The sensitivities for TNF-α and IL-1β were 0.3
and 5.0 pg/ml, respectively. The inter-assay coefficients were 8.6
and 8.1%, respectively. The intra-assay variation coefficients were
5.1 and 7.7%, respectively.

Statistical Analysis
The Kolmogorov–Smirnov tests were performed to test the
normal distribution of data. Continuous variables were presented

as mean ± standard deviation (
−

x ± SD). Categorical variables
were recorded using frequencies and percentages. We used the
one-way ANOVA for continuous variables and the χ2-test for
categorical variables to test the between-group comparisons.

Since IL-1β was not normally distributed in the three groups,
natural logarithmic transformation was performed for IL-1β. We
used a univariate analysis of covariance (ANCOVA) controlling
for age and gender to analyze TNF-α and IL-1β levels in the three
groups. We used Bonferroni test to make Post-hoc comparisons
between groups. Psychopathology on the PANSS, SANS, and
CGI-S were compared between the two patient groups by one-
way ANOVA and correlated with cytokine levels by calculating
the partial correlation coefficients controlling for age, gender and
course of illness. Differences at p<0.05 level were considered to
be significant. Statistical analysis were performed using SPSS 20.0
(SPSS Inc., Chicago, IL).

RESULTS

Demographic Data
Table 1 shows significant differences in age (p < 0.001), and
education (p < 0.01) among three groups. There was also a
statistically significant difference in course of illness (p < 0.001)

between FEDN patients and CP. Gender among the three groups
showed no difference (p > 0.05).

TNF-α, IL-1β and Symptoms
All the blood samples were assayed within 1 year. There was
no significant correlation between IL-1β or TNF-α levels and
storage days (all p > 0.05). The PANSS total score, positive (P)
and general psychopathology (G) subscores as well as CGI score
showed significant differences between two patient groups (all
p < 0.001) as exhibited in Table 1, with higher scores in FEDN
patients than CP. However, the SANS score was significantly
higher in chronic than FEDN patients (p < 0.001).

As shown in Table 1 ANCOVA analysis revealed a significant
difference in IL-1β (F = 87.5, df = 2, p < 0.0001)and TNF-α
(F = 90.5, df = 2, p < 0.0001) levels among the three groups.
Post-hoc analysis showed that TNF-α (p < 0.0001, Figure 1)
and IL-1β (p < 0.0001, Figure 1) were significantly decreased
in FEDN patients than both CP and healthy controls. Further,
TNF-α (p < 0.0001, Figure 1) and IL-1β (p < 0.0001, Figure 1)
were significantly higher in CP than in both FEDN patients and
healthy controls.

Correlation Among TNF-α, IL-1β and

Symptoms
By using partial correlation analysis, we found a moderately
positive correlation between IL-1β and the PANSS negative
subscore (r = 0.525, p < 0.01, Figure 2), or between TNF-α
and the PANSS negative subscore in CP (r = 0.523, p < 0.01,
Figure 2), but no significant correlation between cytokine serum
levels and PANSS positive subscore or general subscore (p> 0.05)
was found in these patients. But we found no correlation between
IL-1β or TNF-α and any clinical symptoms in FEDN patients (all
p> 0.05). In addition, a significantly positive correlation between
TNF-α and IL-1β was found in CP (r = 0.964, p < 0.001) but not
in FEDN patients (p > 0.05).
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DISCUSSION

This study had two important findings. Firstly, TNF-α and IL-1β
serum levels were significantly higher in CP than both healthy
controls and FEDN patients, while TNF-α and IL-1β serum
levels were significantly decreased in the FEDN patients than
both healthy controls and CP. Secondly, both TNF-α and IL-
1β showed moderately positive correlations with the PANSS
negative subscore in the CP but not in FEDN patients with
schizophrenia.

For reason of the disease state, illness duration, medication,
the timing of the assays and so on, the reports on levels of TNF-
α and IL-1β in schizophrenia have been inconsistent. But our
results are in accord with previous reports that TNF-α and IL-
1β were increased in chronic schizophrenia patients (Söderlund
et al., 2009; Miller et al., 2011; Monji et al., 2013; Song et al.,
2014; Zhu et al., 2015). The increased TNF-α and IL-1β in
chronic patients maybe related with the long-term antipsychotic
treatments. Whether antipsychotic treatment may affect serum
cytokine levels has been controversial (Potvin et al., 2008;
Miller et al., 2011; Tourjman et al., 2013). Some review papers
point out that antipsychotic medications have anti-inflammatory
effects in schizophrenia.. But no studies have reported the direct
relationship between TNF-α or IL-1β and antipsychotics. The
increased TNF-α and IL-1β in chronic patients may be related
with older age, smoking or higher body mass indices (BMI).
Interestingly, a positive correlation between TNF-α and IL-
1β was found in CP but not in FEDN patients. Few studies
has explored the interaction between TNF-α and IL-1β in
patients with schizophrenia. Only one previous study reported
a significant positive correlation between levels of TNF-α and
IL-1β in schizophrenia patients (Liu et al., 2010). This supports
that pro-inflammatory cytokines don’t work independently but
affect on the neuroimmunological network by means of mutual
interactions. How the interaction between TNF-α and IL-1β is
participated in the pathogenesis of schizophrenia warrants the
further investigation.

Further, compared with healthy controls, a significant
decrease in TNF-α and IL-1β levels were found in FEDN
patients. These changes may be related with age, illness duration
(Fawzi et al., 2011), cigarette smoking, disease state (Miller
et al., 2011), the heterogeneity of schizophrenia, antipsychotic
treatment (Davey et al., 2012), and comorbid obesity (Song et al.,
2014), etc. This finding was inconsistent with the previous studies
(Song et al., 2009; Müller et al., 2015). Interestingly, our results
are in accordance with a recent study finding significantly higher
IL-3 levels in CP but significantly fewer IL-3 levels in FEDN
patients (Fu et al., 2016). They speculated that the reduced IL-
3 levels in FEDN patients might be associated with neuronal
apoptosis and abnormal early development of the CNS. In
some situations, pro-inflammatory effects may have relation to
important side effects, such as their responses to stress (Hinze-
Selch et al., 2000; Zhang et al., 2005) and weight gain (Drzyzga
et al., 2006). Some studies have proved that heightened stress
is immunosuppressive (Adamo, 2012), and thus, the decreased
TNF-α and IL-1β in our current study may be caused by
stress in first episode schizophrenia, since the experience of
acute psychosis in schizophrenia patients is stressful itself. The

FIGURE 1 | Serum TNF-α or IL-1β levels in FEDN (n = 69), CP (n = 87) and

HC (n = 61).

underlying mechanisms for the decreased TNF-α and IL-1β
levels in FEDN patients with schizophrenia should be further
investigated. In addition, we also found that both TNF-α and
IL-1β showed moderately positive associations with the PANSS
negative subscore in the CP. A recent study found a significant
correlation between IL-3 levels and the PANSS G subscore only
in CP(Fu et al., 2016). Another study also found that a significant
decrease in IL-10 levels was reported in the FEDN patients and
serum IL-10 was inversely correlated with the PANSS cognitive
factor subscores, as well as with the PANSS negative symptom
(Xiu et al., 2014). Taken together, these results point out that
different cytokines may be related with clinical symptoms of
schizophrenia.

Microglia are the resident macrophage in the brain and they
are also the primary reservoirs of pro-inflammatory cytokines
in the CNS (Monji et al., 2009). It is highly likely that the
activated microglia may produce cytokines which probably
cause toxicity to neurons and decrease in neurogenesis, which
may be participated in the pathogenesis of negative symptoms
in schizophrenia (Monji et al., 2013). In our current study,
both TNF-α and IL-1β showed moderately positive associations
with the PANSS negative subscore in the CP. As discussed
above, TNF-α and IL-1β were participated in the processes
of neurogenesis or white matter abnormalities, suggesting that
altered TNF-α and IL-1β may be associated with negative
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FIGURE 2 | Moderate Significant positive correlation between the serum

TNF-α or IL-1β levels and the PANSS negative subscore in chronic patients.

symptoms of schizophrenia. A previous study found that the
VNTR polymorphism in the IL-1RN gene may predict the
improvement of negative symptom in schizophrenic patients
which are treated with antipsychotic drugs (Mata et al., 2006). In
our previous study, we found significant and persistent increases
in the number of activated microglial cells and cytokines in an
immune-related animal model that imitated negative symptoms
in schizophrenia (Zhu et al., 2014a,b). We also found that
minocycline, an inhibitor of microglial activation had significant
efficacy for negative symptoms of schizophrenia (Liu et al., 2014).
Taken all together, these findings suggest that the increased TNF-
α and IL-1β, which may be caused by the activated microglia
are related with negative symptoms of schizophrenia and anti-
inflammatory may have therapeutic effects on clinical symptoms,
especially on negative symptoms in schizophrenia.

The study has some limitations. Firstly, the sample size is
relatively smaller. Secondly, we just measured only two cytokines.
Previous studies have demonstrated that many cytokines are
involved in immune dysfunction in schizophrenia. Therefore,
further investigation will be needed to evaluate the role of other

cytokines in psychopathologic mechanisms of schizophrenia.
Thirdly, we did not collect some important clinical information,
such as smoking, BMI and other data, which may affect the
TNF-α and IL-1β levels in schizophrenia patients. For example,
the popularity of smoking is much greater in schizophrenia
patients than in the healthy population. One study reported that
cigarette smoke played the harmful effects on human health by
reason of its suppressive effects on the immune system (Zhang
et al., 2008). Moreover, a previous study showed that smokers
had lower IL-2 and IL-6 levels than non-smokers in chronic
schizophrenia patients (Zhang et al., 2008). Unluckily, we did not

gather smoking data in our current study, which should be added
in future investigation. The role of smoking in altered cytokine
levels in schizophrenia warrants further investigation.

CONCLUSION

In summary, our data showed that TNF-α and IL-1β levels were
decreased in FEDN patients, but elevated in CP. The increase of
TNF-α and IL-1β levels may be related with the psychotropic
drugs as well as the progression of the disease. The increased
TNF-α and IL-1β were just moderately related with the negative
symptoms in CP, but it is a helpful hint that there is a greater
contribution of immune abnormality to the progression in this
subgroup of patients and that immune modulating treatments
may become a new strategy of therapy for this subgroup of
patients.
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The hippocampus plays important roles in memory processing. However, the hippo-
campus is not a homogeneous structure, which consists of several subfields. The
hippocampal subfields are differently affected by many neurodegenerative diseases, 
especially mild cognitive impairment (MCI). Amnestic mild cognitive impairment (aMCI) 
and subcortical vascular mild cognitive impairment (svMCI) are the two subtypes of MCI. 
aMCI is characterized by episodic memory loss, and svMCI is characterized by extensive 
white matter hyperintensities and multiple lacunar infarctions on magnetic resonance 
imaging. The primary cognitive impairment in svMCI is executive function, attention, and 
semantic memory. Some variations or disconnections within specific large-scale brain 
networks have been observed in aMCI and svMCI patients. The aim of this study was to 
investigate abnormalities in structural covariance networks (SCNs) between hippocam-
pal subfields and the whole cerebral cortex in aMCI and svMCI patients, and whether 
these abnormalities are different between the two groups. Automated segmentation of 
hippocampal subfields was performed with FreeSurfer 5.3, and we selected five hippo-
campal subfields as the seeds of SCN analysis: CA1, CA2/3, CA4/dentate gyrus (DG), 
subiculum, and presubiculum. SCNs were constructed based on these hippocampal 
subfield seeds for each group. Significant correlations between hippocampal subfields, 
fusiform gyrus (FFG), and entorhinal cortex (ERC) in gray matter volume were found in 
each group. We also compared the differences in the strength of structural covariance 
between any two groups. In the aMCI group, compared to the normal controls (NC) 
group, we observed an increased association between the left CA1/CA4/DG/subiculum 
and the left temporal pole. Additionally, the hippocampal subfields (bilateral CA1, left 
CA2/3) significantly covaried with the orbitofrontal cortex in the svMCI group compared 
to the NC group. In the aMCI group compared to the svMCI group, we observed 
decreased association between hippocampal subfields and the right FFG, while we also 
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observed an increased association between the bilateral subiculum/presubiculum and 
bilateral ERC. These findings provide new evidence that there is altered whole-brain 
structural covariance of the hippocampal subfields in svMCI and aMCI patients and 
provide insights to the pathological mechanisms of different MCI subtypes.

Keywords: hippocampal subfields, amnestic mild cognitive impairment, subcortical vascular mild cognitive 
impairment, structural covariance networks, Mri

inTrODUcTiOn

The hippocampus is part of the limbic system. It plays important 
roles in memory processing, especially spatial memory (1). 
Studies have shown that the hippocampus can be affected by a 
variety of neurological diseases such as epilepsy and schizophre-
nia (2, 3). Importantly, hippocampal disruption is an early sign  
of Alzheimer’s disease (AD) and other forms of dementia (4).

However, the hippocampus is not a homogeneous struc-
ture, which consists of several subfields, specifically the cornu 
ammonis (CA) areas 1–4, the dentate gyrus (DG), the subicu-
lum, and the presubiculum (5). The hippocampus subfields have 
distinct anatomy and functions (6). Notably, evidence supports 
the distinct connectivity between hippocampal subfields and 
other brain regions. The major input to the hippocampus is the 
performant path, coming from the entorhinal cortex (ERC) that 
connects with the DG and CA3 pyramidal neurons. In addition, 
the efferent fibers, which may originate from CA or subiculum, 
terminate in many brain regions (e.g., entorhinal area, posterior 
cingulate, medial frontal cortex, and gyrus rectus) (7). Previous 
studies reported that the hippocampal subfields were differently 
affected by many neurodegenerative diseases, especially mild 
cognitive impairment (MCI) (8, 9).

Mild cognitive impairment is a diagnosis given to older adults 
who have cognitive impairments but that does not interfere 
significantly with their daily activities (10). It is regarded as the 
transitional stage between normal aging and dementia. Amnestic 
mild cognitive impairment (aMCI) and subcortical vascular mild 
cognitive impairment (svMCI) are two subtypes of MCI, both 
associated with deficits in multiple cognitive domains, with the 
same chief complaints in memory deficits, but the pathogenesis 
of aMCI and svMCI are different (11, 12). The aMCI is character-
ized by episodic memory loss (13) and represents the prodromal 
stage of AD (14, 15). The svMCI is regarded as a prodromal 
stage of subcortical vascular dementia, showing extensive white 
matter hyperintensities and multiple lacunar infarctions on 
magnetic resonance imaging (16). The cognitive impairment 
of svMCI is mainly manifested in executive function, attention, 
and semantic memory (17–19). Importantly, some variations or 
disconnections within specific large-scale brain networks were 
observed in aMCI and svMCI patients (20–24). For example, 
patients with aMCI showed a pattern of brain disconnection 
between the posterior cingulate cortex (PCC), the medial 
prefrontal cortex (PFC), and the rest of the brain (21). A few 
studies have reported that aMCI patients were characterized 
by aberrance in resting-state functional connectivity of specific 
hippocampal subregions (such as DG and subiculum) (25, 26). 

Additionally, svMCI patients presented extensive decreased 
functional connectivity density and functional amplitude of 
spontaneous low-frequency oscillations in the medial PFC (22). 
However, it is unknown whether aMCI and svMCI patients have 
abnormalities in structural connections between hippocampal 
subfields and the cerebral cortex and whether these abnormali-
ties are different between aMCI and svMCI.

Structural covariance networks (SCNs), based on voxel-based 
morphometry (VBM), generate a map of correlation between 
the gray matter (GM) volume of a region of interest and the 
other regions (27, 28). SCNs are regarded as the potential tool 
to reflect developmental coordination or synchronized matura-
tion between regions of the brain (29). In addition, SCN analysis 
has been successfully applied to obtain the abnormality in brain 
connectivity in some neuropsychiatric disorders (30–32). In this  
study, SCNs were employed to characterize the structural con-
nections between hippocampal subfields and the cerebral cortex. 
We selected five hippocampal subfields using an automated seg-
mentation method as seeds to build the SCNs in aMCI patients, 
svMCI patients, and normal controls (NC). Finally, we compared 
the differences in strength of structural covariance between 
groups.

MaTerials anD MeThODs

Participants
Patients with svMCI and aMCI were recruited through the 
memory clinic of the neurology department of Xuanwu Hospital, 
Capital Medical University, Beijing, China. Two experienced 
neurologists diagnosed all patients using the Petersen criteria 
(33). Healthy controls were recruited from the local community 
through advertisements. Subjects were excluded if they had the 
following clinical characteristics: (i) depressive symptoms with 
a Hamilton Depression Rating Scale score >  24; (ii) non-MCI 
disease that cause cognitive impairments, such as psychiatric 
disease, systemic disease, or alcohol or drug abuse; (iii) factors 
that would make neuropsychological testing infeasible, such as 
visual abnormalities, severe aphasia, or motor disorders. Written 
informed consent was obtained from all participants. According 
to the diagnostic criteria and exclusion criteria, there were 29 
svMCI patients, 33 aMCI patients, and 36 NC subjects included 
in this study. All participants received a standardized clinical 
evaluation protocol including a global cognitive functioning 
test [i.e., Mini Mental Status Examination (MMSE)] and other 
cognitive assessments (i.e., AVLT). Table  1 shows the detailed 
demographic characteristics of the participants. This study was 
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FigUre 1 | Right hippocampal subfield segmentation for one normal  
control subject. From left to right: cross-sectional slice of an MRI scan and 
corresponding automated segmentation of five subfields. Abbreviations: CA, 
cornu ammonis; DG, dentate gyrus; Presub, presubiculum; Sub, subiculum.

TaBle 1 | Demographics of participants [mean ± SD (range)].

nc (n = 36) svMci (n = 29) aMci (n = 33)

Gender (M/F) 16/20 11/18 13/20
Age (years) 62.5 ± 6.6 (46–76) 63 ± 8.7 (46–77) 66 ± 8.4 (51–80)
Years of  
education

9.9 ± 4.6 (0–17) 8.6 ± 3.7 (0–17) 10.8 ± 4.1 (0–18)

AVLT-immediate 
recall

8.8 ± 1.9 (5.3–13.7) 6.9 ± 1.9 (3.3–10.3)* 6.0 ± 1.5 (3.3–9)*

AVLT-delayed 
recall

9.39 ± 3.26 (0–15) 6.2 ± 3.0 (0–13)* 3.5 ± 3.0 (0–12)*

AVLT- 
recognition

11.17 ± 2.68 (3–15) 10.07 ± 2.4 (3–14) 7.1 ± 4.2 (3–14)

MMSE 27.3 ± 2.3 (21–30) 25.6 ± 3.4 (16–30) 24.9 ± 3.1 (17–30)*
MoCa 26.0 ± 3.5 (15–30) 19.9 ± 3.9 (13–26)* 19.7 ± 4.1 (11–26)*

ANOVA was performed, followed by Bonferroni post hoc analysis.
*P < 0.05 between NC and svMCI or aMCI.
NC, normal controls; svMCI, vascular mild cognitive impairment; aMCI, amnestic mild 
cognitive impairment; AVLT, auditory verbal learning test; MMSE, Mini Mental Status 
Examination; MoCa, Montreal Cognitive Assessment.
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approved by the medical research ethics committee and the 
institutional review board of Xuanwu Hospital, Capital Medical 
University, Beijing, China.

image acquisition
Structural MR images were acquired using sagittal magnetization-
prepared rapid gradient echo (MP-RAGE) three-dimensional 
T1-weighted imaging sequence on a 3.0  T Siemens scanner 
at Xuanwu Hospital, Capital Medical University. The image 
parameters included repetition time (TR) = 1,900 ms; echo time 
(TE) = 2.2 ms; inversion time = 900 ms; flip angle = 9°; field of 
view = 224 mm × 256 mm; matrix size = 448 × 512; 176 slices; 
and slice thickness = 1.0 mm.

segmentation of hippocampal subfields
Automated segmentation of the hippocampal subfields was 
performed with the hippo-subfields module in FreeSurfer 
version 5.3,1 which uses the Bayesian statistical model built 
from manual segmentation of the right hippocampus in 
0.38 mm × 0.38 mm × 0.8 mm in vivo MRI scans in 10 subjects 
(34). The results consisted of a collection of images that indicated 
each voxel’s posterior probability of belonging to different sub-
regions in native space. By maximizing the posterior probability 
of the different subregions, the hippocampus of each subject was 
segmented to seven subfields: CA1, CA2/3, CA4/DG, presubicu-
lum, subiculum, fimbria, and the hippocampal fissure. Previous 
research has reported that the fimbria and the hippocampal 
fissure showed relatively lower segmentation accuracies than 
other subfields (35, 36). Importantly, because the fimbria 
(white matter) and hippocampal fissure (cerebrospinal fluid) 
did not belong to GM, they were discarded in the subsequent 
SCN analysis. There is an illustration for the right hippocampal 
subfield segmentations for one NC subject in Figure 1.

image Processing
First, non-uniformity intensity correction of the structural mag-
netic resonance imaging data was performed with FreeSurfer. 

1 http://freesurfer.net.

Then, the results after NU intensity correction were analyzed 
using Statistical Parametric Mapping software package in 
MATLAB (SPM122). Following the inspection of image quality, 
we used VBM (VBM8 toolbox3) to extract the GM volume map 
of each subject (37). Additionally, we employed a spatially adap-
tive non-local denoising filter (38) and a hidden Markov random 
field model (39) to reduce the impact of noise in the GM volume 
map. Then, the images were transformed into the DARTEL 
template (40) from the Montreal Neurological Institute (MNI) 
space through the high-dimensional diffeomorphic anatomi-
cal registration using the exponentiated lie algebra (DARTEL) 
approach, which is a non-linear spatial normalization method. 
Subsequently, the voxel values were modulated to preserve 
regional volume information using the Jacobian determinants 
(41). Finally, we smoothed the modulated images using Gaussian 
Kernel specified in 12 mm full width at half maximum.

Definition of seed regions
For each subject, the deformation field derived from the NU 
intensity corrected image to normalized image was applied to 
the hippocampal subfields’ label image in native space. To reduce 
the possible impact of segmentation inaccuracy on subsequent 
analysis, the transformed hippocampal subfield labels were 
combined for all subjects and the 100% overlapped regions were 

2 http://www.fil.ion.ucl.ac.uk/spm.
3 http://www.neuro.uni-jena.de/vbm/.
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FigUre 2 | The seed regions compared to probabilistic atlases. At the top of the figure, the seeds are shown in Montreal Neurological Institute space. In the lower 
part of the figure, the probabilistic atlases are viewed in heat color maps, and the volumes of seeds are overlaid with black color. Abbreviations: CA, cornu ammonis; 
DG, dentate gyrus; Presub, presubiculum; Sub, subiculum.
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selected. Then, these regions on each side were masked using 
the hippocampal label from the Harvard-Oxford subcortical 
structural atlas. Additionally, if there existed overlap for any two 
hippocampal subfields, the overlapped regions were removed. 
After that, the seed region for each hippocampal subfield was 
defined in MNI space. All the seed regions (in black color) were 
overlaid to the probabilistic atlas (in Heat color) of hippocampal 
subfields (34), as shown in Figure  2. The seeds almost located 
within the atlas.

construction of structural covariance 
networks
For each group, the strength of structural covariance between 
each subfield seed and all other regions across the whole brain 
were obtained by applying multiple regression models in SPM12 
to perform a voxel-based statistical analysis on the smoothed 
and modulated GM image. We imported the extracted mean 

GM volume from each seed as a covariate. As the age and gender 
would influence the GM volumes, we removed the effects of 
gender and age on the structural covariance networks by enter-
ing them as confounding covariates. The resulting covariance 
patterns were employed with thresholds at P < 0.05 with the false 
discovery rate (FDR) correction and reserved positive covari-
ance. Finally, the results were displayed on the MNI template in 
the BrainNet Viewer software4 (42).

Between-group Differences in the 
structural association
Many studies have indicated that the different slopes for any pair 
of voxels may represent the difference in their structural associa-
tion (43, 44). To evaluate the difference in strength of structural 
covariance between groups, we performed a between-group 

4 http://www.nitrc.org/projects/bnv/.
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analysis of slopes. The analysis used a multiple classic interaction 
linear model:

 y = β + ( × ) ε0 1 2 3 4β β β β βX G G X+ + + + +Age Gender5  

G was used as a grouping variable, and two groups were put 
into the same model, where G = 1 for the one group, and G = 0 
for another group. The gender and age may affect the association 
of two voxels, so they were considered as independent variables 
in a linear model, where X represented the averaged GM volume 
in each seed, and y represented the GM volumes of each voxel in 
whole brain. Then, the linear regression model between y and X 
was adjusted by adding a gender term Gender, an age term Age, 
a group term G, and an interaction term G × X. Specific t-value 
contrasts were established to map the significant different voxels 
in slopes between any two groups. The significant differences 
between groups were obtained based on the two-tailed Gaussian 
random field (GRF) correction, with a voxel level of P < 0.01 
and a cluster level of P < 0.05.

resUlTs

Demographics
Table  1 shows demographics of the healthy controls, svMCI 
patients, and aMCI patients. There were no significant dif-
ferences in sex, age, and years of education between groups. 
However, significant differences between groups were found 
in the AVLT-immediate recall (F =  12.059, P <  0.001), AVLT-
delayed recall (F = 11.501, P < 0.001), AVLT-recognition recall 
(F  =  2.804, P  =  0.066), MMSE (F  =  3.3765, P  =  0.27), and 
Montreal Cognitive Assessment (F = 27.276, P < 0.001) through 
one-way analysis of variance. The following post hoc test revealed 
that AVLT-immediate recall, AVLT-delayed recall, and MoCa in 
patients of aMCI and svMCI were significantly lower than scores 
in controls. In addition, the score of MMSE was significantly 
lower in the aMCI group than in the control group, but there was 
no significant difference in score of MMSE between the svMCI 
and NC groups.

structural covariance networks  
Within groups
The SCN patterns of the left and right hippocampal subfields in 
the three groups are shown in Figures 3 and 4, respectively. Each 
of the hippocampal subfield seed regions covaried with the ERC 
and fusiform gyrus (FFG) among the three groups. The regions 
showing significant correlations with hippocampal subfields were 
relatively larger in the aMCI group than the svMCI group and 
NC group.

Structural Covariance Networks in the aMCI Group
Left
In the aMCI group, in addition to the ERC and FFG, the left CA1 
covaried with the left temporal pole (TP), right angular gyrus, 
subcallosal cortex, and thalamus. For the left CA2/3 network, 
the structural maps involved the ERC and FFG, subcallosal 
cortex, thalamus, and angular gyrus. The left CA4/DG correlated 
regions were similar to the regions in the left CA2/3 network in 

the aMCI group, but it additionally included the right superior 
frontal gyrus. For the aMCI group, the left subiculum and left 
presubiculum covariance maps involved the left TP, subcallosal 
cortex, thalamus, superior and middle frontal gyrus, right middle 
occipital gyrus, and bilateral angular gyrus.

Right
In the aMCI group, the right CA1 covaried with the ERC and 
FFG, right TP, PCC, and angular gyrus. CA2/3 showed significant 
correlation with entorhinal areas, thalamus, bilateral TP, middle 
frontal gyrus, PCC, and angular gyrus. The CA4/DG correlated 
regions were similar to the regions covaried with the right CA2/3 
subfield in the aMCI group. For the right presubiculum networks, 
the covariance maps of the right presubiculum involved entorhi-
nal areas, thalamus, bilateral TP, PCC, and angular gyrus. The 
subiculum showed significant covariance with the ERC, FFG, and 
right angular gyrus.

Structural Covariance Networks in the svMCI Group
Left
The left CA1 showed significant correlations with the ERC, FFG, 
superior occipital gyrus, orbitofrontal cortex (OFC), and right 
TP in the svMCI group. The covariance maps of the left CA2/3 
involved the FFG, right TP, OFC, occipital pole, and entorhinal 
areas in the svMCI group. The left CA4/DG covariance maps were 
similar to the covariance maps of the left CA2/3 in the svMCI 
group. In the svMCI group, the maps of the left presubiculum and 
left subiculum were virtually identical, and the covaried regions 
included the FFG, ERC, fusiform, and right TP.

Right
The right CA1 covaried with the ERC, FFG, superior occipital 
gyrus, right TP, and OFC in the svMCI group. The right CA2/3 
covaried with entorhinal areas, right TP, and superior occipital 
gyrus. The right CA4/DG covaried with entorhinal areas, fusi-
form, right TP, superior occipital gyrus, and subcallosal cortex. 
The regions covaried with the right presubiculum were similar 
to those regions connected with the right CA4/DG subfield in 
the svMCI group. In addition, the covariance maps of the right 
subiculum hippocampal subfields involved entorhinal areas, 
fusiform, right TP, and superior occipital gyrus.

Structural Covariance Networks in the NC Group
Left
The left CA1 covaried with the bilateral ERC and FFG in the NC 
group. In addition to the ERC and FFG, the covariance regions 
with the left CA2/3 also included the left precuneus cortex. 
The left CA4/DG covariance maps were extremely similar to 
the maps of the left CA1 subfield in the NC group. For the left 
subiculum and left presubiculum networks, both covariance 
maps involved the left precentral gyrus, FFG, and ERC in NC 
subjects.

Right
The right CA1 covaried with the ERC and FFG in the NC group. 
In addition to the ERC and FFG, the covariance regions with 
the right CA2/3 also involved the right OFC. The right CA4/DG 
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FigUre 3 | Structural covariance networks of left hippocampal subfields in the three groups. Statistical maps of regions significantly correlated with the seed  
region in each group. The results are presented as CC values (P < 0.05, false discovery rate corrected). Abbreviations: L, left; R, right; CC, correlation coefficient; 
NC, normal controls; svMCI, vascular mild cognitive impairment; aMCI, amnestic mild cognitive impairment; CA, cornu ammonis; DG, dentate gyrus; Presub, 
presubiculum; Sub, subiculum.
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FigUre 4 | Structural covariance networks of right hippocampal subfields in the three groups. Statistical maps of regions significantly correlated with the seed 
region in each group. The results are presented as CC values (P < 0.05, false discovery rate corrected). Abbreviations: L, left; R, right; CC, correlation coefficient; 
NC, normal controls; svMCI, subcortical vascular mild cognitive impairment; aMCI, amnestic mild cognitive impairment; CA, cornu ammonis; DG, dentate gyrus; 
Presub, presubiculum; Sub, subiculum.
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correlated regions included the ERC and FFG in the NC group. 
The right presubiculum showed significant correlations with the 
right OFC, FFG, and ERC in NC subjects. The right subiculum 
covaried with the ERC and FFG.

significant Difference in the structural 
associations Between groups
aMCI Group vs. NC Group
There were some significant differences observed between the 
aMCI group and NC group when the strength of the structural 
correlations was considered (Table  2; Figure  5). There was a 
significant increased association between the hippocampal 
subfields and other brain regions that was found in the aMCI 
group compared to the NC group. The left CA1, left CA4/DG, 
left presubiculum, and left subiculum showed increased covari-
ance with the left pole in the aMCI group compared to NC.  

In addition, increased significant covariance was found 
between the left CA1/left subiculum and left postcentral gyrus 
(POG), right CA2/3 and right middle/inferior temporal gyrus 
(ITG), and right CA1 and left angular gyrus in the aMCI group 
compared to the NC group.

svMCI Group vs. NC Group
The significant differences of the association slope between 
the svMCI group and the NC group are shown in Table 2 and 
Figure 6. There were significant increased associations between 
the bilateral CA1/left CA2/3 and OFC in the svMCI group 
compared to the NC group. Then, the left presubiculum showed 
increased covariance with the right FFG in the aMCI group 
relative to the svMCI group. The right CA1 showed increased 
covariance with the right prefrontal gyrus in the svMCI group 
compared to the NC group.
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TaBle 2 | Significant between-group differences in structural association between selected regions of interest and other cortical areas.

contrast seed Ba region Mni coordinates Peak intensity cluster size (voxels)

X Y Z

aMci vs. nc
aMCI > NC L_CA1 21/20 L TP −60 6 −23 3.58 3,132

L_CA1 3/4/6 L POG/PRG −47 −23 63 3.75 1,472
L_CA4/DG 21/20 L TP −59 6 −23 3.49 2,047
L_presubiculum 21/20 L TP −57 9 −26 3.44 5,562
L subiculum 3/4/6 L POG/PRG −50 −23 60 3.93 1,796
L subiculum 21/20 L TP −57 8 −23 3.63 3,135
R_CA1 40/39 L ANG/SMG −51 −51 15 3.76 1,594
R_CA2/3 21/20 R MTG/ITG 53 −33 −17 3.71 1,386

svMci vs. nc
svMCI > NC L_CA1 11/10 OFC −8 39 −23 4.23 2,359

R_CA1 11/10 OFC −8 39 −17 3.91 2,432
R_CA1 10 R PFC 36 62 11 3.99 1,657
L_CA2/3 11 OFC −5 41 −24 3.91 1,564
L_presubiculum 36/37 R FFG 35 −33 −14 4.05 2,261

aMci vs. svMci
aMCI > svMCI L_presubiculum 34/28/35 L ERC/PRC −11 −6 −21 4.58 1,653

L_subiculum 34/28/35 L ERC/PRC −11 −5 −21 4.17 1,811
R_prsubiculum 34/28/35 R ERC/PRC 15 −9 −21 4.37 1,188
R_subiculum 34/28/35 R ERC/PRC 15 −9 −26 3.79 1,214

svMCI > aMCI L_CA4/DG 36/37 R FFG 35 −33 −17 4.36 1,403
L_presubiculum 36/37 R FFG 27 −33 −14 4.32 1,987
L_subiculum 36/37 R FFG 38 −38 −11 4.59 2,208

The regions listed showed significant between-group differences (Gaussian random field-corrected at voxel level: P < 0.01 and cluster level: P < 0.05), and peak coordinates are 
reported in standard MNI space.
BA, Brodmann area; L, left; R, right; NC, normal controls; svMCI, vascular mild cognitive impairment; aMCI, amnestic mild cognitive impairment; CA, cornu ammonis; DG, dentate 
gyrus; ERC, entorhinal cortex; FFG, fusiform gyrus; TP, temporal pole; MTG, middle temporal gyrus; ITG, inferior temporal gyrus; POG, postcentral gyrus; PRG, precentral gyrus; 
PRC, perirhinal cortex; OFC, orbitofrontal cortex; PFC, prefrontal cortex; SMG, supramarginal gyrus; ANG, angular gyrus.
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aMCI Group vs. svMCI Group
As shown in Table  2 and Figure  7, there were significant 
increased associations between several hippocampal subfields 
(bilateral presubiculum, bilateral subiculum) and the bilateral 
ERC in the aMCI group compared to the svMCI group. Then, left 
hippocampal subfields mostly showed decreased covariance with 
the right FFG in the aMCI group relative to the svMCI group.

DiscUssiOn

In this study, we selected hippocampal subfields as seeds to build 
SCNs among three groups. Specifically, hippocampal subfields 
correlated with the TP, thalamus, subcallosal cortex, and posterior 
cingula cortex in the aMCI group, while hippocampal subfields 
significantly covaried with the OFC in the svMCI group. Finally, 
we compared the differences in strength of structural covari-
ance between groups. The results demonstrated that there were 
abnormal structural associations between hippocampal subfields 
and the cerebral cortex in aMCI and svMCI patients, and these 
abnormalities were different between them.

structural covariance networks  
Within groups
In our study, positive correlations between hippocampal subfields 
and FFG, and ERC in GM volume were found in each group.  

To some extent, these positive correlations suggested synchro-
nous GM changes in these regions (29, 32). The ERC and FFG 
are anatomically adjacent to the hippocampus. Importantly, there 
were many intrinsic connections between the hippocampus, 
ERC, and FFG (7).

All the hippocampal subfields showed significantly positive 
structural covariance with the thalamus in the aMCI group. 
A previous study reported atrophy of the thalamus in aMCI 
patients (45). The positive structural covariance could be 
explained by the synchronous atrophy between the thalamus 
and hippocampus in the aMCI group. The subiculum and 
entorhinal cortices were found to project to the thalamus (1). 
There were many disruptions in the thalamus functional con-
nectivity in aMCI including thalamo-hippocampus, thalamo-
temporal, thalamo-visual, and thalamo-default network (46). 
Some cognitive impairments in aMCI, such as visual–spatial 
perception syndrome and visual hallucinations, may be due 
to thalamus atrophy and abnormalities in thalamus-related 
networks.

We also observed positive structural associations between 
the left hippocampal subfields and subcallosal cortex in the 
aMCI group. This suggested right subcallosal cortex atrophy in 
aMCI patients (47). In addition, significant correlations between 
cognitive scores on the episodic memory task and increased 
functional connectivity between the subcallosal cortex and 
hippocampus were found in aMCI patients (48). This indicated 
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FigUre 5 | Significant between-group differences in structural association for aMCI and NC. A cluster showing significant structural difference (Gaussian random 
field-corrected at voxel level: P < 0.01 and cluster level: P < 0.05) between aMCI and NC is presented on the right, and a plot of slope differences between the  
seed region and cluster region is presented on the left. Abbreviations: L, left; R, right; NC, normal controls; aMCI, amnestic mild cognitive impairment; CA, cornu 
ammonis; DG, dentate gyrus; Presub, presubiculum; Sub, subiculum; TP, temporal pole; POG, postcentral gyrus; ANG, angular gyrus.

FigUre 6 | Significant between-group differences in structural association for svMCI and NC. A cluster showing significant structural difference (Gaussian random 
field-corrected at voxel level: P < 0.01 and cluster level: P < 0.05) between svMCI and NC is presented on the right, and a plot of slope differences between the 
seed region and cluster region is presented on the left. Abbreviations: L, left; R, right; NC, normal controls; svMCI, subcortical vascular mild cognitive impairment; 
CA, cornu ammonis; DG, dentate gyrus; Presub, presubiculum; Sub, subiculum; OFC, orbitofrontal cortex; PFC, prefrontal cortex; FFG, fusiform gyrus.
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that the abnormal structural correlations in the subcallosal cor-
tex could be related to the observed memory deficits in aMCI 
patients.

We found significantly positive structural associations 
between the right hippocampal subfields and PCC in the aMCI 

group. Many histopathological (49), structural (50), and func-
tional imaging (51, 52) studies consistently reported that the PCC 
was an important structure in the pathophysiology of AD and 
aMCI. Importantly, the functional disconnection of hippocampal 
subregions and PCC may be a main factor of impaired episodic 
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memory in aMCI (20). Because the developmental trajectory 
of the structural network may associate with its functional spe-
cialization (53), the abnormality between PCC and hippocampal 
subfields may underpin the episodic memory deficits observed 
in aMCI.

significant Differences in scns  
Between groups
We observed that the increased connections between the right 
FFG and left presubiculum were stronger in svMCI than in the 
aMCI and NC groups. Previous studies have shown FFG atrophy 
in svMCI patients (24, 54). The FFG is related to semantic pro-
cessing (55). Thus, the abnormal structural correlations between 
hippocampal subfields and the FFG could have an effect on the 
reduced capacity for semantic memory. Our results indicated that 
abnormality between the hippocampal subfields and FFG was 
distinct in svMCI, which was characterized by the main deficit of 
semantic memory compared to aMCI.

In the aMCI group, compared to the svMCI group, we observed 
an increased association between the bilateral presubiculum/
subiculum and the ERC. The pathway from CA1 to the subiculum 
and projections to the ERC form the principal output from the 
hippocampus. The connections between CA1, subiculum, and 
ERC were associated with episodic memory processing (26). 
Therefore, the synchronous atrophy in the ERC and hippocam-
pal subregions may suggest the disruption of episodic memory 
distinctly in aMCI patients.

The left CA1/CA4/DG/subiculum showed significantly 
increased structural association with the left TP in aMCI 
patients compared to NC. The stronger structural covari-
ance potentially indicates synchronous GM changes in these 
regions affected by the disease (29). Thus, we speculate that 
the increased structural covariance between hippocampal 
subfields and the temporal gyrus suggests synchronous atro-
phy in the aMCI group. Several studies have shown atrophy in 
the temporal gyrus, especially in the medial and ITG, which 
supports our results (8, 56). The TP is associated with both 
social and emotional processes, which mainly involves face 
recognition and theory of mind (57). Chen et al. also indicated 
decreased connectivity between the middle hippocampus and 
middle temporal gyrus (MTG) in functional connectivity (26). 
We assumed that the synchronous atrophy between the hip-
pocampus and MTG could explain the disrupted functional 
connectivity between them.

We also observed increased structural associations between 
the left CA1/subiculum and left POG in aMCI compared to 
NC. Left POG atrophy was reported in aMCI patients (58). 
Additionally, NC subjects had greater activations than aMCI 
patients during “Binds,” which probe object memory in the 
left POG, and our findings on the abnormal structural correla-
tion with the left POG could be related to early signs of object 
memory deficits in aMCI patients (53).

In addition, bilateral CA1 and left CA2/3 showed significantly 
positive associations with the OFC in the svMCI group compared 

FigUre 7 | Significant between-group differences in structural association for aMCI and svMCI. A cluster showing significant structural difference (Gaussian random 
field-corrected at voxel level: P < 0.01 and cluster level: P < 0.05) is presented on the right, and a plot of slope differences between the seed region and cluster 
region is presented on the left. Abbreviations: L, left; R, right; aMCI, amnestic mild cognitive impairment; svMCI, subcortical vascular mild cognitive impairment;  
CA, cornu ammonis; DG, dentate gyrus; Presub, presubiculum; Sub, subiculum; ERC, entorhinal cortex; FFG, fusiform gyrus.
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This study was undertaken to demonstrate the vascular protection of exogenous and

endogenous hydrogen sulfide (H2S) on cerebral ischemia/reperfusion (I/R) injury. The

effect of H2S on cerebrovascular dysfunction in middle cerebral artery (MCA) and

neuronal damage were measured after cerebral I/R induced by transient middle cerebral

artery occlusion (MCAO) in cystathionine c-lyase (CSE) knockdown and wild-type rats.

The effect of sodium hydrosulfide (NaHS, donor of exogenous H2S), L-cysteine (L-Cys,

substrate of endogenous H2S), and endothelium cells on the responses of isolated MCA

derived from non-ischemic rats was also evaluated to assess the underlying mechanism

of H2S-mediate cerebral vasodilation. The results revealed that the contraction and

dilation of MCA profoundly decreased after cerebral I/R. The vascular dysfunction

became more grievous in CSE knockdown rats than in wild-type rats. Interestingly, this

vascular dysfunction was significantly alleviated by NaHS supplementation. Moreover,

both NaHS and L-cysteine could induce remarkable relaxation in the isolatedMCA, which

was eliminated by co-application of potassium channel blockers ChTx and Apamin, or

endothelial removal. By contrast, adding endothelium cells cultured in vitro together

with ACh into the luminal perfusate could mimic non-NO and non-PGI2 relaxation in

endothelium-denuded MCA, once CSE was knocked down from endothelium cells,

and its effect on vasorelaxation was abolished. Furthermore, the indexes of neuronal

injury were measured after cerebral I/R to confirm the neuroprotection of H2S, and

we found that the neurological scores, cerebral infarction volume, brain water content,

malondialdehyde content, and serum lactate dehydrogenase activity (a marker of cellular

membrane integrity) were significantly higher in CSE knockdown rats than in normal

control rats. It is not surprising that NaHS could alleviate the cerebral injury. These findings

revealed that H2S has a protective effect on cerebral I/R injury via its upregulation of the

endothelium-dependent contraction and dilation function of cerebral vessels, which may

be related to activating potassium channel.

Keywords: hydrogen sulfide, ischemia/reperfusion, vascular function, neuronal injury, Kca channel
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INTRODUCTION

Ischemic stroke is one of the most common cerebrovascular
diseases with high mortality and disability rate. Previous studies
have shown that ischemia could reduce the cerebral vascular
response and change the tension of the vessels, which is the
leading cause of disruption of the cerebral blood flow around the
ischemic area, and the following hypotension and hypercapnia
induced by ischemia could induce vascular dysfunction and
finally neuronal injury (1, 2). Autoregulation of cerebral
blood vessels is of great importance to protect the neuron
against ischemia injury during the hypercapnia and hypotension
condition (3, 4). Therefore, the effective treatment for ischemic
stroke depends on a functional and patent vasculature, and
hence vascular protection is regarded as an important therapeutic
approach to reduce stroke damage (5).

Hydrogen sulfide (H2S) is regarded as the third endogenous
gasotransmitter (6), following carbon monoxide (CO) and
nitric oxide (NO). Accumulated evidence indicates that
H2S plays a much more active and important role against
ischemia/reperfusion (I/R) injury, such as kidney I/R injury
(7), myocardial I/R injury (8), and cerebral I/R injury (9).
Endogenous H2S is mainly produced from L-cysteine (L-Cys)
in intracytoplasm by cystathionine r-lyase (CSE), cystathionine
β-synthase (CBS), and β-mercaptopyruvic acid in mitochondria
by 3-mercaptopyruvate sulfurtransferase (3-MST) (10). In the
vasculature, the endogenous H2S is mainly produced from
L-cysteine by CSE in endothelium (11).

H2S plays a number of roles in the central nervous system
(CNS) under pathological and physiological states such as anti-
inflammation, cytoprotection, antiapoptosis, and antioxidation
(12–14). In our previous studies, we found that H2S mediated the
hyperpolarization and dilation of rat cerebral arteries including
the MCA and the basilar artery (BA) (15, 16). However, the
effect of H2S on the cerebrovascular dysfunction after cerebral
I/R is still unclear. In addition, we previously also found that
intravenous injection with CSE-siRNA and atelocollagen in rats
could remarkably knock down the CSE mRNA and protein
expression in vivo in cerebral vessels and reduce the production
of H2S. Moreover, we have revealed that NaHS could augment
the KCa current in CBA vascular smooth muscle cells (17).
Therefore, we tested the hypothesis in this study, whether
H2S could attenuate the cerebrovascular dysfunction and the
neuronal damage that follows cerebral I/R. Likewise, we followed
the same CSE-siRNA- transfection approach to knockdown the
CSE expression and reduce the H2S production for investigating
the effect of endogenous H2S on cerebrovascular dysfunction and
neuronal damage. In addition, we also sought to explore the role
of exogenous H2S on cerebral I/R injury and further investigate
the underlying mechanism of vascular protection of H2S.

MATERIALS AND METHODS

Reagents
CSE-siRNA and negative siRNA were purchased from
GenePharma (Shanghai, China), and atelocollagen was
purchased from KOKEN (Tokyo, Japan); CSE antibody

was purchased from Santa Cruz (Delaware Ave, USA); NaHS,
Acetylcholine(ACh), bradykinin, 9, 11-dideoxy-11α, 9α-epoxy-
methanoprostaglandin F2α (U46619), and Vinpocetine were
purchased from Sigma Chemicals (St. Louis, USA); lactate
dehydrogenase (LDH) and malondialdehyde (MDA) assay kits
were purchased from Nanjing Jiancheng Biological Co (Nanjing,
China). ChTx, Apamin, L-Cys, L-NG-nitroarginine methyl ester
(L-NAME), and indomethacin (Indo) were purchased from
sigma Chemicals (St. Louis, USA); Krebs solution (comprising
the following (mM): NaCl 118, KCl 3.4, CaCl2 2.5, KH2PO4 1.2,
MgSO4 1.2, NaHCO3 25, and glucose 11.1) was aerated with
a mixture of 95% O2 and 5% CO2 and oxygenated during the
incubation period.

Experimental Animals
Adult male Sprague-Dawley (SD) rats, weighing between 250 and
300 g, were obtained from the Experimental Animal Center of
Anhui Medical University. The animals were allowed free access
to water and rodent chow. All experimental procedures were
approved by the Ethics Review Committee of Anhui Medical
University, which comply with the Guide for the Care and Use
of laboratory Animals published by the US National Institutes of
Health (NIH publication no. 85-23, revised 2011).

Cell Cultures
Human umbilical vein endothelial cells, EAhy926, were
purchased from the Cell Bank, Shanghai Institutes for Biological
Sciences, Chinese Academy of Sciences, and were cultured with
high glucose Dulbecco’s Modified Eagle Medium containing
10% heat-inactivated fetal bovine serum (Gibco), and were
transfected by siRNA to knock down the expression of CSE
according to the previous research (18).

CSE-siRNA Transfection and Cerebral I/R
Injury Model in Rats
As described in our previous study (17), the CSE was knocked
down with siRNA-transfection technique. The decrease of CSE
and its mRNA expression in MCA was used as the indicator of
CSE knockdown, measured by western blot and real-time PCR
analysis. At 48 h after siRNA-transfection, the cerebral I/R injury
of rats was induced by MCAO under chloral hydrate anesthesia
(350 mg/kg, ip) (19). Briefly, a 4-0 nylon monofilament suture
(total length: 30mm; diameter: 0.23mm) was dipped in melted
hard wax at the head end, slightly inserted into the right
common carotid artery, and pushed ∼18–22mm from the
carotid bifurcation to the internal carotid; blood flow of MCA
was then blocked at the origin. After 2 h of ischemia, the suture
was carefully withdrawn for reperfusion for 24 h. Rats of the non-
CSE-siRNA transfected experiment were grouped as: (1) Sham
(n = 10); (2) MCAO (n = 10); (3) MCAO+1 × 10−5 mol/kg
NaHS (n = 10); (4) MCAO+1 × 10−6 mol/kg NaHS (n = 10);
(5) MCAO+1 × 10−7 mol/kg NaHS (n = 10). Sham group
animals were also subjected to the above procedures, except for
suture insertion. Rats of CSE-siRNA transfected experiment were
grouped as: (1) Sham (n = 10); (2) Control (n = 10); (3) CSE-
siRNA (n = 10); (4) CSE-siRNA+NaHS (n = 10). Sham group
animals were also subjected to the above procedures, except for
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suture insertion. NaHS was injected into the tail vein of rats after
ischemia, while the sham and control rats were injected with
saline.

Cerebral Vessel Experiment
As described previously (17), the brains of MCAO or non-
ischemic rats were rapidly removed after sacrifice under
anesthesia and placed in precooled Krebs solution. MCA was
carefully isolated immediately and cut into serial segments of
3mm in length. Subsequently, both ends of the vessel segment
were cannulated with glass micropipettes, secured with a nylon
monofilament suture and then placed in a perfusion chamber.
Thereafter, the segments were equilibrated with 37◦C Krebs
solutions and continuously aerated with a gas mixture of 95%
O2 and 5% CO2 and then pressurized to 85 mmHg. The
luminal flow was then adjusted to 150 µl/min. After 60min
of equilibrium, 1 × 10−7 mol/l U46619 or 30 mmol/L KCl
was added to the luminal perfusate until a stable contraction
was obtained. The diameter of the artery of non-ischemic
rats was continually measured utilizing E-rule software, and
MCA tension of MCAO rats was measured by myograph
(17). The percentage of maximum diameter (% Dmax) was
calculated and used to evaluate the vascular dilation of non-
ischemic rats using the following formula: Dilation (%) = (Dx

– Dmin)/(Dmax – Dmin) × 100%, where Dx is the diameter
after administration of NaHS, L-Cys, or endothelial cells, Dmin

is the stable diameter of artery precontracted with U46619
or KCl, and Dmax is the initial diameter. The maximum rate
of vascular dilation of MCAO rats was calculated using the
following formula: Dilation (%) = (Tmin-Tx)/(Tmin – Tmax) ×
100%, where Tmin is the stably tension of artery precontracted
with U46619, Tx is the vascular tension after administration
of ACh or vinpocetine, and Tmax is the initially vascular
tension.

Evaluation of Neurological Score
Neurological score (20) of rats was evaluated at 24 h after
reperfusion. It was scored on a five-point scale: (1) score 0:
no neurologic deficit; (2) score 1: a mild focal neurologic
deficit (failure to extend left forepaw fully); (3) score 2: a
moderate focal neurologic deficit (circling to the left); (4) score
3: a severe focal deficit (falling to the left); (5) score 4: rat
could not walk spontaneously and had a depressed level of
consciousness.

Determination of Infarction Volume and
Brain Water Content
At the end of the neurological score test, the rats were sacrificed
with anesthesia. The brains were rapidly removed and sliced
coronally at a 2mm interval. The brain slices were then incubated
in the dark in 2% TTC in phosphate-buffered solution (PBS)
at 37◦C for 30min for staining. Subsequently, the stained slices
were placed in 4% paraformaldehyde for 10min. All the stained
brain slices were photographed subsequently to delineate the area
of infarct size using Image J, version 1.6 (National Institutes of
Health, Bethesda, MD, USA). As described previously (9), the

percentage of infarction volume was determined by normalizing
the whole brain.

The dry-wet approach was used to measure the brain water
content (21). In short, the fresh slices of each brain were weighed
to attain the wet weight. The fresh tissues were then dried in
an oven at 105◦C for 48 h and weighed again to obtain the dry
weight. Brain water content was calculated using the following
formula:

Brain water content (%) = (wet weight – dry weight)/wet
weight× 100%.

Measurement of Serum LDH Activity and
MDA Level
Briefly, serum and supernatant of brain tissue homogenate of
rats were collected and transferred to 96 well plates for LDH
activity and MDA level analysis, using the biochemistry assay kit
(Jiancheng Bioengineering Ltd, Nanjing, China) and abiding by
the manufacturer’s manual.

Statistical Analysis
Statistical analysis was performed by one-way analysis
of variance (ANOVA) followed by the Duncan test to
determine the difference between groups. Blood vessel
data is presented as mean ± SD, and the other data are
expressed as mean ± SEM. The p < 0.05 are considered
significant.

RESULTS

Effect of H2S on Cerebrovascular Function
of Rats
Exogenous H2S Attenuated Cerebrovascular

Dysfunction Induced by Cerebral I/R
Changes of vascular tension in MCA from MCAO rats were
examined after cerebral I/R. As shown in Figure 1, in the sham
group, 1× 10−7 mmol/L U46619 evoked significant constriction
in MCA with maximum response (Emax) of 1.88 ± 0.19 mN.
The contraction in MCA from MCAO rats to U46619 was
profoundly decreased and the Emax was reduced to 0.39 ±

0.12 mN, but the reduction was significantly ameliorated by 1
× 10−5

∼ 1 × 10−7 mol/kg NaHS supplement. Furthermore,
the ACh-mediated relaxations in MCA were also remarkably
inhibited by MCAO, with the Emax being reduced from 68.27
± 3.71% of the sham group rats to 8.91 ± 3.66% of the model
group rats, and the dilation dysfunction in MCA was also
attenuated by 1 × 10−5

∼ 1×10−7 mol/kg NaHS supplement.
In addition, vinpocetine-mediated non-endothelium-dependent
relaxation in MCA was also significantly attenuated in the model
group (Emax: 68.44 ± 12.21% in the model group and 151.48
± 25.32% in the sham group). Interestingly, the decrease of
vascular relaxation to vinpocetine injured by cerebral I/R was
similarly ameliorated by 1 × 10−6

∼ 1 × 10−7 mol/kg NaHS
supplement. These results indicated that exogenous H2S has a
protective effect on the cerebrovascular dysfunction injured by
cerebral I/R.
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FIGURE 1 | Exogenous H2S attenuated cerebrovascular dysfunction induced by cerebral I/R in rats (mean ± SD, n = 8). (A) Original tracings of U46619-, ACh-,

vinpocetine- and NaHS-induced responses of MCA derived from MCAO rats. (B) The effect of NaHS on U46619 meditated MCA contraction. (C) The effect of NaHS

on ACh-meditated relaxation in MCA preconstricted with U46619. (D) The effect of NaHS on vinpocetine-meditated relaxation in MCA preconstricted with U46619.

**P < 0.01 vs. sham, ##P < 0.01 vs. MCAO, #P < 0.05 vs. MCAO.

Effect of Endogenous H2S on
Cerebrovascular Dysfunction Injured by
Cerebral I/R
In order to clarify the effect of endogenous H2S on
cerebrovascular dysfunction injured by cerebral I/R, we
examined the changes of vascular tension in MCA from CSE
knocked down rats after cerebral I/R. As shown in Figure 2,
MCA almost had no contractile response to U-46619 (Emax:
0.11 ± 0.01 mN) in CSE knock down rats after cerebral I/R,
which could be significantly elevated by 1 × 10−6 mol/kg
NaHS supplement (Emax: 0.59 ± 0.03 mN). Similarly, CSE
knockdown attenuated both ACh- and vinpocetine-mediated
relaxation of MCA from MCAO rats. Emax of ACh-mediated
relaxation was reduced from 8.91 ± 3.66% in the MCAO group
of wild-type rats to 2.48 ± 2.65% in the CSE-siRNA group; Emax

of vinpocetine-mediated relaxation was reduced from 68.44 ±

12.21% in the MCAO group of wild-type rats to 8.42 ± 3.47% in

the CSE-siRNA group. Interestingly, supplementing with NaHS
could also further elevate the ACh- and vinpocetine-mediated
vascular relaxation of MCAO rats. These results indicate that the
CSE knockdown could induce significant vascular dysfunction,
which can be ameliorated by exogenous H2S.

Effect of Ca2+-Activated K+ (K Ca) Channel
Blockers on H2S-Mediated Relaxation of
MCA
We next sought to demonstrate further the effect of H2S
on MCA and explore the underlying mechanism using KCa

channel blockers CTX and Apa. The results of changes of
vascular diameter as shown in Figure 3A and Table 1, the
NaHS could induce concentration-dependent dilation in MCA
precontracted with U46619 from non-ischemic rats, which was
obviously abolished by co-application of CTX and Apa, Emax

of vascular relaxation being reduced from 76.23 ± 7.4 to
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FIGURE 2 | Effect of endogenous H2S on cerebrovascular dysfunction injured by cerebral I/R (mean ± SD, n = 8). (A) Original tracings of U46619-, ACh-,

vinpocetine-, and NaHS-induced responses of MCA derived from CSE knocked down rats after MCAO. (B) The effect of CSE knockdown and NaHS on

U46619-meditated contraction. (C) The effect of CSE knockdown on and NaHS- or ACh-meditated relaxation. (D) The effect of CSE knockdown and NaHS on

vinpocetine-meditated relaxation. **P < 0.01 vs. sham, ##P < 0.01 vs. MCAO.

8.75 ± 1.7% after co-application of CTX and Apa. Moreover,
L-Cys, the substrate of endogenous H2S-producing enzyme
similarly induced a concentration-dependent dilation in MCA
precontracted with U46619 (Figure 3B, Emax: 79.28 ± 5.4%,
p < 0.01 vs. the vehicle group). However, the relaxation in
MCA to L-Cys was also obviously abolished by co-application
of CTX and Apa, Emax being reduced from 79.3 ± 5.4
to 9.7 ± 2.0% (Figure 3D). These data suggested that KCa

channel might be involved in the H2S-induced cerebrovascular
relaxation.

Effect of Vascular Endothelium on
H2S-Mediated Relaxation of MCA
As shown in Figures 3B,C and Table 1, the removal of vascular
endothelium significantly reduced the relaxation of MCA to L-
Cys, with Emax being reduced to 8.8 ± 3.8%. Co-adding of
ACh and endothelium cells (EAhy926 cells) cultured in vitro
into luminal perfusate could induce a non-NO and non-PGI2
relaxation in endothelium-denuded rat MCA precontracted with
KCl (Figure 4, Emax: 66.1 ± 1.6%). However, co-application
of ACh and EAhy926 cells of CSE knockdown cannot induce
the relaxation in the endothelium-denuded MCA. These results
further suggest that vascular endothelium participated in the

relaxation in rat MCA, and that endothelial H2S might mediate
vasodilation in the blood vessel.

Effects of H2S on Neuronal Injury Induced
by MCAO in Rats
The rats were transfected with siRNA to knock down the
expression of CSE and used to investigate the role of endogenous
H2S on neuronal injury induced by MCAO.

Effect of H2S on Neurological Score
The neurologic deficit scores of rats are presented in Figure 5A.
No neurologic deficits were observed in the sham group.
Moderate neurologic deficits (average score: 3) were observed
at 24 h after reperfusion in control group rats, while in the
CSE-siRNA group, the rats had significant neurologic deficits
(average score: 3.5), and interestingly, the neurologic deficits were
remarkably inhibited by 1× 10−6 mol/kgNaHS supplementation
within 30min after ischemia.

Effect of H2S on the Infarction Volume
As shown in Figures 5B,C, I/R remarkably induced cerebral
infarction in rats. However, the increase of the infarction volume
in the CSE knockdown rats was more significant than that in the
control group rats. NaHS (1 × 10−6 mol/kg) supplementation

Frontiers in Neurology | www.frontiersin.org 5 October 2018 | Volume 9 | Article 77945

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Wen et al. Vasoprotection of H2S on Cerebral I/R Injury

FIGURE 3 | Effects of KCa channel blockers CTX and Apa on H2S-mediated relaxation in MCA of normal rats (mean ± SD, n = 8). (A) Effects of CTX and Apa on

NaHS-induced relaxation. (B) Effect of L-Cys on relaxation in U46619-preconstricted rat MCA. (C) Effects of the endothelium removal on the L-Cys- induced

relaxation. **P < 0.01 vs. L-Cys (+Endo). (D) Effect of CTX and Apa on L-Cys-induced relaxation in MCA. **P < 0.01 vs. NaHS or vehicle or L-Cys (+Endo).

TABLE 1 | Effects of CTX plus Apa on relaxation of MCA to NaHS or L-Cys, and

role of vascular endothelium in L-Cys-induced relaxation in the MCA (Mean ± SD,

n = 8).

Group Maximum possible effect (%)

Vehicle 8.03 ± 1.1

NaHS 76.23 ± 7.4**

NaHS+ CTX+Apa 8.75 ± 1.7*

L-Cys(+Endo) 79.28 ± 5.4**

L-Cys(-Endo) 8.85 ± 3.8##

L-Cys +Apa +CTX 9.7 ± 2.0##

**P < 0.01 vs. vehicle; *P < 0.01 vs. NaHS; ##P < 0.01 vs. L-Cys (+Endo).

significantly reduced the infarction volume in CSE knockdown
rats alike.

Effect of H2S on Brain Water Content in
Rats
Brain water content among the other factors is regarded as
being responsible for the neuronal dysfunction after brain

ischemia (22) and can be used as an indicator of brain edema
(21). The results (Figure 5D) showed that MCAO markedly
increased the brain water content in CSE knockdown rats
when compared to untreated rats of the control group, which
could be significantly inhibited by NaHS (1 × 10−6 mol/kg)
supplementation.

Serum LDH Activity and MDA Level in
Brain Tissue
LDH leakage from cells to serum and MDA, a product of lipid
peroxidation, are major indexes of ischemia injury. In the control
group (Figure 6) there was a significant increase of LDH activity
in serum andMDA content in cerebral tissue induced by cerebral
I/R, and the results indicated that I/R could induce significant
cerebral injury. However, the injury was more remarkable in
CSE knockdown rats than in the control group (p < 0.01)
and was significantly inhibited by NaHS (1 × 10−6 mol/kg)
supplementation.

These results confirmed that H2S has a remarkable protective
effect on MCAO-induced neuronal injury.
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FIGURE 4 | Role of endothelial CSE in ACh-induced non-NO- non-PGI2 relaxation in endothelium-denuded rat MCA (mean ± SD, n = 8). (A) Effect of EAhy926 cells

(endothelial cell, EC) on ACh-induced non-NO- non-PGI2 relaxation in KCl-preconstricted endothelium-denuded rat MCA. (B) Effect of EAhy926 cells with CSE

knockdown (CSE-siRNA EC) on ACh-induced non-NO- non-PGI2 relaxation in KCl-preconstricted endothelium-denuded rat MCA. **P < 0.01 vs. vehicle or

L-NAME+Indo+EC.

FIGURE 5 | Effect of CSE knockdown (CSE siRNA) on neuronal injury induced by MCAO in rats (Mean ± SEM, n = 8). (A) Neurological deficits. (B) Infarct volume.

(C) Quantitative analysis of brain infarct volume. (D) Brain water content. #P < 0.05 vs. control, ##P < 0.01 vs. control, **P < 0.01 vs. CSE siRNA.
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FIGURE 6 | Effect of CSE knockdown (CSE siRNA) on MCAO rat serum LDH activity and MDA content in brain tissue (mean ± SEM, n = 8). (A) Serum LDH activity.

(B) MDA content in brain tissue. *P < 0.05 vs. control; ##P < 0.01 vs. CSE isRNA.

DISCUSSION

Cerebral I/R injury is a serious and common clinical disease.
The tissue plasminogen activator (t-PA) is the only FDA-
approved treatment for acute brain ischemia. However, only
a small proportion of brain ischemia patients are eligible to
receive tPA treatment because it carries a high risk of secondary
impairments, such as bleeding/hemorrhagic transformation and
severe neurodegeneration (23, 24). Thus, the main priority is to
explore the neuroprotective strategies and find new drugs for
possible clinical use.

Previous studies have reported that cerebral I/R decreases

endothelial vasoreactivity, impairs blood flow restoration, and

also causes further brain injury (5). H2S is a novel vasoactivator,
and research has pointed out that H2S is helpful for cerebral

ischemic injury. Although the role of H2S on cerebral I/R

injury has attracted the interest of many researchers, the
mechanism involved in the effect of H2S on cerebral I/R

injury is still not completely clear (9). The aim of this
study was designed to clarify the vascular protection of H2S
on neurovascular dysfunction after cerebral I/R. The results
showed that the contraction and dilation of MCA profoundly
decrease after cerebral I/R. The reduction in the contraction
and dilation was significantly ameliorated by 1×10−5

∼ 1×10−7

mol/kg NaHS supplement. Not surprisingly, in CSE knockdown
rats, MCA almost loses its dilation to ACh or vinpocetion,
and constriction to U46619 after cerebral I/R, which could
also be significantly ameliorated by 1 × 10−6 mol/kg NaHS
supplement. These data indicated that H2S had a significant
protection on cerebrovascular dysfunction induced by cerebral
I/R.

We next sought to investigate the mechanism of MCA
relaxation on to H2S using KCa channel blockers and endothelial
removal. As has previously been established, H2S has been
classified as a novel gasotransmitter signaling molecule in CNS,
which is involved in various signal transmissions such as the
regulation of ion channels (14). Furthermore, the cerebral
endothelium has a key role in the regulation of vascular

tone because the endothelium could release H2S and other
relaxing factors such as NO and PGI2 to relax vascular smooth
muscle cells (VSMC) (17). In the present study, we found
that the relaxation of isolated MCA to H2S donor NaHS and
L-Cys (substrate of endogenous H2S-producing enzyme) was
abolished by the co-application of the intermediate-conductance
KCa channel blocker CTX and small-conductance KCa channel
blocker Apa. In parallel, similar dilation of MCA elicited by
L-Cys was blocked by endothelial removal. However, adding
endothelium cells (EAhy926) cultured in vitro to luminal
perfusate could mediate non-NO and non-PGI2 vasorelaxation
to ACh in endothelium-denuded MCA, but the relaxation
was abolished by CSE knockdown in EAhy926 cells. These results
provided solid evidence that the vasodilation of cerebral vessels to
H2S is endothelium-dependent and might relate to activate the
KCa channel.

To further confirm the protective effects of H2S on neuronal
injury after cerebral I/R, the MCAO was still used as a model of
focal cerebral I/R and associated with an increase of infarction
volume, brain water content, and neurological scoring (25).
Our data revealed that cerebral I/R injury led to a significant
increase of cerebral infarction, brain edema, and neurological
deficits, thereby suggesting an eminently neuronal injury. In
addition, it is widely accepted that oxygen-free radicals in
neurocytes induced by cerebral I/R injury and subsequent lipid
peroxidation play a key role in the pathophysiology of I/R
injury. Hence, like MDA, a product of lipid peroxidation, LDH
leakage has also been applied to assess cerebral I/R injury
(9, 26). In agreement with the previous result, we found
that cerebral I/R injury led to a significant increase of serum
LDH activity and MDA content in MCAO rats. However,
all the above injury indicators occurred more grievously in
CSE knockdown rats than in the normal control group, and
could be remarkably inhibited by 1 × 10−6 mol/kg NaHS
supplementation. Together with treatment, the effect of H2S
donor NaHS on the injury suggests that H2S could inhibit
cerebral I/R-induced increases of cerebral infarction, brain edema
and neurological deficits, LDH leakage, and lipid peroxidation.
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These findings provide more details and demonstrate that
H2S has a protective effect on neuronal injury induced by
MCAO.

In conclusion, our study is the first to show the multifaceted
vasoprotection of H2S on cerebral I/R injury. We found that (1)
both endogenous and exogenous H2S had eminent protection
on vasomotor dysfunction induced by MCAO in rats; (2) KCa

channel might be involved in the cerebrovascular relaxation to
H2S; (3) the cerebrovascular relaxation to H2S is endothelium-
dependent; (4) both endogenous and exogenous H2S had
a protective effect on neuronal injury after cerebral I/R in
rats.
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Schizophrenia is a psychiatric disorder that affects more than 21 million people
worldwide. It is an incurable disorder and the primary means of managing symptoms
is through administration of pharmacological treatments, which consist heavily of
antipsychotics. First-generation antipsychotics have the properties of D2 receptor
antagonists. Second-generation antipsychotics are antagonists of both D2 and 5HT2

receptors. Recently, there has been increasing interest in the effects of antipsychotics
beyond their neuronal targets and oligodendrocytes are one of the main candidates.
Thus, our aim was to evaluate the molecular effects of typical and atypical drugs
across the proteome of the human oligodendrocyte cell line, MO3.13. For this, we
performed a mass spectrometry-based, bottom-up shotgun proteomic analysis to
identify differences triggered by typical (chlorpromazine and haloperidol) and atypical
(quetiapine and risperidone) antipsychotics. Proteins which showed changes in their
expression levels were analyzed in silico using Ingenuity R© Pathway Analysis, which
implicated dysregulation of canonical pathways for each treatment. Our results shed
light on the biochemical pathways involved in the mechanisms of action of these drugs,
which may guide the identification of novel biomarkers and the development of new and
improved treatments.

Keywords: schizophrenia, mechanism of action, proteomics, biomarkers, chlorpromazine, haloperidol,
quetiapine, risperidone

INTRODUCTION

Schizophrenia is a chronic and debilitating psychiatric disorder characterized by positive (e.g.,
hallucinations and delusions), negative (e.g., anhedonia, alogia, apathy, and poor self-care),
and cognitive (e.g., deficits in executive function, working memory, and recognition memory)
symptoms. The risk for schizophrenia is 0.7% in the broad population but increases with the
degree of genetic relationship (Hayashi-Takagi, 2016). Treatment is based on administration of
antipsychotics to reduce the recurrence and severity of psychosis and improve general symptoms,
thereby providing some degree of improvement in quality of life for patients. Antipsychotics can be
divided into two categories known as typical (first-generation) and atypical (second-generation)
drugs. A common pharmacological property presented by these classes is the blockage of the
dopamine D2 receptor (Shen, 1999; Leucht et al., 2009; Kantoff et al., 2010).
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First-generation antipsychotics such as chlorpromazine and
haloperidol are effective in reducing positive symptoms, but they
can cause severe side effects such as extrapyramidal symptoms
and tardive dyskinesia. Additionally, these drugs do not treat
negative and cognitive symptoms, which contribute to most of
the deficiency associated with schizophrenia (Lieberman et al.,
2005). Second-generation antipsychotics like quetiapine and
risperidone are also effective to attenuate positive symptoms and
are more effective in reducing negative symptoms compared
to first-generation drugs. However, severe side effects such
as weight gain, metabolic syndrome, and sedation may occur
(Leucht et al., 2009).

The pathophysiology of schizophrenia has been associated
with disturbances in several neurotransmitter systems. One of
the most well-established theories is the dopamine hypothesis,
which agrees with current antipsychotics targeting dopaminergic
systems. This and other hypotheses have normally implicated
neurons, although other molecular mechanisms involving
different cell types in the brain may be associated with the
pathophysiology of schizophrenia (Coyle, 1996; Ju and Cui,
2015). Oligodendrocytes are the cells responsible for myelination
in the central nervous system (CNS) through expression of
genes that encode myelin structural proteins in a specific
and regulated manner, and myelination of axon fibers by
oligodendrocytes is essential for the rapid conduction of action
potentials (Buntinx et al., 2003).

Scientific evidence suggests that one of the reasons for
neuronal disconnection is due to disruptions in myelination.
This could be due to poor functioning of oligodendrocytes.
Such a disruption may lead to dysfunctions of perception,
behavior and cognition as seen in schizophrenia as reviewed
by Takahashi (Takahashi et al., 2011). It has already been
shown that there is a prominent reduction in the density of
oligodendrocytes in the prefrontal cortex of these patients (Hof
et al., 2003; Uranova et al., 2004). In addition, it has already
been seen in the dorsolateral prefrontal cortex alteration in
expression levels in genes related to myelination of patients
with schizophrenia compared to control (Hakak et al., 2001).
Evidence for myelin-related changes in schizophrenia is also
provided through studies with animal models. Animals treated
with NMDA receptor antagonists (NMDAr), a pharmacological
model of schizophrenia (Paulson et al., 2003; Neill et al., 2010)
showed a decrease in the total volume of white matter and corpus
callosum compared to control animals. Furthermore, levels of
myelin basic protein (MBP) in these animals were found to be
decreased (Xiu et al., 2014). In addition, transcriptomic studies
using post mortem brain tissue have implicated that genetic
variation in OLIG2, CNP, MAG, and MOG can be associated
to myelination and oligodendrocyte function in schizophrenia
(Hakak et al., 2001; Georgieva et al., 2006). It is important to
mention that myelination continues throughout development of
the young adult brain, coinciding with the average age of onset
of the pathology. We have demonstrated recently an increase
in the levels of many proteins in cultured oligodendrocytes
treated with MK-801, an antagonist of the NMDA receptor,
suggesting that these cells may be targets for antipsychotics
(Cassoli et al., 2016).

Here we performed a quantitative proteomic analysis
to investigate changes in protein expression triggered by
antipsychotics in a cell line of human oligodendrocytes
(MO3.13). The effects of two first-generation (chlorpromazine
and haloperidol) and two second-generation (quetiapine and
risperidone) antipsychotics were investigated. Our aim was to
better understand the biochemical pathways involved in the
mechanisms of action of these drugs in attempt to find new
biomarkers and targets which may increase our understanding
of the disease and therapeutic response and assist in the
development of more specific and improved treatments for
patients with schizophrenia.

EXPERIMENTAL PROCEDURES

Cell Culture, Treatments, and Proteome
Extraction
Human hybrid MO3.13 cells are classified as an immature
oligodendrocyte cell line (Buntinx et al., 2003; Cassoli et al.,
2017). Our group using a 2D liquid chromatographic strategy
combined with UDMSE acquisitions have established a complete
dataset of proteins expressed by the MO3.13 cells. More than
10,000 proteins expressed in this cell line have been identified,
and it is possible to find the receptors mentioned in this study,
such as the dopamine D2 receptor, target of antipsychotics
(Cassoli et al., 2017).

MO3.13 cells were grown in DMEM medium supplemented
with 0.5% penicillin/streptomycin (Sigma-Aldrich, St. Louis,
MO, United States) and 10% heat-inactivated fetal bovine
serum (Life Technologies, Darmstadt, Germany) at 37◦C in
a humidified atmosphere containing 5% CO2 as described
previously (Brandão-Teles et al., 2017). The cells were treated
with each antipsychotic once and collected after 8h as
follows with respect to dosage and drug: Group 1–10 µM
chlorpromazine; Group 2–50 µM haloperidol; Group 3–
50 µM quetiapine; Group 4–50 µM risperidone; Group 5–
chlorpromazine and haloperidol vehicle solution (0.01 M
HCl); Group 6 – quetiapine and risperidone vehicle solution
(DMSO). Each treatment was done in biological triplicate.
The antipsychotic doses were chosen as described previously
(Martins-de-Souza et al., 2011). MO3.13 cells were centrifuged
at 1,200 g for 5 min and the pellets homogenized in a lysis buffer
consisting of 6 M urea, 2 M thiourea, 10 mM DTT, with protease
and phosphatase inhibitors, 0.1 mM sodium pervanadate (lysis
buffer). Protein lysates were centrifuged at 14,000 g for 45 min
at 4◦C in order to remove pelleted lipids and other vestiges.
The supernatants were collected, desalted and concentrated as
described in Brandão-Teles et al. (2017). Protein concentrations
were determined by Qubit R© Protein Assay Kit.

NanoLC-ESI MS/MS
Proteomic analyses were performed in a bidimensional
microUPLC tandem nanoESI-UDMSE platform by multiplexed
data-independent acquisitions experiments, using a 2D-RP/RP
Acquity UPLC M-Class System (Waters Corporation, Milford,
MA, United States) coupled to a Synapt G2-Si mass spectrometer
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(Waters Corporation, Milford, MA, United States). The samples
were fractionated using a one-dimension reversed-phase
approach. Peptide samples (0.5 µg) were loaded into a M-Class
HSS T3 column (100 Å, 1.8 µm, 75 µm × 150 mm, Waters
Corporation, Milford, MA, United States). The fractionation was
achieved using an acetonitrile gradient from 7 to 40% (v/v) over
95 min at a flow rate of 0.4 µL/min directly into Synapt G2-Si
mass spectrometer. For every measurement, MS and MS/MS data
were acquired in positive resolution mode with a resolving power
around 25,000 FWHM. Ion mobility separation of precursor
ions method (Geromanos et al., 2012) was used over a range
of 50–2000 m/z and a cross-section resolving power of at least
40 �/1�. Precursor ion information was collected in low-energy
MS mode by applying a constant collision energy of 4 eV in the
range of 50–2000 m/z. Fragment ion information was obtained
in the elevated energy scan using drift-time specific collision
energies as detailed previously (Cassoli et al., 2017). The spectral
acquisition time in each mode was 0.6 s with a 0.05 s-interscan
delay, resulting in an overall cycle time of 1.3 s for the acquisition
of one cycle of low and high energy data. The lock mass channel
was sampled every 30 s. The mass spectrometer was calibrated
using a human [Glu1]-Fibrinopeptide B (785.8426 m/z) solution
delivered through the reference sprayer of the NanoLock Spray
source. All proteomics analyses were run in technical duplicate.

Data Processing and Database Searches
Proteins were identified and quantified using dedicated
algorithms and searching against the UniProt Human Proteomic
Database of Homo sapiens, version 2018/02 (Li et al., 2009;
Cassoli and Martins-de-Souza, 2017). The databases used
were reversed “on the fly” during the database queries by the
software to assess the false-positive identification rate. For
correct spectral processing and database searching conditions,
we used the Progenesis QI for Proteomics software package with
Apex3D, Peptide 3D, and Ion Accounting informatics (Waters
Corporation). This software starts with loading of the LC-MS
data, followed by alignment and peak detection, which creates a
list of interesting peptide ions that are explored within Peptide
Ion Stats by multivariate statistical methods. The processing
parameters used were 150 counts for the low-energy threshold,
50.0 counts for the elevated energy threshold, and 750 counts
for the intensity threshold. Automatic alignment of the runs (all
runs in the experiment was assessed for suitability) was used
for the processing. In peak picking, it was used 5 as maximum
ion charge and the sensitivity value was selected as 4. Moreover,
the following parameters were considered in identification of
peptides/proteins: (1) digestion by trypsin with at most one
missed cleavage; (2) variable modification by oxidation (M)
and fixed modification by carbamidomethyl (C); and (3) a false
discovery rate (FDR) less than 1%. Two or more ion fragments
per peptide, five or more fragments per protein and one or
more peptides per protein were required for ion matching. Data
were analyzed by on-way analysis of variance (ANOVA) with
treatment factor p-value <0.05 compared to vehicle group.
Identifications that did not satisfy these criteria were rejected.
The experiment design was defined (Group 1–6) and label free
protein quantitation was done using Hi-N (N = 3) method.

Analysis in silico
For interpreting the functional significance of differentially
expressed proteins, their UniProt accession IDs were uploaded
into the Ingenuity Pathways Knowledgebase (IPKB) through the
algorithm Ingenuity Pathway Analysis (IPA, Ingenuity Systems,
Qiagen, Redwood, CA, United States1) to determine potential
interactions between these proteins, between these proteins
and other proteins, to canonical pathways and to disease lists
contained in the IPKB. The parameters used were the software
default and p-value less than 0.05. Additional information can be
found on Ingenuity Systems’ website1.

Immunohistochemistry
MO3.13 cells for immunohistochemistry (adapted from
Taraboletti et al., 2017) were grown in circular glass microscope
slides in a six-well plate at a density of 3,5 × 104 and treated
as described previously. After the treatments, the cells were
initially fixed with 4% paraformaldehyde for 20 min, washed
three times and conserved in PBS. The microscope slides
were washed in PBS three times and were then incubated
with glycine 0.1 M for 30 min. After three additional washes,
the cells were blocked for 5 min in PBS containing 10% fetal
bovine serum. The cells were then incubated at 4◦C overnight
with primary antibodies in blocking solution (Taraboletti
et al., 2017). We used the following primary antibodies: Anti-
Cytochrome C antibody (1:400; Abcam; ab13575); and mTOR
(1:400; Cell Signaling; 2983S). The cells were then washed
with PBS and incubated with secondary antibodies and DAPI
(1:100) for 1h at 37◦C. The secondary antibodies were Alexa
Fluor 594 goat anti-mouse or anti-rabbit used at a dilution
of 1:400. The cells were fixed using mounting medium (Dako
Faramount Aqueous Mounting Medium, Ref S3025) and
imaged using an Cytation 5, BioTek and quantified using
Fiji: an open-source platform for biological-image analysis.
GraphPad Prism software version 8.0 was used to perform the
statistical analyses.

Oxidative Stress Indicator
MO3.13 cells were seeded on 12-well plate at a density of
4,5 × 104 per well. After 48 h the cells were treated with
Haloperidol for 4 h as described previously. After the treatment
we added CM-H2DCFDA, according to the manual description
(1:1000; Thermo; C6827), for 10 min in the dark to analyze
the reactive oxygen species. The wells were, then, washed three
times with PBS and 0.5 ml of DMEM supplemented with 0.5%
penicillin/streptomycin and 10% heat-inactivated fetal bovine
serum was added to each well. Fluorescence was measured using
a Cytation 5 (BioTek).

RESULTS

All antipsychotics affected the expression levels of some proteins
(Figure 1) and consequently triggered changes in several
biological processes, according to the in silico IPA profiling. Some

1www.ingenuity.com
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FIGURE 1 | GO biological processes affected by antipsychotic treatment in MO3.13 cell cultures.

of these differences were common among treatments and others
were specific to each antipsychotic analyzed.

We identified in chlorpromazine treatment a total of 1138
proteins, of these 195 proteins presented changes in the
abundance. In the case of haloperidol, we identified 1252 proteins
with 316 presented different levels, compared to the levels
of these proteins in untreated control cells (Supplementary
Tables S1, S2, respectively). Proteins with different abundances
affected 77 and 105 canonical pathways in cells treated with
chlorpromazine and haloperidol, respectively (Supplementary
Table S3). For atypical antipsychotics, in the quetiapine treatment
we identified a total of 2201 proteins in which 19 proteins
have their expression altered, while risperidone we identified
1705 proteins, of these 197 proteins presented changes in the
abundance (Supplementary Tables S4, S5, respectively). These
proteome changes were implicated in 17 and 32 conical pathways,
respectively (Supplementary Table S6).

Figure 1 shows the biological processes which were affected
both uniquely and in common by the tested antipsychotics.
All antipsychotics caused changes in protein metabolism.
The quetiapine treatment affected fewer biological processes
compared to other antipsychotics, reflected by the lowest number
of proteins expressed at different levels in the MO3.13 cells. Most
of the differentially expressed proteins in quetiapine treatment
are associated with the regulation of nucleobase, nucleoside,
nucleotide and nucleic acid metabolism. Some processes were
affected by only one treatment, which are: ion transport and
synaptic vesicle transport, by chlorpromazine; electron transport,
mitochondrial organization and biogenesis, nuclear organization
and biogenesis, regulation of cell growth, and regulation of gene
expression (epigenetic), by haloperidol; and ribosome biogenesis
and assembly, and transcription pathways by risperidone albeit
at a lower scale.

Proteins identified with different abundances were analyzed at
IPA according to their canonical pathways. We only considered
pathways with p-value less than 0.05. For typical antipsychotics,
haloperidol modulated more canonical pathways (105) than
chlorpromazine treatment (77) (Supplementary Table S3). In
addition, 23,8% of the pathways were altered by both drugs,
suggesting similarities in their mechanisms of action.

For atypical antipsychotics, no overlaps in the canonical
pathways affected were observed. Quetiapine only enriched 17
canonical pathways, while the risperidone treatment led to an
enrichment of 32 canonical pathways. Compared to typical
antipsychotics, 2.3 and 5.2% of the pathways enriched by
chlorpromazine and haloperidol, respectively, overlapped with
those triggered by risperidone, but no overlap was observed
between risperidone and quetiapine. Although presenting
specific pathway differences, this does not rule out the
possibility that risperidone may eventually use routes similar
to typical antipsychotics while modulating the MO3.13 cell
response. Depending on the dosage, risperidone may be
considered clinically as a typical antipsychotic and this could
be due to the high specificity of the effects induced by the
risperidone treatment.

In order to validate some of the proteins we found
differentially expressed in the treatments we performed
immunocytochemistry for mTOR and cytochrome C. Our
results showed that although chlorpromazine, haloperidol, and
risperidone altered proteins belonging to mTOR pathways, only
chlorpromazine affected mTOR protein directly (Figure 2). We
found an increase in cytochrome C expression promoted by
quetiapine treatment (Supplementary Figure S1). Additionally,
to detect reactive oxygen species (ROS) in MO3.13 after the
treatment with haloperidol we added CM-H2DCFDA, a cell
permeable, non-fluorescent precursor of DCF, and read in the
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FIGURE 2 | Representative images of MO3.13 cells treated for 8 h (A), vehicles (DMSO, HCl; B,C), chlorpromazine 10 µM (D), haloperidol 50 µM (E), quetiapine
50 µM (F), and risperidone 50 µM (G) stained for mTOR (green)/Dapi (blue). (H) Statistic chart showing normalized intensity fluorescence for mTOR for each
treatment (∗P < 0.05). Scale bars = 200 µm.

fluorescence microplate reader (Eruslanov and Kusmartsev,
2010). We observed that, compared to vehicle, haloperidol
increased ROS production in the cells (Figure 3).

DISCUSSION

Most of what we know about antipsychotic mechanisms of
action was discovered originally through effects on receptors
in neuronal studies. However, fewer studies have been carried
out investigating the effects of these drugs on glial cells.
Considering the growing interest in the role of oligodendrocytes
in neurotransmission, it makes sense to characterize the

modulatory effects of antipsychotics on the biological processes
of these cells. Thus, we investigated the acute response of
healthy oligodendrocytes to both first- and second-generation
antipsychotics through identification of proteins that were
changed subsequently in their abundance. Here we demonstrated
that antipsychotics affected in a different manner the proteome
of oligodendrocyte. This information can be observed in IPA
analyses through the canonical pathways’ ratio, that means
the ratio of the number of proteins affected by treatments
divided by the total number of proteins that belong to
the same pathway. The canonical pathway coverage ratios
for each of the treatment types ranged from 0.02–1 for
haloperidol, 0.02–0.5 for chlorpromazine and risperidone, and
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FIGURE 3 | MO3.13 after treatment with control (A,B), vehicle (HCL; C,D), and haloperidol 50 µM (E,F) for 4 h, and incubation with CM-H2DCFDA. Fluorescence is
shown here in false colors and green for CM-H2DCFDA. (G) Statistic chart showing normalized intensity fluorescence for CM-H2DCFDA for each treatment
(∗P < 0.05). Scale bars = 200 µm.
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FIGURE 4 | Network interactions, and their interactors, of differentially expressed proteins of haloperidol-treated oligodendrocytes. The network was generated from
differentially expressed proteins by IPA. Colored interactors represent proteins previous found in the proteome. Highlighted proteins were belonging to splicing
machinery. Full and dashed lines depict direct and indirect connections, respectively.

0.008–0.06 for quetiapine with ratios closer to 1 indicating
higher coverage.

Common Effects
Spliceosome
The spliceosome machinery is composed of five different
ribonucleoprotein (RNP) subunits and numerous protein
cofactors that together will participate in the splicing process,
i.e., removal of the introns in the pre-mRNA (Matera and Wang,

2014). In this study, proteins belonging to spliceosome machinery
were affected by all treatments. Among the proteins identified,
chlorpromazine increased levels of proteins belonging to nuclear
heterogeneous ribonucleoprotein family (hnRNP), such as
hnRNPC, nhRNPK, hnRNPA1L2, and hnRNPC, and decreased
levels of hnRNPA3. The haloperidol treatment also increased
the levels of hnRNPF, hnRNPA3, and decreased hnRNPH2
(Figure 4). Most of the proteins affected by risperidone treatment
were decreased, such as hnRNPH2, hnRNPH, hnRNPD,
hnRNPA1, hnRNPU, hnRNPM, and hnRNPA0. Quetiapine
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treatment only altered the levels of two proteins, the Pre-mRNA-
processing-splicing factor (PRPF8) and U6 snRNA-associated
Sm-like protein (LSM2). Recently, we observed changes in eight
proteins belonging to the hnRNP family in oligodendrocytes
treated with clozapine (Cassoli et al., 2016). We also found
altered levels of hnRNPC, hnRNPK and hnRNPU in post mortem
samples of the anterior temporal lobe (ATL) from patients with
schizophrenia (Saia-cereda and Santana, 2017). Additionally, we
found changes in hnRNPC levels in the temporo-posterior gyrus
of patients with schizophrenia (Martins-de-Souza et al., 2009).
Finally, Iwata et al. (2011) reported that overexpression of the
hnRNP C2 variant leads to a decrease in MBP expression. There
are few studies linking spliceosome machinery mutations and
psychiatric diseases, probably due to the critical role for survival
(Glatt et al., 2011).

EIF2
Another effect of antipsychotics is related to the translation
initiation factors, an important group of proteins required
for protein synthesis on ribosomes. EIF2 (eukaryotic initiation
factor-2) mediates the binding of Met-tRNA to the ribosome in
a GTP-dependent manner (Carter, 2007). While chlorpromazine
and haloperidol increased the expression most of proteins
associated with EIF2 signaling, risperidone treatment decreased
this protein. Although quetiapine treatment did not affect EIF2
signaling, this data suggests that first and second antipsychotics
may have differential effects on protein synthesis.

mTOR
The mammalian target of rapamycin (mTOR) signaling pathway
plays an important role in regulation of protein synthesis,
mainly in neurodevelopment and synaptic plasticity (Yoon
et al., 2008). One study observed that acute treatment with
the NMDA receptor antagonist MK-801 resulted in increased
phosphorylation of proteins in the mTOR-p70S6K pathway in rat
frontal cortex (Yoon et al., 2008). Another investigation showed
that haloperidol treatment appears to activate the AKT-mTORC1
pathway leading to changes in protein synthesis (Bowling
et al., 2014). We observed that chlorpromazine, haloperidol
and risperidone affected proteins belonging to mTOR pathway.
Most proteins affected by chlorpromazine are increased, while
treatment with risperidone decreased protein levels. In contrast,
treatment with haloperidol similarly affected the proteins, both
raising and decreasing their expression. Additionally, we could
observed that only chlorpromazine affected directly the levels
of mTOR (Figure 3). These differential effects could be due to
variations in brain regions and cell types as we have specifically
investigated an oligodendrocyte cell line in this study and because
the treatments have many different mechanisms of action.

Ubiquitination Pathway
We also observed that the treatment with chlorpromazine and
haloperidol resulted in alterations in the levels of proteins
associated with the ubiquitination pathway. The treatment with
chlorpromazine increased levels of heat shock family proteins
(HSP90AA1, HSP90B1, HSPA6, and HSPE1) and proteins
belonging to the proteasome (HSPE1, PSMC5, PSMD3, and

PSMD13). The treatment with haloperidol also increased levels
of proteins belonging to heat shock family (HSPA4, HSPA9,
HSPA1A/HSPA1B, and HSPA4L) and proteasome proteins
(PSMA6, PSMB6, PSMC2, PSMD4, PSMD7, and PSMD12). The
main role of ubiquitination pathway is protein degradation
through the conjugation of various portions of ubiquitin to the
target protein followed by degradation of the protein bound to
the polyubiquitin chain by the 26S proteasome complex (Ryan
et al., 2006). Studies have shown decreased expression of genes
related to this pathway in the dentate granule neurons and
prefrontal cortex of schizophrenia patients (Middleton et al.,
2002; Altar et al., 2005). Another study which carried out a
blood-based microarray analysis found changes in the ubiquitin
proteasome pathway of schizophrenia patients (Bousman et al.,
2010). We suggest that chlorpromazine and haloperidol may
restore the levels of the proteins involved in the ubiquitin
pathway in schizophrenia, possibly aiding cellular processes
regulated by this pathway such as signal transduction, synaptic
plasticity, intracellular trafficking, endocytosis, DNA repair, and
neural activity.

Energy Metabolism
Multiple studies have demonstrated a dysregulation in energy
metabolism in schizophrenia. Proteomics analysis of post mortem
brains of patients with schizophrenia showed alterations in
the levels of energy metabolism-associated proteins, such as
aldolase C (ALDOC), enolase 2 (ENO2), and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (Saia et al., 2015). Another
investigation using samples of post mortem hippocampus
of patients with schizophrenia found that glycolysis- and
gluconeogenesis-associated proteins were altered, as seen by
decreased levels of ALDOC and increased ENO1 (Schubert et al.,
2015). Changes in energy metabolism have also been implicated
in the effects of antipsychotics in oligodendrocytes. A study
showed that haloperidol increased the amount of glucose and
decreased the lactate levels present in the extracellular medium
of cultured oligodendrocytes, suggesting that haloperidol affected
glucose uptake in these cells (Steiner et al., 2014). In the present
study, all the proteins related to glycolysis and gluconeogenesis
were increased by haloperidol and decreased by chlorpromazine,
whereas none of the atypical antipsychotics used in this study
altered the levels of proteins belonging this pathway.

14-3-3 Family
Another set of proteins found at altered levels following
chlorpromazine and haloperidol treatments, was proteins from
the 14-3-3 family. There are seven known mammalian 14-3-
3 isoforms, and 14-3-3 proteins are abundant in the brain,
accounting for approximately 1% of the total soluble proteins
(Fu et al., 2000). 14-3-3 proteins play fundamental roles in many
processes, including the cell cycle, apoptosis, synaptic plasticity,
and neuronal differentiation and migration (Fu et al., 2000). In
this study, the haloperidol treatment led to decreased levels of
14-3-3 epsilon (YWHAE), and the chlorpromazine treatments
induced increased levels of 14-3-3 beta/alpha (YWHAB), 14-3-
3 zeta/delta (YWHAZ) and 14-3-3 gamma (YWHAG). Several
studies found changes in proteins of the 14-3-3 family in brain
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tissues from schizophrenia patients (Middleton et al., 2005;
Schubert et al., 2015; Qing et al., 2016). Our group found
disruption of 14-3-3 signaling in the corpus callosum of patients
with schizophrenia (Saia et al., 2015). We also observed that
clozapine treatment resulted in increased levels of 14-3-3 protein
eta (YWHAH) (Cassoli et al., 2016). However, we did not observe
these effects of the atypical antipsychotics used in this study.

Drug-Specific Differences Triggered by
Antipsychotics in the Oligodendrocytes
Proteome
Chlorpromazine
Neuregulins are member proteins of the epidermal growth factor
(EGF) family and are ligands for tyrosine kinases receptors (ErbB
family), which play a key role in the development, maintenance,
and repair of the nervous system. Recent genetic studies have
demonstrated a possible role of neuregulin 1 and its receptor erbB
in the pathophysiology of schizophrenia (Hashimoto et al., 2004;
Hahn et al., 2006; Avramopoulos, 2017). Moreover, neuregulins
play roles in some processes implicated in schizophrenia, such as
neuronal migration, neurotransmitter function such as NMDA,
GABA, α-7, as well as dopamine and oligodendrocyte biology
(Law et al., 2006). Although one study using mRNA expression
profiling found no changes in neuregulins (type I, type II,
and type III) in the dorsolateral prefrontal cortex of patients
with schizophrenia (Hashimoto et al., 2004), another study
analyzed mRNA abundance of Neuregulin I (types I-IV) in
the hippocampus of patients with schizophrenia and found
a variation in the expression of these isoforms (Law et al.,
2006). Although neuregulin expression was not affected by
chlorpromazine, according to the IPA analysis, some neuregulin-
associated proteins, such as HSP90AA1, HSP90B1, MAP2K1, and
RPS6 were altered.

Haloperidol
A regular side effect of haloperidol treatment and its limitation
in the clinic is the extrapyramidal symptoms and tardive
dyskinesia. However, the exact pathophysiology of how this
drug induces these side effects is not totally clear (Perera
et al., 2011). Oxidative stress constitutes a potential pathogenic
mechanism that may contribute to movement disturbances,
especially to tardive dyskinesia (Perera et al., 2011; Wu
et al., 2014; Samad and Haleem, 2017). Recent studies
have shown that the repeated administration of haloperidol
is able to induce tardive dyskinesia in rats (Samad and
Haleem, 2017). Another study using plasma and the enzyme
manganese superoxide dismutase (MnSOD) as a biomarker
of patients with schizophrenia analyzed the relationship of
oxidative stress and tardive dyskinesia. This study suggested
that tardive dyskinesia is more severe in patients suffering from
oxidative stress (Wu et al., 2014). Furthermore, haloperidol
was able to induce oxidative stress, potentially by decreasing
the levels of mnSOD and glutathione peroxidase (GPx)
in rats (Perera et al., 2011). Here, we do not observed
alterations in levels of mnSOD or GPx, but the levels of other
glutathione proteins were altered in oligodendrocytes treated

with haloperidol, indicating a possible increase of oxidative stress
in these cells (Figure 3). However, further investigations are
needed to understand possible outcomes for white matter in
the schizophrenia.

Quetiapine
Quetiapine has higher affinity for serotonin 5HT2 receptors than
D2 dopamine receptors (Leucht et al., 1999). Here, compared
to the other drugs, quetiapine altered fewer proteins (19).
Interestingly, we also observed this profile in the proteome
and lipidome from plasma samples of schizophrenia patients
(unpublished data). Leucht et al. (2015) recently presented
a study using an approach for dose equivalence of second-
generation antipsychotic drugs for olanzapine 1 mg/day.
The dose equivalent to 1 mg/d olanzapine were quetiapine
32.3 mg/day. In our study we used the same dose for all drugs.
In this regard, we hypothesized that a higher concentration
of quetiapine would be needed to have a significant response.
Although IPA analysis showed associations with 17 canonical
pathways, we did not have a ratio higher than 0.06. In this way,
there is still little information in our data about these pathways
for supporting any relation of these to schizophrenia. However,
these results may be relevant to a more specific mechanism of
action of quetiapine, although is not clear whether these are side
effect or efficacy-related.

Risperidone
Purine and pyrimidine nucleotides are essential for nucleic
acid synthesis, providing energy and contributing for many
other fundamental processes in the cells (Handford et al.,
2006). The purinergic system is not only present in neurons
in CNS, but studies have been shown that some purines
have specialized roles in glial cells (Handford et al., 2006).
Purinergic signaling in glial cells regulates proliferation, motility,
survival, differentiation, myelination and participate in the
communication between neurons and glial cells (Chadwick
and Goode, 2008). The purinergic hypothesis of schizophrenia
is based on that a dysfunction of purinergic signaling can
be associated with many aspects of the pathology (Inoue
et al., 1996; Lara and Souza, 2000). A meta-analysis showed
improvement in the positive symptoms and slightly important
progressing in the negative symptoms of patients with
purinergic modulators (Hirota and Kishi, 2013). Here, the
treatment with risperidone altered some proteins belonging
to the pathway purine nucleotides de novo biosynthesis II.
Thus, these data indicate that one of the mechanisms of
action of risperidone may be to modulate the purinergic
system, which would explain its effectiveness in the treatment
of schizophrenia.

CONCLUSION

Considering the results discussed above, this study has led
to identification of some pathways and proteins that can be
modulated by antipsychotics in oligodendrocytes. It was possible
to observe that risperidone had more pathways in common
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with chlorpromazine and haloperidol than with quetiapine.
It is known that different doses of this drug can lead to
different responses in patients, with the capability of behaving
as a typical antipsychotic rather than an atypical one. Thus,
we suggest that the dose used in the present study resulted
in a closer response to typical antipsychotics. In addition,
chlorpromazine appears to act by increasing protein levels,
whereas haloperidol has the opposite effect. Although both are
first-generation antipsychotics, they appear to have different
mechanisms of action in oligodendrocytes. Finally, quetiapine
altered fewer proteins compared to the other three drugs.
Although in vitro studies have numerous limitations and may
be distant from the in vivo scenario, our results provide
detailed information on proteins and pathways modulated by the
antipsychotics studied here and show the importance of studying
cell types other than neurons to fully comprehend the molecular
changes involved in both the disease and treatment response.
Furthermore, antipsychotics can modulate important functions
of oligodendrocytes and this deserves further investigation, since
in schizophrenia was found dysregulations in the white matter
and alterations in the functions of these cells.
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Schizophrenia is a chronic, debilitating neuropsychiatric disorder. Multiple transcriptomic
gene expression profiling analysis has been used to identify schizophrenia-associated
genes, unravel disease-associated biomarkers, and predict clinical outcomes. We
aimed to identify gene expression regulation, underlying pathways, and their roles
in schizophrenia pathogenesis. We searched the Gene Expression Omnibus (GEO)
database for microarray studies of fibroblasts, lymphoblasts, and post-mortem brains of
schizophrenia patients. Our analysis demonstrated high FOS expression in non-neural
peripheral samples and low FOS expression in brain tissues of schizophrenia patients
compared with healthy controls. FOS exhibited predictive value for schizophrenia
patients in these datasets. Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis revealed that “amphetamine addiction” was among the top 10
significantly enriched KEGG pathways. FOS and FOSB, which are implicated in
the amphetamine addiction pathway, were up-regulated in schizophrenia fibroblast
samples. Protein–protein interaction (PPI) network analysis revealed that proteins closely
interacting with FOS-encoded protein were also involved in the amphetamine addiction
pathway. Pearson correlation test indicated that FOS showed positive correlation with
genes in the amphetamine pathway. The results revealed that FOS was acceptable as
a biomarker for schizophrenia and may be involved in schizophrenia pathogenesis.
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INTRODUCTION

Schizophrenia is a chronic and debilitating neuropsychiatric disorder affecting 1% of the
population, posing a severe social and economic burden on societies worldwide (McGrath et al.,
2008; Howes and Murray, 2014). Common symptoms include positive and negative symptoms
and cognitive deficits (Lewis et al., 2012). Besides its complex symptomatology, schizophrenia is
considered a neurodevelopmental disorder with heterogeneous, polygenic, and highly heritable
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etiology (Quadrato et al., 2016). Schizophrenia affects gross
architectural structures, specific cell types, and ion channels
across different brain regions, including the prefrontal cortex,
thalamus, thalamic reticular nucleus, and basal ganglia (Heyes
et al., 2015; Mouchlianitis et al., 2016; Goff et al., 2017).
However, there is heterogeneity in the molecular and genetic
phenotypes of patients. The precise etiology and pathogenesis
underlying schizophrenia are not fully known. Identifications of
gene changes as biomarkers for schizophrenia may be helpful for
diagnostic assessment of patients.

Strong evidence suggests that dysfunction of multiple
neurotransmitter systems may contribute to the pathophysiology
of schizophrenia, including dopamine (DA), glutamate, and
serotonin neurotransmission (de Bartolomeis et al., 2014). For
example, N-methyl-D-aspartate (NMDA) receptor antagonists
such as phencyclidine (PCP), ketamine, and MK-801 have
psychotomimetic effects and have been used to generate
pharmacological animal models of schizophrenia (Zuo et al.,
2009). Another well-established pre-clinical schizophrenia
rodent model is based on amphetamine (AMPH)-induced
dopaminergic dysregulation (Renard et al., 2016). AMPH-
induced schizophrenia-like sensorimotor cognitive deficits
are severely disrupted in schizophrenia (Pedrazzi et al., 2015;
Renard et al., 2016). Genes involved in these pathways have been
examined to better understand the pathogenesis of schizophrenia
and points to new targets for therapeutic investigation (Karam
et al., 2010; Hall et al., 2015; Network et al., 2015). Environmental
risk factors and their interactions with gene expression also
play important roles in schizophrenia pathophysiology (Van
Winkel et al., 2010). Understanding the affected pathways
and specific gene expression profiles in the pathogenesis
of schizophrenia may help to uncover disease-associated
biomarkers for risk assessment, regulatory mechanisms, and
personalization of treatment.

The recently developed technique of gene expression profiling
analysis of the whole transcriptome has been widely used
to identify schizophrenia-associated genes, unravel disease-
associated biomarkers, and predict clinical outcomes. Several
whole-genome expression studies have utilized gene expression
data from human fibroblasts, blood, and post-mortem brain
samples to identify gene alterations in schizophrenia patients
compared with healthy controls (Rollins et al., 2010; Cattane
et al., 2015). Expression studies on post-mortem brains and
peripheral cells demonstrated overlapping gene expression
results; however, contrasting results have also been observed
in different studies. The heterogeneity between gene expression
profiles in peripheral cells and in post-mortem brains can be
attributed to intrinsic differences in expression levels between
the central nervous system (CNS) and peripheral tissues; and
confounding factors in patients themselves, including the course
of disease, age, living habits, environmental events, and clinical
medications. These problems can be partly solved by integrated
analysis of gene expression data from multiple studies and
multiple tissues.

On this basis, the aim of our study was to elucidate gene
expression changes in the pathogenesis of schizophrenia and
to acquire new potential biomarkers for diagnostic prediction.

We searched for microarray data for schizophrenia from the
Gene Expression Omnibus (GEO) database. Different gene
expression microarray studies with schizophrenia samples were
selected and compared to perform a reliable genome-wide
gene expression profiling analysis. First, we analyzed different
microarray gene expression studies with a sample of fibroblasts
from schizophrenia patients and controls to identify differentially
expressed genes. Second, we compared the gene alteration
results observed in different schizophrenia post-mortem brain
expression studies. Third, we compared the results by analyzing
gene expression changes in samples from schizophrenia mice
models. Our analysis enables identification of gene expression
regulation in different body areas of schizophrenia patients,
disease progression, and confirmation of pre-clinical studies. This
study may help us identify risk genes for schizophrenia and the
underlying pathways. Our study may be applicable in elucidating
the pathogenesis of other neuropsychiatric disorders.

MATERIALS AND METHODS

Inclusion Criteria
To identify specific gene expression changes in schizophrenia,
we performed a systematic search in the GEO database for
schizophrenia studies. The keywords used for the GEO database
search were: “schizophrenia” AND “expression profiling by
array” for “study type” AND “tissue” for “attribute name”
AND “homo sapiens” for “organism.” Details of the search
strategy and analysis process are outlined in Supplementary
Figure S1. The final studies were selected based on the criteria
that (1) transcriptomic profiles were analyzed in skin fibroblasts
of schizophrenia patients; (2) original data in CEL format
could be downloaded; and (3) matched samples of healthy
controls were used.

After screening 26 studies in GEO, the GEO dataset
GSE623331 was selected, which studied 20 schizophrenia patients
matched with 20 healthy controls with human skin fibroblast
samples based on the GPL11532 [HuGene-1_1-st] Affymetrix
Human Gene 1.1 ST Array (Cattane et al., 2015). Array GPL11532
has 33,297 probes. All schizophrenia patients fulfilled the DSM-
IV criteria for schizophrenia. The control samples consisted of
healthy volunteers without drug or alcohol abuse and without
family history of psychiatric diseases. Other diseases such as
hypothyroidism or hyperthyroidism, metabolic disorders, and
serious illnesses were also excluded in both groups.

To maintain consistency, we also selected GEO datasets
with lymphoblast samples from schizophrenia patients. Finally,
dataset GSE731292, which is based on platform GPL570 [HG-
U133_Plus_2] Affymetrix Human Genome U133 Plus 2.0 Array
was selected for validation. Array GPL570 contained 54,675
probes. Human lymphoblast samples from 36 schizophrenia
patients and 41 healthy controls were included. We compared
gene expression levels in human prefrontal cortex samples

1https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE62333
2https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE73129
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in GSE925383, comprising 45 schizophrenia patients and 46
healthy controls. We also validated the results with a genome-
wide transcriptomics analysis of mouse prefrontal cortex and
hippocampus samples. GSE107844 was selected, which contained
10 Df(16)A/+mice and 10 control mice.

Data Analysis
Gene Expression Omnibus5 provides raw data (CEL file) and
normalized data downloads of the: (1) citation information, (2)
geo-annotation, and (3) statistical matrix. Four GEO datasets
were included in the analysis, GSE62333, GSE73129, GSE92538,
and GSE10784. All of the original data came from publicly
available datasets.

R language was mainly used for statistical analysis. The
original CEL data was subjected to background correction,
normalization, and expression calculation before further analysis.
We completed the data preprocessing by RMA (R package “affy”)
(Gautier et al., 2004). Probes that did not match any known
genes were removed. Only probes with the highest interquartile
range were included for further analysis, if more than one probe
matched with a gene. The selected probes were subjected to
annotation using the R annotation the package “annotate.” The
gene expression profiling data was transformed by log2 and
extracted for DEG identification and analysis. The DEGs were
identified using the R package “limma.” Spearman correlation
analysis was performed using the “circlize” package (Gu et al.,
2014), ROC curves were derived using the “pROC” package
(Robin et al., 2011). Principal component analysis (PCA) was
performed using the prcomp function of R “stats” package,
and visualization was done using the ggplot2 package. The
heatmap of DEGs was generated by clustering (using the R
package “pheatmap”) with p-value <0.05 between schizophrenia
and control samples. Associated KEGG (Kyoto Encyclopedia
of Genes and Genomes) enrichment analysis of the 250 DEGs
was generated by Omics Bean and illustrates the results of
KEGG pathway analysis. STRING database (version 9.1) was
used to analyze protein–protein interaction (PPI) networks of
the candidate genes. Dot plots of expression levels of identified
genes were drawn by GraphPad Prism. All statistical tests
were two-sided. A p-value less than 0.05 is considered to be
statistically significant.

RESULTS

Identification and Functional Analysis of
Differentially Expressed Genes (DEGs) in
Schizophrenia and Healthy Control
The GEO dataset GSE62333 was selected to identify DEGs in
human skin fibroblast samples from schizophrenia patients and
matched healthy controls. After the samples were normalized by
the robust multichip averaging (RMA) process, the expression
levels (transformed by log2) of all included samples were

3https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE92538
4https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE10784
5https://www.ncbi.nlm.nih.gov/geo/

extracted. The DEGs between two groups were calculated by the
Classical Bayesian algorithm with 33,297 probes included. After
screening using the criteria of | FC| > 1.2 and p-value < 0.05,
1,022 probes with significantly different expression levels between
the two groups (517 up-regulated probes and 505 down-
regulated probes) were identified. Probes that did not match
any known genes were removed in further analysis. We selected
the 250 probes with the highest inter-quartile range (125 up-
regulated probes and 125 down-regulated probes, respectively).
A heatmap that shows the 250 top-regulated genes matched
with 250 probes between schizophrenia and control groups
is presented in Figure 1A. The hierarchical clustering of
these 250 genes demonstrated significant differences between
schizophrenia and control groups.

We performed KEGG enrichment analysis of the 250 DEGs
for functional analysis to identify the biological processes,
pathways, and networks shared by these genes. The top 10
significantly enriched KEGG pathways (p-value < 0.05) were
“AMPH addiction,” “oxytocin signaling,” “pathways in cancer,”
“estrogen signaling,” “vascular smooth muscle contraction,”
“Ras signaling,” “AGE-RAGE signaling pathway in diabetic
complications,” “choline metabolism in cancer,” “Chagas disease,”
and “Rap1 signaling.” The network model generated by Omics
Bean illustrates the results of KEGG pathway enrichment analysis
(Figure 1B). A histogram was plotted based on the functional
analysis to display the percentage of genes affected in these
pathways (Figure 1C).

FOS Up-Regulation in Schizophrenia
Peripheral Samples
After confirming the pathways of 250 DEGs by KEGG
enrichment analysis, we ranked the top 10 DEGs between the
schizophrenia and control samples to determine which pathways
these genes were involved in. The top five up-regulated genes
(FOSB, MMP1, FOS, RANBP3L, and SNORA38B) and top
five down-regulated genes (SNORA68, SNORA23, SNORA20,
ACTG2, and SNORA3A) were arranged by degree of change.
Detailed information on these genes is listed in Table 1. Dot plots
illustrated that all 10 DEGs were differentially expressed between
the two groups (p-value < 0.05), suggesting that these genes may
be useful as biomarkers of schizophrenia (Figure 2). We also
performed PCA and while there was a separation of some samples
into diagnostic groups, overall there was no clear separation
between control and SCZ samples (Supplementary Figure S2).

Among the top 10 DEGs, five of them (SNORA38B, SNORA68,
SNORA23, SNORA20, and SNORA3A) were non-coding genes.
Five of the top 10 DEGs were protein-coding genes (RANBP3L,
ACTG2, MMP1, FOSB, and FOS). Two genes in the FOS
family (FOS and FOSB) were up-regulated in schizophrenia
samples. Among the top 10 DEGs, FOS was most closely related
to schizophrenia pathogenesis. Previous research has shown
that NMDA receptor antagonist-induced and AMPH-induced
pharmacological animal models of schizophrenia can up-regulate
FOS gene expression (Zuo et al., 2009; Renard et al., 2016). And
we have observed that “AMPH addiction” was one of the most
significantly enriched KEGG pathways in schizophrenia samples.

Frontiers in Genetics | www.frontiersin.org 3 March 2019 | Volume 10 | Article 23265

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE92538
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE10784
https://www.ncbi.nlm.nih.gov/geo/
https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-10-00232 March 21, 2019 Time: 16:26 # 4

Huang et al. FOS Expression in Schizophrenia

FIGURE 1 | Identification and functional analysis of 250 differentially expressed genes (DEGs) between schizophrenia and healthy control samples in GEO dataset
GSE62333. (A) Heatmap showing 250 DEGs (| FC| > 1.3, p-value < 0.05) between schizophrenia and control samples. Each column represents the expression
level of a gene, and each row represents a sample. The color scale below the heatmap represents the raw Z-score ranging from green to red (low to high expression
level). Dendrograms above correspond to the Pearson correlation-based hierarchical clustering of the 250 genes. (B) Associated KEGG signaling pathways of the
250 DEGs. The network model generated by Omics Bean illustrates the results of KEGG pathway and biological process enrichment analysis. (C) A histogram
according to the KEGG functional analysis displaying the percentage of genes affected in these pathways.

This suggested that FOS may have some connection with AMPH
addiction pathway in schizophrenia samples.

Based on these findings, we constructed PPI networks of
FOS to explore the known and predicted proteins interacted
with FOS, as well as the underlying pathways using STRING.
The STRING database is a biological database and web resource
which can be used for exploring the known and predicted
interaction networks of a particular protein. Ten gene-encoded

proteins (JUN, CREB1, ATF2, JUNB, JUND, MAPK1, MAPK3,
MAPK8, MAPK9, and IL2) were in the interaction network of
FOS (Figure 3A). The edges between FOS and its 10 predicted
functional partners represent protein–protein associations. The
edges between the proteins do not necessarily imply binding
interactions; edges in different colors point to different methods
of identifying interactions. Already-known interactions can be
found from curated databases or experimental results. Predicted
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TABLE 1 | Top 10 differentially expressed genes, either up-regulated or down-regulated.

Gene symbol Gene Category logFC Fold-change P-value

FOSB FosB proto-oncogene, AP-1 transcription factor subunit Protein coding 2.28 4.8567795 0.0005

MMP1 Matrix metallopeptidase 1 Protein coding 1.99 3.97237 <0.0001

FOS Fos proto-oncogene, AP-1 transcription factor subunit Protein coding 1.96 3.8906198 0.0007

SNORA38B Small nucleolar RNA, H/ACA box 38B RNA 1.37 2.5847057 0.0073

RANBP3L RAN binding protein 3 like Protein coding 1.27 2.4116157 0.0092

SNORA68 Small nucleolar RNA, H/ACA box 68 RNA −1.64 −3.11665832 <0.0001

SNORA23 Small nucleolar RNA, H/ACA box 23 RNA −1.63 −3.09512999 <0.0001

SNORA20 Small nucleolar RNA, H/ACA box 20 RNA −1.62 −3.07375036 0.0002

ACTG2 Actin, gamma 2, smooth muscle, enteric Protein coding −1.59 −3.01049349 0.0143

SNORA3A Small nucleolar RNA, H/ACA box 3A Protein coding −1.58 −2.9896985 < 0.0001

FIGURE 2 | Scatter plot of expression levels of the identified top 10 differentially expressed genes (DEGs) in GEO dataset GSE62333. The top five up-regulated
genes (FOSB, MMP1, FOS, RANBP3L, and SNORA38B) and top five down-regulated genes (SNORA68, SNORA23, SNORA20, ACTG2, and SNORA3A) were
arranged by degree of change. Detailed information on these genes is listed in Table 1.

interactions arise from text mining, co-expression, and protein
homology. All proteins interacting with FOS were generated from
known results from curated databases and experiments. Several
interactions were predicted by text mining or co-expression.
Further functional enrichment analysis of the protein network
in KEGG pathways revealed that FOS protein is involved in
the AMPH pathway. Three proteins that interact with FOS
protein (JUN, CREB1, and ATF2) were also implicated in the
AMPH pathway (Figure 3B). Proteins closely interacting with
FOS protein were also found to participate in other psychoactive
drug pathways, such as cocaine addiction and alcoholism. KEGG
functional enrichment analysis of all genes in the network is
shown in Figure 3C.

Our finding from PPI networks of FOS suggested FOS is
tightly related to genes involved in FOS. Therefore, we further

explicate the roles of the FOS gene and the AMPH pathway
in the pathogenesis of schizophrenia. We calculated genes
involved in the AMPH pathway from the 1,022 probes with
significantly different gene expression levels (using the R package
“pheatmap”). Seven genes in the AMPH pathway are shown in
the heatmap (Figure 4A). To examine the relationship between
FOS and other genes in the AMPH pathway, we calculated a
Spearman correlation of gene expression levels of fold changes
using the GSE62333 dataset. The results indicated that FOS was
positively correlated with other genes in the AMPH pathway,
especially FOSB, JUN, and GRIA3 (Figure 4B). Corrgram is a
visual display technique to represent the pattern of correlations.
To get further understanding the relationship between FOS gene
and the AMPH pathway, Corrgram was derived according to
r-value between FOS and six genes in the AMPH pathway
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FIGURE 3 | Functional protein–protein network analysis of FOS gene using STRING database. (A) The protein–protein interaction network of FOS and 10 other
proteins. Proteins are presented by network nodes of different colors. The edges between FOS and its predicted functional partners represent protein–protein
associations. Categorized identification of protein–protein interactions using different methods are labeled by circles. Already known interactions can be found from
curated databases or experimental results. Predicted interactions can come from text mining, co-expression, and protein homology. (B) Further functional
enrichment analysis of the protein network in KEGG pathways. FOS, JUN, CREB1, and ATF2 are involved in the amphetamine pathway. Proteins closely interacting
with FOS protein also participate in other psychoactive drug pathways, such as cocaine addiction and alcoholism. (C) KEGG functional enrichment analysis of all
genes in the protein–protein interaction network.

(Figure 4C). There was a positive correlation between FOS
and the following genes: FOSB (r = 0.73, p = 1.02E-07), JUN
(r = 0.66, p = 0.000003) GRIA3 (r = 0.38, p = 0.014374). There
was a negative correlation between FOS and CALM3 (r = −0.49,
p = 0.001441). There was no correlation between FOS and the
following genes: PRKCA (r = 0.28, p = 0.076489), GRIN3A
(r =−0.006, p = 0.966528).

To overcome the limitations of individual studies, we validated
our findings in dataset GSE73129. The results showed a
significant difference of FOS expression between schizophrenia
and control lymphoblast samples. No differences were found
in other genes involved in the AMPH pathway (Figure 5A).
The results from two GEO datasets GSE62333 and GSE73129
demonstrated up-regulated expression of FOS in fibroblast and
lymphoblast samples from schizophrenia patients, which were
involved in the AMPH pathway. These non-neural peripheral
cells may be useful for studying molecular signatures in
psychiatric disorders (Cattane et al., 2015; Horiuchi et al.,
2016). Post-mortem brains are also valuable tools to identify
molecular alterations in these diseases. To further address the
role of FOS in schizophrenia pathogenesis, we analyzed human

postmortem dorsolateral prefrontal cortex samples and brain
tissues of a schizophrenia 22q11-deletion mouse model (Stark
et al., 2008; Hagenauer et al., 2016). FOS gene expression
was significantly down-regulated in CNS tissues, regardless of
the source of postmortem tissue (UCDavis or UMichigan) or
the region of mouse brain (prefrontal cortex or hippocampus)
(Figures 5B,C). To measure the predictive value of FOS in
the datasets we used, ROC curves for FOS expression in
schizophrenia samples and control samples were performed. The
area under the curve (AUC) is 78.6% and 71.8% in GSE62333
and GSE73129 dataset, respectively. The AUC in GSE92538
is 77.6% (UCDavis) and 79.4% (UMichigan), respectively. The
AUC in GSE10784 is 86.0% (prefrontal cortex) and 71.0%
(hippocampus), respectively. The highest AUC was observed in
the prefrontal cortex samples of GSE10784 dataset. These results
suggested that FOS is acceptable as a biomarker of schizophrenia.
Details were presented in Figure 6.

Collectively, our findings revealed that FOS, which is involved
in the AMPH pathway, is significantly up-regulated in human
fibroblast samples and can be validated in peripheral lymphoblast
samples. Further analysis showed contrasting expression of FOS
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FIGURE 4 | FOS was positively correlated with FOSB, JUN, and GRIA3 in the amphetamine pathway in GEO dataset GSE62333. Spearman correlation of related
gene expression levels of fold changes were calculated for further analysis. (A) Heatmap showing genes involved in the amphetamine pathway from 1,022 probes
with significantly different gene expression levels (using the R package “pheatmap”). (B) Correlation between FOS and other genes in the amphetamine pathway
(FOSB, JUN, PRKCA, GRIA3, GRIN3A and CALM3). (C) Corrgram shows the correlation of FOS with other six genes in the amphetamine pathway. The cells of the
matrix were shaded to show the correlation value. The correlation r-value between FOS and six genes in the amphetamine pathway were FOSB (r = 0.73,
p = 1.02E-07), JUN (r = 0.66, p = 0.000003) GRIA3 (r = 0.38, p = 0.014374), PRKCA (r = 0.28, p = 0.001441), GRIN3A (r = –0.006, p = 0.966528), CALM3
(r = –0.49, p = 0.001441), respectively.

in CNS tissues. FOS was down-regulated in human postmortem
dorsolateral prefrontal cortex samples and brain tissues of a
schizophrenia 22q11-deletion mouse model.

DISCUSSION

In this study, we performed a systematic search on the GEO
database for microarray studies of schizophrenia with samples
from patients’ fibroblasts, lymphoblasts, post-mortem human
brains, and brains from a mouse model of schizophrenia. Unlike
previous studies, which analyzed peripheral or CNS samples
only from schizophrenia patients, we identified FOS expression
changes in different tissues. Skin fibroblasts, lymphocytes,
and lymphoblasts are frequently used in schizophrenia gene

expression analysis because of the difficulty in obtaining CNS
tissues or cells from schizophrenia patients. Postmortem brains
are another good source that help to address this problem. Our
study, which analyzed FOS gene expression in peripheral and
CNS tissues, provides a new window into the molecular changes
underlying schizophrenia pathogenesis.

In our analysis, we re-analyzed publicly available microarray
gene expression data and obtained different conclusions.
A previous study of GEO datasets GSE62333 also reported
the up-regulation of FOSB and FOS in the fibroblasts of
schizophrenia patients and mainly focused on EGR1 and other
genes as biomarkers for disease diagnosis (Cattane et al., 2015).
Our analysis focused on gene expression changes and related
pathways contributing to the pathogenesis of schizophrenia.
The analysis of the top 10 DEGs in schizophrenia and healthy
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FIGURE 5 | Validation of expression levels of FOS and other genes involved in the amphetamine pathway in GEO datasets GSE73129, GSE92538, and GSE10784.
The expression of FOS, FOSB, JUN, PRKCA, GRIA3, and CALM3 between schizophrenia and control lymphoblast samples have been presented in the histograms.
MRNA expression level means the intensity of the detected fluorescence intensity transformed by log2. NS indicates not significant, ∗ indicates p-value < 0.05, ∗∗

indicates p-value < 0.01, ∗∗∗ indicates p-value < 0.001. (A) Expression levels of FOS and other genes involved in the amphetamine pathway between schizophrenia
and control lymphoblast samples in GEO dataset GSE73129. (B) Expression levels of FOS and other genes involved in the amphetamine pathway in human
post-mortem dorsolateral prefrontal cortex samples from UCDavis or UMichigan. Samples were collected from schizophrenia patients and healthy controls. (C) FOS
and other genes involved in the amphetamine pathway expression changes in the prefrontal cortex (PFC) and hippocampus (HPC) of the Df(16)A+/– schizophrenia
mouse model.

samples revealed that FOS and FOSB (which are involved in
the AMPH addiction pathway), were significantly up-regulated
in schizophrenia fibroblast samples. Protein functional network
analysis revealed proteins closely interacting with FOS that were
also involved in the AMPH addiction pathway. These findings
were consistent with our KEGG enrichment analysis results,

which listed “AMPH addiction” as one of the top 10 significantly
enriched KEGG pathways. Additionally, Spearman correlation
analyzing samples in dataset GSE62333 indicated that FOS was
positively correlated with FOSB, JUN, and GRIA3 in the AMPH
pathway, and negatively correlated with CALM3 in the AMPH
pathway. Thus, our results support previous findings and reveal
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FIGURE 6 | ROC curve analysis reveals the predictive value of FOS for
schizophrenia patients in different GEO datasets. Area under the curve (AUC)
is measured in order to determine the predictive value of the used datasets.
(A) ROC curve of FOS in GEO dataset GSE62333 which analyzed
lymphoblast samples from schizophrenia patients and controls (P < 0.05).
(B) ROC curve of FOS in GEO dataset GSE73129 which analyzed
lymphoblast samples from schizophrenia patients and controls (P < 0.05).
(C) ROC curve of FOS in GEO dataset GSE92538 which analyzed human
post-mortem dorsolateral prefrontal cortex samples from UCDavis (UD) or
UMichigan (UM). Samples were collected from schizophrenia patients and
healthy controls (P < 0.05). (D) ROC curve of FOS in GEO dataset GSE10784
which analyzed the prefrontal cortex (PFC) and hippocampus (HPC) samples
from the Df(16)A+/– schizophrenia mouse model (P < 0.05).

a previously unrecognized pathway connected with FOS in the
pathogenesis of schizophrenia.

As one of the most studied immediate early genes in the
brain, FOS is highly expressed in addiction to psychoactive drugs
such as AMPH, alcohol, and cocaine (Gallo et al., 2018). It also
has been reported to be differentially expressed in schizophrenia
samples, either through experimental or expression profiling
studies (Zuo et al., 2009; Cattane et al., 2015; Renard et al., 2016;

Monfil et al., 2018). Besides, FOS is thought to play an important
role in the pathophysiology of schizophrenia (Zuo et al., 2009;
Renard et al., 2016; Monfil et al., 2018). We observed that FOS
expression was highly up-regulated in schizophrenia group of
dataset GSE62333 which was then validated in another dataset
GSE73129. ROC curves indicated fair predictive values of the
datasets we analyzed. These combined results suggested FOS is
acceptable as a biomarker of schizophrenia. Detection of FOS
in blood samples may be helpful for schizophrenia diagnosis.
Further exploration using postmortem human brains and 22q11-
deletion mouse brain samples suggested that FOS is up-regulated
in non-neural peripheral samples and down-regulated in brain
tissues of schizophrenia patients compared with those of healthy
controls. The alteration of FOS expression in peripheral and
CNS tissues of schizophrenia indicates that this gene is sensitive
for schizophrenia.

Among the top 10 DEGs we detected, five of them
(SNORA38B, SNORA68, SNORA23, SNORA20, and SNORA3A)
were non-coding genes. The ratio of non-coding to protein-
coding genes is considered a function of developmental
complexity. Prokaryotes have less than 25% non-coding DNA,
while humans have approximately 98.5% non-coding DNA.
RNA-based regulation is devoted to the majority of advances
in human genomic programming (Mattick, 2004). Increasing
evidence suggests that non-coding RNAs play an important
role in neural development and function, and neurological
disease progression (Mehler and Mattick, 2006). Although
non-coding RNAs such as small nucleolar RNAs (snoRNAs),
microRNAs and long non-coding RNAs (LncRNAs), have been
studied in disease etiology (Barry, 2014; Lai et al., 2016), the
involvement of SNORA38B, SNORA68, SNORA23, SNORA20,
and SNORA3A in the pathogenesis of schizophrenia has yet to be
reported. However, snoRNAs may play important roles in brain
development and neurological disease progression (Pang et al.,
2006). Recent studies have indicated that snoRNAs are highly
expressed in tumor cells and are involved in cell behavior and
oncogenesis (Williams and Farzaneh, 2012; Gong et al., 2017;
Zhou et al., 2017).

Five of the top 10 DEGs were protein-coding genes
(RANBP3L, ACTG2,MMP1, FOSB, and FOS). RANBP3L is a gene
involved in detoxification which mediates bone morphogenetic
protein (BMP)-specific nuclear export of SMAD to terminate
BMP signaling (Chen et al., 2015). The involvement of RANBP3L
in schizophrenia has yet to be reported, but exon microarray
analysis of human dorsolateral prefrontal cortex revealed up-
regulation of this gene in alcoholism (Manzardo et al., 2014).
ACTG2 encodes gamma 2 enteric actin, which is a smooth
muscle actin found in enteric tissues and is crucial for enteric
muscle contraction (Thorson et al., 2014; Wangler et al., 2014;
Matera et al., 2016). ACTG2 has yet to be associated with
schizophrenia. Another actin-coding gene, ACTG1, is associated
with brain development and hearing loss (Perrin et al., 2010;
Park et al., 2013). Matrix metalloproteases (MMPs) are involved
in the degradation of basement membrane and extracellular
matrix (ECM) components in physiological and pathological
processes, such as tissue development, wound healing, and tumor
invasiveness (Poola et al., 2005). As a member of the MMP
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family, MMP1 encodes an enzyme that breaks down the ECM,
and promotes tumor cell division and metastasis. Studies have
shown that activator protein-1 (AP-1) genes FOS and JUN can
regulate MMP1 gene expression in invasive tumors (Poola et al.,
2005; Uhlirova and Bohmann, 2006; Baker et al., 2018). MMP-
mediated ECM disruption is also involved in the pathogenesis
of schizophrenia. MMP modulators may therefore be a potential
therapeutic target for the treatment of schizophrenia (Chopra
et al., 2015). Besides, FOS proteins can dimerize with JUN
proteins to form the transcription factor complex AP-1, which
regulates cell proliferation, differentiation, and transformation
(Milde-Langosch, 2005). Few studies have reported functions
of FOSB in the CNS. However, a truncated splice variant of
FOSB named Delta-FOSB is involved in behavior and addiction
to drugs (Nestler, 2008; Ruffle, 2014). FOS was up-regulated
in schizophrenia samples and is a recognized marker of neural
activation (Gallo et al., 2018).

There are several limitations in our study. First, the gene
expression profiles could be affected by many factors, such
as differences in methodology and/or sample preparation,
patient characteristics, platform, and data analysis (Sullivan
et al., 2006; Mistry and Pavlidis, 2010; Kumarasinghe
et al., 2012; Mistry et al., 2013). Studies on schizophrenia
are often associated with small sample sizes which may
result in low statistical power. Second, several studies
reported that peripheral cells may not reflect the gene
expression profile of the human brain. Furthermore, using
postmortem brains to understand dynamic changes in
disease progression and development of complications is
challenging (Rollins et al., 2010; Tylee et al., 2013; Cattane
et al., 2015; Horiuchi et al., 2016). Finally, confirmatory
experiments and comparison of results with microarray
gene expression modifications from re-analysis will enable
validation of our results.

CONCLUSION

To conclude, our results indicate that FOS was significantly up-
regulated in schizophrenia fibroblast and lymphoblast samples.
Exploration of FOS gene expression in CNS tissues revealed
that this gene was largely down-regulated in datasets GSE92538

and GSE10784. The signatures we identified are consistent with
current hypotheses of molecular dysfunction in schizophrenia,
including alteration of the FOS gene and involvement of the
AMPH addiction pathway. FOS and AMPH-related genes may
thus represent novel biomarkers for diagnosis of schizophrenia
in clinical practice.
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Brain insulin signaling is accounted for the development of a variety of neuropsychiatric
disorders, such as anxiety and depression, whereas both inflammation and the activated
renin-angiotensin system (RAS) are two major contributors to insulin resistance.
Intriguingly, inflammation and RAS can activate each other, forming a positive feedback
loop that would result in exacerbated unwanted tissue damage. To further examine
the interrelationship among insulin signaling, neuroinflammation and RAS in the brain,
the effect of repeated lipopolysaccharide (LPS) exposure and co-treatment with the
angiotensin II (Ang II) receptor type 1 (AT1) blocker, candesartan (Cand), on anxiety and
depression-like behaviors, RAS, neuroinflammation and insulin signaling was explored.
Our results demonstrated that prolonged LPS challenge successfully induced the rats
into anxiety and depression-like state, accompanied with significant neural apoptosis
and neuroinflammation. LPS also activated RAS as evidenced by the enhanced
angiotensin converting enzyme (ACE) expression, Ang II generation and AT1 expression.
However, blocking the activated RAS with Cand co-treatment conferred neurobehavioral
protective properties. The AT1 blocker markedly ameliorated the microglial activation,
the enhanced gene expression of the proinflammatory cytokines and the overactivated
NF-κB signaling. In addition, Cand also mitigated the LPS-induced disturbance of insulin
signaling with the normalized phosphorylation of serine 307 and tyrosine 896 of insulin
receptor substrate-1 (IRS-1). Collectively, the present study, for the first time, provided
the direct evidence indicating that the inflammatory condition may interact with RAS to
impede brain insulin pathway, resulting in neurobehavioral damage, and inhibiting RAS
seems to be a promising strategy to block the cross-talk and cut off the vicious cycle
between RAS and immune system.
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INTRODUCTION

Renin-angiotensin system (RAS) is originally acknowledged
for its role in the regulation of blood pressure, but now
it is generally accepted that brain has its intrinsic RAS
with the major components, including angiotensin converting
enzyme (ACE) and angiotensin II (Ang II) receptor type
1 (AT1), widely distributed in the central nervous system
(Haspula and Clark, 2018; Uijl et al., 2018). The brain RAS
actively participates in various neurological functions, including
cognition, memory, emotion and stress response, and RAS
over-activation has been identified in several neuropsychiatric
disorders, including Alzheimer’s disease, epilepsy and depression
(Yagi et al., 2013; Gebre et al., 2018). Intriguingly, these disorders
are also frequently characterized with neurodegeneration,
inflammation and brain insulin resistance. In this context,
the interrelationship between RAS and these neuropathological
progresses is attracting increasing attention, since Ang II is
recognized as a pleiotropic factor locally metabolized in the brain
(Saavedra, 2017).

It has been demonstrated that RAS stimulation mediates
oxidative and inflammatory damage in the liver, the pancreas,
the kidney and the brain (Capettini et al., 2012; Gaddam
et al., 2014; Biancardi et al., 2017). By binding to AT1,
Ang II also induces disturbed glucose metabolism and insulin
resistance in the liver, adipocyte and pancreas (Favre et al.,
2015). On the other hand, interference with RAS using
either ACE inhibitors (ACEIs) or AT1 blockers confers
protective effects against excessive inflammatory activation and
improves insulin sensitivity (Luther and Brown, 2011; Favre
et al., 2015). Despite the consensus that neuroinflammation
and insulin resistance are two hallmarks of neuropathy, in
both of which RAS plays an essential role, the evidence
concerning intricate interrelationship among RAS, immune
system and insulin signaling is limited and controversial,
especially in the brain.

Therefore, in this study, we used repeated treatment of
the endotoxin, lipopolysaccharide (LPS), to provoke sustained
neuroinflammation, and explored the potential beneficial effects
of AT1 receptor blocker, candesartan (Cand), treatment on
LPS-induced abnormalities in behavioral changes, neuroimmune
activation, and insulin signaling.

MATERIALS AND METHODS

Animals
Male, Sprague-Dawley rats (200–230 g) were housed under
standard conditions of temperature (23 ± 2◦) and light (12:12 h
light/dark cycle), with free access to standard rodent chow and
water. Each rat was housed in a separate cage and recorded
with body weight daily. All animal use procedures were carried
out in accordance with the Regulations of Experimental Animal
Administration issued by the State Committee of Science
and Technology of the People’s Republic of China, with the
approval of the Animal Ethics Committee of the Jining Medical
University (NO. 20170037).

Drug Treatment
Rats were randomly divided into three groups: Control,
LPS and LPS+Cand. Rats received LPS or normal saline
via intraperitoneal injection at a dose of 500 µg/kg every
2 days for a total of 7 injections. The dose of LPS was
chosen to effectively provoke depressive-like behaviors and
neuroinflammation based on our previous research (Jiang
et al., 2017; Yang et al., 2018). Animals in LPS+Cand group
received daily Cand (1 mg/kg, dissolved in 1% DMSO) by
oral gavage over 2 weeks covering the whole LPS treatment
process, while the other two groups were treated with the
vehicle (1% DMSO in saline). The timeline of the experimental
protocol is depicted in Figure 1A. The dose of Cand was
selected based the previous finding that at this dose, Cand
effectively blocks central AT1 receptors (Benicky et al., 2011;
de Souza Gomes et al., 2015). Body weight of these rats was
monitored throughout the experiment, and the drug doses were
adjusted accordingly.

Behavioral Tests
Elevated Plus Maze (EPM) Test
EPM test was performed to evaluate the LPS-induced anxiety-
like behavior in rats. In brief, the maze apparatus was a
cross-shaped Plexiglas platform with two opposite open arms
(OA, 50 × 10 cm) and two opposite closed arms (CA,
50 × 10 cm) with 40 cm walls, connected by a central
platform (CP, 10 × 10 cm) and elevated 50 cm from the
floor in a dimly lit room. The animals were placed at the
center of the apparatus with its head facing toward an open
arm. The total number of entries into the open and closed
arms, and the time spent in each arm during the 5 min
period were recorded with a video camera mounted vertically
above the apparatus.

Forced Swim Test (FST)
The paradigm is based upon the evaluation of immobility,
as a measure of behavioral despair in stressful and
inescapable situations (Liao et al., 2018). In brief, each
rat was placed in a Plexiglas cylinder (45 cm height,
25 cm diameter) containing approximately 35 cm of
water (24 ± 1◦) for 15 min. The rats were then dried
and removed to their home cage. They were placed again
in the cylinders 24 h later, and a 5 min swim test was
conducted. Each test session was videotaped and the duration
of immobility, which is defined as floating passively and
only making slight movements to keep the head above
water, was scored by an experienced observer blind to the
experimental design.

Novelty-Suppressed Feeding Test (NSFT)
Before testing, rats were food deprived for 24 h in their home
cages. The rats were placed in an open field (75 × 75 × 40 cm)
with a small amount of food placed on a piece of white paper
(10 × 10 cm) in the center. Animals were allowed to explore the
open field for 8 min. The latency to feed, specifically the time it
took for the rat to approach and take the first bite of the food, was
recorded by a stopwatch.
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FIGURE 1 | Timeline of experimental procedures (A) and effect of Candesartan (Cand) treatment on LPS-induced behavioral deficits in elevated plus maze (EPM)
test (B–D), forced swim test (FST) (E) and novelty-suppressed feeding test (NSFT) (F), and body weight gain (G). Data are means ± SD (n = 7–9). ∗p < 0.05,
∗∗p < 0.01 compared to Control group. #p < 0.05, ##p < 0.01 compared to LPS group.

Histopathological Staining
Brains were collected and the hippocampus was rapidly dissected
from representative animals in each group. The hippocampus
was fixed in 10% phosphate-buffered paraformaldehyde and
then embedded in paraffin, prepared for histopathological
examination and immunohistochemical staining. The paraffin
tissue blocks were prepared for sectioning at 5µm thickness
by sledge microtome. The obtained tissue sections were stained
by hematoxylin and eosin (H&E). The number of damaged
cells characterized by contraction of the nucleus, cellular
edema, vacuolization, and darkened nucleus, were counted.
The presence of apoptosis was assessed by the terminal
deoxynucleotidyl transferase-mediated FITC-dUTP nick end
labeling (Tunel) method, which detects fragmentation of
DNA in the nucleus during apoptotic cell death in situ
(Zhou et al., 2018), following the manufacturer’s protocol
(Keygen Biotech, Nanjing, China). The average ratio of total

TUNEL-positive neurocyte number was calculated. This ratio
represented the apoptotic index of the sample and was
compared between groups.

Immunofluorescent Staining
For the immunofluorescent histochemistry analysis, paraffin-
embedded coronal sections of the hippocampus (6 µm thickness)
were dewaxed in xylol, rehydrated, and rinsed in phosphate-
buffered saline (PBS). Antigen retrieval was performed by
boiling the sections on an electric stove in a citric acid buffer
(0.01 mol/L, pH 6.0), followed by incubation with blocking 5%
goat serum for 1 h at room temperature. The sections were then
incubated with the primary antibody anti-IBA-1 (Abcam, 1:200).
The sections were washed with PBS three times and stained
with DAPI (Beyotime Biotechnology, China) to stain the cell
nuclei. Immunofluorescent images were taken with an inverted
fluorescence microscope (Olympus, Japan).
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Ang II Analysis
The hippocampus was homogenized and centrifuged at 9500 rpm
for 20 min at 4◦C. The supernatant was used for the measurement
of Ang II by using a commercially available Enzyme-Linked
Immunosorbent Assay (ELISA) kit (Cusabio, China).

Real-Time PCR Analysis
Total RNA was extracted by using Trizol reagent (invitrogen,
United States) following the manufacturer’s instructions.
Quantitative PCR was performed on Bio-rad Cx96 Detection
System (Bio-rad, United States) using SYBR green PCR kit
(Applied Bio-systems, United States) and gene-specific primers
(Table 1). Each cDNA was tested in triplicate. Thermo profile
conditions were: 50◦C for 2 min, 95◦C for 10 min, 40 cycles
of amplification at 95◦C for 15 s and 60◦C for 1 min. Relative
quantitation for PCR product was normalized to β-actin as an
internal standard.

Western Blot Analysis
For western blotting analysis, total protein was prepared from
the right hippocampus, and the protein concentrations were
analyzed using Bradford method. Samples were loaded on precast
12% SDS-PAGE gels with approximately 50 µg protein in each
lane. The following antibodies and concentrations were used over
night at 4◦C; p-IKKβ (Ser177) (Cell signaling, 1:1000), IKKβ

(Cell signaling, 1:1000), IκB (Cell signaling, 1:1000), P65 (Cell
signaling, 1:1000), IRβ (Abcam, 1:1000), p-IRS (Ser307) (Sigma-
Aldrich, 1:1000), p-IRS (Tyr896) (Abcam, 1:1000), IRS (Abcam,
1:500), and β-actin (Proteintech, 66009-1-Ig; 1:4000). It was then
probed with HRP-conjugated secondary antibody for 40 min.
The film signals were digitally scanned and then quantified using

TABLE 1 | Primer sequences used for the qPCR analysis.

Gene Sense primer
(5′–3′)

Antisense primer
(5′–3′)

Amplicon length (bp)

ACE CAGAGGCCAACTG
GCATTAT

CTGGAAGTTGCTCAC
GTCAA

137

AT1 CACCCGATCACCGA
TCAC

CAGCCATTTTATACCAATCT
CTCA

110

IL-1β AGGTCGTCATCATCC
CACGAG

GCTGTGGCAGCTAC
CTATGTCTTG

119

IL-6 CACAAGTCCGGA
GAGGAGAC

ACAGTGCATCATCGCT
GTTC

167

IL-10 GTTTTACCTGGTA
GAAGTGATGCC

CCACTGCCTTGCTTTTA
TTCTC

155

iNOS AGTGGCAACAT
CAGGTCGG

CGATGCACAACTGGG
TGAAC

166

Cox2 GCATTCTTTGCC
CAGCACTT

GTCTTTGACTGTGG
GAGGAT

210

CD68 CCACAGGCAGCAC
AGTGGACA

TCCACAGCAGAAGC
TTTGGCCC

135

Arg-1 GGGAAAAGCCAAT
GAACAGC

CCAAATGACGCATA
GGTCAGG

148

CD206 AGTTGGGTTCT
CCTGTAGCCCAA

ACTACTACCTGAGCCCA
CACCTGCT

161

β-Actin CATCCTGCGTCT
GGACCTGG

TAATGTCACGCA
CGATTTCC

116

Image J software. The signals were normalized to β-actin as an
internal standard. Original images of Western blot are supplied
in Supplementary Material.

Data Analysis
Results from the experiment were expressed as means ± SD
and analyzed using SPSS version 17.0 software. Normality of
distribution was assessed by the Lilliefors test, and homogeneity
of variance was tested with the Levene’s test. Differences
between groups were determined by one-way analysis of
variance (ANOVA) test, followed by LSD test for post hoc
comparisons when equal variances were assumed. The prior level
of significance was established at p < 0.05.

RESULTS

Neuroprotective Effects of Cand Against
LPS-Induced Behavioral Deficits and
Neural Death
As previously reported Guo et al. (2016) and Dang et al.
(2017), repeated administration of LPS successfully induced an
anxiogenic effect as evidenced by the decreased time spent in
the open arms and reduced number and ratio of open arm
entries (Figures 1B–D). LPS also induced the animals to a
depression-like state with increased immobility time in FST
(Figure 1E) and longer latency to feed in NSFT (Figure 1F).
However, daily treatment of Cand partly restored the LPS-
induced behavioral changes, increasing open arm spent time and
open arm entries in the EPM test, and decreasing the immobility
time and latency to feed in FST and NSFT, respectively, indicating
both anxiolytic and antidepressive effects. While repeated LPS
treatment suppressed the body weight growth, co-treatment
with Cand didn’t significantly affect the body weight gain
(Figure 1G). Additionally, we found Cand treatment ameliorated
nuclear condensation and acidophilic degeneration in H&E
histopathological examination. In consistence, by using Tunel
method, the LPS-induced neural apoptosis was also mitigated by
Cand treatment (Figure 2).

Brain RAS Activation in
LPS-Exposed Rats
As revealed in Figure 3, our results showed that sustained
LPS exposure enhanced ACE expression, increased hippocampal
status of Ang II and induced AT1 expression, suggesting that the
continuous inflammatory process leads to brain RAS activation.
Cand treatment had no effect on ACE and Ang II levels, but
decreased AT1 expression compared with LPS-treated group.

Anti-inflammatory Effect of Cand in
LPS-Exposed Rats
In line with our previous findings (Jiang et al., 2017),
LPS induced microglial activation as revealed by the IBA-1
immunofluorescent results, which was pronouncedly alleviated
by Cand co-administration (Figure 4A). In accordance with
the microglial activation, the hippocampal mRNA expression
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FIGURE 2 | Effect of Candesartan (Cand) treatment on LPS-induced histopathological changes in H&E staining and apoptosis in Tunel test (A). Damaged cells in
H&E staining (B) and apoptotic cells in Tunel test were counted, respectively. Data are means ± SD (n = 7). ∗∗p < 0.01 compared to Control group. #p < 0.05,
##p < 0.01 compared to LPS group.

FIGURE 3 | Effect of lipopolysaccharide (LPS) and Candesartan (Cand) treatment on ACE mRNA expression (A), Ang II levels (B), and AT1 expression (C). Data are
means ± SD (n = 7). ∗p < 0.05, ∗∗p < 0.01 compared to Control group. ##p < 0.01 compared to LPS group.

of pro-inflammatory cytokines, including IL-1β and IL-6,
the anti-inflammatory cytokine, IL-10, and the inflammation
mediating enzymes, including the nitric oxide (NO)-producing
isoenzyme inducible NO synthase (iNOS) and cyclooxygenase 2
(COX-2) were synchronously increased, which were prevented
by Cand administration except for IL-10 that Cand slightly but
significantly further amplified the LPS-induced IL-10 expression
(Figures 4B–F). Upon inflammatory stimulation, the microglia
is prone to polarize into proinflammatory M1 phenotype and the

proinflammatory cytokines are mediators or biomarkers of M1
cells (Zhang B. et al., 2018). Likewise, CD68, another biomarker
of M1 phenotype was induced in LPS exposed group (Figure 4G),
further supporting the notion that LPS stimuli would lead to
M1 polarization. Interestingly, similar as IL-10, repeated LPS
exposure also enhanced the expression of M2 markers, arginase-
1 (Arg-1) and CD206, indicating a potential compensatory
response (Figures 4H–J). Meanwhile, Cand treatment not
only mitigated the LPS-induced M1 polarization, but also
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FIGURE 4 | Anti-inflammatory effect candesartan (Cand) following repeated lipopolysaccharide (LPS) exposure. Microglial activation (Iba-1 immunofluorescence)
(A,B) and mRNA expression of IL-1β (C), IL-6 (D), Cox2 (E), iNOS (F), CD68 (G), IL-10 (H), Arg-1 (I), and CD206 (J). Data are means ± SD (n = 7). ∗p < 0.05,
∗∗p < 0.01 compared to Control group. #p < 0.05, ##p < 0.01 compared to LPS group.

further shifted the microglia into M2 phenotype with increased
expression of Arg-1 and CD206 compared with LPS group.

The Effect of Cand on LPS-Induced
NF-κB Signaling
NF-κB signaling plays a fundamental role in response to
inflammatory activator such as LPS (Lee et al., 2018). To further
explore the mechanisms, we then analyzed the essential members
of NF-κB family (Figure 5A). As expected, LPS stimuli activated
IκBs kinase (IKK) with increased phosphorylation of IKK at
serine 177 residue (Figure 5B), which resulted in IκB degradation
(Figure 5C) and P65 activation (Figure 5D) compared with
the control group. Cand treatment inhibited the LPS-induced
IKK phosphorylation and P65 overactivation while preserved
IκB stability. These data indicated that Cand may exert an anti-
inflammatory effect by modulating the NF-κB signal pathway.

The Effect of Cand and LPS on
Hippocampal Insulin Pathway
Both inflammation and activated RAS are two major contributors
to insulin resistance (Sarlus et al., 2013; Ramalingam et al.,
2017). To examine their interactions in the brain, we evaluated

the insulin signaling in the hippocampus following LPS and
Cand treatment (Figure 6A). Although LPS and Cand both had
no significant effects on IRβ expression (Figure 6B), repeated
LPS treatment enhanced the inhibitory phosphorylation of
IRS at serine 307 (Figure 6C) and suppressed IRS tyrosine
896 phosphorylation (Figure 6D) that is required for signal
transduction (Akiyama et al., 2013), whereas blocking AT1
by Cand treatment reversed these effects and improved
insulin signaling, partly normalizing p-IRS (Ser307) and p-IRS
(Tyr896) status.

DISCUSSION

The progression of a series of neuropsychiatric disorders,
such as depression, is associated with continuous subclinical
inflammatory process. However, most of the studies examined
the acute effect of LPS, and the evidence concerning the
neuropathological changes following sustained inflammatory
stimuli is limited. In line with our previous research, repeated
administration of LPS induced anxiety and depression-like
behaviors, as well as neuroinflammation, in rats, which resembles
the clinical profile of depression that depressive patients are
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FIGURE 5 | Effect of lipopolysaccharide (LPS) and Candesartan (Cand) treatment on NF-κB signaling. Representative blots (A) and statistical graphs of relative
p-IKKβ (Ser177)/IKKβ ratio (B), IκB protein expression (C) and P65 protein expression (D) (n = 7). Data are means ± SD. ∗∗p < 0.01 compared to Control group.
#p < 0.05, ##p < 0.01 compared to LPS group.

prone to under chronic subclinical inflammatory state (Dang
et al., 2017). The neuroinflammatory process was reflected by the
LPS-induced microglial activation, the enhanced expression of
proinflammatory cytokines, IL-1β and IL-6, and the upregulated
iNOS and Cox2 expression. Unexpectedly, the anti-inflammatory
cytokine, IL-10, was also induced by prolonged exposure to
LPS, which is in contrast with previous findings that acute
LPS treatment inhibited IL-10 expression (Kavanagh et al.,
2004), indicating a potential compensatory mechanism that may
mediate endotoxin tolerance following sustained LPS treatment.

RAS functions as a hormone system that is capable of acting
directly in many tissues in an autocrine and paracrine way.
RAS is originally recognized as a blood pressure controller,
and now is implicated in multifactorial brain function. All the
components of the classic RAS have been identified in both
neuronal and glial cells (Jackson et al., 2018). Microglia is
considered as the resident macrophage in the brain, responsible
for the neural immune responses under stressful conditions (Liu
et al., 2019). The localized brain RAS activation is associated with
neuroinflammation and neuropathy as demonstrated by the facts

that central administration of Ang II, the major prohypertensive
ligand of AT1 receptor, induces neuroinflammation and oxidative
stress in vivo and in vitro (Bild et al., 2013; Bali and Jaggi,
2016; Abdul-Muneer et al., 2018), and AT1 receptor blockade
ameliorates inflammation and improves brain function in animal
models of epilepsy, brain ischemia and neurodegeneration
(Saavedra et al., 2011; Tchekalarova et al., 2015; Valenzuela
et al., 2016). Microglia, similar with macrophages, can develop
into proinflammatory M1 phenotype and immunoregulatory
M2 phenotype (Liu et al., 2019). In the context of immune
stimuli, the localized RAS system in microglial cells would be
activated, which plays an essential role in microglial polarization,
promoting the transformation of microglia into M1 phenotype
(Labandeira-Garcia et al., 2017). Consistent with this, our data
showed the activated RAS in the brain with enhanced ACE and
AT1 mRNA expression, and elevated Ang II status in the context
of repeated LPS stimuli. In addition, our phenotypic analysis
of microglia in the hippocampal CA1 region showed that the
M1 markers iNOS and CD68 were increased. These findings
are in line with acute LPS treatment (Benicky et al., 2011),
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FIGURE 6 | Effect of lipopolysaccharide (LPS) and Candesartan (Cand) treatment on insulin signaling. Representative blots (A) and statistical graphs of relative IRβ

protein expression (B) and the ratios of p-IRS (Ser307)/IRS (C) and p-IRS (Tyr896)/IRS (D). Data are means ± SD (n = 7). ∗∗p < 0.01 compared to Control group.
##p < 0.01 compared to LPS group.

indicating that the brain RAS can be ignited by both short and
longtime neuroimmune activation, which may further worsen
the inflammatory situation and trigger the positive feedback
between RAS and immune system (Bhat et al., 2016), resulting
in uncontrolled neuroinflammatory progression. Intriguingly,
it should be noted that the M2 markers, IL-10, Arg-1, and
CD206, were also synchronously increased following sustained
LPS exposure, suggesting an adaptive compensatory response,
which might be associated with the mechanism of LPS tolerance
(Zhang Z. et al., 2018).

However, blocking AT1 receptor by Cand, as shown in
our study and previous findings, contains anti-inflammatory
properties (Bhat et al., 2016). While Cand can efficiently
cross the blood brain barrier and effectively block brain
AT1 receptor (Benicky et al., 2011), the treatment protocol
didn’t significantly normalize the LPS-activated RAS except
for the partly restored AT1 expression. Nevertheless, daily
Cand administration during LPS challenge process attenuated
the inflammatory response, suppressing microglial activation
and the expression of inflammatory mediators. Additionally,
Cand treatment shifted microglia from M1 to M2 phenotype

with decreased expression of M1 markers (iNOS and CD68)
and increased expression of M2 marker (CD206) compared
with LPS group, further confirming the involvement of RAS
system in the LPS-induced disturbance in microglial polarization.
Aside from neuroimmune modulating actions, Cand treatment
also prevented the brain from LPS-induced neural apoptosis
and exerted anti-anxiety and anti-depression effects. The AT1
antagonism may cut off the deteriorating feedback loop between
RAS and immune system, thereby resulting in neuroprotective
activities and improving neurobehavioral functions. Although
multiple lines of evidence suggest that blocking AT1 receptor
contains anti-inflammatory, anti-oxidative and anti-apoptotic
properties, it should be noted that Cand may interact with other
targets independent of AT1 receptor. One previous interesting
research showed that Cand effectively suppresses TNF-induced
inflammatory process and reinstates redox homeostasis in
renal tubular epithelial cells lacking AT1, and Cand may
possess intrinsic antioxidant activity (Chen et al., 2008).
To this end, further studies using AT1 knockdown animals
or other AT1 inhibitors with more selectivity, such as
azilsartan (Kajiya et al., 2011; Ojima et al., 2011), are
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warranted given that the pharmacological action of Cand
seems to be complex.

Insulin resistance is a major consequence of inflammation,
contributing to a variety of brain dysfunctions as glucose is
the brain’s main energy source for neurotransmission, synaptic
plasticity and neurogenesis (Clark et al., 2012; Kleinridders et al.,
2014). Inflammatory stimuli may evoke insulin resistance via
the activation of NF-κB signaling. Under normal condition,
NF-κB exists in an inactive state in the cellular cytoplasm,
where it is bound to the inhibitor of NF-κB (IκB). Once
activated, the IκB kinase (IKK) phosphorylates IκB, which
would lead to IκB degradation and P65 translocation to the
nucleus, promoting the expression of proinflammatory mediators
(Li et al., 2012). The activated IKK can also phosphorylate IRS-
1 at serine residue, impeding tyrosine phosphorylation and
insulin signal transduction (Copps and White, 2012). Although
the cross-talk between insulin signaling and inflammation is
well-studied in the periphery, the evidence concerning the
relationship in the brain is limited. A recent study showed that
single intraperitoneal LPS injection activates insulin signaling
with enhanced IRS-1 tyrosine phosphorylation (Tyr1222) in the
hypothalamus (Rorato et al., 2017). In contrast, Iloun et al.
(2018) found that hippocampal insulin pathway is inhibited
with increased IRS-1 (Ser307) expression 6 days after one dose
of intracerebroventricular LPS injection. These discrepancies
might be attributed to the treatment protocols and various
brain areas used in the different study. The present study
observed increased phosphorylated serine residue (Ser307) but
decreased phosphorylated tyrosine residue (Tyr896), strongly
indicating that continuous inflammatory state may impede
insulin pathway, confirming the theory that inflammation
interferes with insulin signaling to promote neurological and
behavioral deficits, and IKK may mediate not only LPS-
induced neuroinflammation, but also disturbance of insulin
signaling in the brain.

Aside from inflammation, RAS may also hamper insulin
signaling by directly inhibiting phosphatidylinositol 3-kinase
(PI3K) cascade or indirectly through provoking inflammation
and oxidative stress (Favre et al., 2015). Indeed, RAS is intrinsic
to pancreatic islets and insulin-targeted tissues including adipose,
skeletal muscle and liver, whereas both clinical and basic studies
demonstrated that RAS blockade improves glucose homeostasis
and prevents diabetes (Luther and Brown, 2011; Bangalore
et al., 2016). In this context, we further explored whether
angiotensin receptor blockers (ARBs) are also effective in brain
insulin pathway. Our data showed that Cand alleviated LPS-
induced IRS-1 phosphorylation on serine 307 and restored IRS-1

phosphorylation on tyrosine 896 in the hippocampus, implying
that ARBs might be beneficial on brain insulin signaling as well.
By blocking the AT1 receptor, Cand may restrain the reciprocal
influence of RAS and inflammatory pathway on each other
to limit the deleterious impacts of these two risk factors on
insulin signaling.

In summary, the present study showed that LPS-induced
anxiety and depression-like behaviors might be associated with
brain RAS activation, neuroinflammation and disturbed brain
insulin signaling, which were partly restored by Cand treatment,
highlighting the involvement of RAS in inflammation-impeded
insulin pathway in the brain and providing a potential drug target
for the inflammation-associated neurological disorders such as
depression. While the present research mainly focused on the
neuroprotective mechanisms of Cand, it is important to note that
we fails to evaluate the baseline effect of Cand, which is a major
limitation of the study.
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The main clinical manifestations of anti-N-methyl-D-aspartate receptor (anti-NMDAR)
encephalitis are acute or subacute seizures, cognition impairment, and psychiatric
symptoms. Nowadays, the scheme of antipsychotic therapy for this disease has
not been established. This study reports three cases of anti-NMDAR encephalitis
with psychiatric symptoms. The anti-NMDAR antibodies in cerebrospinal fluid (CSF)
and serum were positive. The psychiatric symptoms still existed after intravenous
immunoglobulin (IVIG) treatment; thus, clozapine was used for antipsychotic therapy.
Case 1 was a 37-year-old man who suffered from bad mood and suicide behaviors
for 1 month. Hallucination and delusion still existed after IVIG treatment and hormone
therapy, and the symptoms were relieved when given clozapine for 12 months. Case
2 was a 28-year-old man who was admitted to our hospital due to injuring other
people and destructive behaviors for 2 days. He showed irritability, bad temper, declined
cognition, and severe delusion of persecution after IVIG treatment and hormone therapy,
but the psychiatric symptoms disappeared when given clozapine for 3 months. Case 3
was a 23-year-old man who suffered from headache and babbing for 7 days. Symptoms
such as irritability, bad temper, babbing, and injuring other people still existed after
IVIG treatment and hormone therapy, but they disappeared when given clozapine for
2 months. Therefore, we suggest that during the treatment of anti-NMDAR encephalitis
with psychiatric symptoms, if the anti-NMDAR antibodies in CSF and serum were
positive, and psychiatric symptoms could not be controlled after IVIG and hormone
therapy, clozapine may work.

Keywords: clozapine, anti-NMDA receptor encephalitis, psychiatric symptoms, antipsychotic therapy,
intravenous immunoglobulin, hormone

INTRODUCTION

Anti-N-methyl-D-aspartate receptor (anti-NMDAR) encephalitis is an autoimmune encephalitis
induced by anti-NMDAR (Jiang et al., 2018). Dalmau et al. (2007) reported anti-NMDAR as the
pathogenic antibody and diagnostic marker of this disease in 2007. Since then, the number of
newly diagnosed cases has increased year by year (Beecher et al., 2018). At present, anti-NMDAR
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encephalitis has become a representative in the disease spectrum
of autoimmune encephalitis. The number of newly diagnosed
cases of anti-NMDAR encephalitis has exceeded that of
enterovirus encephalitis and herpes simplex encephalitis (Gable
et al., 2012). It often combined with psychiatric symptoms,
such as severe hallucination, delusion, and aggressive behaviors
(Warren et al., 2018). However, there is no standard treatment
for encephalitis with psychiatric symptoms, which brings serious
risks and burdens to society and families. This study reported
three cases of anti-NMDAR encephalitis with psychiatric
symptoms. The anti-NMDAR antibodies were positive in their
cerebrospinal fluid (CSF) and blood. All of them were treated
with clozapine in our hospital.

CASE REPORT

Case 1
A 37-year-old male peasant presented with a 4-week history of
low spirit, bad mood, suicide behaviors, and suspicion prior to
hospitalization. He was diagnosed with severe depression and
received sertraline (50–100 mg) and olanzapine (10 mg), but the
situation became worse with declined cognition function and
epileptic seizures after 7 days of treatment. The CSF pressure
was 240 cmH2O and leukocyte count was 10 × 106/L. The anti-
NMDAR antibodies in CSF and serum were 1:32 (Figures 1A,B).
Initial electroencephalography (EEG) showed epileptic activity
with sharp-slow waves in the right anterior frontotemporal
region (Figure 2). The chest and abdomen were detected with
B-ultrasound and CT to exclude tumor. He received intravenous
immunoglobulin (IVIG; 25 g/day, 5 days), methylprednisolone
(1,000 mg, 3 days + 500 mg, 3 days), and prednisolone
(0–60 mg, 12 weeks) for two courses; levetiracetam (1,500 mg,
bid) and valproic acid (500 mg, bid) were used to control
epilepsy. The patient showed severe heart failure and respiratory
failure, with persistent psychiatric symptoms, such as visual
hallucination, auditory hallucination, and delusion. When given
olanzapine (10–20 mg/day, 3 days) and aripiprazole (2.5–
10 mg/day, 7 days), these psychiatric symptoms could not be
alleviated. Aggressive behaviors occurred when given olanzapine;
muscle stiffness and slurred speech occurred when given
aripiprazole. After cessation of olanzapine and aripiprazole, the
use of clonazepam (2 mg, bid) led to clinical improvement.
Thus, he was sedated with midazolam (2–4 mg/h, 45 days)
during the period he was in the intensive care unit (ICU). The
patient received quetiapine (50 mg/day to 0.4 g/day, 30 days)
and clonazepam (2–6 mg/day, 35 days) from the ICU, but he
still had severe visual hallucination and auditory hallucination
after 6 months of treatment. Positive and Negative Syndrome
Scale (PANSS) total score (Kay et al., 1987) was 112. The
anti-NMDAR antibodies in CSF and serum were 1:10 and
1:320, respectively (Figures 1C,D), and the antibodies against
AMPA1, AMPA2, LGI1, CASPR2, and GABAb were negative
(Suh-Lailam et al., 2013). Head-enhanced magnetic resonance
imaging (MRI) showed encephalatrophy (Figures 3A,B), and no
epileptic waves were found in EEG. Then, he was given clozapine
(50–300 mg/day), with 218.8 ng/ml plasma concentration

FIGURE 1 | The anti-NMDA receptor (anti-NMDAR) antibodies in CSF
(A,C,E,G,I) and serum (B,D,F,H,J). (A,B) Initial day in case 1. (C,D) Before
treatment of clozapine in case 1. (E,F) After 18-month treatment of clozapine
in case 1. (G,H) Before treatment of clozapine in case 2. (I,J) Before
treatment of clozapine in case 3.

(Figure 4A; Zhou et al., 2004). Meanwhile, he was still treated
with valproic acid (500 mg, bid) for epilepsy control. Eighteen
months later, the anti-NMDAR antibodies in CSF and serum
were 1:10 and 1:32 (Figures 1E,F), respectively. Up to now, the
patient was able to live and work normally, with stable situation
and no psychiatric symptoms. PANSS total score was 26.

Case 2
A 28-year-old male painter suffered from behavioral changes
for 1 week after flu prior to hospitalization to the ICU of the
local hospital. Head MRI showed long T1 and long T2 signal
intensities in the left temporal lobe, and enhanced MRI showed
irregular light enhancement (Figures 3C,D). The anti-NMDAR
antibodies in CSF and serum were negative. With the diagnosis
of viral encephalitis, the patient received antiviral therapy for
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FIGURE 2 | Initial electroencephalography (EEG) in case 1. EEG showed moderate slow-wave discharge, with medium-wave amplitude, appearing as a single
emission or continuous occurrence in right sphenoidal electrode, frontal pole, frontal, and pretemporal regions.

35 days, together with methylprednisolone (1,000 mg, 3 days +
500 mg, 3 days) and prednisolone (35–60 mg, 30 days). Then, he
left the hospital. Unfortunately, he was admitted to our hospital
2 days after his discharge due to aggressive behaviors, injuring
other people, irritability, and severe delusion of persecution. He
was given acyclovir and olanzapine (10–20 mg/day), but the
symptoms deteriorated with severe violent behavior and declined
cognition function after 7 days of treatment. The CSF pressure
was 200 cmH2O. Total cell count was 58 × 106/L, and leukocyte
count was 38 × 106/L. The anti-NMDAR antibodies in CSF
and serum were both 1:10 (Figures 1G,H), and the antibodies
against AMPA1, AMPA2, LGI1, CASPR2, and GABAb were
negative (Suh-Lailam et al., 2013). The chest and abdomen were
detected with B-ultrasound and CT to exclude tumor. After
treatment with IVIG (30 g/day, 5 days), methylprednisolone
(1,000 mg, 3 days + 500 mg, 3 days), and prednisolone
(0–60 mg, 12 weeks), the psychiatric symptoms became
worse; even olanzapine (10–20 mg/day, 15 days), quetiapine
(25–400 mg/day, 15 days), diazepam (5–10 mg/day, 15 days),
and clonazepam (2–6 mg/day, 15 days) did not work. PANSS
total score (Kay et al., 1987) was 103. Finally, the patient
was given clozapine (25–300 mg/day), with 90.6 ng/ml plasma
concentration (Figure 4B; Zhou et al., 2004), and all the
psychiatric symptoms disappeared completely 3 months later.

The patient was discharged. Followed up for 6 months,
all the clinical symptoms disappeared. The anti-NMDAR
antibodies in CSF and serum were negative, but no obvious
changes could be observed in enhanced head MRI. PANSS
total score was 21.

Case 3
A 23-year-old male student was admitted to the local hospital
due to headache, babbing, and aggressive behaviors for 1 week.
After 7 days of treatment with penicillin and acyclovir, the
symptoms were not relieved and then he was transferred to
our hospital. No abnormality was found in enhanced head
MRI. The CSF pressure was 100 cmH2O. Total cell count and
leukocyte count were normal. The protein concentration was
0.46 g/L. The anti-NMDAR antibodies in CSF and serum were
1:1 and 1:10, respectively (Figures 1I,J), and the antibodies
against AMPA1, AMPA2, LGI1, CASPR2, and GABAb were
negative (Suh-Lailam et al., 2013). The chest and abdomen were
detected with B-ultrasound and CT to exclude tumor. PANSS
total score (Kay et al., 1987) was 97. After treatment with IVIG
(25 g/day, 5 days), methylprednisolone (1,000 mg, 3 days +
500 mg, 3 days), and prednisolone (0–60 mg, 12 weeks), followed
by antipsychotic therapy with olanzapine (10–20 mg/day,
15 days), quetiapine (25–400 mg/day, 15 days), and clonazepam
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FIGURE 3 | Results of head MRI. (A,B) Head MRI showed encephalatrophy in
case 1. (C,D) Head MRI showed long T1 and long T2 signal intensities in the
left temporal lobe, and enhanced MRI stated irregular light enhancement in
case 2. (A,C) T2WI; (B,D) T1-weighted sequence after gadolinium
enhancement.

(2–4 mg/day, 30 days), the patient still showed visual
hallucination and aggressive behaviors. Then, he was
given clozapine (50–100 mg/day), with 65.3 ng/ml plasma
concentration (Figure 4C; Zhou et al., 2004). The psychiatric
symptoms disappeared after 2 months of treatment. Followed
up for 6 months, he was able to live and work normally. The
anti-NMDAR antibodies in CSF and serum were negative.
PANSS total score was 18.

DISCUSSION

The incidence of anti-NMDAR encephalitis is second only
to acute disseminated encephalomyelitis in autoimmune
encephalitis (Granerod et al., 2010). Anti-NMDAR encephalitis
may initially present with multiple psychiatric symptoms, which
results in being misdiagnosed as primary psychiatric disease
(Dalmau et al., 2008).

A study showed that among 111 anti-NMDAR encephalitis
patients, 65 (58.6%) presented various psychiatric features, 43
(38.7%) were admitted initially to a psychiatric unit, and 2 (1.8%)
were transferred from other inpatient units to a psychiatric
unit before being finally correctly diagnosed (Lejuste et al.,
2016). It was reported that catatonia was highly suggestive
of NMDAR encephalitis, helping to diagnose anti-NMDAR
encephalitis (Mythri and Mathew, 2016). The three patients in
this study presented depression and aggressive behaviors, without
catatonic syndrome. They were diagnosed with viral encephalitis
and primary psychiatric disorder in the early stage, which delayed
treatment. Gurrera believed that without appropriate treatment,

patients are likely to suffer a protracted course with significant
residual disability or death (Gurrera, 2018). At present, there
is no formal antipsychotic treatment program for anti-NMDAR
encephalitis with psychiatric symptoms. There are only few case
reports about this; thus, treatment of such patients becomes
more difficult. No specific medicine was found to improve
the patient’s psychiatric symptoms. For example, in the two
cases reported by Kuppuswamy, olanzapine only worked in one
patient, while aggravating the other patient’s mental symptoms
(Kuppuswamy et al., 2014). The side effects of some drugs,
such as aripiprazole and haloperidol, even worsen the difficulties
experienced during treatment (Chapman and Vause, 2011). In
case 1, before the use of clozapine, the severe side effects caused by
antipsychotics resulted in many extrapyramidal symptoms and
serious aggressive behaviors. The dose of the medicine could
not be increased gradually as usual, and the treatment had
to be interrupted.

It was reported that NMDAR hypofunction was a potential
mechanism resulting in schizophrenia, which complemented
the most widespread explanatory mechanism of “dopamine
hypothesis” for schizophrenia (Ramanathan et al., 2014). Some
scholars declared that NMDAR dysfunction was the “final
common pathway” underlying the pathogenesis of schizophrenia,
and it was associated with both positive and negative symptoms
(Wang et al., 2017). Anti-NMDAR antibodies were also found in
schizophrenia patients (Koshiyama et al., 2018; Xie and Huang,
2018). Thus, some researchers believed that schizophrenia
and anti-NMDAR encephalitis may have the same underlying
mechanism and could be on the same spectrum (Maneta and
Garcia, 2014). However, there is not enough proof to date to
verify whether they are diseases on the same spectrum or under
two different conditions.

The NMDAR, an ionotropic glutamate receptor, is related
to synaptic plasticity, neuronal maturation, study, and memory
(Hanson et al., 2015). NMDARs are heteromers of NMDAR1
and NMDAR2 subunits, which bind with glycine and glutamate,
respectively (Tachibana et al., 2013). NMDAR hyperfunction is
proposed to result in psychosis (Liu et al., 2015). Anti-NMDAR
encephalitis represents a state of NMDAR hypofunction caused
by autoantibodies against NMDAR (Warikoo et al., 2018). Thus,
antipsychotic drugs affecting glutamate should be chosen during
the treatment. Studies have shown that clozapine was the first
atypical antipsychotic drug created successfully in the late 1960’s.
It is a diphenyldiazepine antipsychotic drug, with strong sedative
and hypnotic effects, which can directly inhibit the ascending
reticular activating system in the brainstem. It can selectively act
on the mesencephalic limbic dopamine and the 5-serotonin (5-
HT) systems, as well as the muscarinic and α1-noradrenergic
receptor systems. Clozapine blocks the dopamine receptors
reversibly and increases dopamine retroconversion. It has strong
anticholinergic, antisympathetic, and antihistamine effects (Shi
et al., 2007). At present, the pharmacological research based on
the glutamatergic hypothesis of schizophrenia can go further
among all the most promising mechanisms. It was reported that
clozapine can affect 5-HT2A and D4 receptors, increase the
release of dopamine, and selectively increase the concentration
of Glu in the prefrontal cortex ( Lopez-Munoz and Alamo, 2011).
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FIGURE 4 | Clozapine plasma concentration. (A) Plasma concentration was 218.8 ng/ml in case 1. (B) Plasma concentration was 90.6 ng/ml in case 2. (C) Plasma
concentration was 65.3 ng/ml in case 3. Asterisks (∗) represent the chromatogram peak of clozapine.
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Incrocci et al. (2018) stated that the atypical antipsychotic
clozapine potently blocked the disruption of the sensorimotor
gating induced by NMDA antagonists. Rebollo et al. (2018) found
that decreasing hypersynchronization in the local circuit may be
one of the mechanisms of clozapine in preventing schizophrenia
symptoms derived from NMDA hypofunction.

In this study, three patients of anti-NMDAR encephalitis
with psychiatric symptoms were included. They had aggressive
behaviors, even injured other people and destroyed objects.
After IVIG treatment and hormone therapy, the use of various
antipsychotics, such as midazolam, olanzapine, quetiapine,
and aripiprazole, could not alleviate psychiatric symptoms.
Olanzapine even aggravated their aggressive behaviors. Some
researchers suggested that modern electroconvulsive therapy
(MECT) should be used appropriately (Mann et al., 2012; Jones
et al., 2015). However, anti-NMDAR encephalitis mainly showed
epileptic seizures, status epilepticus, ventilation and air exchange
dysfunction, autonomic nervous dysfunction, and multisystem
complications. The situation was so serious that the patients had
to be treated with intubation and auxiliary ventilation in the ICU.
Therefore, MECT was not suitable for them. Furthermore, severe
psychiatric symptoms prevented the patients from completing
intensive care. In case 1 of this study, intensive care was
interrupted due to severe visual and auditory hallucinations. With
the improvement of seizure control, ventilation, and air exchange
dysfunction, clozapine (300 mg) was used, and the psychiatric
symptoms completely disappeared after 1 year of treatment. The
patients in cases 2 and 3 showed violence and serious injuring
tendency. The aggressive behaviors occurred after treatment of
olanzapine, and other antipsychotics such as quetiapine and
aripiprazole could not control psychiatric symptoms. In the end,
they were given clozapine 300 and 100 mg, respectively, which
controlled the symptoms well.

To sum up, clozapine can be used in the treatment of anti-
NMDAR encephalitis with psychiatric symptoms. The disease
should be under the control of epilepsy and good ventilation
function; otherwise, clozapine may induce epilepsy (Bolu et al.,
2017). It may be the reason why many doctors are reluctant
to select clozapine. Therefore, when clozapine is used, it is
important to monitor the EEG regularly to assess the risk of
epilepsy. These three patients received EEG monitoring every
month after taking clozapine, and the results were normal.
Furthermore, antiepileptics, such as sodium valproate and
levetiracetam, should not be ignored if necessary. Clozapine must
be used on the basis of the ineffectiveness of three antipsychotics

to anti-NMDAR encephalitis, just like the treatment of refractory
schizophrenia. In this study, quetiapine and aripiprazole were
ineffective to all the patients, and the psychiatric symptoms
worsened after olanzapine. It is speculated that the affinity
of receptor subtypes is different, and the exact mechanism
needs further study.

CONCLUSION

We report three cases of anti-NMDAR encephalitis with
psychiatric symptoms. During the treatment of the disease, if
the psychiatric symptoms could not be controlled after IVIG and
hormone therapy, clozapine may work.
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Background: The relation between the ATP-binding cassette subfamily B member 1 
(ABCB1) gene and major depressive disorder (MDD) has been studied in a local Chinese 
Han population. MDD is associated with the rs2032582 (G2677T) and rs1128503 (C1236T) 
single-nucleotide polymorphisms (SNPs) of ABCB1 but not with rs1045642, rs2032583, 
rs2235040, and rs2235015. This study aims to explore the potential correlations of 
therapeutic responses with selective serotonin reuptake inhibitors (SSRIs) and serotonin-
norepinephrine reuptake inhibitors (SNRIs) in a local Chinese Han population.

Methods: The study population included 292 patients with MDD. All patients were 
assessed at baseline and at first, second, fourth, and sixth weeks according to the 
17-item Hamilton Rating Scale for Depression (HAM-D17) to determine their therapeutic 
responses to SSRIs and SNRIs.

Results: In the SSRI therapy group, the genotype or allele distribution of six SNPs was 
not significantly different between responders and nonresponders. In the SNRI therapy 
group, only rs2032583 was associated with a therapeutic response to SNRIs. The C 
allele of the ABCB1 rs2032583 polymorphism was negatively correlated with therapeutic 
responses according to logistic regression analysis.

Conclusion: The ABCB1 gene polymorphisms may not be associated with therapeutic 
responses to SSRIs but not with SNRIs. The TT genotype of rs2032583 could be a 
predictive factor of improved treatment responses to SNRIs in the Chinese population. 
These findings should be replicated in future studies with larger patient groups.

Keywords: ABCB1 gene, clinical response, SNRIs, major depressive disorder, local Chinese Han population

INTRODUCTION

The ATP-binding cassette subfamily B member 1 (ABCB1) gene, a multidrug resistance protein 1 
(MDR1) gene, is located on the chromosomal region 7q21.1 and encodes p-glycoprotein (P-gp), 
which plays an important role in drug bioavailability and response to drugs. P-gp is a 1280-amino 
acid transporter and serves as a genetically polymorphic efflux transporter that removes foreign 
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substances from cells. This protein is expressed in the blood–
brain barrier and protects the brain from drugs or neurotoxic 
substances, such as glucocorticoids and amyloid beta (de Klerk 
et al., 2013).

After treatment with regular doses of antidepressants, 
several patients with major depressive disorder (MDD) fail 
to obtain satisfactory therapeutic effects, and some patients 
even incur serious side effects. Among patients with MDD 
treated with a single antidepressant medication, only 50% 
of patients received adequate clinical response, and 30% of 
patients achieved recovery. There was a delayed response 
to symptom relief, ranging from 4 to 8 weeks. During this 
period, the risk of suicide increased significantly, whereas 
another 10% of the patients were ineffective for any kind of 
antidepressant medication (Weizman et al., 2012). ABCB1 
gene polymorphisms affect the ability of drugs to pass through 
the blood–brain barrier into the central nervous system, 
leading to inadequate drug concentrations in the brain (Uhr 
et al., 2008). ABCB1 gene polymorphisms can predict the effect 
of antidepressant drugs that are MDR1 substrates (Mihaljevic 
Peles et al., 2008; Sarginson et al., 2010).

Some drugs have been identified as substrates of P-gp. 
These drugs include nortriptyline, imipramine, escitalopram, 
amitriptyline, paroxetine, venlafaxine, and citalopram; 
and those with non-ABCB1 substrates include bupropion, 
mirtazapine, and fluoxetine (Mihaljevic Peles et al., 2008). 
The ABCB1 gene has single-nucleotide polymorphisms 
(SNPs) in the encoding regions. Variants such as C3435T 
(rs1045642), G2677T/A (rs2032582), and rs2032583 are 
the most commonly studied. Ameyaw et al. (2001) reported 
that ABCB1 gene knockout mice possessed insufficient P-gp, 
leading to high drug concentrations in the blood and weak 
ability to eliminate drugs. The plasma concentrations of drugs 
in mice without the ABCB1 gene were fivefold higher and 
seven- to 36-fold higher in the cerebrospinal fluid (Ameyaw 
et al., 2001).The concentrations of citalopram, venlafaxine, 
and d-venlafaxine in the brain of mutant mice were 3.0, 1.7, 
and 4.1 times higher than those in their wild-type littermates 
(Uhr et al., 2008). In vivo studies indicated that mdr1 ab (−/−) 
mutant mice possessed higher cerebral concentrations of 
paroxetine compared with those of mdr1ab (+/+) control mice. 
This finding suggests that P-gp could prevent paroxetine from 
entering into the brain (Uhr et al., 2003). Patients with the CC 
genotype of SNP rs2232583 in the ABCB1 gene exhibited a 
higher response rate than that of patients with the TT genotype 
after 4 weeks of antidepressant treatment. However, in the non-
P-gp substrate mirtazapine group, no difference in genotype 
was observed between remission and nonremission groups 
(Uhr et al., 2007). A similar result was also found by Sarginson 
et al. (2010). Moreover, Dong et al. reported that ABCB1 gene 
polymorphisms rs4728697, rs2032583, and rs58898486 were 
associated with depression therapeutic response, and rs17064 
was related to the curative effect of desipramine (Dong et al., 
2009). ABCB1 haplotypes and SNPs rs1045642, rs2032582, and 
rs2032583 affect responses to antidepressant treatment (Menu 
et al., 2010; Rosenhagen and Uhr, 2011; Lin et al., 2011; Singh 
et al., 2012; de Klerk et al., 2013).

A total of 292 Chinese patients with MDD and 208 unrelated 
control individuals from a local Chinese Han population were 
studied. There are few studies on the relationship between 
gene polymorphism of ABCB1 and depression in the Chinese 
Han population; only a team of Taiwan scholars studied the 
relationship between the efficacy of escitalopram and gene 
polymorphism of ABCB1 in patients with depression (Lin et al., 
2011). The purpose of this study was to further understand the 
relationship between the two in the Chinese Han population and 
to provide a theoretical basis for individualized treatment.

MATERIALS AND METHODS

Subjects
A total of 292 patients with MDD and 208 healthy controls 
were included in this study. All participants were biologically 
unrelated and of Chinese Han ethnicity. The patients were 
diagnosed as having MDD as defined in the Axis I of the 
Diagnostic and Statistical Manual of Mental Disorders, Fourth 
Edition, Text Revision (DSM-IV-TR) and obtained scores ≥18 
by the 17-item Hamilton Depression (HAM-D17) Rating Scale. 
A consensus diagnosis by at least two psychiatrists was made 
for each patient according to the DSM-IV criteria. Patients 
were not eligible to participate in the study if they have any 
other mental disorder according to DSM-IV-TR Axis I criteria, 
had major physical and neurological illnesses and sequelae 
of serious illness, or serious suicide attempts and behavior. 
Patients were also excluded if they had used electroconvulsive 
therapy or antipsychotic drugs with long-lasting effects within 
the last 6 months or any antipsychotic drugs within the last 
4 weeks. The mean ages ± standard deviations of the patients 
and controls were 30.89 ± 10.92 years and 31.71 ± 8.25 years, 
respectively. Among the 292 patients with MDD, 71.6% had a 
single episode and 28.4% had recurrent episodes. The study 
protocol was approved by the Medical Ethics Committee of 
Second Xiangya Hospital, Central South University. Written 
informed consent was obtained from each patient after the 
study was explained.

Study Design
Eligible patients were treated with one of the five antidepressants 
(escitalopram, paroxetine, sertraline, duloxetine, and venlafaxine) 
for 6 weeks. All patients affirmed a regular dose intake of 
antidepressant drug per day during the study. The primary 
efficacy measurement was the change in the HAM-D17 total 
score from baseline until the end of the study period. Patients 
were evaluated at screening, baseline, and on the first, second, 
fourth, and sixth weeks of treatment. Response was defined as 
changes in the HAM-D17 total score of ≥50%.

Sample Collection and DNA Extraction
Peripheral blood samples were collected from ethylene diamine 
tetraacetic acid (EDTA)-containing tubes following the standard 
venipuncture technique. Genomic DNA was extracted from 
whole blood according to standard procedures. In this study, 
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we selected SNPs by the following three methods: literature 
reviewing, searching for Tag-SNP, and searching for functional 
variant sites by FAST SNP. Finally, we investigated the following 
six SNPs of the ABCB1 gene: SNP1 (rs1045642) in exon 27, SNP2 
(rs2032583) in intron 22, SNP3 (rs2032582) in exon 22, SNP4 
(rs2235040) in intron boundary exon 21, SNP5 (rs1128503) in 
exon 13, and SNP6 (rs2235015) in intron 5 of the ABCB1 gene. All 
genotyping experiments were carried out by Shanghai BioWing 
Applied Biotechnology Company (http://www.biowing.com.cn). 
The AxyPrep Blood Genomic DNA Kit was used for extraction, 
and the ligase detection reaction (LDR) was used to detect the 
six SNPs. The LDR was performed in 30 cycles at 95°C for 2 min, 
94°C for 15  s, and 50°C for 25 s. Target DNA sequences were 
amplified using a multiplex polymerase chain reaction method. 
The fluorescent products of the LDR were differentiated using a 
3730 ABI sequencer.

Haplotype and Statistical Analysis
Two independent sample t-test and χ2 test were used to 
examine the clinical and demographic variables between 
responders and nonresponders. Genotype and allele frequency 
distributions were compared between the patients and controls 
and between the responders and nonresponders using the χ2 
test for independence. The observed genotype frequencies were 
compared with the predicted frequencies to investigate the 
concordance with the Hardy–Weinberg (H-W) equilibrium. 
Logistic regression analysis was used to estimate the therapeutic 
effect associated with each genotype; odds ratios with 95% 
confidence intervals were obtained. A p < 0.05 was considered to 
be statistically significant. The SHEsis online analysis software was 
used for linkage disequilibrium and haplotype analysis. Logistic 
regression analyses were performed using Statistical Package for 
the Social Sciences version 17.0 for Windows software (SPSS 
Inc., Chicago, IL). Adjustment for multiple comparisons was 
performed by Bonferroni correction.

RESULTS

Comparison of General Data Between 
Control and Case Groups
A total of 208 cases in the control group, 101 males and 107 
females, the average age was 31.71 ± 8.25 years. There were 
292 patients in the study group, 143 males and 149 females; the 
average age was 30.89 ± 10.92 years. There was no significant 
difference in gender and age composition between the control 
group and the case group (χ2 = 0.008, p = 0.927; t = 0.954, p = 
0.341), which was comparable.

Hardy–Weinberg Balance Analysis of 
ABCB1 Gene Polymorphisms in the 
Control and Case Groups
Among the 208 control subjects, the theoretical number of 
genotypes was 81, the number of genotypes of CT was 98, and 
the number of genotypes of TT was 29. H-W analysis showed 
that there was no significant difference in the actual genotype 
distribution of rsl045642 SNP and the theoretical gene type 
distribution under H-W equilibrium, χ2 = 1.231, p = 0.267. 
According to this method, the H-W balance test was performed 
on the polymorphic loci rsl045642, rs2032583, rs2032582, 
rs2235040, rsl128503, and rs2235015 between the control group 
and the case group. As shown in Table 1, the six SNPs loci in the 
control and case groups all met the H-W balance. The population 
selected in this study is representative of the Han population and 
suitable for genetic analysis.

Comparison of Clinical Features Among 
the Responders and Nonresponders
Among the 292 patients included in this study, 39 patients 
dropped out because of adverse effects (n = 12), withdrawal 
of consent (n = 9), contrary to the scheme (n = 2), and lost to 

TABLE 1 | Equilibrium test of six single-nucleotide polymorphisms (SNPs) between the control group and the case group.

SNP Genotype Controls (n = 208) Cases (n = 292)

Actual 
number

Theoretical 
number

χ2 p Actual 
number

Theoretical 
number

χ2 p

rs1045642 CC 85 81 1.23 0.267 103 109 2.27 0.132
CT 90 98 151 139
TT 33 29 38 44

rs2032583 CT 22 21 0.65 0.42 38 37 1.41 0.234
TT 186 187 254 255

rs2032582 GG 78 72 3.39 0.065 86 78 3.44 0.06
GT 88 101 130 146
TT 42 36 76 68

rs2235040 AG 22 21 0.65 0.42 40 38 1.58 0.21
GG 186 187 252 254

rs1128503 CC 39 34 1.8 0.18 40 35 1.97 0.161
CT 91 100 121 132
TT 78 73 131 126

rs2235015 GG 187 188 0.59 0.44 254 255 1.414 0.23
GT 21 20 38 37
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follow-up (n = 16); lastly, 253 patients completed the study. 
Clinical characteristics, use of drugs, and average drug doses 
between responders and nonresponders are shown in Table 2. 
No significant differences were found between the two groups 
according to the above indicators.

Genotype and Allele Frequencies in the 
Responders and Nonresponders
Genotype and allele distributions for the examined ABCB1 gene 
SNPs in nonresponders and responders are shown in Table 3. 
The genotype and allelic distributions of rs1045642, rs2032582, 
rs2235040, rs1128503, and rs2235015 SNPs were not significantly 
different between nonresponders and responders. For rs2032583, 
genotype and allelic distributions significantly differed between 
the nonresponders and responders. The distribution of TT 
genotype and T allele frequency was higher in the responders 
than that in the nonresponders (p = 0.027, p = 0.033, respectively).

ABCB1 Gene Polymorphism Loci and 
Clinical Response to Selective Serotonin 
Reuptake Inhibitors
For SSRIs (sertraline, paroxetine, and escitalopram), no significant 
difference in genotype and allele frequency distribution was 
observed between the responders and nonresponders (p > 0.05) 
(Table 4).

The efficacy of SSRIs was examined for genotypes in the SSRI 
treatment group according to the HAM-D17 scores, decreased 
scores, and reducing score rate during the first, second, fourth, 
and sixth weeks. The HAM-D17 scores, decreased scores, and 
reducing score rate at the first, second, fourth, and sixth weeks 
were not significantly different among rs1045642, rs2032583, 
rs2032582, rs1128503, and rs2235015 (p > 0.05). HAM-D17 
decreased scores and reducing score rate did not reveal any 

significant difference with rs2235040 (Table 5); however, a 
significant difference was observed for the genotype of rs2235040 
in the HAM-D17 scores (F = 4.349, p = 0.039) (Figure 1).

ABCB1 Gene Polymorphism Loci 
and Clinical Response to Serotonin–
Norepinephrine Reuptake Inhibitors
For SNRIs (venlafaxine and duloxetine), no significant difference 
was observed in the distribution of genotype and allele frequency 
of the rs1045642, rs2032582, rs2235040, rs1128503, and rs2235015 
SNPs between the responders and nonresponders (p > 0.05). 
For rs2032583, the T allele frequency and TT genotype were 
significantly increased in the responders compared with those in 
the nonresponders (p = 0.025 and p = 0.018, respectively) (Table 6).

For SNRIs (venlafaxine and duloxetine), no significant difference 
was observed for the rs1045642, rs2032582, and rs1128503 SNPs in 
any of the HAM-D17 scores, decreased scores, and reducing score 
rate during the first, second, fourth, and sixth weeks (p > 0.05). For 
rs2032583, the HAM-D17 scores of TT genotype are lower than 
those of the CT genotype, whereas the decreased scores and reducing 
score rate are higher than those of the CT genotype (Table 7 and 
Figure 2). The GG genotypes of rs2235040 have lower HAM-D17 
scores than AG genotypes and higher decreased score and reducing 
score rate than AG genotypes (Table 8 and Figure 3). For rs2235015, 
the GG genotypes have lower HAM-D17 scores than those of the 
GT genotypes and higher in decreased score and reducing score rate 
than those of the GT genotypes (Table 9 and Figure 4).

DISCUSSION

We investigated the association among the six SNPs of the 
ABCB1 gene and therapeutic response in the local Chinese Han 
population. Among the five SNPs, only one SNP (rs2032583) 

TABLE 2 | Clinical features, dosage, and drug among the responders and the nonresponders.

Nonresponders
(n = 54)

Responders
(n = 199)

F p

Age (years) 31.19 ± 10.124 30.78 ± 11.484 1.089 0.298
Weight 60.778 ± 9.162 57.31 ± 9.3811 0.033 0.856
Education 12.17 ± 3.994 11.93 ± 3.968 0.274 0.601
Sex Male n (%) 27(50) 98(49.2) 0.012 0.912

Female n (%) 27(50) 101(50.8)
Marriage Spinsterhood n (%) 29(53.7) 105(52.8) 2.441 0.119

Married n (%) 21(38.9) 86(43.2)
Divorced n (%) 3(5.6) 8(4.0)
Remarriage n (%) 1(1.9) 0(0.0)

Drug Escitalopram n (%) 19(35.2) 67(33.7) 5.713
Paroxetine n (%) 6(11.1) 44(22.1)
Venlafaxine n (%) 19(35.2) 46(23.1) 0.222
Duloxetine n (%) 7(13.0) 34(17.1)
Sertraline n (%) 3(5.6) 8(4.0)

Doses Escitalopram 10.79 ± 2.507 10.67 ± 2.446 3.723
Paroxetine 21.67 ± 4.082 20.91 ± 2.908
Venlafaxine 157.89 ± 23.648 158.15 ± 23.602 0.055
Duloxetine 60.0 ± 0.00 60.0 ± 0.00
Sertraline 58.33 ± 14.434 105.63 ± 52.470
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differed in genotype and allele frequencies between the responders 
and nonresponders. In particular, the TT genotype of this SNP 
was significantly more common in the responders than that in the 
nonresponders. This finding suggests that the C allele of rs2032583 
may be a risk factor for MDD. In the SSRI therapy group, no 
correlation was found between the six SNPs of the ABCB1gene and 
therapeutic response to SSRIs (p > 0.05). However, for the SNRI 
therapy group, only rs2032583 is associated with a therapeutic 
response to SNRIs in patients with MDD. The C allele of the ABCB 
1 gene SNP rs2032583 was negatively correlated with therapeutic 
response according to the logistic regression analyses. The genotype 
of ABCB1 gene SNPs rs2235015 and rs2235040 were associated 
with decreased score and reducing score rate in the SNRIs therapy 
group, but because of the small sample size, there was no significant 
difference in the final effective and ineffective grouping. This 
finding indicated that ABCB1 gene polymorphisms may not be 
associated with the treatment response to SSRIs, but with SNRIs. 
The TT genotype of the ABCB1 gene SNP rs2032583 could be a 
predictive factor of improved treatment response to SNRIs. To our 
knowledge, this study is the first to report the genetic association of 

ABCB1 gene polymorphism with therapeutic responses in a case-
control design in Chinese Han people in Mainland China.

P-gp can restrict the entry of various substrates, such as 
antidepressants, from the bloodstream into the brain. Studies on 
ABCB1 knockout animals have shown that ABCB1−/− mice possess 
higher intracerebral concentrations of escitalopram, trimipramine, 
amitriptyline, doxepin, venlafaxine, and paroxetine compared with 
those in wild-type mice (Uhr et al., 2000; Uhr et al., 2002; Uhr 
et al., 2003). Kato et al. (2008) reported a significant association of 
the nonsynonymous SNP G2677T/A (rs2032582) with treatment 
response to paroxetine in depressed patients. Moreover, the wild 
variant haplotype 3435C–2677G–1236T is associated with poor 
response (Kato et al., 2008). In contrast, Nikisch et al. (2008) found 
that depressed patients harboring the 2677 GG/GT genotype 
responded to escitalopram treatment significantly better than patients 
with the 2677TT genotype and suggested that this polymorphism 
could be used as genetic markers for predicting treatment response 
to escitalopram treatment in MDD (n = 15). Uhr et al. (2008) showed 
that polymorphisms in the ABCB1 gene predict the response to 
antidepressant treatment in depressed patients (n = 133) receiving 

TABLE 3 | Genotype and allele frequencies of six SNPs of the ABCB1 gene in the nonresponders and the responders.

Genotype/
allele

Responders
(n = 199)(%)

Nonresponders
(n = 54)(%)

χ2 p OR (95% CI)  Adjust OR (95% CI)

rs1045642

CC 73 (36.7) 21 (38.9) 1 1
CT 97 (48.7) 26 (48.1) 0.136 0.934 1.073 0.560–2.056 1.159 0.575–2.336
TT 29 (14.6) 7 (13.0) 1.192 0.457–3.105 0.826 0.301–2.270
 C allele 243 (61.1) 68 (63.0) 1 1
 T allele 155 (38.9) 40 (37.0) 0.131 0.718 1.084 0.699–1.683 0.762 0.299–1.945

rs2032583

TT 175 (87.9) 41 (75.9) 1 1
CT 24 (12.1) 13 (24.1) 4.91 0.027* 0.433* 0.203–0.921 0.4* 0.179–0.896
 T allele 374 (94.0) 95 (88.0) 1 1
 C allele 24 (6.0) 13 (12.0) 4.52 0.033* 0.469* 0.23–0.955 0.4* 0.179–0.8966

rs2032582

GG 63 (31.7) 16 (29.6) 1 1
GT 81 (40.7) 25 (46.3) 0.574 0.751 0.823 0.405–1.671 0.878 0.41–1.877
TT 55 (27.6) 13 (24.1) 1.074 0.475–2.431 0.917 0.386–2.178
 G allele 207 (52.0) 57 (52.8) 1 1
 T allele 191 (48.0) 51 (47.2) 0.02 0.887 1.031 0.674–1.579 0.989 0.473–2.07

rs2235040

AG 27 (13.6) 12 (22.2) 1 1
GG 172 (86.4) 42 (77.8) 2.44 0.118 1.82 0.852–3.888 2.031 0.905–4.558
 A allele 27 (6.8) 12 (11.1) 1 1
 G allele 371 (93.2) 96 (88.9) 2.236 0.135 1.718 0.839–3.515 2.047 0.919–4.56

rs1128503

CC 26 (13.1) 8 (14.8) 1 1
CT 79 (39.7) 27 (50.0) 2.554 0.279 0.9 0.364–2.225 0.905 0.348–2.352
 C allele 131 (32.9) 43 (39.8) 1 1
 T allele 267 (67.1) 65 (60.2) 1.793 0.181 1.348 0.87–2.09 1.41 0.727–2.734

rs2235015

GG 174 (87.4) 42 (77.8) 1 1
GT 25 (12.6) 12 (22.2) 3.174 0.075 0.503 0.234–1.082 0.416 0.204–1.04
 G allele 373 (93.7) 96 (88.9) 1 1
 T allele 25 (6.3) 12 (11.1) 2.924 0.087 0.536 0.26–1.108 0.530 0.21–1.01

*Statistically significant difference between the groups (p < 0.05).
CI, confidence interval; OR, odds ratio.
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drugs that have been identified as substrates of P-gp (amitriptyline, 
paroxetine, venlafaxine, and escitalopram). However, Mihaljevic 
et al. (2008) found that MDR1 variants G2677T (rs2032582) and 
C3435T (rs1045642) are not associated with therapeutic response 
to paroxetine in patients with MDD (n = 127). Furthermore, Peters 
et al. (2008) did not find an association between ABCB1C3435T, 
G2677T, and C1236T polymorphisms and response and tolerance 
to citalopram in a large study sample (n = 831).

ABCB1 gene polymorphism loci mutation might cause the 
variation of P-gp, thereby increasing drug concentrations in the 
brain to improve therapeutic effects. The specific function of 
rs2032583 (intron 22) is not clear. Clinical research has found 
the association between rs2032583 and antidepressant effects. 
The wild-type allele of rs2032583 is T and the mutant allele is C.  

TABLE 4 | Genotype, allelic distribution of all genotyped single nucleotide polymorphisms among the treatment responders and nonresponders for selective serotonin 
reuptake inhibitor (SSRI) drugs group.

Responders
(n = 119) (%)

Nonresponders 
(n = 28) (%)

χ2 p OR (95% CI)  Adjust OR (95% CI)

rs1045642

CC 42 (35.3) 9 (32.1) 1 1
CT 60 (50.4) 14 (50.0) 0.259 0.879 0.918 (0.364–2.317) 0.717 (0.255–2.02)
TT 17 (14.3) 5 (17.9) 0.729 (0.213–2.492) 0.389 (0.098–1.551)
 C allele 144 (60.5) 32 (57.1) 1 1
 T allele 94 (39.5) 24 (42.9) 0.213 0.644 0.87 (0.483–1.57) 0.479 (0.143–1.601)

rs2032583

TT 106 (89.1) 24 (85.7) 1 1
CT 13 (10.9) 4 (14.3) 0.25 0.617 0.736 (0.221–2.455) 0.751 (0.205–2.747)
 T allele 225 (94.5) 52 (92.9) 1 1
 C allele 13 (5.5) 4 (7.1) 0.235 0.628 0.751 (0.235–2.397) 0.751 (0.205–2.747)

rs2032582

GG 38 (31.9) 5 (17.9) 1 1
GT 53 (44.5) 14 (50.0) 2.352 0.309 0.498 (0.165–1.501) 0.336 (0.09–1.256)
TT 28 (23.5) 9 (32.1) 0.409 (0.124–1.355) 0.237 (0.057–0.984)
 G allele 129 (54.2) 24 (42.9) 1 1
 T allele 109 (45.8) 32 (57.1) 2.338 0.126 0.634 (0.352–1.14) 0.509 (0.189–1.37)

rs2235040

AG 15 (12.6) 4 (14.3) 1 1
GG 104 (87.4) 24 (85.7) 0.056 0.813 1.156 (0.352–3.794) 1.129 (0.316–4.032)
 A allele 15 (6.3) 4 (7.1) 1 1
 G allele 223 (93.7) 52 (92.9) 0.052 0.82 1.144 (0.364–3.588) 1.129 (0.316–4.032)

rs1128503

CC 16 (13.4) 2 (7.1) 1 1
CT 39 (32.8) 14 (50.0) 3.124 0.21 0.348 (0.071–1.711) 0.303 (0.057–1.627)
TT 64 (53.8) 12 (42.9) 0.667 (0.135–3.282) 0.483 (0.091–2.57)
 C allele 71 (29.8) 18 (32.1) 1 1
 T allele 167 (70.2) 38 (67.9) 0.115 0.735 1.114 (0.596–2.083) 1.224 (0.494–3.033)

rs2235015

GG 106 (89.1) 24 (85.7) 1 1
GT 13 (10.9) 4 (14.3) 0.25 0.617 0.736 (0.221–2.455) 0.696 (0.191–2.543)
 G allele 225 (94.6) 52 (92.9) 1 1
 T allele 13 (5.5) 4 (7.1) 0.235 0.628 0.751 (0.235–2.397) 0.751 (0.235–2.397)

TABLE 5 | Rs2235040 and response to antidepressants.

1 week 2 weeks 4 weeks 6 weeks F p

Decreased score AG (n = 19) 1.42 ± 1.71 5.47 ± 5.28 12.47 ± 5.78 17.42 ± 5.27 0.147 0.702
GG (n = 128) 1.93 ± 2.49 5.74 ± 4.57 11.75 ± 5.99 15.82 ± 6.37

Reducing score 
rate (%)

AG (n = 19) 5.31 ± 6.43 20.74 ± 18.96 47.36 ± 19.63 67.3 ± 17.42 0.323 0.571
GG (n = 128) 8.38 ± 11.31 24.50 ± 19.09 49.64 ± 22.97 67.04 ± 23.77

FIGURE 1 | Hamilton Rating Scale for Depression (HAM-D) scores at the 
first, second, fourth, and sixth week.
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The study by Sarginson et al. (2010) showed that carriers of 
the C allele remitted faster than those with the TT genotype in the 
rs2032583 among paroxetine-treated patients and support the 
findings of Uhr et al. (2002) who found that rs2032583 genetic 
variants affected efficacy in patients of various ages treated 
with paroxetine and other ABCB1 substrates (Uhr et al., 2008; 
Sarginson et al., 2010). By contrast, the two previous results are 
inconsistent with our present results. For rs2032583, we found 
that TT genotype has lower HAM-D17 scores than those of CT 
genotype and higher in decreased score and reducing score rate 
than those of CT genotype. This finding suggested that the TT 
genotype of rs2032583 is likely to be a predictive factor of better 
treatment response to SNRIs.

TABLE 6 | Genotype, allelic distribution of all genotyped SNPs among the treatment responders and nonresponders for serotonin-norepinephrine reuptake inhibitors 
(SNRIs).

Responders
(n = 80) (%)

Nonresponders
(n = 26) (%)

X2 p OR (95% CI) Adjust OR (95% CI)

rs1045642

CC 31 (38.8) 12 (46.2) 1 1
CT 37 (46.3) 12 (46.2) 1.059 0.589 1.194 (0.47–3.03) 1.898 (0.644–5.593)
TT 12 (15.0) 2 (7.7) 2.323 (0.451–11.96) 1.499 (0.263–8.537)
 C allele 99 (61.9) 36 (69.2) 1 1
 T allele 61 (38.1) 16 (30.8) 0.918 0.338 1.386 (0.71–2.709) 1.11 (0.208–5.932)

rS2032583

TT 69 (86.3) 17 (65.4) 1 1
CT 11 (13.8) 9 (34.6) 5.581 0.018* 0.301* (0.108–0.842) 0.261* (0.085–0.807)
 T allele 149 (93.1) 43 (82.7) 1
 C allele 11 (6.9) 9 (17.3) 4.999 0.025* 0.353* (0.137–0.907) 0.261* (0.085–0.807)

rs2032582

GG 25 (31.3) 11 (42.3) 1 1
GT 28 (35) 11 (42.3) 3.254 0.196 1.12 (0.414–3.028) 1.466 (0.473–4.541)
TT 27 (33.8) 4 (15.4) 2.97 (0.836–10.55) 2.502 (0.644–9.72)
 G allele 78 (48.75) 33 (63.5) 1 1
 T allele 82 (51.25) 19 (36.5) 3.405 0.065 1.826 (0.959–3.477) 2.07 (0.598–7.170)

rs2235040

AG 12 (15) 8 (30.8) 1 1
GG 68 (85) 18 (69.2) 3.188 0.074 2.519 (0.895–7.086) 2.98 (0.96–9.245)
 A allele 12 (7.5) 8 (15.4) 1 1
 G allele 148 (92.5) 44 (84.6) 2.856 0.091 2.242 (0.862–5.832) 2.98 (0.96–9.245)

rs1128503

CC 10 (12.5) 6 (23.1) 1 1
CT 40 (50.0) 13 (50.0) 2.083 0.353 1.846 (0.562–6.068) 1.838 (0.495–6.818)
TT 30 (37.5) 7 (26.9) 2.571 (0.698–9.476) 1.819 (0.422–7.839)
 C allele 60 (37.5) 25 (48.1) 1 1
 T allele 100 (62.5) 27 (51.9) 1.828 0.176 1.543 (0.821–2.901) 1.149 (0.385–3.43)

rs2235015

GG 68 (85.0) 18 (69.2) 1 1
GT 12 (15.0) 8 (30.8) 3.188 0.074 0.397 (0.141–1.117) 0.983 (0.944–1.024)
 G allele 148 (92.5) 44 (84.6) 1 1
 T allele 12 (7.5) 8 (15.4) 2.856 0.091 0.446 (0.171–1.16) 0.446 (0.171–1.16)

*Statistically significant difference between the groups (p < 0.05).

TABLE 7 | Rs2032583 and response to antidepressants.

1 week 2 weeks 4 weeks 6 weeks F p

Decreased score CT (n = 17) 1.40 ± 1.79 4.60 ± 4.11 10.3 ± 6.33 13.1 ± 6.51 5.949 0.016*
TT (n = 130) 2.23 ± 2.67 7.33 ± 4.62 12.86 ± 5.28 16.36 ± 5.29

Reducing score 
rate (%)

CT (n = 17) 5.49 ± 7.33 18.69 ± 17.19 40.50 ± 24.09 51.4 ± 24.0 9.241 0.003*
TT (n = 130) 9.71 ± 11.76 31.29 ± 19.91 53.91 ± 20.80 68.8 ± 20.77

*Statistically significant difference between the groups (p < 0.05).

FIGURE 2 | HAM-D scores at the first, second, fourth, and sixth week (Rs2032583).
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Whether the locus mutation manipulates the coding region 
of P-protein conformation remains to be further basic research. 
The rs2032583 locus mutation might change the dimensional 
conformation of P-gp by allowing entry of drugs and toxic substances 
into the brain simultaneously to exacerbate the symptoms. In 
addition, the locus mutation changes P-gp conformation and then 
stops the SNRIs into the brain but does not affect SSRI substrate. 
Furthermore, locus mutation may not change the conformation of 
P-gp. The positive results of SNRIs may be attributed to the small 
sample size, thereby causing false-positive results in the study. 
Foreign studies may have different results because of various factors 
such as race, region, environment, and diet.

Several limitations of the present study should be acknowledged. 
First, we did not distinguish the first and recurrence of 
depressive patients joining the patients’ group. Regression 
analysis determines the total course of the disease and whether 
they accepted treatment; however, previous treatment had 
some influence on the overall response rate. Hence, the present 
study can only obtain a trend about differences. Second, the 
present study only selected the drugs that have been identified 
as substrates of P-gp. Future studies should include no-P-gp 
substrates such as mirtazapine. Third, genetic effect is slight 
because of the small sample size. A large sample size is needed 
to improve the power of the test. Fourth, many receptors are 

involved to determine the effect of antidepressant drugs; hence, 
a combination of gene should be considered. Larger and more 
homogenous samples will be included in our future research to 
improve the statistical power. Because there may be a delayed 
response to symptom relief, 6 weeks of treatment may not be 
sufficient to fully demonstrate the relationship between ABCB1 
gene and clinical response, and we consider extending the 
duration of efficacy observation in future studies.

ETHICS STATEMENT

The study protocol was approved by the Medical Ethics Committee 
of Second Xiangya Hospital, Central South University. Written 
informed consent was obtained from each patient after the study 
was explained.

AUTHOR CONTRIBUTIONS

X-XS and YQ contributed equally to this work, mainly responsible 
for essay writing and conducting the study. W-WX mainly 
participated in conducting the study. YY assisted the study. 
R-RW, H-SW and L-HL contributed to guide of conducting the 
study and essay writing.

TABLE 8 | Rs2235040 and response to antidepressants.

1 week 2 weeks 4 weeks 6 weeks F p

Decreased score AG (n = 20) 1.45 ± 1.76 4.70 ± 4.07 10.75 ± 6.02 13.60 ± 6.06 4.288 0.041*
GG (n = 86) 2.22 ± 2.68 7.30 ± 4.64 12.76 ± 5.41 16.24 ± 5.47

Reducing score 
rate (%)

AG (n = 20) 5.74 ± 7.21 19.19 ± 17.07 42.75 ± 23.17 53.9 ± 22.57 6.64 0.011*
GG (n = 86) 9.65 ± 11.80 31.18 ± 20.00 53.39 ± 21.33 68.22 ± 21.56

*Statistically significant difference between the groups (p < 0.05).

FIGURE 3 | HAM-D scores at the first, second, fourth, and sixth week (Rs2235040).

TABLE 9 | Rs2235015 and response to antidepressants.

1 week 2 weeks 4 weeks 6 weeks F p

Decreased score GG (n = 130) 2.20 ± 2.67 7.30 ± 4.64 12.90 ± 5.28 16.23 ± 5.42 4.93 0.029*
GT (n = 17) 1.55 ± 1.85 4.70 ± 4.08 10.15 ± 6.25 13.65 ± 6.29

Reducing score 
rate (%)

GG (n = 130) 9.53 ± 11.75 31.12 ± 20.0 53.96 ± 20.86 68.1 ± 21.32 7.151 0.009*
GT (n = 17) 6.27 ± 7.82 19.44 ± 17.28 40.31 ± 23.73 54.4 ± 23.90

*Statistically significant difference between the groups (p < 0.05).

FIGURE 4 | HAM-D scores at the first, second, fourth, and sixth week (Rs2235015).
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Baicalin, the main active flavonoid constituent of Scutellaria baicalensis Georgi, has
been reported to exert antidepressant effects. Hypothalamic-pituitary-adrenal (HPA) axis
plays important roles in depression. However, antidepressant effect and mechanism
of baicalin on HPA axis in hypothalamus are still unknown. In present study, we find
baicalin significantly attenuates the increase of immobility time in tail suspension
and forced swimming, improves the decrease of spending time in open arms, and
restores the aberrant negative feedback of HPA axis in chronic corticosterone (CORT)-
induced depressed mice. Moreover, proteomics finds 370 differentially expressed
proteins after baicalin treatment, including 114 up-regulation and 256 down-regulation
in hypothalamus. Systems biology analysis indicates the functions of differentially
expressed proteins focus on phosphoserine binding and phosphorylation, especially
participate in GR signaling pathway. Finally, our findings demonstrate that baicalin
normalizes hypothalamic GR nuclear translocation via reducing GR phosphorylation to
remodel negative feedback of HPA axis in CORT-induced mice.

Keywords: baicalin, hypothalamus, proteomics, depression, glucocorticoid receptor

INTRODUCTION

Depression is the kind of affective disorder, which seriously threatens human health and brings
heavy social burdens (McEwen et al., 2015). Most antidepressant drugs are developed according
to the phenomenon which deficient monoamine neurotransmitters are discovered in depressive
patients (Boku et al., 2018). However, patients are usually unsatisfied with the therapeutic effects
due to the delayed actions and side effects (Duman and Aghajanian, 2012). Many studies show that
the abnormal HPA axis participates in depression (Anacker et al., 2011b). Especially, hypothalamus
has important modulatory function in brain, which controls the activity of hypothalamic-
pituitary-adrenal (HPA) axis and responds to the stress (Myers et al., 2014). However, the role
of hypothalamus in abnormal HPA axis and the molecular mechanisms of antidepressant drug
in hypothalamus have not been definitely illuminated. Proteomics is new-style development of
biological systems, which possessed the powerful capacity to analyze proteins by high throughput
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(Frantzi et al., 2019). Moreover, proteomics is also the powerful
tool to explore the complex system of disease and the therapeutic
target of new drug (Jiang et al., 2019).

Baicalin, the main active flavonoid constituent of Scutellaria
baicalensis Georgi, which has reported to exert multiple
pharmacological actions, including anti-inflammatory, anti-
tumor, anti-ischemia (Li-Weber, 2009; Hou et al., 2012;
Luan et al., 2019). Recent studies show baicalin has definite
antidepressant-like activity which can improve olfactory
functions by inhibiting APPL2-mediated glucocorticoid receptor
(GR) hyperactivity (Gao et al., 2018). However, the effects of
baicalin on HPA axis are still unknown. The definite molecular
targets of baicalin on HPA axis in hypothalamus need to be
further investigated.

In the present study, our results demonstrate that baicalin
remarkably improves chronic corticosterone (CORT)-induced
various depression-like behaviors and restores the negative
feedback of HPA axis. Proteomics and systems biology indicate
that the molecular mechanisms of baicalin on negative feedback
of HPA axis involve normalizing GR nuclear translocation via
regulating GR phosphorylation in hypothalamus. Our findings
provide the new perspective on molecular targets of baicalin and
will facilitate its application in clinic.

MATERIALS AND METHODS

Ethics Statement
Adult C57BL/6 male were supplied by the Experimental Animal
Center of Shenyang Pharmaceutical University [License number:
SYXK (Liao), 2014-0004]. This study was carried out in
accordance with the principles of National Institutes of Health
Guide for the Care and Use of Laboratory Animals (Publication
No. 85-23). All efforts were made to minimize suffering. The
protocol was approved by the local ethic committee of Shenyang
Pharmaceutical University.

Animals, Drugs, and Biochemical
Reagents
Adult 8 week old C57BL/6 male mice weighing 18–22 g are
supplied by the Experimental Animal Centre of Shenyang
Pharmaceutical University. Animals are fed in standardized
environment of 12 h light and dark cycle, with room temperature
at 22 ± 2◦C. Mice are given free access to food and water, adapted
for 7 days before experiment.

Baicalin (purity >99%) is purchased Nanjing Zelang Medical
Technology Company Limited in China. The mouse anti-GR
(ab2768), anti-phospho-GR (S203, ab195703), anti-phospho-GR
(S226, ab195789) are purchased from Abcam. The anti-phospho-
GR (S211, 4161) is purchased from CST. The anti-β-actin
(sc-47778) is purchased from Santa Cruz. The rabbit anti-Lamin
B1 (12987-1-AP) is purchased from Proteintech.

Group and Drug Treatment
A total of 90 mice are randomly assigned to six groups
(n = 15/group), including control group, CORT group, baicalin

(40, 80, and 160 mg/kg) group, and fluoxetine (18 mg/kg) group.
Among them, eight mice randomly selected from each group
are used in behavioral testing. Four mice randomly selected
from each group are used in western blot analysis. Three mice
randomly selected from each group are used in proteomic
analysis. The mice of western blot analysis and proteomic analysis
are not used in behavioral testing to avoid behavior influence. The
doses of baicalin in this study according to our previous study
(Zhang et al., 2016). The procedure of CORT administration
is performed as previously described (Wu et al., 2013). In
brief, mice are injected subcutaneously with CORT (40 mg/kg,
Tokyo Chemical Industry) which is dissolved in saline (0.45%
Hydroxypropyl-β-Cyclodextrin, Sigma) between 8:00 am and
10:00 am for 8 weeks. Pharmacological treatment started in the
4th week after the beginning of the CORT protocol. Baicalin and
fluoxetine are administrated by gastric gavages 30 min prior to the
corticosterone injection until the end of the experiment. Detailed
experimental procedure is showed in Figure 1.

Tail Suspension Test
Tail suspension test is executed according to previous study
(Steru et al., 1985). The mice are respectively, pasted on the
suspension instrument at 1 cm from the tip of the tail with
the medical adhesive strip. The behavior of mice is recorded
by the high-definition camera for 6 min. In brief, the mice are
firstly adaptively suspended for 2 min, and then accumulated the
immobility time for remaining 4 min. The video is analyzed by
video traceable system (Ethovision Vision-XT 8.0).

Forced Swimming Test
Forced swimming test is executed according to previous study
(Porsolt et al., 1978). The mice are respectively, placed in a
plexiglass cylinder (height 40 cm, diameter 12 cm) for 6 min,
which is filled at the depth of 10 cm with 23 ± 2◦C water.
The behavior of mice is recorded and observed by the high-
definition camera. In brief, the mice are firstly adapted for 2 min
in the water, and then accumulated the immobility time for
remaining 4 min. The video is analyzed by video traceable system
(Ethovision Vision-XT 8.0).

Elevated Plus Maze
Elevated plus maze is executed according to previous study with
some modifications (Nollet et al., 2012). The mice are placed in
the center of the maze, and their heads are orientated to the
open arm, and the accumulated time of the mice entered in the
arms is recorded for 5 min. The behavior of mice is recorded and
observed by the high-definition camera. The video is analyzed by
video traceable system (Ethovision Vision-XT 8.0).

Dexamethasone Suppression Test
Eight mice randomly selected from each group are used in
this test. In brief, mice are intraperitoneally injected with
dexamethasone (0.1 mg/kg in 0.9% NaCl, n = 4) or saline
(0.9% NaCl, n = 4). Then, mice are suffered by the stressor
after 30 min under dexamethasone or saline treatment. Finally,
mice are anesthetized and serum are collected for serum
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FIGURE 1 | Schematic representation of the experimental procedure.

corticosterone analyses after 120 min under dexamethasone or
saline treatment. The rate of DEX-induced CORT suppression
was calculated as a ratio of the amount of the level of
corticosterone under dexamethasone treatment to the level of
corticosterone under saline treatment: the rate of DEX-induced
CORT suppression (%) = the level of corticosterone under
dexamethasone treatment/the level of corticosterone under
saline treatment.

Measurement of Serum Corticosterone
Blood samples are separated by refrigerated centrifuge (4000 rpm,
5 min). Serum corticosterone is measured by ELISA kits
according to the operating guide.

Western Blot Analysis
Four mice randomly selected from each group are used in this
test. The hypothalamus is homogenized in cold RIPA buffer
containing 1 mM PMSF, 1 mM NaF and 1 mM Na3VO4
for 30 min. The samples are centrifuged at 12000 rpm for
20 min at 4◦C. The concentration of protein is detected by
bicinchoninic acid method. Then, denatured proteins (20–25 ug)
are separated by 12% SDS-PAGE and transferred to PVDF
membranes (Millipore). The membranes are steeped with 5%
non-fat milk for 1 h, then incubated with primary antibody
at 4◦C overnight and appropriate secondary antibody at room
temperature for 60 min. Finally, membranes are visualized and
analyzed by Image J software.

Proteomics and Systems
Biology Analysis
In present study, we tested three doses of baicalin (40, 80, and
160 mg/kg) in several behavioral testing and confirmed that
160 mg/kg was the best effective dose of baicalin on depression.
As a consequence, we chose the best effective dose 160 mg/kg
of baicalin to analyze quantitative proteomics by iTRAQ. Three
mice randomly selected from each group are used in this test. At
the end of experiment, 1 h after baicalin/CORT administration,
mice were euthanized and sacrificed, then hypothalamus was
quickly isolate. The samples are homogenized by lysis buffer
and centrifuged. The supernatant is filtered and digested. iTRAQ
reagent (AB SCIEX) is applied to label the peptide mixture.

The peptide mixture is fractionated by SCX chromatography.
LC-MS/MS analysis is operated by Q Exactive mass spectrometer.
Detailed conditions are executed according to our previous study.
Systems biology analysis contains gene ontology (GO) annotation
and enrichment analysis, clustering analysis and protein-protein
interaction analysis. In GO annotation, the functions of proteins
are analyzed by cellular component, molecular function, and
biological process. In clustering analysis, hierarchical clustering is
carried out by euclidean distance algorithm and average linkage
clustering algorithm. In protein-protein interaction analysis,
the database of STRING is used. The importance of the
node can be evaluated by degree of node in protein-protein
interaction network.

Statistical Analyses
All data are analyzed by SPSS 22.0 and expressed as the
mean ± SEM. Data are analyzed by one-way ANOVA followed
by post hoc Fisher’s LSD test. P < 0.05 is considered to be
statistically significant.

RESULTS

Effects of Baicalin on Depression-Like
Behaviors in CORT-Induced Mice
It had been demonstrated that chronic CORT could induce
multiple anxiety/depression-like behaviors in mice. Therefore, we
first verified the establish of CORT-induced depression model,
and then assessed the protective effects of baicalin in CORT-
induced mice. The results showed that the immobility time in
tail suspension test and forced swimming test was increased
by chronic CORT (P = 0.024, P = 0.002), while baicalin (tail
suspension test, P = 0.049, P = 0.003 and P = 0.0011; forced
swimming test, P = 0.046, P = 0.006, and P = 0.002) and fluoxetine
treatment could recover this enhancement (Figures 2A,B). In
elevated plus maze test (Figure 2E), the spending time of mice
in open arms was decreased by chronic CORT (P = 0.003), but
application of baicalin (P = 0.037, P = 0.007, and P = 0.035)
and fluoxetine could recover this decline (Figure 2C). These
data indicate that baicalin has definite antidepressant effect in
CORT-induced mice.
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FIGURE 2 | Effects of baicalin on tail suspension test (A), forced swimming test (B), elevated plus maze (C), and DEX-induced corticosterone suppression (D) in
CORT-induced mice. Representative movement tracks in the elevated plus maze are showed in (E). Data are expressed as means ± SEM (n = 8–12 mice/group).
∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 vs. control. #P < 0.05, ##P < 0.01, and ###P < 0.001 vs. CORT model.

Effects of Baicalin on Negative Feedback
of HPA Axis in CORT-Induced Mice
Next, in order to explore potential mechanism of baicalin,
the negative feedback of HPA axis was assessed by DEX
suppression test. The results showed that the ratio of DEX-
induced serum corticosterone suppression was decreased by
chronic CORT (Figure 2D, P = 0.0004). On the contrary,
the reducing of DEX-induced serum CORT suppression
could be reversed by baicalin (P = 0.023, P = 0.007) and
fluoxetine treatment (Figure 2D). These data suggest that
baicalin has definite regulatory effect on the abnormal negative
feedback of HPA axis.

Proteomics and Systems Biology
Uncover Molecular Mechanisms of
Baicalin in Hypothalamus in
CORT-Induced Mice
In order to reveal the precise molecular mechanisms of baicalin
on negative feedback of HPA axis, isobaric tags for relative and
absolute quantification (iTRAQ) quantitative proteomics was
used to assess the hypothalamic differentially expressed proteins
after baicalin treatment in CORT-induced mice. A total of 4776
proteins were confirmed by high reliability at 1% false discovery
rate (Figure 3A). Then, further analysis found 370 differentially
expressed proteins after baicalin treatment, including 114
up-regulation and 256 down-regulation (Figure 3B). The detailed
information of differentially expressed proteins was showed
in Supplementary Table S1. Then, to verify the veracity of

differentially expressed proteins, hierarchical clustering analysis
was used. The result showed that differentially expressed proteins
after baicalin and chronic CORT treatment were separated into
two obvious distinguishing branches (Figure 3C). It is definitely
indicated that these proteins have distinct expression between
baicalin and chronic CORT group.

Moreover, to further uncover the function of differentially
expressed proteins, differentially expressed proteins were assessed
by GO functional annotations and enrichment analysis. In
biological process, differentially expressed proteins mainly
involved cellular process, single-organism process, and metabolic
process (Figure 4A). In molecular function, differentially
expressed proteins mainly involved binding and catalytic
activity (Figure 4A). In cellular component, differentially
expressed proteins mainly involved cell, organelle and membrane
(Figure 4A). Then, GO enrichment showed that positive
regulation of biological process, positive regulation of metabolic
process, positive regulation of phosphorylation, and nuclear pore
complex might be the chief functions of differentially expressed
proteins (Figure 4B). Next, protein-protein interaction analysis
was used to predict potential molecular targets of baicalin by
STRING (Figure 5). According to the degree of nodes, the
name, molecular function and biological process of high degree
nodes were showed in Supplementary Table S2. Among them,
a large number of molecular function and biological process
indicated that GR signaling pathway, especially GR binding,
phosphoserine binding and protein phosphorylation, and might
be the molecular targets of baicalin on negative feedback of HPA
axis in hypothalamus.
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FIGURE 3 | Volcano plot (A), quantitative analysis (B), and hierarchical clustering (C) of differentially expressed proteins after baicalin treatment in CORT-induced
mice. The log2-transformed value of cluster analysis was showed by red-green color scale (C). Red meant high expression and green meant low expression.

Effects of Baicalin on Hypothalamic GR
Nuclear Translocation and
Phosphorylation in CORT-Induced Mice
According to the results of proteomics and systems biology,
we focus on the level of GR, GR nuclear translocation and
phosphorylation in hypothalamus (Figure 6A), which might be
antidepressant molecular targets of baicalin. Our results showed
that the level of total GR in hypothalamus had no change under
chronic CORT, baicalin or fluoxetine treatment (Figure 6B,
P = 0.658). It was noteworthy that the level of GR in cytoplasm
was decreased (P = 0.007) and the level of GR in nucleus was
increased by chronic CORT (Figure 6C, P < 0.001). The decline
of GR in cytoplasm could be improved by baicalin (P = 0.0101,
P = 0.012, and P = 0.008), but fluoxetine had no effect on
this decline (Figure 6C). In addition, the enhancement of GR
in nucleus could be decreased by both baicalin (P = 0.002,
P = 0.002) and fluoxetine treatment (Figure 6D). Moreover, the
phosphorylation status of the crucial serine residues was detected,

which could play the important role in regulating GR nuclear
translocation. The level of pSer203 and pSer211 in cytoplasm
was increased by chronic CORT (P = 0.0079, P = 0.0081),
and this enhancement could be decreased by baicalin (pSer203,
P = 0.011, P = 0.02, and P = 0.004; pSer211, P = 0.012, P = 0.039,
and P = 0.004) and fluoxetine treatment (Figures 6E,F). The
pSer226 level in nucleus was decreased by chronic CORT
(P = 0.008), but no effects were observed by baicalin and
fluoxetine treatment (Figure 6G). Above data indicate that
baicalin can recover abnormal GR nuclear translocation by
regulating GR phosphorylation.

DISCUSSION

Depression is a common affective disorder, which people persis-
tently feel loneliness and sadness. Although depression seriously
threatens human health, the pathophysiological mechanism of
depression is still unknown (Blier, 2016). Clinical studies find that
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FIGURE 4 | GO functional annotations (A) and GO enrichment analysis (B) of differentially expressed proteins after baicalin treatment in CORT-induced mice.

major depression disorders usually exhibit high level of CORT
in serum, whereas antidepressant drugs decrease CORT level,
and improve depressive symptom (Pariante and Lightman, 2008).
Moreover, previous studies also demonstrate that chronic CORT
induces depression-like behaviors in mice (David et al., 2009; Wu
et al., 2013). Baicalin, one of predominant flavonoid compounds
in Radix Scutellariae, has showed definite antidepressant
effects. For example, baicalin exerted antidepressant effects
which improved olfactory functions by inhibiting APPL2-
mediated GR hyperactivity in olfactory bulb (Gao et al.,
2018). Our previous study showed that baicalin also promoted
hippocampal neurogenesis via SGK1 and FKBP5-mediated
GR phosphorylation in hippocampus (Zhang et al., 2016).
However, the antidepressant effects and mechanisms of baicalin
in hypothalamus are still unknown and need to be further
investigated. Therefore, in present study, we establish the
chronic CORT-induced mouse model of depression to assess the

antidepressant effect and mechanism of baicalin. Tail suspension
test and forced swimming test are two classic behavioral despair
model, and the immobility time of mice will be decreased if
drugs have definite antidepressant effect. On the other hand,
elevated plus maze is a contradictory conflict test: the drive to
new environment and the fear to enter high and dangling open
arms, and anxiolytic drugs can increase the spending time in
open arms. The same as previous study (David et al., 2009),
our study finds that chronic CORT significantly increases the
immobility time in tail suspension test and forced swimming test
and decreases the spending time in open arms, which indicates
that the model of depression has been successfully established and
make sure chronic CORT indeed induces anxiety/depression-like
behaviors. After baicalin treatment, above anxiety/depression-
like behaviors are significantly improved. These data demonstrate
that baicalin has definite antidepressant-like activity in CORT-
induced mice.
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FIGURE 5 | Protein-protein interaction network of differentially expressed proteins after baicalin treatment in CORT-induced mice.

The HPA axis is important neuroendocrine system, which
regulates stress response, emotion, digestion and immune system
(Pariante and Lightman, 2008). Chronic stress persistently
activates HPA axis and leads to long period high level of CORT.
More importantly, hyperactivity of the HPA axis usually is found
in major depression disorders (Tsigos and Chrousos, 2002).
Above phenomenon indicates the negative feedback of HPA
axis is damaged in depression. Moreover, some studies show
unpredictable chronic mild stress destroys negative feedback
of HPA axis, and antidepressant drugs improve this damage
(Nollet et al., 2012). Based on the importance of HPA axis,
we evaluate the effect of baicalin on negative feedback of HPA
axis in CORT-induced mice by dexamethasone suppression
test. Dexamethasone is an artificially synthesized powerful
glucocorticoid, which can suppress the release of CORT (Anacker
et al., 2011a). Then, the ratio of DEX-induced serum CORT
suppression is significantly decreased by chronic CORT, which
indicates that chronic CORT destroys negative feedback of HPA
axis. The same as clinic treatment, fluoxetine can restore the
negative feedback of HPA axis in CORT mice. Interestingly,

baicalin normalizes DEX-induced serum CORT suppression
rate. These data demonstrate that baicalin exerts antidepressant
effect by restoring negative feedback of HPA axis, but accurate
regulatory mechanisms and targets need to be illuminated.

Aim to dissect the regulatory mechanisms and targets of
baicalin on negative feedback of HPA axis, proteomics and
systems biology to are applied in this study. Proteomics
is a scientific and systematic approach for clarifying the
interrelation of proteins, which has been widely applied to
search targets of drugs (Frantzi et al., 2019). In our study,
370 differentially expressed proteins (114 up-regulation and
256 down-regulation) in hypothalamus are found after baicalin
treatment by iTRAQ quantitative proteomics. Among them,
some differentially expressed proteins have been reported to
involve in anxiety and depression-like behavior, such as Nrxn2
and 5-HT1A (Born et al., 2015; Albert et al., 2019). Moreover,
quantitative results are also verified by hierarchical clustering.
Hierarchical clustering shows that 370 differentially expressed
proteins are separated into two obvious distinguishing branches,
which indicates that the quantitative results are distinct and
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FIGURE 6 | Effects of baicalin on GR nuclear translocation and phosphorylation in CORT-induced mice. Representative western blots of GR and phosphorylated GR
expression are showed (A). Quantification analyze of total GR (B), cytoplasmic GR (C), nuclear GR (D), cytoplasmic pGR S203 (E), cytoplasmic pGR S211 (F), and
nuclear pGR S226 (G). Data are expressed as means ± SEM (n = 3–5 mice/group). ∗∗P < 0.01 and ∗∗∗P < 0.001 vs. vehicle. #P < 0.05, ##P < 0.01 vs. CORT
model.

credible. Then, the function of differentially expressed proteins
is analyzed by GO functional annotations and enrichment
analysis. GO functional annotations find binding is the largest
proportion of molecular function of differentially expressed
proteins. GO enrichment analysis finds phosphorylation is the
main biological process of differentially expressed proteins.
These results indicate differentially expressed proteins which
regulate phosphorylation by non-covalently binding may be the
molecular targets of baicalin in hypothalamus. Next, protein-
protein interaction analysis finds several high degree of nodes
in neural network, such as 14-3-3 eta (Ywhah), 14-3-3 epsilon
(Ywhae), 14-3-3 zeta (Ywhaz), NADPH-dependent 3-keto-
steroid reductase Hsd3b4 (Hsd3b4), and nuclear pore complex
protein Nup98-Nup96 (Nup98). High degree of nodes usually
play a crucial part in protein-protein interaction network. In
accordance with the results of GO, the function of above
high degree nodes mainly focuses on GR signaling pathway by
phosphoserine binding and phosphorylation. Previous studies
show that GR is the crucial target of baicalin for antidepressant
effects in olfactory bulb and hippocampus (Zhang et al.,
2016; Gao et al., 2018), which indicates that GR is also
the pivotal target of baicalin in hypothalamus for depression.
Taken together, proteomics and systems biology data find that
baicalin regulates some noteworthy proteins which are involved
in GR signaling pathway, and indicate GR signaling pathway
may be the regulatory mechanism of baicalin on negative
feedback of HPA axis.

According to the results of proteomics and systems
biology, we focus on the functions of GR in GR signaling
pathway in hypothalamus. GR is one of the nuclear receptor

subfamily members, which binds glucocorticoids and controls
metabolism, development, and immune (Myers et al., 2014).
More importantly, GR is also the control core for negative
feedback of HPA axis in hypothalamus (Pariante and Lightman,
2008). Some studies show chronic stress decreases the expression
of GR in hypothalamus (Cai et al., 2015). Therefore, we first
assess the expression of total GR in hypothalamus. Whereas, the
level of total GR is not affected by chronic CORT or baicalin.
This result is in accordance with some studies, which chronic
CORT do not change the expression of GR in hypothalamus
(Wu et al., 2013). As we know, the function of GR is executed
via GR transfers from the cytoplasm to the nucleus. So we next
assess the level of GR in cytoplasm and nucleus. Interestingly,
chronic CORT significantly decreases GR level in cytoplasm
and increases GR level in nucleus, which indicates GR nuclear
translocation is abnormality. This abnormal GR nuclear
translocation may enhance the negative effects of GR and result
in damaged negative feedback of HPA axis (Myers et al., 2014).
After baicalin treatment, the distribution of GR in cytoplasm
and nucleus are normalized. Noteworthy, fluoxetine normalizes
the chronic CORT-induced increase in GR nuclear translocation
and also does not affect total GR protein levels. Interestingly,
this results are in line with the proteomics and systems biology
analysis which baicalin can regulate differentially expressed
proteins in GR signaling pathway. Moreover, many studies
suggest that the phosphorylation status of the crucial serine
residues on GR play the important role in regulating GR nuclear
translocation (Guidotti et al., 2013). Proteomics and systems
biology results also indicate that protein phosphorylation is
the molecular targets of baicalin. Therefore, phosphorylation
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status of the crucial serine residues on GR in hypothalamus are
assessed. Many studies showed that that phosphorylation at sites
Ser203 and Ser211 facilitate nuclear translocation and increase
the transcriptional activities of the receptor, while conversely,
phosphorylation at site Ser226 inhibits nuclear translocation and
decreases GR transcriptional activities (Anacker et al., 2013).
Our data find that pSer203 and pSer211 level are remarkably
increased in cytoplasm under chronic CORT treatment, which
can enhance GR nuclear translocation (Anacker et al., 2013).
This result also explains the reason why GR level in nucleus
is increased. Baicalin can reduce pSer203 and pSer211 level in
GR, and then recover this abnormal GR nuclear translocation.
In accordance with this result, our previous study also found that
baicalin could promote hippocampal neurogenesis by mediating
GR phosphorylation (Zhang et al., 2016). Moreover, some studies
have proposed that cAMP/PKA signaling pathway is involved
in GR function (Anacker et al., 2011b). GR could interact with
TrkB to promotes BDNF-triggered PLC-γ signaling pathway
(Numakawa et al., 2009). However, definite downstream signals
which can be affected by GR are still vague. Taken together,
our results reveal baicalin normalizes GR nuclear translocation
via reducing GR phosphorylation in hypothalamus, and then
restores negative feedback of HPA axis.

CONCLUSION

Our results demonstrate that baicalin remarkably improves
chronic CORT-induced various depression-like behaviors and
restores the negative feedback of HPA axis. Proteomics and
systems biology indicate that the molecular mechanisms of
baicalin involve normalizing GR nuclear translocation via
regulating GR phosphorylation in hypothalamus. Our findings
provide the new perspective on molecular targets of baicalin and
will facilitate its clinical application.
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Post-partum depression (PPD) is a severe psychiatric disorder affecting ∼15% of young
mothers. Early life stressful conditions in periconceptual, fetal and early infant periods
or exposure to maternal psychiatric disorders, have been linked to adverse childhood
outcomes interfering with physiological, cognitive and emotional development. The
molecular mechanisms of PPD are not yet fully understood. Unraveling the molecular
underpinnings of PPD will allow timely detection and establishment of effective
therapeutic approaches. To investigate the underlying molecular correlates of PPD in
peripheral material, we compared the serum metabolomes of an in detail characterized
group of mothers suffering from PPD and a control group of mothers, all from Heraklion,
Crete in Greece. Serum samples were analyzed by a mass spectrometry platform for
targeted metabolomics, based on selected reaction monitoring (SRM), which measures
the levels of up to 300 metabolites. In the PPD group, we observed increased levels of
glutathione-disulfide, adenylosuccinate, and ATP, which associate with oxidative stress,
nucleotide biosynthesis and energy production pathways. We also followed up the
metabolomic findings in a validation cohort of PPD mothers and controls. To the very
best of our knowledge, this is the first metabolomic serum analysis in PPD. Our data
show that molecular changes related to PPD are detectable in peripheral material,
thus paving the way for additional studies in order to shed light on the molecular
correlates of PPD.

Keywords: PPD, early life stress, pregnancy, psychiatric disorders, metabolomics, biomarkers, serum

INTRODUCTION

Depression, the leading cause of disability worldwide (WHO, 2015), is more prevalent in women
than men (Van de Velde et al., 2010; Rich et al., 2013). PPD is the most common psychiatric
disorder in women after childbirth, with an increasing risk occurring during the first post-partum
year (Gaillard et al., 2014). Although most women suffering from PPD show mild symptoms for

Abbreviations: EPDS, Edinburgh postnatal depression scale; FDR, false discovery rate; PLS-DA, partial least squares-
discriminant analysis; PPD, post-partum depression; Prdx3, peroxiredoxin-3; SAM, significance analysis of microarray; SEM,
standard error of the mean; SRM, selected reaction monitoring; TAC, total antioxidant capacity.
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a short period of time that gradually disappear, a percentage
of women experiences heavier depressive symptoms (even
post-partum psychosis) and need pharmacological treatment
and psychotherapy (Leigh and Milgrom, 2008). Lack of
psychiatric/therapeutic care may have dramatic consequences
for the mother and the whole family (Pollock and Percy, 1999;
Evins et al., 2000; Kurki et al., 2000). PPD has been also
demonstrated to affect the development of the newborn with
lasting effects to adulthood (Reck et al., 2004). Psychological
and socio-economic factors have been implicated in the onset of
PPD during the postnatal period. Socio-demographic variables,
such as social support and high maternal educational level,
have been negatively correlated with PPD, whereas young
maternal age and smoking positively correlated with PPD
(deCastro et al., 2011; Katon et al., 2014). Moreover, history of
depression, anxiety and adverse life events are PPD risk factors
(Verreault et al., 2014).

At the molecular level, hormonal changes have been described
in relation to PPD. At birth, progesterone and estrogen levels
significantly increase compared to pregnancy (Kumar and
Magon, 2012; O’Hara and Wisner, 2014). Progesterone and
estrogen levels are reduced post-partum and their variation
has been implicated in mood changes (Hendrick et al., 1998).
Active forms of estrogens (estradiol and estriol) are produced
by the placenta and increase during pregnancy. Cortisol, a
glucocorticoid steroid hormone, is an important marker of the
stress response and is implicated in depression and PPD (Seth
et al., 2016). A correlation between cortisol and PPD is well-
established (Ehlert et al., 1990; Okano and Nomura, 1992; Taylor
et al., 1994). Women with depressive symptoms after birth
show elevated cortisol levels compared to controls (Okano and
Nomura, 1992), although other studies have reported a negative
correlation between cortisol levels and PPD, 4–6 weeks and
12 months post-partum (Parry et al., 2003; Groer and Morgan,
2007). In addition, the association between PPD and high levels
of cortisol in hair during pregnancy has been proposed as a
predictive marker for PPD (Diego et al., 2004). Amino acid
metabolism has a key role in pregnancy and in the development
of PPD (Duan et al., 2018). Lower plasma tryptophan levels are
reported in PPD (Ogawa et al., 2014) and a poor tryptophan
diet may induce depressive symptoms (Ellenbogen et al.,
1999). Polymorphisms in genes of the tryptophan-serotonin
pathway could affect the sensitivity to stress during pregnancy
and post-partum, having an impact on the development of
depressive symptoms (Figueiredo et al., 2015; Duan et al., 2018).
Furthermore, altered levels of neurosteroids and GABA in PPD
women suggest that their interaction could play a key role in the
development of depression during pregnancy and post-partum
(Deligiannidis et al., 2016).

Besides these molecular changes, the implicated
molecular mechanisms at a systemic level in PPD are
incompletely understood. To identify molecular signatures
of PPD in peripheral material, we performed a detailed
metabolomic analysis in serum of women diagnosed with PPD
compared to controls recruited from the same geographical
region. This is one of the very few metabolomic studies
available for PPD.

MATERIALS AND METHODS

Human Cohorts
This is a study within the Rhea pregnancy child cohort in
Crete, Greece (Chatzi et al., 2017). The study and validation
populations were Caucasian pregnant women who live in
Heraklion, Crete. Women were contacted at the first and
third trimester of pregnancy, at birth, and at 8 weeks post-
partum. Face-to-face structured interviews, together with self-
administered questionnaires and medical records, were used
to obtain information on several psychosocial, dietary and
environmental exposures during pregnancy and post-partum.
The metabolomic study cohort included women diagnosed with
PPD (EPDS score ≥ 13, n = 10) and women with no PPD (EPDS
score < 13, n = 10) (Supplementary Table S1). For further
investigation of the metabolomic analysis results a validation
cohort was studied, including eight women diagnosed with
PPD (EPDS score ≥ 13) and seven women with no PPD
(EPDS score < 13) (Supplementary Table S2). All women
were 20–35 years old, non-smokers, non-obese (BMI < 35)
and became pregnant between February 2007 and February
2008. Twin pregnancies, women under fertilization treatment,
women with gestational diabetes, preeclampsia and women
with psychological disorders before or during pregnancy were
excluded from the study. The study was approved by the
Ethical Committee of the University Hospital in Heraklion,
Crete, Greece. Written informed consent was obtained from
all participants.

Protocol for Assessing Depression
Maternal depressive symptoms were assessed (antenatally at 28–
32 weeks of gestation and postnatally at 8 weeks post-partum)
using the EPDS as previously described (Cox et al., 1987).
The EPDS is a widely used 10-item, self-reported questionnaire
providing an indication of the severity of mother’s mood during
the past 7 days. Items are rated on a 4-point Likert scale ranging
from 0 (not at all) to 3 (most of the time) and refers to depressed
mood, anhedonia, guilt, anxiety and suicidal ideation (possible
range 0–30). A cut-off score of ≥ 13 on the EPDS has been
found to identify probable clinical postnatal depression with
a sensitivity of 86% and a specificity of 78% (Matthey et al.,
2006). This cut-off is also consistent with previous work in our
cohort (Vivilaki et al., 2009; Chatzi et al., 2011; Koutra et al.,
2014, 2017, 2018). The EPDS has been translated and validated
for the Greek population by two research groups (Leonardou
et al., 2009; Vivilaki et al., 2009) and showed a very high overall
internal consistency.

Serum Sample Collection
Blood samples were collected from pregnant women in
Vacutainer SST Plastic Serum Tubes (BD 367958). Median
gestational age at blood collection was the 14th week. To
isolate serum, samples were centrifuged immediately after blood
sampling collection for 10 min at 2500 rpm, room temperature.
Serum samples were stored in 0.5 ml aliquots into cryovial sterile
tubes at−80◦C.
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Serum Sample Preparation
Serum metabolites were extracted with a fourfold excess (v/v) of
100% cold methanol as previously described (Filiou et al., 2014).
After vortexing for 2 min, samples were incubated on dry ice for
2 h and centrifuged (2053 g, 100 min, 4◦C). Supernatants were
filtered using 0.22 µm SpinX ultrafiltration tubes (Corning, NY,
United States), the filtrates were lyophilized and stored at−80◦C
for metabolomic analysis.

Mass Spectrometry-Based
Metabolomics
Serum metabolite extracts (100 µl per subject) were analyzed
at the Metabolomics Core, Beth Israel Deaconess Medical
Center (Harvard Medical School) by a SRM-based targeted
metabolomics platform using a 5500 QTRAP triple quadrupole
mass spectrometer coupled to a Prominence UFCL HPLC system,
as previously described (Filiou et al., 2014). This platform
quantifies the levels of up to 300 metabolites involved in major
metabolic pathways (Yuan et al., 2012).

Western Blot
For assessing the levels of the antioxidant enzyme Prdx3 in
the validation cohort, Western blot analysis was performed
as previously described (Filiou et al., 2010) with slight
modifications. Briefly, protein content was measured by Bradford
Assay. From each serum sample, 25 µg were diluted in RIPA
buffer (1:2, v/v), electrophorized and electrotransferred with a
semi-dry, trans-blot turbo transfer system (Bio-Rad, Hercules,
CA, United States). Membranes were incubated with an anti-
Prdx3 primary antibody (Abcam ab16751, mouse monoclonal,
1:2000) and an anti-mouse secondary antibody (sc-Santa Cruz
Biotechnology, Heidelberg, Germany). Signal intensity was
measured using ImageJ. Equal total protein loading was ensured
by Coomassie gel staining and signal intensity comparison.

Total Antioxidant Capacity
The determination of total antioxidant capacity (TAC) in serum
samples of the validation cohort, was performed as previously
described (Ciuti and Liguri, 2017). Briefly, serum samples and
glutathione (used as calibrator) were mixed 1:5 (v/v) with a pre-
heated chromogenic reagent as described (Ciuti and Liguri, 2017)
in a multi-well plate. Absorbance at 630 nm was determined
in a UT2100C microplate reader (MRC, Holon, Israel) and
measurements were taken at 20 and 120 s after the last reagent
dispensing. TAC quantification was performed as previously
described (Ciuti and Liguri, 2017).

Statistical Analysis
Metabolomic Study and Validation Cohort
Demographic Data Analysis
A descriptive analysis of the study population characteristics was
conducted. Categorical variables are presented as N(%) while
continuous variables are presented as mean ± SD. We then
compared the characteristics between PPD and control women
and between the metabolomic study and validation groups
utilizing Fisher’s exact test and Student’s t-test (p < 0.05).

Metabolomic Data Analysis
Metabolomic data analysis was performed by Metaboanalyst1

(v4.0) (Xia et al., 2009). Using the mass spectrometry-
based metabolomics platform, 302 features were quantified.
For metabolites measured both in positive and negative ion
mode, only the measurement with the higher intensities
across samples was included. In total, 285 metabolites were
considered for analysis. Of those, metabolites with > 50%
missing values were excluded. For the remaining metabolites,
missing values were replaced by default small values in
Metaboanalyst. Metabolite data were median-normalized, log-
transformed and pareto-scaled. To evaluate the discriminative
features between the PPD and control group we used the
supervised PLS-DA feature in Metaboanalyst. To identify
individual metabolite level changes between the PPD and control
groups, we employed the SAM in Metaboanalyst using the
siggenes R package. FDR was used to correct for multiple
comparisons and the cut-off for the adjusted p-value (q-
value) was set at 0.1.

Multivariable Analysis
For the quantified metabolites (normalized values) with altered
levels in PPD compared to controls in the metabolomic
study cohort, we performed linear regression analysis to
further evaluate the observed associations adjusting for
potential confounding factors. Using standard bivariate
statistical tests (Fisher’s exact test, Student’s t-test, Pearson
correlation coefficient) we identified variables associated
with either the selected metabolites or with PPD at 10%
level and we included those variables in the linear models.
The selected covariates were age at blood sampling, working
during pregnancy, educational status and pre pregnancy
overweight (Model 1). In a second model, we included
clinical characteristics, namely history of dyslipidemia and
history thyroid disease (Model 2). Effect estimates are
presented in terms of beta coefficients and 95% confidence
intervals (95% CIs). Multivariable analyses were performed in
Stata 132.

Western Blot and TAC Data Analysis
Western blot and TAC statistical analysis was performed by
GraphPad Prism7 (GraphPad, San Diego, CA, United States)
using the Mann–Whitney non-parametric statistical test
(p < 0.05). Data are presented as mean± SEM.

RESULTS

Metabolomic Study and Validation
Cohorts
Detailed information on the demographic characteristics of
the metabolomic study and validation cohorts is provided in
Supplementary Tables S1, S2, respectively. Briefly, regarding
the metabolomic study cohort, the mean (SD) age of the

1http://www.metaboanalyst.ca
2https://www.stata.com/support/updates/stata13.html
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participating women was 29.1 (3.8) years and the mean
(SD) BMI was 23.2 (3.5) kg/m2 (Supplementary Table S1).
Validation cohort characteristics were similar (Supplementary
Table S2). To ensure that the metabolomic study and
validation cohorts were not demographically different, a
comparison between the two cohorts was performed showing no
differences in demographic characteristics (all p-values > 0.05,
Supplementary Table S3).

Altered Levels of Serum Metabolites in
PPD
We performed a targeted metabolomic analysis in serum of
pregnant women who developed PPD compared to unaffected
women from the same geographical region. Quantification
raw data for all 285 metabolites considered for the analysis are
shown in Supplementary Table S4. The PLS-DA separation
score plots of the two groups are shown in Figure 1. We
identified three serum metabolites with altered levels in
women with PPD compared to the control group. These
included glutathione-disulfide, adenylosuccinate, and ATP.
All three were found in elevated levels in PPD compared
to the control group (Figure 2). These metabolites are
associated with oxidative stress, nucleotide biosynthesis and
energy production, respectively. We also found a positive
association between normalized glutathione-disulfide levels
with the continuous EPDS score (Pearson r = 0.7449,
p < 0.001) (Figure 3). The results of the multivariable
linear regression analysis are presented in Table 1. After
adjustment for demographic characteristics, the observed
associations remained significant. PPD was associated with

FIGURE 1 | Score plots of metabolomic profiles of women suffering from PPD
compared to controls in the metabolomic study cohort. C: control.

higher levels of adenylosuccinate, glutathione-disulfide and ATP.
The results remained similar after the adjustment for clinical
characteristics with the exception of adenylosuccinate, where
significance was lost.

Investigation of Oxidative Stress-Related
Changes in a Validation Cohort
Given the positive correlation of glutathione-disulfide with
the continuous EPDS score, we then went on to further
investigate oxidative stress-related changes in serum of
a validation cohort of women diagnosed with PPD vs.
controls from the same geographical area (Supplementary
Table S2). We assessed the levels of Prdx3, a member
of the peroxiredoxin family of antioxidant enzymes, and
found a trend for decreased Prdx3 expression in PPD
samples (Figure 4A and Supplementary Figure S1). In
the validation cohort, we also assessed the serum TAC
and found no difference between the PPD and control
samples (Figure 4B).

DISCUSSION

The aim of this work was to identify molecular signatures
for PPD by comparing the serum metabolomic profiles
of women with PPD vs. control subjects. Multi-omics
approaches have the potential to shed light on molecular
mechanisms of psychiatric disorders in a high-throughput
and data-driven manner (Filiou, 2015). Metabolomic analyses
provide valuable information for dissecting neuropsychiatric
conditions, as the metabolome correlates directly with the
phenotype and is very sensitive to environmental stressors
and changes (Quinones and Kaddurah-Daouk, 2009; Turck
and Filiou, 2015). Metabolomic approaches have been used
to study depression both in patient cohorts and animal
models (Pan et al., 2018; Zhang et al., 2018). To the best
of our knowledge, this is the first metabolomics study
in serum of PPD.

We report altered levels of three serum metabolites:
glutathione-disulfide, adenylosuccinate, and ATP. Glutathione
is a low molecular mass thiol and one of the most
important endogenous antioxidant compounds (Freed
et al., 2017). Under oxidative conditions, glutathione
(reduced form) is converted into glutathione-disulfide
(oxidized form). The glutathione/glutathione-disulfide
ratio is considered as a prognostic factor for oxidative
stress (Tietze, 1969; Freed et al., 2017). Both glutathione
levels and the glutathione-disulfide/glutathione ratio of
premature infants with idiopathic respiratory distress
syndrome are increased compared to control newborns
(Giustarini et al., 2016). Maternal prenatal distress was
also shown to reduce placental glutathione/glutathione-
disulfide ratios (Chang et al., 2016). Oxidative stress and
pertinent markers are increased in patients with major
depressive disorder (Dowlati et al., 2010; Black et al., 2015;
Lindqvist et al., 2017). The correlation between oxidative
stress and depression is not yet fully understood, however,
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FIGURE 2 | Increased metabolite levels in PPD serum compared to controls in the metabolomic study cohort (A) glutathione-disulfide (d = 2.6504, SD = 0.2543,
and q = 0.0567) (B) ATP (d = 2.3833, SD = 0.3788, and q = 0.0567) (C) adenylosuccinate (d = 2.2390, SD = 0.4445, and q = 0.0825).

the brain is reported to be particularly sensitive to oxidative
damage due to elevated oxygen levels and free radicals (Ng
et al., 2008). Free radicals may affect methylation patterns
by hydroxylation of pyrimidines and 5-methylcytosine
(Lewandowska and Bartoszek, 2011) and influence histone
modifications through intracellular metabolites such as
acetyl-CoA, ketoglutarate, NAD+, and S-adenosylmethionine
(Simpson et al., 2012). Adenylosuccinate is an intermediate
in nucleotide biosynthesis, involved in the conversion of
inosine monophosphate (IMP) to adenosine monophosphate
(AMP) (Gooding et al., 2015). ATP is the main cellular
energy currency. Astrocyte-derived ATP was shown to
modulate depression-like behaviors and brain ATP levels
were lower in mice susceptible to chronic social defeat
(Cao et al., 2013).

To follow up on the glutathione-disulfide level changes
that correlated with the depressive status of the patients,

FIGURE 3 | Correlation of EPDS scores and normalized glutathione-disulfide
levels in the metabolomic study cohort (Pearson r = 0.7449, p < 0.001).

we further investigated oxidative stress-related alterations
in a validation cohort of PPD patients and controls. We
found a trend for decreased expression of the antioxidant
enzyme Prdx3 and an overall unchanged total antioxidant
status of the PPD patients compared to controls in the
validation cohort. Decreased expression of Prdx3 in PPD
is in line with decreased expression of glutathione, which
may result from the increased levels of glutathione-disulfide.
It should be, however, noted that the complex interplay of
various antioxidants performing complementary antioxidant
functions may result in an overall unchanged TAC. From
a technical perspective, immunochemical and colorimetric
biochemical methods show significantly lower sensitivity
compared to mass spectrometry-based metabolomics. The
ability to identify changes by metabolomics which are
undetectable by conventional biochemical methodologies
highlights the need to use metabolomic approaches for
the identification of low fold metabolite level changes.
This is of particular interest for multifactorial disorders
such as PPD, which are characterized by mild changes in
multiple factors. In addition, the high sensitivity of mass

TABLE 1 | Adjusted associations between selected metabolites and PPD.

Model 1 Model 2

Beta (95% CI) p-Value Beta (95% CI) p-Value

ATP 1.12 (0.44, 1.80) 0.004 1.78 (0.99, 2.56) <0.001

Glutathione-disulfide 0.94 (0.31, 1.57) 0.006 0.94 (0.00, 1.88) 0.051

Adenylosuccinate 1.34 (0.01, 2.68) 0.049 0.59 (−1.27, 2.44) 0.501

Model 1: Adjusted for age at blood sampling, working and educational status and
overweight pre pregnancy. Model 2: Model 1, additionally adjusted for history of
dyslipidemia and history of thyroid disease.
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FIGURE 4 | (A) A trend toward decreased expression of Prdx3 (p = 0.0939) in PPD (11437 ± 3068) compared to controls (27685 ± 7926) serum in the validation
cohort. (B) No changes in total antioxidant capacity (expressed in terms of mmol/L of reduced glutathione, GSHeq, p = 0.554) in the validation cohort between PPD
(0.0359 ± 0.0145) and controls (0.0171 ± 0.0042).

spectrometry-based metabolomics is more appropriate
for investigating peripheral material in brain disorders,
where we do not expect to see dramatic fold changes, as
brain-related pathophysiology alterations are attenuated
in the periphery.

Metabolomic studies are indeed scarce in the context
of PPD. A recent work compared urinary metabolites of
PPD women, post-partum women with no PPD and healthy
controls by gas-chromatography mass spectrometry-based
metabolomics. In this study, 68 metabolites were identified and
a panel of five metabolites was identified (formate, succinate,
1-methylhistidine, α-glucose, and dimethylamine), which was
able to discriminate the PPD group. Interestingly, succinate
is a precursor of adenylosuccinate, which was also found
elevated in PPD in our study (Lin et al., 2017). A second
study investigating the urine metabolome of PPD subjects
compared to controls using untargeted mass spectrometry-
based metabolomics indicated altered metabolomic profiles
between the two groups (Zhang et al., 2019). A targeted
steroid metabolome approach based on gas chromatography-
mass spectrometry in maternal blood samples from PPD
women revealed that an interplay of maternal derived
testosterone and fetus derived estrogens may affect mood
changes (Parizek et al., 2014).

Despite the small size of the population analyzed in this
study, this is a well-characterized cohort with homogeneous
demographic characteristics (women living in the same
region and becoming pregnant at the same time). Future
studies in larger sample sizes and other PPD cohorts are
required to validate our results. The investigation of additional
enzymes involved in antioxidant defense and biosynthetic
processes will shed light on the role of these pathways in
PPD pathogenesis. Combining metabolomic with genetic and

epigenetic data might reveal risk markers of early stressful
experiences. The acquired knowledge will be valuable for
estimating the risk for future health disorders of the “stressed”
newborns based on their individual genetic, epigenetic and
metabolomic profiles.

Importantly, our data show that PPD-induced molecular
changes are detectable in peripheral material. Identification
of disease-related molecular correlates in peripheral material
has been facing a series of challenges (Filiou and Turck,
2011), yet studies in the periphery are crucial for developing
safe, non-invasive diagnostic and screening approaches for
psychiatric disorders (Pinto et al., 2017). Intriguingly, a
recent study in serum of post-partum women which had
been exposed to different levels of childhood maltreatment,
revealed a set of metabolites that could differ between
varying levels of childhood trauma (Koenig et al., 2018). Our
work may open up new perspectives for additional studies
aiming at early detection and more accurate diagnosis using
peripheral material for PPD and pave the way toward candidate
biomarker identification.
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FIGURE S1 | Western blot analysis of Prdx3 in the validation cohort.

TABLE S1 | Characteristics of the metabolomic study cohort subjects according
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no numerical values, an index is provided below each question. NAV denotes no
available answer from the corresponding subject. NAP denotes a not applicable
question for the corresponding subject.
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status, Rhea mother-child cohort, Crete, Greece. For demographics with no
numerical values, an index is provided below each question. NAV denotes no
available answer from the corresponding subject. NAP denotes a not applicable
question for the corresponding subject.

TABLE S3 | Comparison of subject characteristics in the metabolomic study and
validation cohorts.

TABLE S4 | Raw quantification data for measured metabolites (signal intensities).
NA denotes non-quantified metabolites for the corresponding subject.
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Metabolic side effects such as weight gain and disturbed lipid metabolism are often
observed in the treatment of atypical antipsychotic drugs (AAPDs), which contribute to an
excessive prevalence of metabolic syndrome among schizophrenic patients. Great
individual differences are observed but the underlying mechanisms are still uncertain.
Research on pharmacogenomics indicates that gene polymorphisms involved in the
pathways controlling food intake and lipid metabolism may play a significant role. In this
review, relevant genes (HTR2C, DRD2, LEP, NPY, MC4R, BDNF, MC4R, CNR1, INSIG2,
ADRA2A) and genetic polymorphisms related to metabolic side effects of AAPDs
especially dyslipidemia were summarized. Apart from clinical studies, in vitro and in vivo
evidence is also analyzed to support related theories. The association of central and
peripheral mechanisms is emphasized, enabling the possibility of using peripheral gene
expression to predict the central status. Novel methodological development of
pharmacogenomics is in urgent need, so as to provide references for individualized
medication and further to shed some light on the mechanisms underlying AAPD-induced
lipid disturbances.

Keywords: atypical antipsychotic drugs, weight gain, metabolic syndrome, pharmacogenomics, single nucleotide
polymorphisms, leptin, 5-HT2C receptor
INTRODUCTION

Schizophrenia is a severe mental disorder with a lifetime morbid risk of approximately 1% across
the world (McGrath et al., 2008). Continuous treatment with sufficient dosage of antipsychotic
drugs is essential in the therapy and management of schizophrenia (Emsley, 2018). Second-
generation antipsychotics [also called atypical antipsychotic drugs (AAPDs)] are first-line
Abbreviations: AAPD, atypical antipsychotic drug; 5-HT, 5-hydroxytryptamine/serotonin; DRD2, dopamine receptor D2;
LEP, leptin; NPY, neuropeptide Y; MC4R, the melanocortin 4 receptor; BDNF, the brain-derived neurotrophic factor; CNR1,
the cannabinoid 1 receptor; INSIG, insulin-induced gene; ADRA2A, adrenergic a-2A receptors; SNP, single nucleotide
polymorphism; BMI, body mass index; HDL, high-density lipoprotein; AgRP, agouti-related protein; CART, amphetamine-
regulated transcript; POMC, pro-opiomelanocortin.
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antipsychotics with greater improvement of negative symptoms
and fewer extrapyramidal symptoms than first-generation
antipsychotics. However, metabolic side effects (e.g., weight gain,
dyslipidemia, hyperglycemia, etc.) induced by AAPDs raise the
risk of cardiovascular diseases, which results in patient
noncompliance, relapse, and increased mortality (Mottillo et al.,
2010; Mitchell et al., 2013; Ringen et al., 2014). Several studies have
reported that antipsychotic-induced weight gain is reversible
among pediatric and adult patients who discontinued treatment
of antipsychotics (deKuijper et al., 2013;Upadhyay et al., 2019). It is
usually uneasy to make an optimum choice since benefits of these
drugs have to be weighed against risks.

Although there have been tremendous reports on the
metabolic side effects of atypical antipsychotic drugs, the
mechanisms remain elusive (Reynolds and McGowan, 2017).
Available evidence has suggested that the clinical responses to
antipsychotics and related side effects could vary from patient to
patient. The large variability can be attributed to a variety of
complex factors, in which genetic factors may play a dominant
role. Numerous studies on pharmacogenomics have been
conducted to elucidate gene variants related to antipsychotic-
induced weight gain or metabolic disturbances (Lett et al., 2011;
Zhang et al., 2016; Zai et al., 2018). A meta-analysis has revealed
that the genes of pharmacodynamic targets of antipsychotics like
HTR2C, DRD2, ADRA2A and genes implicated in obesity such as
MC4R, GNB3, FTO, LEP, LEPR, BDNF, and INSIG2 seem to be
consistently relevant to antipsychotic-induced weight gain
(Zhang et al., 2016). The current systematic review aims to
provide an update on the gene polymorphisms related to lipid
disturbances of AAPDs and to find the possible relations
between central and peripheral pathways.
METHODS

Literature research was conducted on PubMed (last: 31 October
2019) with the combinations of the key words: antipsychotic*
neuroleptic*, gene, pharmacogen*, polymorphism, weight gain,
metabolic, and dyslipidemia. Inclusion criteria were: 1) patients
with mental illness; 2) under the treatment of atypical
antipsychotic drugs; 3) specific gene polymorphisms were
studied; 4) outcomes involved in lipid metabolism such weight,
BMI, and percentage of metabolic syndrome, etc. Exclusion
criteria were: 1) a review or letter; 2) studies on animals; 3)
studies of genes not examined in other studies. Totally, 43 studies
were selected for this review (see Figure 1 and Table 1
for details).
GENE POLYMORPHISMS RELATED
TO CENTRAL NERVOUS SYSTEM

The Serotonin 5-HT2c Receptor
Central serotonin system is associated with the modulation of
feeding behavior (Lam et al., 2010). There are at least seven
subtypes of 5-HT receptors, of which the 5-HT2 subtype is
Frontiers in Pharmacology | www.frontiersin.org 2122
divided into 5-HT2A, 5-HT2B, and 5-HT2C. The serotonin 5-
HT2C receptor has shown the most consistent findings in studies
on atypical antipsychotic drug-induced lipid disturbances. The
serotonin 5-HT2C receptor is present in hypothalamic nuclei
such as the arcuate nucleus (ARC) and the ventral tegmental area
(VTA) (Faton et al., 2018). Animal experiments have shown that
5-HT2C receptor agonists reduce feeding (Clifton et al., 2000),
and the antagonists increase feeding and lead to weight gain
(Bonhaus et al., 1997). The serotonin 5-HT2C receptor gene
knockout mice ate more than the controls and became obesity
(Tecott et al., 1995). Numerous studies have indicated that 5-
HT2C receptor mediates leptin-induced anorexia, but reports
regarding serotonin-leptin interactions are discrepant (von
Meyenburg et al., 2003; Voigt and Fink, 2015; Wierucka-Rybak
et al., 2016). Cannabinoid receptor 1 (CB1 receptor) stimulation
could inhibit the secretion of cerebral serotonin in the mouse
brain (Nakazi et al., 2000). Coupled with the inhibition of
neuropeptide Y (NPY)/agouti-related protein (AgRP) neurons
by 5-HT1B receptor action, 5-HT2C receptor mediates the
activation of pro-opiomelanocortin (POMC) neurons as a
downstream pathway of serotonin controlling food intake
(Lam et al., 2010). Showing the highest antagonizing affinity to
5-HT2C receptor among antipsychotic drugs, clozapine and
olanzapine exert the most serious effects of weight gain in
patients (Allison et al., 1999). It suggested that the antagonism
against 5-HT2C receptor by antipsychotic drugs may lead to
increased food intake and eventually weight gain. This is
supported by the observation that olanzapine exerts its
metabolic side effects by targeting 5-HT2C receptor in mouse
model (Lord et al., 2017).

The promoter region of HTR2C gene is mainly influenced by
-759C/T (rs3813929) and -697G/C (rs518147) polymorphisms.
HTR2C -759C/T polymorphism was the first single nucleotide
polymorphism (SNP) to be reported as an associated HTR2C
polymorphism with antipsychotic drug-induced weight gain
FIGURE 1 | Flowchart of study selection.
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TABLE 1 | Demographic, treatment, and lipid parameters of mentioned studies.

gnoses Single/multi-
center

Lipid parameters

Single BMI change, >7%
weight gain

osis Single BMI change, >7% BMI
increase

Single >5, >7% BMI increase

(63%),
25%),
s (12%)

Single Presence of MS, HDL-C,
TG, Waist, BP

SZA Two sites ≥7% weight gain

SZA Multiple >7% weight gain,
% weight change

(76%),
7%),
ional
er (17%)

Single FBG, TC, LDL, HDL,
TG, BP, Waist, Hip;
occurrence of MS

Single ≥7% weight gain

Two sites The log of the ratio of
weight relative to
baseline weight

SZA Three sites ≥7% weight gain,
% weight change

Two sites Average weight change

Single >5% weight gain

e mental
es

Three sites Serum glucose, TC,
HDL-C, TG

SZA Three sites ≥7% weight gain,
% weight change
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Reference Genes (SNPs) Functional
SNPs

Risk
allele

Period APs (n) % Caucasian Sample size (M/F),
%FEDN

Age Dia

Reynolds
et al., 2002

HTR2C rs3813929
(-759C/T)

Yes C 6, 10 wk CP (69), RIS (46),
CLO (4), FLU (3),
SUL (1)

0 (100% Asian) 123 (61/62), 100% 26.6 ± 7.7 SCZ

Templeman
et al., 2005

HTR2C rs3813929 – C 6 wk, 3 mo,
9 mo

RIS (26), OLZ (19),
HAL (10), QUE (11),
ZIP (6), AMI (1)

100 73 (55/18), 100% 25.2 ± 0.78 Psyc

LEP rs7799039
(-2548A/G)

Yes G

Ryu et al.,
2007

HTR2C rs3813929 – C 4 wk RIS (53), OLZ (12),
AMI (5), QUE (4),
SGAs (10)

0 (100% Asian) 84 (39/45), 69% 30.1 ± 7.4 SCZ

Mulder et al.,
2007

HTR2C rs3813929 – NS Cross-
sectional
study

CLO, OLZ, RIS
(> 80%); others

88 112 (74/38), 0% 36 ± 10 SCZ
SZA
otherHTR2C rs518147

(-697G/C)
Yes C

Kuzman
et al., 2008

HTR2C rs3813929 – NS 4 mo OLZ (61), RIS (47) 100 108 (0/108), 89% 30.6 ± 11.5 SCZ,

Sicard et al.,
2010

HTR2C rs3813929 – NS 6 wk CLO or OLZ (130),
others

68 205 (141/64), N/A 35.9 ± 10.1 SCZ,

HTR2C rs518147 – G
HTR2C rs6318
(Ser23Cys)

Yes NS

Kuzman
et al., 2011

HTR2C rs3813929 – T 3 mo OLZ (61), RIS (40) 100 101 (0/101), 100% 33.47 ± 10.62 SCZ
SZA
delus
disor

Hong et al.,
2010

DRD2 rs4436578 N/A C 48.2 ± 27.8
mo

CLO (239), OLZ
(70), RIS (170)

0 (100% Asian) 479 (292/187), 0% 47.2 ± 13.2 SCZ

Lencz et al.,
2010

DRD2 rs1799732
(-141C Ins/Del)

Yes Del 6 wk RIS (32), OLZ (26) 28 (40%
African-
American)

58 (44/14), 100% 23.5 ± 4.9 SCZ

Muller et al.,
2012

DRD2 rs6277
(-957C/T)

N/A C 6, 14 wk CLO or OLZ (132),
others

62 (28% African
American)

206 (141/65), N/A 35.69 ± 19.55 SCZ

DRD2 rs1079598 N/A C
DRD2 rs1800497
(TaqIA)

N/A A1
(T)

Tybura et al.,
2014

DRD2 rs1799732 – NS 12 wk ZIP (59), OLZ (82),
perazine (60)

100 191 (89/102), N/A 36.1 ± 12.4 SCZ

DRD2 rs1800497 – NS
Alladi et al.,
2017

DRD2 rs1799732 – NS 4 wk RIS 100% South
Indian

289 (175/114), N/A 35.3 ± 10.0 SCZ

HTR2C rs3813929 – NS
de Leon
et al., 2008

NPY rs1468271 N/A G Cross-
sectional
study

OLZ, QUE, or CP
(165); others (192)

88 357 (229/128), 0% 37.6 ± 10.6 Seve
illnes

Tiwari et al.,
2013

NPY rs10551063 N/A NS 7.03 ± 3.4
wk

CLO (99), HAL (18),
OLZ (37), RIS (40),
others (32)

70 (25% African
American)

226 (151/75), 58% 35.78 ± 10.6 SCZ

NPY rs16147 Yes C
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TABLE 1 | Continued

noses Single/multi-
center

Lipid parameters

s
oses
CZ)

Multiple BMI change, weight
change, fat mass, TG,
TC, HDL-C, LDL-C,
glucose, insulin, HOMA-
IR index, leptinSZA

SZA,

s
oses

Single % weight gain, % BMI
increase

s
oses

Single % weight gain, % BMI
increase

SZA Three sites % weight gain

Multiple >7% BMI gain, %
change of BMI, Waist,
glucose, TG, HDL, LDL

Single BMI gain

Single % weight gain

SZA Multiple ≥7% weight gain

Single Presence of MS,
individual parameters

SZA Three sites ≥7% weight gain,
% weight change

Single BMI

SCA Three sites % weight gain
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Reference Genes (SNPs) Functional
SNPs

Risk
allele

Period APs (n) % Caucasian Sample size (M/F),
%FEDN

Age Dia

NPY rs5573 Yes A
NPY rs5574 Yes T
NPY rs16475 Yes NS

Malhotra
et al., 2012

MC4R rs489693 N/A A 12 wk RIS (84), QUE (25),
ARI (30)

55.4 (23.0%
African
American)

139 (81/58), 100% 13.38 ± 3.75 Vario
diagn
(5% S

6 wk CLO 70 73 (45/28), 0% 33.48 ± 8.33 SCZ
6 wk RIS (20), QUE (5),

ARI (15)
100 40 (22/18), 0% 35.20 ± 11.33 SCZ,

12 wk HAL (31), AMI (21),
QUE (25), ZIP (15)

100 92 (53/39), 100% 26.02 ± 5.17 SCZ,
SZP

Czerwensky
et al., 2013a

MC4R rs17782313 N/A C 4 wk OLZ (135), CLO,
RIS, PAL, QUE, AMI

100 345 (138/207),
26%

40.1 ± 14.7 Vario
diagn

Czerwensky
et al., 2013b

MC4R rs489693 – A 4 wk OLZ (135), CLO,
RIS, PAL, QUE, AMI

100 341 (143/198),
25%

41.3 ± 15.0 Vario
diagn

Chowdhury
et al., 2013

MC4R rs17782313 – NS 6-14 wk CLO (99), HAL (16),
OLZ (36), RIS (40),
others (33)

70 (25% African
American)

224 (150/74), N/A 35.63 ± 10.50 SCZ,

MC4R rs11872992 N/A NS
MC4R rs8087522 N/A A

Zhang et al.,
2019

MC4R rs489693 – A 6 wk ZIP (330), ARI (313),
OLZ (341), QUE
(332), RIS (344),
HAL (166),
perphenazine (165)

0 (100% Asian) 1991 (999/992),
28%

31.95 ± 7.93 SCZ

MC4R rs17782313 – NS

Zhang et al.,
2008

BDNF rs6265
(Val66Met)

Yes Met 18 ± 6 y CLO (98), RIS (36),
FGAs (62)

0 (100% Asian) 196 (130/66)
patients, 0%

N/A SCZ

50 (34/16) controls N/A
Tsai et al.,
2011

BDNF rs6265 – NS 49.2 ± 28.2
mo

CLO (266), OLZ
(79), RIS (136)

0 (100% Asian) 481 (293/188), 0% 43.9 ± 8.9 SCZ

BDNF rs11030101 N/A T
BDNF rs12291186 N/A NS

Zai et al.,
2012

BDNF rs6265 – NS 6 wk CLO or OLZ (207);
others

100 257 (188/69), 0% 31.8 ± 7.9 SCZ,

BDNF rs1519480 N/A A
Zhang et al.,
2013

BDNF rs6265 – Met Cross-
sectional
study

CLO 0 (100% Asian) 199 (143/56), 0% 55.3 ± 6.9 SCZ

Fonseka
et al., 2015

BDNF rs6265 – Val 7.26 ± 3.5 CLO (87), OLZ (32),
RIS (31), HAL (15),
others

68 (27% African
American)

188 (126/62), 0% 35.8 ± 10.0 SCZ,

Fang et al.,
2016

BDNF rs6265 – Met Cross-
sectional
study

CLO (156), RIS (86),
SGAs (66)

0 (100% Asian) 308 (205/103)
patients, 0%

44.6 ± 10.3 SCZ

304 (180/124)
controls

44.5 ± 14.4

Tiwari et al.,
2010a

CNR1 rs806378 N/A T 7.54 ± 3.55
wk

CLO (101), OLZ
(34), HAL (12), RIS
(36)

64 (30%
African-
American)

183 (124/59), 0% 36.12 ± 10.17 SCZ,
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TABLE 1 | Continued

noses Single/multi-
center

Lipid parameters

86%) Two sites >7% weight gain

Three sites ≥7% weight gain

69.3%),
20.1%),
10.6%)

Single Presence of MS,
individual parameters

Three sites ≥7% weight gain

SZA Two sites Presence of MS, Waist,
BMI, BMI ≥30 kg/m2,
presence of central
obesity

otic
er
)

Single Serum TC/HDL

otic
er
)

Single BMI >30, BMI change,
BMI change per week

SZA Three sites % weight change

phrenia
rum
ers

Single BMI change

SZA Three sites ≥7% weight gain,
% weight change

SZA Three sites ≥7% weight gain,
% weight change

Single Prevalence of MS

Single Weight gain, >7%
weight gain
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Reference Genes (SNPs) Functional
SNPs

Risk
allele

Period APs (n) % Caucasian Sample size (M/F),
%FEDN

Age Dia

Monteleone
et al., 2010

CNR1 rs1049353
(-1359G/A)

N/A NS 24 wk CLO (25), OLZ (22),
RIS (14), QUE (6),
ARI (6), HAL (10)

100 83 (50/33) patients,
0%

44.0 ± 10.5 SCZ

80 (40/40) controls 49.4 ± 12.9
Park et al.,
2011b

CNR1 rs1049353 – NS Over 1 y OLZ 0 (100% Asian) 78 (52/26), N/A 46.4 ± 11.6 SCZ

CNR1 rs806368 – NS
CNR1 rs4707436 N/A NS

Yu et al.,
2013

CNR1 rs6928499 N/A G Cross-
sectional
study

CLO or OLZ (197);
others

95.1 407 (274/133), 0% 35.6 ± 11.0 SCZ
SZA
SZPCNR1 rs1535255 N/A T

CNR1 rs2023239 N/A T
Kang et al.,
2008

LEP rs7799039
(-2548A/G)

Yes A 453 ± 289 d OLZ 0 (100% Asian) 74 (50/24), N/A 47.2 ± 11.6 SCZ

Yevtushenko
et al., 2008

LEP rs7799039 – G Cross-
sectional
study

CLO (21), OLZ (31),
RIS (16)

100 134 (87/47), 0% 41.6 ± 11.8 SCZ,

HTR2C rs3813929
(-759C/T)

– NS

Gregoor
et al., 2010

LEP rs7799039 – A Cross-
sectional
study

OLZ (99), CLO (86),
QUE (56), RIS (46),
ARI (14)

100 353 (184/169), 0% N/A Psyc
disor
(50.7

Gregoor
et al., 2011

LEP rs7799039 – NS within 1 y CLO (68), OLZ (54),
QUE (31), ARI (23),
RIS (30)

100 141 (82/59), 0% N/A Psyc
disor
(63.1

Brandl et al.,
2012

LEP rs7799039 – NS 7.19 ± 3.47
wk

CLO (80), OLZ (28),
RIS (32), HAL (16),
others (24)

70.2 (23.8%
African-
American)

181 (118/63), N/A 35.93 ± 10.94 SCZ,

LEP rs10954173 N/A NS
LEP rs3828942 N/A NS

Le Hellard
et al., 2009

INSIG2 rs17587100 N/A N/A 12 ± 1.2 wk CLO 100 160 (97/63), 0% 21.9 ± 8.9 Schiz
spec
disorINSIG2 rs10490624 N/A N/A

INSIG2 rs17047764 N/A N/A
Opgen-Rhein
et al., 2010

INSIG2 rs17587100 – NS 6 wk CLO, OLZ, RIS,
AMI, QUE, SGAs

100 128 (48/80), 17% 38.63 ± 11.96 SCZ,

INSIG2 rs10490624 – NS
INSIG2 rs17047764 – NS

Tiwari et al.,
2010b

INSIG2 rs17587100 – NS 7.94 ± 3.74
wk

CLO (96), OLZ (34),
RIS (12), HAL (12)

57.8 (35.1%
African-
American)

154 (110/44), 0% 35.78 ± 9.82 SCZ,

INSIG2 rs10490624 – NS
INSIG2 rs17047764 – NS

Liou et al.,
2012

INSIG2 rs11123469 N/A C Cross-
sectional
study

CLO (171), OLZ
(91), RIS (194)

0 (100% Asian) 456 (369/157), 0% N/A SCZ

INSIG2 rs10185316 N/A NS
INSIG2 rs1559509 N/A NS

Wang et al.,
2005

ADRA2A
rs1800544
(-1291C/G)

G 14.0 ± 6.2
mo

CLO 0 (100% Asian) 93 (49/44), 0% 38.4 ± 8.1 SCZ
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(Reynolds et al., 2002). Besides, it is the most replicated gene
polymorphism related to AAPD-induced weight gain (Zhang
et al., 2016). Various clinical studies suggested that HTR2C
-759C allele was a risk allele of a substantial weight gain (over
7% than baseline) in patients treated with typical or atypical
antipsychotic drugs (Reynolds et al., 2002; Templeman et al.,
2005; Ryu et al., 2007). A study in first episode drug-naive female
patients with schizophrenia showed that -759T is associated with
an increase in waist circumference, fasting blood glucose, and
blood triglyceride levels (Kuzman et al., 2011). However,
associations between HTR2C -759C/T polymorphism and
weight gain or presence of metabolic syndrome were reported
to be nonsignificant in other studies (Mulder et al., 2007;
Kuzman et al., 2008; Sicard et al., 2010; Alladi et al., 2017).
Despite the negative results, haplotype analyses suggested that
HTR2C 759C-697G-Cys23 haplotype was associated with the
most percentage weight gain induced by various antipsychotics
(Sicard et al., 2010).

Dopamine Receptor D2
Dopamine receptor D2 (DRD2) is the main target of
antipsychotic drugs. An animal study found that the
availability of striatal D2 receptor in obese rats was lower than
that in lean controls (Hamdi et al., 1992). In a human study, the
striatal dopamine transporter availability was negatively
correlated with body mass index (BMI) in a group of healthy
volunteers (Chen et al., 2008). It is postulated that it could be a
mechanism of overeating that the neuropeptides regulating
homeostatic energy balance also modulate the activity of
dopamine neurons and the rewarding circuits underlying food
intake (Volkow et al., 2011). Therefore, Blum et al. hypothesized
that as dopamine D2 receptor antagonists, antipsychotic drugs
cause a hypodopaminergic reward circuitry, leading to excessive
food intake and ultimately obesity (Blum et al., 2014). Functional
magnetic resonance imaging (fMRI) showed that an increased
activity in striatal regions of the reward system was positively
correlated with weight gain after 6-week amisulpride treatment
(Nielsen et al., 2016).

The role of DRD2 rs4436578-C in weight gain induced by
atypical antipsychotics is verified in 479 chronic schizophrenic
patients under long-term treatment of clozapine, olanzapine, or
risperidone (Hong et al., 2010). DRD2 promoter region
polymorphism -141C Ins/Del (rs1799732) was also reported to
be associated with weight gain in 58 first episode patients treated
with randomly-assigned olanzapine or risperidone for 6 weeks
(Lencz et al., 2010), whereas nonsignificant associations were
found in later studies of larger samples (Tybura et al., 2014;
Alladi et al., 2017). A systematic analysis of genetic
polymorphisms spanning the five dopamine receptor genes
(DRD1–DRD5) found only DRD2 rs6277 (C957T), rs1079598,
and rs1800497 (TaqIA) to be significantly associated with
antipsychotic-induced weight gain in chronic patients with
schizophrenia or schizoaffective disorder (Muller et al., 2012).
It was suggested that the C957T polymorphism would not
change the amino acid sequence of the dopamine D2 receptor,
but it was related to the stability of the striatum D2 receptor
(Hirvonen et al., 2009) and the stability and half-life of the DRD2
T
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messenger RNA (mRNA) (Duan et al., 2003). The TaqIA
polymorphism is located in coding region of the adjacent
ANKK1 gene and overlaps with the 3’ end region of the DRD2
gene. So, it may be in linkage disequilibrium with a functional
polymorphism of DRD2, or may affect the dopamine signaling
through the ANKK1 gene. Studies have shown that if the TaqIA
site is A1, it may result in decreased expression of DRD2 and
decreased dopaminergic activity (Giegling et al., 2013).

Neuropeptide Y
NPY is a 36-amino-acid peptide expressed in the central and
peripheral nervous system. In the ARC neurons, NPY colocalizes
with AgRP, which can antagonize a-melanocyte-stimulating
hormones (a-MSH) binding to melanocortin-3 receptor
(MC3R) and melanocortin-4 receptor (MC4R). Another group
of neurons co-express POMC and cocaine and amphetamine-
regulated transcript (CART) and inhibit food intake (Arora and
Anubhuti, 2006). Low leptin levels can upregulate neuropeptide
Y and exert orexigenic effects. Leptin directly and differentially
regulates NPY and POMC neurons, and then controls feeding
behavior and energy homeostasis (Elias et al., 1999). Outside the
hypothalamus, NPY mainly exists in the brainstem and the
catecholaminergic neurons in the sympathetic nervous system.
Results in vitro indicate that NPY may inhibit lipolysis in murine
adipocytes (Bradley et al., 2005). Transgenic mice overexpressing
NPY showed significant obesity and the lipogenic effects as well
as inhibition of catecholaminergic tone of NPY were suggested
(Vahatalo et al., 2015). NPY and leptin are recognized to interact
in a homeostatic loop to regulate energy balance not only in the
brain, but also directly at the adipocyte level (Martinez
et al., 2000).

Chronic treatment of atypical antipsychotic drugs increased
NPY immunoreactivity and mRNA expression in the rat
hypothalamus (Kirk et al., 2006; Weston-Green et al., 2012).
NPY rs1468271 was associated with hypercholesterolemia in
patients taking olanzapine, quetiapine, or chlorpromazine (de
Leon et al., 2008). Significant associations between the SNPs
rs16147, rs5573, and rs5574 in NPY and weight gain in clozapine
or olanzapine-treated patients of European ancestry were
reported (Tiwari et al., 2013). Compared with carriers of TT
genotype at rs16147, individuals with the C allele showed a
higher risk of weight gain probably due to increased NPY levels.
Besides, genetic interaction between rs16147 in NPY and
rs806378 in cannabinoid receptor 1 gene further supports their
biological interaction (Tiwari et al., 2013).

The Melanocortin 4 Receptor
The MC4R is a transmembrane G protein-coupled receptor
expressed in the hypothalamus and peripheral tissues. The
central melanocortin system potently regulates feeding and
directly controls lipid metabolism in liver and adipocytes
(Nogueiras et al., 2007). MC4R plays a key role in suppressing
food intake.MC4R gene is the most common single-gene effect of
human obesity (Beckers et al., 2011). Rodent experiments showed
that Mc4r knockout mouse exhibited hyperinsulinemia,
hyperglycemia, and adult obesity syndrome (Srisai et al., 2011).
Multiple pathways are involved in the regulation of central
Frontiers in Pharmacology | www.frontiersin.org 7127
melanocortin system in energy homeostasis (Shen et al., 2017).
MC4R signaling regulates energy balance through stimulating
brain-derived neurotrophic factor (BDNF) expression in the
ventromedial hypothalamus (VMH) (Xu et al., 2003). Central
melanocortin pathway through MC4R is an indispensable
downstream mediator of the anorexigenic effect of serotonin
(Lam et al., 2008). The expression of MC4R in the rat
hypothalamus is increased under the long-term treatment of
antipsychotics probably through a compensatory mechanism
(Rojczyk et al., 2015). A genome-wide association study found
that MC4R rs489693 demonstrated consistent effects on weight
gain, as well as on levels of triglycerides, leptin, and insulin,
HOMA-IR index (the homeostasis model assessment insulin
resistance index), and total fat mass (Malhotra et al., 2012).
Afterward, the association between MC4R rs489693 A-allele
and greater weight gain was confirmed (Czerwensky et al.,
2013b). They also reported carriers of MC4R rs17782313 C-
allele at risk of greater percentage weight gain after taking
atypical antipsychotics (Czerwensky et al., 2013a). However,
Chowdhury et al. didn’t replicate the significant association of
rs17782313, but they reported that carriers of rs8087522-A gained
significantly more weight than non-carriers in white Americans
(Chowdhury et al., 2013). Located in theMC4R promoter region,
rs8087522 A-allele may affect the gene expression of MC4R by
binding to an unknown nuclear protein, while the G-allele has no
effect. A large-scale pharmacogenetic study in Chinese
schizophrenia patients reported the ubiquitous association
between rs489693 and metabolic measures, while rs17782313 is
less involved in antipsychotic-induced metabolic disturbances
(Zhang et al., 2019).

Brain-Derived Neurotrophic Factor
The BDNF is a member of the neurotrophic factor family
abundantly expressed in the hippocampus and hypothalamus.
Beyond a fundamental role in the brain development and
plasticity, BDNF is thought to play a major part in the
regulation of food intake (Rosas-Vargas et al., 2011). It is
reported that central infusion of BDNF can induce dose-
dependent food restriction and weight loss, perhaps via its up-
regulation of hypothalamic serotonin activity (Pelleymounter
et al., 1995). BDNF was also observed to regulate food intake
via its inhibitory effect on NPY and modulation of the dopamine
system (Wang et al., 2007; Cordeira et al., 2010). Researchers
have found reduced serum BDNF levels in first-episode drug
naive psychosis patients and a trend of greater reductions in
female patients (Jindal et al., 2010). Moreover, a significant
increase in BDNF levels in prefrontal cortex and cerebrospinal
fluid samples of postmortem schizophrenia patients was
reported (Issa et al., 2010). Thus, alterations in BDNF may
play a role in the pathophysiology of schizophrenia (Favalli
et al., 2012). Both typical (haloperidol) and atypical
antipsychotic drugs (clozapine, risperidone) decrease serum
BDNF levels in schizophrenia patients (Xiu et al., 2009) and
the expression of Bdnf mRNA in the hippocampus of rats
(Angelucci et al., 2000; Lipska et al., 2001; Chlan-Fourney
et al., 2002) although results are inconsistent in some studies
(Bai et al., 2003; Park et al., 2011a). Further, reduced serum
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BDNF levels may be related with weight gain in female but not in
male patients with schizophrenia under long-term antipsychotic
treatment (Zhang et al., 2007). The effect of BDNF on weight
gain induced by antipsychotics seems to be gender-specific but
the results are inconsistent.

Human BDNF gene is located on chromosome 11p14.1. The
Val66Met variant (rs6265) in the BDNF promoter region is the
most investigated SNP of the gene, showing an association of
cognitive impairment (Bath and Lee, 2006) and obesity (Skledar
et al., 2012). It markedly alters the intracellular trafficking and
packaging of pro-BDNF and impacts the activity-dependent
secretion of the mature peptide (Egan et al., 2003). The Met/
Met genotype of the BDNF Val66Met polymorphism has a
significant effect on BMI gain and metabolic syndrome in male
but not female schizophrenic patients treated with long-term
antipsychotic drugs (Zhang et al., 2008; Zhang et al., 2013; Fang
et al., 2016). However, these results are incompatible with some
studies that indicate Val/Val was associated with greater weight
gain induced by antipsychotics (Fonseka et al., 2015). Tsai et al.
failed to replicate the relationship between the Val66Met
polymorphism and body weight gain after long-term
antipsychotic treatment, but they found a visible difference in
percentage weight change in patients with different copies of
haplotype GTA (rs6265-rs11030101-rs12291186) (Tsai et al.,
2011). Additionally, a two-marker haplotype rs6265-rs1519480
was also reported to be associated with antipsychotic-induced
weight change in European ancestry (Zai et al., 2012).

The Cannabinoid 1 Receptor
The endocannabinoid system is involved in modulating energy
homeostasis by controlling food intake via central and peripheral
pathways, as well as stimulating lipogenesis and fat accumulation
(Di Marzo and Matias, 2005; Bluher et al., 2006). It may be
negatively regulated by leptin in the neural circuitry (Di Marzo
et al., 2001). In the hypothalamus, the interaction between the
endocannabinoid and NPY systems appears to be bidirectional,
and peripheral endocannabinoid levels are increased in obese
mice induced by neuropeptide Y overexpression (Vähätalo et al.,
2015). Encoding by the gene CNR1, the CB1 receptor mediates
the effects of cannabinoid binding primarily in the brain and also
presents in peripheral tissues, including adipocytes (Bensaid
et al., 2003), hepatocytes (Osei-Hyiaman et al., 2005), pancreas
(Nakata and Yada, 2008), muscle (Mendizabal-Zubiaga et al.,
2016), and the gut (Coutts and Izzo, 2004). Cnr1 knockout mice
experienced food restriction compared with wild-type littermates
(Di Marzo et al., 2001). Selective CB1 receptor antagonist
SR141716A (rimonabant) ameliorates diet-induced obesity of
mice through enhancement of fatty acid oxidation and energy
expenditure in white adipocytes (Jbilo et al., 2005), or
modulating macrophage inflammatory mediators via gut
microbiota alterations (Mehrpouya-Bahrami et al., 2017).
Clinical trials proved that rimonabant decreased body weight
and waist circumference in overweight or obese patients (Van
Gaal et al., 2005; Pi-Sunyer et al., 2006). The 3813G allele at the
exon 4 of CNR1 is associated with obesity-related phenotypes like
waist circumference and subscapular skinfold thickness in adult
men (Russo et al., 2007).
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Evidence from pre-clinical, clinical, genetic, postmortem, and
neuroimaging studies have indicated an important role of the
endocannabinoid system and cannabinoid receptors in the
pathophysiology of schizophrenia (Fakhoury, 2017). The G
allele frequency of the CNR1 1359G/A gene polymorphism
potentially relates to therapeutic response to atypical
antipsychotics (Hamdani et al., 2008). Alterations in CB1

receptor-mediated G-protein signaling by antipsychotic
treatment was different in a sex- and age-selective manner
(Wiley et al., 2008). Chronic treatment with aripiprazole
upregulated the gene expression of Cnr1 in the frontal cortex of
rats (Cheng et al., 2008). Risperidone increased CB1 receptor
binding in rat brain (Secher et al., 2010).Oral intake of haloperidol
or olanzapine produces region-specific increase in cannabinoid
receptor levels distinctly (Delis et al., 2017). Both CB1 receptor
antagonist NESS06SM and inverse agonist rimonabant reduced
food intake and weight gain and restored all blood parameters in a
rat model treated with olanzapine (Lazzari et al., 2017). However,
the results of the relationship between CNR1 polymorphisms and
antipsychotic-induced lipid disturbances differ from various
single nucleotide polymorphisms. A study of 20 tag SNPs found
the rs806378 polymorphism to be associated with weight gain in
European patients treated with clozapine or olanzapine (Tiwari
et al., 2010a). CNR1 polymorphisms -1359 G/A (rs1049353,
rs806368, and rs4707436) were not associated with
antipsychotic-induced weight gain (Monteleone et al., 2010;
Park et al., 2011b). A cross-sectional study of a naturalistic
cohort of 407 patients with schizophrenia showed the minor
alleles of rs6928499, rs1535255, and rs2023239 were associated
with lower levels of high-density lipoprotein cholesterol and
fasting glucose (Yu et al., 2013).
GENE POLYMORPHISMS RELATED
TO PERIPHERAL TISSUES

Leptin
Leptin is a peptide hormone predominantly secreted by
adipocytes, targeting hypothalamic nerve network to suppress
appetite. At peripheral level, leptin is involved in the regulation
of lipid and glucose metabolism in adipose tissue, liver, and
skeletal muscle, as well as gastrointestinal nutrient absorption
(Sáinz et al., 2015). Leptin resistance primarily takes
responsibility for obesity in some studies (Sáinz et al., 2015).
Serum leptin levels were elevated significantly after treatment of
olanzapine, clozapine, and quetiapine, whereas haloperidol and
risperidone produced nonsignificant leptin changes (Potvin
et al., 2015). The significant association between leptin
increases and BMI changes was observed across studies. Two
hypotheses about the role played by leptin in antipsychotic-
induced weight gain were proposed: leptin as an epiphenomenon
of weight gain, or antipsychotic-induced leptin resistance causing
weight gain (Panariello et al., 2012).

Therefore, the correlation between leptin gene (LEP) and lipid
disturbances induced by atypical antipsychotics has been a
research hotspot. Among the polymorphisms, LEP rs7799039
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(-2548A/G) was verified to be associated with weight gain in
many studies (Templeman et al., 2005; Kang et al., 2008; Shen
et al., 2014). A cross-sectional study showed that serum total
cholesterol (TC)/high-density lipoprotein (HDL) ratio in LEP
-2548G male carriers was lower than that of non-carriers after
taking AAPDs for more than 3 months, but not significant in
female patients (Gregoor et al., 2010). However, a longitudinal
study conducted by the same group found LEP -2548G was not
significantly associated with BMI change during treatment of
atypical antipsychotics (Gregoor et al., 2011). A haplotype of LEP
rs7799039G-rs10954173G-rs3828942G showed a significant
association with weight gain despite results of all the SNPs
were not significant (Brandl et al., 2012). A meta-analysis
indicated that the LEP -2548A allele was associated with an
increased risk of antipsychotic-induced weight gain in Asian
patients, while it seemed to decrease the risk in European
populations (Shen et al., 2014). Combined genotype analysis
revealed that gene-gene interaction between the LEP andHTR2C
polymorphisms was highly significant in their associations with
occurrences of metabolic syndrome, BMI, and waist
circumference (Yevtushenko et al., 2008).

Insulin-Induced Gene 2
In the endoplasmic reticulum (ER), insulin-induced gene
(INSIG) proteins form complexes with sterol-regulatory
element-binding proteins (SREBPs) and SREBP cleavage
activating proteins (SCAP), regulating cholesterol and lipid
fatty acid biosynthesis (McPherson and Gauthier, 2004). There
are two isoforms of INSIG proteins, INSIG1 and INSIG2.
INSIG2 is not a transcriptional target of SREBPs as INSIG1,
but it can also cause the retention of the SCAP/SREBP complex
in the ER in a sterol dependent way and thereby blocks
cholesterol synthesis (Yabe et al., 2002). The INSIG2/SCAP/
SREBP signaling may be altered by various antipsychotic drugs.
Both clozapine and haloperidol can activate the gene expressions
of the SREBP system in human glioma cells, which may be a
mechanism of therapeutic efficacy (Ferno et al., 2005). But the
upregulation of the lipogenesis in peripheral tissues can be a
cause of the metabolic side effects induced by antipsychotics.
Clozapine and risperidone significantly reduced INSIG2 and
activated the expression of SCAP/SREBP in rat liver (Cai et al.,
2015). It is reported that AAPD treatment induces early-stage
lipid biosynthesis in adipose-derived stem cells (ASCs) and such
abnormal lipogenesis can be reversed when INSIG2 expression
was increased (Chen et al., 2017). Three markers (rs17587100,
rs10490624, and rs17047764) localized within or near the
INSIG2 gene had a strong association with clozapine-induced
BMI gain in German patients with schizophrenia (Le Hellard
et al., 2009). However, significant associations of the three
aforementioned SNPs weren’t replicated in other European
patients (Opgen-Rhein et al., 2010; Tiwari et al., 2010b). Liou
et al. demonstrated that the C-C-C haplotype of INSIG2
rs11123469-rs10185316-rs1559509 significantly elevated the
risk of AAPD-induced metabolic syndrome (Liou et al., 2012).
This association can be attributed to the action of INSIG2
independently or the gene-gene interaction with INSIG1.
Frontiers in Pharmacology | www.frontiersin.org 9129
Adrenergic Alpha-2a Receptor
The sympathetic nervous system regulated by the hypothalamus
plays an important role in energy expenditure and lipolysis.
Adrenergic a-2 receptors are classified into three subtypes, a2A,
a2B, and a2C. Mice lacking a2A-adrenoceptors (ADRA2A)
showed increased energy expenditure, lipolysis, and
hyperinsulinemia (Ruohonen et al . , 2018). Atypical
antipsychotics have affinities for adrenergic receptors,
including subtypes of a2A, a2B, a2C, a1A, a1B (Roth et al.,
2004). The -1291 C/G promoter polymorphism (rs1800544)
located in the regulatory promoter sequence of the ADRA2A
gene may influence the transcription factor control. Association
between ADRA2A rs1800544 polymorphism and schizophrenia
was found in a study of Czech male patients with schizophrenia
(Lochman et al., 2013). Carriers of ADRA2A 1291-GG gained
more weight than the subjects with genotype 1291-CC in Asian
patients after long-term treatment of clozapine or olanzapine
(Wang et al., 2005; Park et al., 2006). But results of European-
Americans showed the carriers of the ADRA2A -1291C allele
gained more weight during treatment of 8.4 weeks on average
(Sickert et al., 2009). The association between ADRA2A -1291C/
G and the prevalence of metabolic syndrome wasn’t significant
among white patients using antipsychotics (Risselada et al.,
2010). No significant association between ADRA2A -1291C/G
and weight gain could be detected in another study among
complex ethnic subjects treated with different antipsychotic
drugs (De Luca et al., 2011). Conflicting results might be
attributed to ethnic differences and diverse observation periods.
RELATIONS BETWEEN GENES
IN CENTRAL NERVOUS SYSTEM
AND PERIPHERAL TISSUES

Gene expression in central nervous system is not readily
available, therefore, it is of great importance to find equivalent
evidence from the peripheral blood. It was reported that gene
expression in peripheral blood mononuclear cells could be used
as a fingerprint of central nervous system disease (Achiron and
Gurevich, 2006). Thus, we focus on the network connections
between the regulatory mechanisms of central nervous system
pathways and peripheral pathways. The connection of the overall
related genes mentioned in this review is shown in Figure 2. It is
obvious that antipsychotics might induce weight gain or
metabolic syndrome through central and peripheral ways. In
central nervous system, HTR2C, DRD2, LEP, NPY, MC4R,
BDNF, CNR1 polymorphisms play an important role in
regulating food intake, and they can be affected by AAPDs.
Besides, the lipid metabolism in peripheral tissues may be altered
by the SNPs of LEP, NPY, MC4R, CNR1, INSIG2, and ADRA2A.
As we can see in Figure 2, complex pathways are involved in the
modulation of energy intake and energy expenditure, that is
orexigenic and anorexigenic mechanisms. NPY/AgRP neurons
and POMC neurons play a fundamental role in the downstream
of the pathway of LEP, CNR1, and HTR2C. NPY is an orexigenic
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mediator whereas MC4R exerts anorexigenic effects. HTR2C
mediates the effects of multiple genes, such as LEP, CNR1, and
BDNF. Dopamine regulates appetite mainly through brain
reward circuits. Leptin is an upstream molecular bridging the
peripheral tissue and central nervous system. Secreted from fat
cells, leptin acts on the hypothalamus through the blood-brain
barrier, and ultimately suppresses appetite by triggering multiple
signaling cascades like NPY, MC4R, CNR1. In peripheral tissues,
multiple hormones or peptides affect lipid metabolism, such as
leptin, neuropeptide Y, melanocortin, endocannabinoids,
insulin, and norepinephrine, etc. Inhibition of lipolysis and
stimulation of lipogenesis lead to hyperlipemia and obesity.
CONCLUSION

Pharmacogenomics helps to find possible genetic polymorphisms
related to lipid disturbances induced by atypical antipsychotic
drugs and the variation among different patients. Nevertheless,
inconsistency and limitations have impeded the progress in this
field. As mentioned above, discrepancies often occur between
different studies on the same SNP. Several reasons are to be noted.
A small sample size may reduce the statistical power; and the
representativeness of the sample can be weakened if the frequency
of a certain base is low in a small sample. Ethnic, gender, and age
differences should be taken into account. Evidence has shown
worse lipid metabolic dysfunction in female schizophrenia
patients due to antipsychotics (Castellani et al., 2019). Sex
Frontiers in Pharmacology | www.frontiersin.org 10130
differences were also found in gene expression associated with
antipsychotic induced weight gain (Sainz et al., 2019). Younger
age has been reported to be a risk of greater antipsychotic-related
weight gain (Maayan and Correll, 2010; Greil et al., 2013). The
degree of the metabolic side effects varies from antipsychotics and
doses. Evidence suggested a dose-dependent effect between serum
levels and metabolic side effects of clozapine and olanzapine
although the relationship between daily dose and metabolic
disturbances is not clear. (Simon et al., 2009). First episode
drug-naive patients are more sensitive to the AAPDs than
chronic ones, which may cause the distinct exposure to the
adverse drug reaction. Long-term treatment and short-term
treatment might be different in the effects of weight gain or
metabolic syndrome. To observe the alteration of BMI, a long
enough study duration makes it easier to get a significant
result. For instance, LEP -2548A/G polymorphism showed
nonsignificant association with short-term (6-week and 3-
month) weight change but was associated with 9-month
antipsychotic-induced weight gain (Templeman et al., 2005).
Meanwhile, although metabolic syndrome was verified to be
related to weight gain for patients under the treatment of
clozapine (Bai et al., 2011), different indicators (BMI or blood
lipid levels, etc.) and diverse definitions can lead to inconsistency.
Significant end points vary from body weight (or BMI) increase
≥7% of baseline to change of metabolic parameters or presence of
metabolic syndrome. Hyperlipidemia (hypertriglyceridemia or
hypercholesterolemia) may be the outcome of weight gain or a
direct effect of antipsychotics. A rodent experiment found that
FIGURE 2 | Gene-gene interaction among genes associated with atypical antipsychotic-induced lipid disturbances. The central and peripheral pathways are
separated by brain-blood barrier, with leptin through it. Neuropeptide Y (NPY)/agouti-related protein (AgRP) neurons and pro-opiomelanocortin (POMC) neurons play
a fundamental role in the downstream of the pathway of LEP, CNR1, and HTR2C. NPY is an orexigenic mediator whereas melanocortin-4 receptor (MC4R) exert
anorexigenic effects. HTR2C mediates the effects of multiple genes, such as LEP, CNR1, and BDNF. Dopamine regulate appetite mainly through brain reward
circuits. As a bridge between the central and peripheral ways, leptin inhibits food intake by triggering multiple signaling cascades like NPY, MC4R, CNR1. In
peripheral tissues, multiple hormones or peptides modulating lipid metabolism, such as leptin, neuropeptide Y, melanocortin, endocannabinoids, insulin, and
norepinephrine etc. Inhibition of lipolysis and stimulation of lipogenesis lead to hyperlipemia and obesity. The solid and dotted lines indicate upregulation and
downregulation respectively. ↑: activated by AAPDs; ↓: inhibited by AAPDs; yellow arrows indicate compensatory effects rather than direct effects;
NE, norepinephrine.
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only olanzapine significantly induced weight increase in rats, but
both olanzapine and clozapine elevated blood lipid levels after 9-
week treatment at clinic equivalent doses (Liu et al., 2017).
Therefore, different outcome variables of lipid disturbances may
be analyzed separately. As for animal studies, we should paymore
attention to the different regions (the striatum, the hypothalamus,
etc.) and species differences when we compare the various
conclusions from a bulk of published work. For example,
anatomical studies and physiological experiments have
suggested significant interspecies differences in the distribution
of the cannabinoid 1 receptor both in central and peripheral
nervous system (Howlett et al., 2002). Furthermore, since some
genes participate in the metabolic side effects as well as the
pharmaceutical effect, the functions of the AAPDs can be
complex to analyze.

Genetic correlation study consists of single nucleotide
polymorphisms, haplotype analysis, gene-gene interaction,
genome wide association study (GWAS), etc. Several
susceptibility gene loci have been reported but the exact
mechanism hasn’t been illuminated. Additionally, correlations
do not imply causations. Hence, in vitro and in vivo studies are
needed to explore the specific effects of AAPDs on these related
genes and gene-gene interactions. Further functional analyses are
also required to verify which are the functional polymorphisms
and the specific functional consequences of these SNPs.Moreover,
both obesity and schizophrenia are polygenic diseases, so we can
speculate that the metabolic side effects of atypical antipsychotics
cannot be monogenic. Research strategies of monogenic diseases
are inapplicable to find out the complex causations currently.
Given the limitations of such research, more efficient methods are
in great need. The International Schizophrenia Consortium
proposed a polygenic risk score (PRS) test for schizophrenia
(International Schizophrenia C. et al., 2009). Now schizophrenia
polygenic risk score has been reported to be a potential predictor of
antipsychotic efficacy in patientswithfirst-episodepsychosis (Jian-
Ping Zhang et al., 2018). In addition, the hypothesis of an
omnigenic model proposed by Boyle et al. provide us with a new
perspective to understand gene effects—core genes and peripheral
genes. (Boyle et al., 2017).
FUTURE PERSPECTIVE

Although the pharmacologicalmechanisms and pharmacogenomics
of atypical antipsychotic drugs seem to be hard to figure
out, research on weight gain and dyslipidemia induced by
atypical antipsychotics is of great significance. On one hand,
combining genetic markers and relevant clinical indicators, a
Frontiers in Pharmacology | www.frontiersin.org 11131
pharmacogenetic model can be built to predict the risk of lipid
disturbances for an individual patient using atypical
antipsychotics. Consequently, it will allow clinicians to select
appropriate medication with less metabolic side effects and
enough efficacy for every patient and promote individualized
treatment. A multigene risk-model has showed promising
results of predicting antipsychotic-induced weight gain (Tiwari
et al., 2014). Moreover, the combinatorial model of genetic and
clinical data could help to identify patients at high risk for early
weight gain (Vandenberghe et al., 2016). On the other hand, the
more we know about the mechanism of the metabolic side effects
of atypical antipsychotics, the better we can tackle with this
troublesome adverse drug reaction. More specifically, maybe we
can develop novel molecules with high receptor selectivity or new
drug targets. And toxicities could be designed out by counter-
screening approaches combined with medicinal chemistry
methods when discovering selectively non-selective drugs
representing highly effective treatments (Roth et al., 2004).
Besides, combination with lipid-lowering medication might help
to attenuate weight gain or dyslipidemia. Metformin is a good try.
In a double-blind and placebo-controlled study, metformin
addition showed great efficacy, safety, and good adherence in
preventing olanzapine-induced weight gain in drug-naive first-
episode schizophrenia patients (Wu et al., 2008). In addition,
recently a preclinical study indicates that the selective protein
kinase Cb (PKCb) inhibitor, ruboxistaurin (LY-333531) prevent
long-term clozapine-induced weight gain through the inhibition
of the lipid droplet-selective autophagy process (Rimessi et al.,
2017). In summary, further studies focusing on the prediction
model and drug combination are needed. Decreasing the adverse
drug reactionwill help improve the compliance of patients, ensure
the therapeutic effect, and promote the life quality of them.
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Membrane phospholipid deficits have been well-documented in schizophrenia (SZ)
patients. Free fatty acids (FFAs) partially come from the hydrolysis of membrane
phospholipids and serve as the circulating pool of body fatty acids. These FFAs are
involved in many important biochemical reactions such as membrane regeneration,
oxidation, and prostaglandin production which may have important implications in
SZ pathology. Thus, we compared plasma FFA levels and profiles among healthy
controls (HCs), affective psychosis (AP) patients, and first-episode antipsychotic-
naïve schizophrenia (FEANS) patients. A significant reduction of total FFAs levels was
observed in SZ patients. Specifically, significant reductions of 16:0, 18:2n6c, and 20:4n6
levels were detected in FEANS patients but not in APs when compared with levels
in HCs. Also, disrupted metabolism of fatty acids especially in saturated and n-6
fatty acid families were observed by comparing correlations between precursor and
product fatty acid levels within each fatty acid family. These findings may suggest an
increased demand of membrane regeneration, a homeostatic imbalance of fatty acid
biosynthesis pathway and a potential indication of increased beta oxidation. Collectively,
these findings could help us better understand the lipid metabolism with regard to
SZ pathophysiology.

Keywords: first-episode schizophrenia, free fatty acids, antipsychotic-naïve, fatty acid pathway, plasma

INTRODUCTION

Schizophrenia (SZ) is a devastating neuropsychiatric disorder that affects approximately 20 million
people worldwide (GBD 2017 Disease and Injury Incidence and Prevalence Collaborators, 2018). It
imposes a massive economic burden on individuals with SZ, their families and the society. Previous
studies have linked SZ to widespread structural and functional brain alterations, including multiple
neurotransmitter pathway disruptions (Walsh et al., 2008; Kerner, 2009; Karam et al., 2010; Brisch
et al., 2014), white matter changes (Kubicki et al., 2005; Lener et al., 2014), and prefrontal-limbic
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network dysfunctions (Weinberger et al., 1988, 1992). Despite
plenty of theories proposed on the pathophysiology of SZ, none
of them can fully explain its symptomatology and underlying
etiology. Given the diverse biological findings reported in SZ, it is
possible that the etiologic heterogeneity of SZ could result from a
common pathogenic pathway (or a few pathways) that eventually
leads to the clinical syndromes.

As far as we know, currently no literature data illustrating
whether direct correlations between levels of plasma free fatty
acids (FFAs) and the composition of membrane FAs has been
reported. However, there is some evidence from two aspects
which suggests indirect associations between them. Firstly,
plasma FFAs have long been considered as a pivotal indicator of
essential FAs status of humans, reflecting the amount of FA source
that can be utilized in membrane phospholipid metabolism
(Holman et al., 1979). In support, a study has reported about the
FA composition of plasma and erythrocyte membranes in normal
individuals (Manku et al., 1983). It shows that most ratios of FAs
in plasma are like those in erythrocyte membranes except for
18:2n-6 and 22:4n-6, thought the phenomenon was not discussed.
Secondly, in vitro, the cellular FA composition is likely to change
due to the altered FA levels in serum used to grow established
cell lines (Stoll and Spector, 1984). In vivo, supplementation
of cod fish oil which is rich in omega-3 polyunsaturated fatty
acids (PUFA), will result in increased eicosapentanoic and
docosahexaenoic acid incorporations into the total phospholipids
of plasma, platelets, and erythrocytes in a dose- and time-
dependent manner (Von Schacky and Weber, 1985). Moreover,
it is well-established that phospholipase A2 (PLA2) can recognize
and cleave FAs from membrane phospholipids. It can bind to
the sn-2 acyl bond of phospholipids and catalytically hydrolyze
it, releasing arachidonic acid and lysophosphatidic acid into the
blood stream (Dennis, 1994). These may suggest that plasma FA
and membrane FA composition are dynamically linked.

As a major class of components of myelin, phospholipids play
a crucial role in maintaining myelinated neuronal axons in the
central nervous system (CNS) and peripheral nervous system
(PNS). Studies show that at least 70% of the dry mass of both
CNS and PNS myelin is formed by phospholipids (Baumann and
Pham-Dinh, 2001; Chrast et al., 2010). Interestingly, previous
findings (Gattaz et al., 1990; Horrobin et al., 1991; Pettegrew
et al., 1991; Noponen et al., 1993) have indicated that in
both CNS and peripheral tissues, SZ patients had an increased
breakdown of membrane phospholipids due to PLA2 activity.
Recent studies have shown that calcium-independent PLA2 plays
a crucial role in the regulation of phospholipid metabolism and
cell membranes functionality in the CNS (St-Gelais et al., 2004;
Schaeffer et al., 2005). In addition, increased activities PLA2
in SZ patients including drug-naïve patients, drug-free patients
and patients with different stages of SZ have been observed
(Smesny et al., 2005; Šakić et al., 2016). It is also reported that
higher concentrations of PLA2 in those patients are positively
correlated with the illness duration and episode numbers (Šakić
et al., 2016), while other studies suggest significant correlations
between PLA2 activity and positive symptoms (Gattaz et al.,
1990; Ross et al., 1997). The resulting FFAs, which are
not bound on cell membranes or proteins, are involved in

many important biochemical reactions such as regeneration of
membrane phospholipids (Rapoport, 2001; Yehuda et al., 2002),
production of prostaglandins (Flower and Blackwell, 1976; Kuehl
and Egan, 1980) and generation of adenosine triphosphates
via beta-oxidation in the mitochondria. FFAs originate from
lipolysis of membrane phospholipids and serve as dynamic lipid
pools in the body. Therefore, changes of FFA levels may have
significant implications in the SZ pathology. While lots of studies
focused on membrane phospholipid abnormalities, no study has
investigated the potential role of plasmatic FFAs in SZ pathology.
The aim of the current study thus is to test whether levels and
biosynthesis of plasma FFAs are altered in SZ patients at early
stage of disease development. Levels of FFAs were measured and
compared between the HC group and first-episode antipsychotic-
naïve schizophrenia (FEANS) group. To test if those potential
alterations of FFA profiles were unique features on SZ patients
and could be served as potential biomarkers of SZ, the affective
psychosis (AP) group including patients with bipolar disorder
and major depression was further added to the comparisons
of FFAs levels with the HC and FEANS groups. Furthermore,
correlations between the levels of different types of fatty acids
were explored in distinct groups of patients and controls.

MATERIALS AND METHODS

Clinical Design
Forty SZ antipsychotic-naïve patients were recruited during their
first episode of psychosis after they provisionally met diagnostic
and statistical manual of mental disorders (DSM-IV) criteria
for schizophrenia or schizophreniform disorder based on the
Structured Clinical Interview for DSM Disorders. In addition,
52 age-, race-, BMI-, and gender-matched healthy control
(HC) subjects and 24 patients with other psychotic disorders
(including psychotic bipolar disorder and major depression
with psychotic features), herein referred to as AP subjects,
were also recruited from the same community. Subjects in
AP group were in drug-free status at the time of enrollment.
Statistical Manual of Mental Disorders (DSM) version 4 was
used to diagnose the patients. To be diagnosed with SZ, two
of the following characteristic symptoms need to be met over
at least 1 month: delusions, hallucinations, disorganized speech,
grossly disorganized or catatonic behavior or negative symptoms
(e.g., flattened affect, alogia, amotivation, and avolition). Also,
the person should have social or occupational dysfunction or
failure to achieve a level of functioning expected for their age
and socioeconomic background. Lastly, continuous signs of the
disturbance must persist for a minimum of 6 months. No
somatic and psychiatric comorbidities were recorded on those SZ
patients. None of subjects were taking alcohol or cigarettes for at
least 14 days prior to the study or during the study. Also, none
of the subjects were on anticoagulants or lipid lowering agents
before or during the study. We confirmed that all participants
did not have an unbalanced diet, restricted diet or abnormal
eating habits. Eating habits between patients and HCs were
basically similar. In addition, blood samples were collected after
overnight fasting protocol to minimize the diet effect as well.
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Collected fresh blood was immediately separated for plasma
and transferred to the −70◦C freezer. Clinical symptoms were
evaluated prior to initiation of clinicians’ choice of antipsychotic
agents. Scale for the assessment of positive symptoms (SAPS)
and scale for the assessment of negative symptoms (SANS) were
used with the FEANS and AP group evaluation. The SAPS
has 34 items (including four global items) that constitute four
subscales measuring hallucinations, delusions, bizarre behavior,
and positive formal thought disorder. The SANS has 25 items
(including five global items) that constitutes five subscales
measuring affective flattening or blunting, alogia, avolition-
apathy, anhedonia-asociality, and attention. Each item was
scored by clinicians from 0 (no symptom) to 5 (most severe)
to evaluate the degree of each symptom. The demographic and
clinical characteristics of subjects are shown in Table 1.

Clinical Ethics
The study was approved by the Institutional Review Boards of
the University of Pittsburgh and the VA Pittsburgh Healthcare
System. All patients and control subjects were recruited from
UPMC Western Psychiatric Hospital in Pittsburgh. Diagnostic
assessments and clinical symptom ratings were performed by
experienced research clinicians, then reviewed and confirmed by
senior diagnosticians during diagnostic conferences attended by
research faculty experienced psychiatrists. All subjects including
controls were provided written informed consent prior to
participation in the research procedures.

Fatty Acid Methylation and Gas
Chromatography Analysis
Plasma FFAs were quantitatively determined by capillary gas
chromatography (GC) according to the procedure described by
Lepage and Roy (1988). In brief, FFAs were extracted from
50 µl of plasma containing internal standard (Tridecanoic
acid) and then converted to methyl esters by acetyl chloride-
methanol reagent. After the preparation, 1 µl of the resulting
fatty acid methyl esters was injected into GC for analysis. The
procedure used for GC analysis has been previously described
(Yao et al., 2002; Reddy et al., 2004). Briefly, prepared samples
including internal standard were injected into the capillary
column, with programmed control of oven temperatures. Each
sample was run under a splitless injection mode with helium
as the carrier gas (3 mL/minute) and with an inlet pressure
of 6.5 psi. All major peaks were eluted within 16 min. Typical
chromatography from a HC subject is shown in Supplementary
Figure 2. These peaks were then identified and determined by
comparing the retention times with those of standard mixtures
(Supelco, Inc.). Linear standard curve range of this assay is
from 0.25 nmol/mL to 1250 nmol/mL. The Lower Limit of
Quantification is 0.05 nmol/mL. Concentrations of each FFA
were then calculated by Agilent ChemStation. Each sample was
tested in duplicates and quality control samples made from the
plasma pool were used to check the differences between batches.
Intra-assay percentage of CV was below 5.0% and inter-assay
percentage of CV was below 6.5%.

Data Analysis Packages and Procedures
All tests were done using STATA (v 15.0) software packed.
Two-tailed p-values were applied to test the fatty acid levels
between groups. First, All data were checked for skewness by
quantile–quantile plots. Second, for FFA levels comparisons,
analysis of variance (ANOVA) with Bonferroni corrections on
post hoc comparisons were conducted across the HC, AP, and
FEANS groups. Third, Pearson correlation coefficients were used
to test associations between precursor FAs and product FAs
within certain fatty acid pathways. Fourth, Pearson correlation
coefficients were used to test associations between FAs and
clinical scales.

As there were significant differences between groups in
terms of sex and race (Table 1), these variables were used
as covariates in the statistical analysis. ANOVA analysis
with Bonferroni corrections on post hoc comparisons were
conducted to test differences between FFA levels across the
HC, AP, and FEANS groups. The Bonferroni correction was
applied when testing multiple null hypothesis in one data set.
Therefore, the critical p-value was adjusted to the number
of comparisons in a specific ANOVA post hoc test. Since
FFAs levels among three groups (three comparisons) were
compared, the critical p-value was set to: 0.05/3 = 0.0167.
Pearson correlation coefficients were used to test associations
between precursor FAs and product FAs within certain fatty acid
pathways. These precursor/product FFAs correlation analyses
were run with sex and race as covariates. These correlations
were utilized to reflect connections between the precursor
and product FFAs. We hypothesize that in SZ patients,
a disturbance of FFAs pathways will lead to the loss of
tight connections between precursor and product FFAs in
comparison to those in control groups. Also, correlations
between precursor and product FAs can indirectly implicated
the activity of the elongase and desaturase as indicated in
Supplementary Figure 1. Therefore, Correlation analysis were
conducted among major FAs within each FA family (n-6, n-
7, n-9, n-3, and saturated fatty acids) pathway. Specifically,
18:2n6, 18:3n6, 20:3n6, 20:4n6, and 22:4n6 were included in
n-6 correlation analyses; 16:1n7t, 16:1n7c, and 18:1n7 were
included in n-7 correlation analyses; 18:1n9t and 18:1n9c
were included in n-9 correlation analyses; 22:5n3 and 22:6n3
were included in n-3 correlation analyses; 14:0, 15:0, 16:0,
17:0, 18:0, 21:0, 22:0, and 17:1 were included in saturated
correlation analyses. Bonferroni corrections were applied to
the number of comparisons in the correlation analyses.
Precursor/product pairs that were analyzed: 18:2n6/18:3n6,
18:3n6/20:3n6, 20:3n6/20:4n6, 20:4n6/22:4n6, 18:2n6/20:3n6,
18:2n6/20:4n6, 18:2n6/22:4n6, 18:3n6/20:4n6, 20:3n6/22:4n6,
and 20:3n6/22:4n6 for the n-6 family (Bonferroni corrected
α level = 0.05/10 = 0.005); 16:1n7t/16:1n7c, 16:1n7t/18:1n7,
and 16:1n7c/18:1n7 for the n-7 family (Bonferroni corrected
α level = 0.05/3 = 0.0167); 18:1n9t/18:1n9c for the n-9
family (α level = 0.05); 22:5n3/22:6n3 for the n-3 family
(α level = 0.05); 14:0/16:0, 16:0/18:0, 18:0/22:0, 14:0/18:0,
14:0/22:0, 16:0/22:0, 15:0/17:0, and 17:0/17:1 for the saturated
fatty acids (Bonferroni corrected α level = 0.05/8 = 0.0063).
For the significant correlations that found between n-3 FFAs
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TABLE 1 | Demographic data of recruited subjects.

HC AP FEANS Comparisons

HC vs. AP HC vs. FEANS AP vs. FEANS

Numbers 52 24 40 NA NA NA

Sexa 31/20 13/11 26/14 <0.001 <0.001 <0.001

Age1 26.3 ± 7.4 26.9 ± 9.9 22.7 ± 8.1 ns ns ns

BMI2 25.2 ± 4.4 25.2 ± 6.9 23.3 ± 5.3 ns ns ns

Raceb 34/10/3/4 17/5/1/1 20/16/2/2 <0.001 <0.001 <0.001

SAPS3 NA 18.2 ± 14.9 26.0 ± 12.2 NA NA 0.0265

SANS4 NA 37.6 ± 9.5 44.1 ± 11.1 NA NA 0.0202

aMale/Female. Significant differences were observed in Sex ratios as tested by Pearson Chi-square test. bCaucasian/African American/Pacific Asian/Others. Significant
differences were observed in race ratios by comparing ratios of major race (Caucasian) numbers vs. other races numbers in total, as tested by Pearson Chi-square test.
1,2No significant difference was found in age, BMI, and SANS values as tested by analysis of variance among three groups. 3,4Significant differences were observed in
SAPS and SANS between AP and FEANS group as tested by two sample t-test. HC, healthy controls; AP, affective psychosis; FEANS, first-episode antipsychotic-naïve
schizophrenia patients; NA, Not Applicable; ns, no significant difference; BMI, body mass index; SAPS, scale for the assessment of positive symptoms; SANS, scale
for the assessment of negative symptoms. Note: Age, BMI, and clinical scores are expressed as mean ± standard deviation. In HC group, one subject is missing the
information of sex and race. Three subjects in FEANS group and one subject in AP group are missing BMI data due to missing height/weight values.

levels and clinical scales, the corrected Bonferroni corrected
α level = 0.05/4 = 0.0125 (SAPS/22:5n3, SAPS /22:6n3,
SANS/22:5n3, and SANS/22:6n3).

RESULTS

Comparisons of Plasma Fatty Acids
Levels Among All Groups
Significantly lower total levels of plasma FFAs were detected
in FEANS subjects than in HC and AP subjects (Table 2).
Specifically, the reductions of plasma FFAs were mostly noted in
saturated and n-6 fatty acid families (Table 2). Among saturated
fatty acids, the 16:0 levels were significantly decreased in the
FEANS group as compared with those in the HC and AP groups
(Table 2). Among the n-6 family of fatty acids, the 18:2n6c
and 20:4n6 levels were significantly lower in the FEANS group
as compared with the HC and AP groups (Table 2). On the
other hand, no significant differences were observed in each of
these FFA levels between HC and AP groups. Among the n-3
family of fatty acids, significantly lower total levels of n-3 FFAs
were observed in the FEANS group as compared with the HC
group. However, no significant differences in n-3 FFA levels were
detected between the FEANS group and the AP group compared
to the n-3 FFAs.

Correlations Within Fatty Acid Families in
HC, AP, and FEANS Groups
There was no significant correlation between any covariate
(sex/age) and any FFA index. In the present study, correlations
between fatty acids within each fatty acid family were also
examined with sex and age as covariates. As expected, there were
significant correlations between product and precursor within
certain fatty acid families, among the HC, AP, and FEANS
groups. Specifically, significant correlations were detected mainly
in saturated fatty acids, between 16:0 and 18:0, 16:0 and 22:0, and
between 18:0 and 22:0 (Figure 1). For the other families of fatty

acids, however, significant correlations were only observed in one
or two of the three groups.

In contrast with the findings mentioned above, significant
correlations between 18:3n6 and 20:4n6, as well as between
16:1n7c and 18:1n7, were identified only in the HC group, but
not in FEANS or AP groups (Figure 2). Interestingly, significant
correlations between 17:0 and 17:1, as well as between 18:3n6 and
20:3n6, were observed both in HC and AP groups, but not in the
FEANS group (Figure 3).

Correlations Between Free Fatty Acid
Levels and Clinical Scales in FEANS and
AP Groups
In FEANS and AP groups, no significant correlation was found
between SANS scores and total or any single FFA levels. However,
we observed a significant reversed correlation between levels of
22:6n3 and SAPS scores in the FEANS group when comparing
with that in the AP group (Figure 4).

DISCUSSION

In this study, levels of plasma FFAs were determined in SZ
patients experiencing their first episode of schizophrenia, patients
with a first episode of other (non-schizophrenia) psychotic
disorders and HC subjects. Understanding FFA profiles will
help us to better comprehend the altered lipid metabolism
in SZ. A recent meta-analysis study has revealed that several
polyunsaturated FAs levels were decreased in erythrocyte
membranes of SZ patients (Van der Kemp et al., 2012). It
has also been well-documented that the increased breakdown
of membrane phospholipids is mainly due to elevated PLA2
activities in SZ patients (Smesny et al., 2005), both in peripheral
tissues (Gattaz et al., 1990; Noponen et al., 1993) and CNS
(Horrobin et al., 1991; Pettegrew et al., 1991). It has been well-
documented that there is an increased breakdown of membrane
phospholipids due to elevated PLA2 activity in SZ patients,
both in peripheral tissues (Gattaz et al., 1990; Noponen et al.,
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TABLE 2 | Fatty acid concentrations in healthy controls (HCs, n = 52), affective psychosis (AP, n = 24), and first-episode antipsychotic-naïve schizophrenia patients
(FEANS, n = 40).

Fatty acida HC AP FEANS Comparisons

Fb HC vs. AP HC vs. FEANS AP vs. FENAS

Saturates

14:0 35 ± 16 29 ± 12 34 ± 20 1.065 ns ns ns

15:0 4.5 ± 1.8 5.9 ± 1.6 3.9 ± 1.9 9.313 0.002 ns <0.0001

16:0 357 ± 95 356 ± 82 295 ± 74 6.889 ns 0.0007 0.007

17:0 6.6 ± 4.5 6.6 ± 2.7 4.9 ± 1.8 3.001 ns ns ns

18:0 109 ± 30 125 ± 28 98 ± 21 7.917 ns ns 0.0004

21:0 5.1 ± 3.6 6.5 ± 2.5 4.5 ± 3.6 2.615 ns ns ns

22:0 11.2 ± 4.7 12.6 ± 4.5 9.0 ± 3.2 6.160 ns ns 0.001

Monoenes

16:1n7t 5.8 ± 2.4 6.9 ± 2.3 4.5 ± 1.6 9.963 ns ns <0.0001

16:1n7c 22.6 ± 10.7 26.7 ± 11.2 17.1 ± 7.8 7.577 ns ns 0.0003

17:1 9.2 ± 7.0 12.2 ± 4.1 7.8 ± 5.3 4.053 ns ns 0.014

18:1n9t 25 ± 14 27 ± 11 21 ± 12 1.864 ns ns ns

18:1n9c 227 ± 73 213 ± 54 181 ± 46 6.549 ns 0.001 ns

18:1n7 25 ± 10 28 ± 8 22 ± 8 4.304 ns ns 0.006

Dienes

18:2n6c 314 ± 75 322 ± 65 255 ± 62 10.511 ns <0.0001 <0.0001

20:2n6 5.1 ± 3.6 5.1 ± 2.3 3.6 ± 2.4 3.594 ns 0.013 ns

Trienes

18:3n6 5.6 ± 2.7 5.3 ± 1.9 4.6 ± 2.1 2.445 ns ns ns

20:3n6 5.3 ± 2.9 5.3 ± 2.3 4.3 ± 2.8 1.605 ns ns ns

Tetraenes

20:4n6 70 ± 17 75 ± 10 60 ± 16 7.748 ns 0.004 0.0004

22:4n6 13.4 ± 4.6 15.4 ± 4.1 12.9 ± 4.5 2.527 ns ns ns

Pentanenes

22:5n3 5.0 ± 2.6 5.7 ± 2.2 3.9 ± 2.7 3.869 ns ns 0.009

Hexananes

22:6n3 26 ± 9 25 ± 7 22 ± 3 4.584 ns 0.004 ns

Totals

Saturates 529 ± 129 542 ± 118 450 ± 91 7.012 ns 0.001 0.002

n-3 fatty acids 31 ± 10 31 ± 8 26 ± 5 5.756 ns 0.006 ns

n-6 fatty acids 413 ± 90 428 ± 65 340 ± 74 12.509 ns <0.0001 <0.0001

Grand totals 1288 ± 297 1315 ± 213 1069 ± 205 10.738 ns <0.0001 0.0003

aAll concentration values are expressed as mean ± standard deviation. Units: nmol/mL. bF-value with significant p in the analysis of variance (ANOVA) analysis has been
shown in bold. Critical p-values after Bonferroni Correction: 0.0167.

1993) and CNS (Horrobin et al., 1991; Pettegrew et al., 1991).
Gattaz and Brunner (1996) proposed that increased PLA2
activity in the prefrontal cortex could contribute to membrane
phospholipid deficits and eventually lead to hypofrontality in
schizophrenia. Several later studies supported this theory which
linked membrane phospholipid deficits to myelin dysfunctions
(Schmitt et al., 2004; Peters et al., 2012) and prefrontal cortex
abnormality (Taha et al., 2013). It is hypothesized that increased
lipolysis of membrane lipids would also be associated with
the dyslipidemia in SZ patients. Both increased levels of
serum triglycerides and decreased levels of serum high density
lipoproteins were found in antipsychotic-naïve SZ patients,
suggesting the disturbance of lipid profiles could occur during the
early course of the disease (Misiak et al., 2017). The FFAs released
from membrane phospholipids after hydrolysis by PLA enter

into the circulating system. Therefore, an increased breakdown
of membrane phospholipids through PLA could potentially
lead to higher levels of FFAs as we originally hypothesized.
However, instead of observing increased FFAs resulting from
increased breakdown of membrane phospholipids, we observed
significantly lower levels of plasma FFAs and disrupted linkages
in FFA biosynthesis pathways among FEANS patients. More
importantly, we did not observe significantly reduced FFAs
levels in AP group subjects, suggesting such reductions may
be trait features of SZ. Since many important biochemical
reactions were involved in those FFAs such as regeneration of
membrane phospholipids (Rapoport, 2001; Yehuda et al., 2002),
production of prostaglandins (Flower and Blackwell, 1976; Kuehl
and Egan, 1980) and generation of adenosine triphosphates
via beta-oxidation in the mitochondria, significantly lower
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FIGURE 1 | Tight correlations of fatty acids among healthy control (HC) subjects, affective psychosis (AP) patients, and first-episode antipsychotic-naïve
schizophrenia patients (FEANS). Critical p-value after Bonferroni correction: 0.0063.

levels of plasma FFAs and breakdown of correlations between
precursor/product FAs may serve as biomarkers of SZ, which
lead to three important implications with regard to SZ’s
pathophysiology.

First, reduced total FFA levels may imply an increased
regeneration of cell membranes and possible alterations in
beta-oxidations of fatty acid metabolism at the early course
of SZ. While plenty of studies have focused on the PUFA
levels in SZ (Van der Kemp et al., 2012), few have discussed
other FAs and the total FA levels in SZ (McEvoy et al., 2013;
Yang et al., 2017). Recently, a decreased total plasma FFA
levels was detected in FEANS patients with limited sample
sizes (Zhou et al., 2017, 2018). Unfortunately, the portion of
plasma FFAs after the hydrolysis by PLA2 from those membrane

phospholipids has not yet been explored. In our working
hypothesis, reduced levels of plasma FFAs may reflect a depleted
pool of those fatty acids resulting from an increased demand
of cell membrane regeneration during the early course of SZ
development. It is speculated that such demand was due to
the membrane phospholipid deficits. As suggested by previous
literature, oxidative stress could lead to such deficits through
membrane lipid peroxidation in SZ patients (Dietrich-Muszalska
and Kontek, 2010; Bitanihirwe and Woo, 2011; Boskovic et al.,
2011). Notably, while there is a general trend of decrease among
all families of FFAs, we found that n-6 and saturated family
FFA levels in FEANS group are significantly lower than those
in HC and AP groups. This finding implies that these two
fatty acid families are most vulnerable to oxidative stress at
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FIGURE 2 | Disrupted correlations of fatty acids both shown in affective psychosis (AP) patients and first-episode antipsychotic-naïve patients (FEANS). Critical
p-value after Bonferroni correction: for 18:3n6/20:4n6, critical p = 0.005; for 16:1n7c/18:1n7, critical p = 0.0167.

the early stage of SZ. As the body cannot synthesize n-6 fatty
acids by itself, it might be interesting to discuss the potential
dietary effects on these fatty acids here. When the fats get
absorbed through digestion system, they will breakdown and
then converted to triglycerides and lipoproteins, incorporated
into membrane phospholipids and further be broken down
into FFAs. Our previous study showed that when comparing
membrane-bound fatty acid levels in red blood cell samples,
no significant difference in either saturated or monounsaturated
fatty acids was observed between FEANS and control groups (Yao
et al., 2002). This finding suggested that dietary effects might not
have a significant impact on membrane phospholipid levels. In
the present study, there was no evidence of metabolic dysfunction
observed in these FEANS patients. At the meantime, FEANS
subjects’ BMI data were comparable with those in controls
(Table 1). Therefore, it’s not likely that the dietary effects played
a significant role here. Furthermore, previous studies showed
that several fatty acid beta-oxidation enzymes were significantly
increased in the brains of SZ patients, which implied enhanced
beta-oxidation in FEANS patients (Prabakaran et al., 2004). Up-
regulated beta-oxidation in peripheral tissues of SZ patient has
also been suggested by comparing product-to-precursor ratios of
serum FFAs (Yang et al., 2017). The decreased FFAs levels thus
may result from a depleted source in membrane phospholipids
as lipids metabolism was shifted toward beta-oxidation in the
cytosol. Oxidative stress might play a role in promoting lipid

beta-oxidation here, although the impact on FFA metabolism
by oxidative stress is still unclear and the mechanism by which
it caused the up-regulation of the beta-oxidation remains to be
determined. In summary, it is speculated that the reduction of
plasma FFA levels may be due to the increased regeneration of
membrane phospholipids and hyperactivity of beta-oxidation in
SZ pathology. A postulated model is proposed below to explain
the reductions of FFA levels (Figure 5) in SZ patients. In brief,
the extent of oxidative stress was accumulated in SZ patients
due to environmental or genetic factors. The increased oxidative
stress levels led to membrane phospholipid deficits, and thus,
more FFAs were taken up for regenerating cell membranes in
SZ patients. Also, increased oxidative stress levels resulted in an
increased activity of beta-oxidation on FFAs, and thus more FFAs
were metabolized through this reaction in SZ patients. As a result,
reduced levels of total plasma FFAs were observed in the FEANS
group when compared with the HC and the AP groups.

Second, our findings reflect a homeostatic imbalance of fatty
acid biosynthesis at the early stage of SZ. Most FFAs can be
synthesized by elongases and desaturases, and then go through
beta-oxidation to generate energy (Supplementary Figure 2).
Although some of precursor to product correlations persisted
across disease and normal status, some appeared to be lost in
the FEANS group. Our results suggest that the potential for
steady formation of fatty acids is altered early in the course of
illness. While alterations were also observed in the saturated
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FIGURE 3 | Disrupted correlations of fatty acids only present in first-episode antipsychotic-naïve patients (FEANS). Critical p-value after Bonferroni correction: for
17:0/17:1, critical p = 0.0063; for 18:3n6/20:4n6, critical p = 0.005.

FIGURE 4 | Significant reversed correlations between 22:6n3 and assessment of positive symptoms (SAPS) in first-episode antipsychotic-naïve patients (FEANS).
Critical p-value after Bonferroni correction: p = 0.125.

fatty acid family, it appears that the n-6 fatty acid family is the
one that was most altered in FEANS subjects but not in the AP
subjects. This may suggest that the n-6 fatty acid biosynthesis
is more disrupted than other fatty acid families at the early
course of the SZ while not in the other psychiatric disorders.
Although there was no difference of 22:6n3 between FEANS and

AP groups (Table 2), 22:6n3 levels were negatively associated
with SAPS scores only in FEANS and this very correlation is
absent in AP group (Figure 4). N-6 PUFA (especially arachidonic
acid and palmitic acid) can be viewed as proinflammatory
molecules, whereas n-3 PUFA (especially eicosapentaenoic acid
and docosahexaenoic acid) can be viewed as anti-inflammatory
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FIGURE 5 | Free fatty acids (FFAs) in lipid metabolism and postulated model
of reduced plasma FFA levels and its underlying mechanism in schizophrenia
pathophysiology. FFAs come from the lipolysis of membrane phospholipids
and serve as an active circulating pool in body. They are involved in many
important biochemical reactions including regeneration of membrane
phospholipids, beta-oxidation, and production of prostaglandins. In
schizophrenia, oxidative stress level was accumulated due to environmental or
genetic factors. Consequently, oxidative stress led to membrane phospholipid
deficits and increased activity of beta-oxidation of FFAs. Since more FFAs
were utilized to regenerate cell membranes and were metabolized through
beta-oxidation, levels of plasma FFAs were reduced in SZ patients. PLA2,
phospholipase A2.

molecules (Sears and Perry, 2015). More disrupted n-6 fatty acid
biosynthesis may be considered as a trait-like marker reflecting a
severer inflammatory status of SZ patients. However, n-3 PUFA
such as 22:6n3 levels could preferably serve as a state-like marker
in SZ, which is linked to the symptomatology. However, the
exact mechanisms of such alteration on n-6 family FFAs are
still unknown. In summary, our findings suggest a disrupted
biosynthesis of fatty acids, especially on n-6 fatty acids in the
early stage of SZ.

Third, a significantly reduced n-6 FAs may be attributed to
the blunted niacin-induced skin flushing in a subgroup of SZ
patients, which might be clinically useful in the diagnosis of
schizophrenia (Morrow et al., 1989, 1992; Ward et al., 1998; Puri
et al., 2001; Benyó et al., 2005; Maciejewski-Lenoir et al., 2006;
Tang et al., 2006; Lai et al., 2007; Messamore and Yao, 2016).
While the cause of such blunted skin flushing in SZ is still unclear,
our findings of a significant decreased arachidonic acid (20:4n6)
as well as its precursors in FEANS patients may offer a possible
explanation to the underlying mechanism that caused the blunted
niacin-induced response in SZ. It is speculated that reduced
levels of 18:2n6 and 20:4n6 may reflect a decreased pool for
subsequent production of prostaglandin vasodilators (PGD2 and

PGF2), which could lead to the blunted niacin-induced flushing
response in those SZ patients (Messamore et al., 2010).

LIMITATIONS

The present study of FFAs was mainly focused on FEANS
patients, while antipsychotic treatment effects on those FFAs
might also be an interesting research target. This is due to the high
prevalence of metabolic syndrome among antipsychotic-treated
SZ patients, especially among those treated by second-generation
antipsychotics (Casey et al., 2004; Wu et al., 2006). Although
promising clinical data showed the metabolic improvement
of SZ patient by n-3 FAs supplementation in a randomized
placebo-controlled trial (Xu et al., 2019), no literature had
reported the possible impact of antipsychotics on FFA profiles
in terms of metabolic syndrome. A previous preliminary study
was conducted by our group to demonstrate a significant increase
of total levels of FFAs after risperidone (a second-generation
antipsychotic) treatment when compared to baseline FEANS
patients (Zhou et al., 2017, 2018). Future in-depth study will
be conducted to investigate the effect of antipsychotics on lipid
profiles among SZ patients.

Based on our findings, significantly decreased levels of FFAs
within n-6 family were observed in the FEANS group, which may
imply a possible link to the blunted niacin-induced skin flushing
in a subgroup of SZ patients. However, niacin response data
in this clinical group was not available to validate the potential
relationship between n-6 FFAs and niacin-induced skin flushing
responses. Further studies are required to correlate plasma n-
6 FFAs, especially arachidonic acid, with niacin response data.
Also, since only a subgroup of SZ patients are presenting such
blunted skin flushing, it would be interesting to see if there is
a significant difference between a positive-flushing group and a
minimal/non-flushing group in terms of arachidonic acid levels.

Most FFAs are synthesized by elongases and desaturases
from substrate FFAs, and then go through beta-oxidation to
generate energy. However, this study did not measure the activity
of elongase and desaturase in those clinical subjects. Instead,
comparisons of correlations between precursor and product FFAs
among FEANS and control subjects were used to indirectly reflect
a possible disruption within metabolic pathways.

Last of all, subjects in the AP group were in drug-free status
at the time of enrollment. Patients in this group were recruited
after the relapse without at least 30 days of treatment. Therefore,
we cannot completely tease out the medication effect on the AP
groups in terms of FFA levels. Moreover, low sample size and
a lack of information regarding smoking status also became the
limitations of the study.

CONCLUSION

Significantly reduced plasma FFAs levels were observed for
FEANS patients, especially in 16:0, 18:2n6c, 20:4n6, and total
FFA levels, when compared with those levels in the (AP and
HC) control groups. Also, disrupted correlations of fatty acids
within saturated and n-6 fatty acid families were observed.
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These findings suggested an increased demand of membrane
regeneration, a homeostatic imbalance of the fatty acid
biosynthesis pathway, and a potential increase in beta oxidations.
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Introduction: It is well-known that altered hypothalamus–pituitary–adrenal (HPA) axis
process has an important role in the neurodegenerative process in schizophrenia (SZ).
However, this neurodegenerative mechanism has not been clarified in SZ. Therefore, the
main purpose of this study was to determine HPA axis damage in the first-episode,
unmedicated schizophrenia (FES) patients and chronic schizophrenia (CSZ) patients in
comparison with healthy controls (HC) by means of quantitative analysis of the peripheral
blood mRNA expression of glucocorticoid receptor (GR), GR transcripts containing exons
1B (GR-1B), and neuron specific enolase (NSE) genes and serum cortisol and NSE, a
specific serum marker for neuronal damage.

Methods: In the present study, 43 FES patients, 39 CSZ, and 47 HC were included. The
peripheral blood mRNA expressions for GR, GR-1B, and NSE genes were determined by
real-time quantitative polymerase chain reaction (RT-qPCR). Serum cortisol and NSE
were analyzed by electrochemiluminescence immunoassay technique.

Results: Levels of GRmRNAwere significantly lower in FES and CSZ than that in HC. The
expression of GR-1B mRNA was significantly decreased in CSZ when compared with that
in FES. Levels of NSE mRNA were significantly lower in CSZ than that in FES patients or
HC patients. CSZ patients showed significantly lower cortisol concentrations than FES
and HC patients. FES patients showed significantly higher NSE concentrations than CSZ
and HC.

Conclusion: Our findings support that there is disrupted HPA axis system in the SZ and
suggest that CSZ patients suffer a greater HPA axis damage than FES patients. Our
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research implicated underlying GR mRNA dysregulation in SZ and the potential
importance of the functional GR-1B transcription in CSZ.
Keywords: first-episode unmedicated schizophrenia (FES), chronic schizophrenia, glucocorticoid receptor, GR
transcripts containing exons 1B (GR-1B), cortisol, neuron-specific enolase, mRNA
INTRODUCTION

Schizophrenia (SZ) is a chronic severe neuropsychiatric disorder
affecting almost 1% of the population worldwide (1). The neural
diathesis stress model suggests that inappropriate and prolonged
psychosocial stress can trigger or worsen the schizophrenic
symptoms via the hypothalamus–pituitary–adrenal (HPA) axis
(2, 3), which is a neuroendocrine system that mediates the stress
response by secreting cortisol and maintains homeostasis in
various physiological systems (4).

The glucocorticoid receptor (GR) is an important mediator of
the maladaptive stress response by binding cortisol (5). Many
researches showed decreased expression of total GR mRNA in
the temporal cortex, in the dorsolateral prefrontal cortex
(DLPFC), hippocampus, and amygdala in SZ and bipolar
disorder (6–8). The human GR gene is a region of more than
80 kb within chromosome 5q31–q32, consisting of eight coding
exons (exons 2–9) and nine 5′ non-coding first exons (exons A,
B, C, D, E, F, H, I, J) (9, 10). Rodents and human GR levels are
almost completely mediated at transcriptional level, and each
non-coding exon variant is regulated by its own promoter, which
is conducive to the tissue specificity of GR expression (10–13).

Indeed, an analysis suggested decreased GR transcripts
containing exons 1B (GR-1B) mRNA expression in the DLPFC
in SZ cases, and GR-1B mRNA levels accounted for 48% of
variance in GR mRNA levels in the DLPFC (5). It is not known
whether GR mRNA and protein abnormalities occurring in the
orbitofrontal cortex (OFC), in the DLPFC, and/or in other brain
regions in psychotic illness may also be found in the peripheral
blood and to what extent GR expression patterns are found there.

Neuron-specific enolase (NSE) is an intracytoplasmic protein
primarily localized in neurons and neuroendocrine tissue and is
not actively secreted (14). Increased NSE in cerebrospinal fluid
or blood indicates neuronal destruction or brain damage. NSE
has been extensively regarded as a marker for neuronal damage
in several mental disorders, such as meningeal hemorrhage,
Guillain–Barre syndrome, the Creutzfeldt–Jakob disease,
thrombosis (15–17). NSE is also used for auxiliary diagnosis of
central nervous system (CNS) tumors and for damage evaluation
after traumatic brain injury and cerebral ischemia (17, 18). Other
studies found significant rising of NSE in sensory and temporal
cortex of schizophrenics and rising of serum NSE concentrations
in treatment refractory schizophrenics compared to healthy
controls (HC) (19). Egan et al. (20) found first-episode,
chronic schizophrenia; HC, healthy
y–adrenal axis; FES, the first-episode,
icoid receptor; GR-1B, GR transcripts
ecific enolase; RT-qPCR, real-time
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unmedicated schizophrenia (FES) patients had decreased
concentration of NSE in the cerebrospinal fluid (CSF) when
compared with those in chronic schizophrenia (CSZ) subjects.

Although altered HPA axis process is related to the
pathogenesis of SZ, only limited studies have been focused on
the systemic changes of mRNA and protein in FES and CSZ
patients and the change of serum concentrations that is easily
available in psychiatric patients. Moreover, several studies have
produced conflicting results (14, 21–24).

Based on the above referred publications, the purpose of the
present study was to determine whether CSZ patients suffer
greater HPA axis abnormalities than FES patients. In order to
address this aim, the expressions of GR mRNA and GR-1B
mRNA in the peripheral blood and the serum concentrations of
cortisol and NSE were quantified in FES, CSZ, and HC. We
sought to: 1) determine whether expression levels of GR and GR-
1B mRNA are altered in FES and/or CSZ cases compared to
controls; 2) quantify the expression of serum concentrations of
cortisol and NSE in FES and/or CSZ cases relative to controls,
and 3) determine if selected GR and GR-1B mRNA are related to
protein expression.
MATERIALS AND METHODS

Subjects
43 FES patients, 39 CSZ patients, and 47 HC were recruited from
the Department of Psychiatry in the Second Xiangya Hospital,
Central South University. All the patients were diagnosed formally
with SZ by two senior psychiatrists according to the Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition (DSM-V) and
evaluated using Positive and Negative Symptom Scale (PANSS) by
a senior psychiatrist. There is no history of antipsychotics for CSZ
patients for at least one month prior to study enrollment. All of the
patients signed an informed consent before participating in this
study. Patients were excluded from the study if they met one or
more of the following criteria: comorbid mental disorders, other
blood disease, a history of traumatic brain injury or intellectual
disability, or cardiac–cerebral vascular disease.

Analysis of Cortisol and NSE
Blood samples of participants were collected between 7.00 a.m. and
8.00 a.m. before food consumption. Serum cortisol and NSE were
determined using an electrochemiluminescence immunoassay
technique on a Cobas600 (Roche Diagnostics, IN, USA).

RT-qPCR
10 ml peripheral venous blood samples were drawn from fasting
FES, CSZ patients, and HC in the morning into EDTA tube.
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Peripheral blood mononuclear cells (PBMCs) were isolated and
stored at −80°C until the RNA extraction.

The RNA was extracted from PBMCs in MagNA Pure LC2.0
Automatic extractor with MagNA Pure LC Total Nucleic Acid
Isolation Kit–High Performance: automatic RNA extraction
using magnetic beads (Roche Diagnostics, IN, USA).
Complementary DNA (cDNA) was synthesized using
Transcriptor First Strand cDNA Synthesis Kit (Roche Applied
Science). Primers sequences were shown in Table 1. Each
reaction contained 10 ml 2× SYBR Green Mastermix (Roche
Applied Science), 1 ml of each primer pair (5 mM), and 5 ml of
template cDNA in a 20 ml reaction volume. All reactions were
performed with the Roche LightCycler 480 (Roche) using the
LightCycler 480 SYBR Green I Master (Roche). The reaction mix
was incubated at 95°C (10 min), followed by 40 cycles of 95°C
(10 s), 60°C (10 s), and 72°C (20 s). A single fluorescence read
was taken at the end of each 72°C step. Melting curve analysis
controlled the specificity of the amplification. Reactions were
performed in triplicate for each sample. The average value of the
replicates for each sample was calculated and expressed as a cycle
threshold (Ct). The housekeeper gene, b-actin and GAPDH were
used as the internal control. The relative mRNA amounts of
target genes were calculated by the 2−DDCt method.

Statistical Analysis
Data were shown as mean ± SD for normal distribution variables
(normality determined by Kolmogorov–Smirnov test). SPSS 18.0
software (version 18.0; Chicago, IL, USA) was used for statistical
analysis. Categorical data were analyzed using the c2 test. Data
were analyzed by one-way ANOVA followed by Bonferroni post
hoc corrected significance levels for comparison between each of
the three groups. Spearman correlation coefficients were
calculated for associations among variables. P < 0.05 was
considered statistically significant.
RESULTS

Demographic Characteristics
The demographic data of FES, CSZ patients, and HCwere shown in
Table 2. There were no significant differences in the mean age,
Frontiers in Psychiatry | www.frontiersin.org 3151
gender among three groups (P > 0.05). FES and CSZ groups showed
no significant between-group differences in PANSS (P > 0.05).

Whole Blood Glucocorticoid Receptor
mRNA Expression Levels
The semiquantitative evaluation of mRNA expression of GR
genes was performed using real-time PCR, and b-actin was used
as the internal control in peripheral blood. ANOVA analysis
revealed significant difference among these three groups, for GR
(F = 5.152, df = 128, P = 0.007). Figure 1 showed that levels of
GR mRNA were significantly lower (P = 0.008 and P = 0.005,
TABLE 1 | Primer sequences of the target genes and reference gene.

Gene Primer sequences Amplicon length (bp)

GR F-CAGCTCCTCAACAGCAACAACA 139
R-GTGCTGTCCTTCCACTGCTC

GR-1B F-CCGGGCCCAAATTGATATTCACT 205
R-GTCTTCGCTGCTTGGAGTCTG

NSE F-GAACAGTGAAGCCTTGGAGCT 218
R-TGGAGACCACAGATAGTCCC

b-actin F-TCCCTGGAGAAGAGCTACGA 136
R-TGAAGGTAGTTTCGTGGATGC

GAPDH F-CGAGATCCCTCCAAAATCAA 170
R-TTCACACCCATGACGAACAT
TABLE 2 | Demographic data for FES, CSZ patients and HC.

FES CSZ HC F orc2 P

Sex N (%) N (%) N (%)
Male 27(62.8) 24(61.5%) 29(61.7)
Female 16(37.2) 15(38.5%) 18(38.3)

Total 43 39 47 0.017 0.992
Smoking 0.171 0.918
Yes 22 19 25
No 21 20 22

Age(Mean ± SD) 22.26 ± 4.49 24.10 ± 4.60 23.32 ± 2.68 2.971 0.055
Male 21.70 ± 3.24 23.34 ± 4.34 22.79 ± 2.73
Female 23.19 ± 5.73 25.43 ± 3.98 24.11 ± 2.47

PANSS
Total 72.57 ± 20.50 72.20 ± 18.70 / 0.156 0.877
Positive 19.79 ± 4.97 18.1 ± 6.01 / 0.311 0.757
Negative 19.33 ± 6.85 21.08 ± 7.10 / 0.823 0.413
General 33.45 ± 9.77 32.90 ± 9.35 / 0.248 0.804
August 20
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FIGURE 1 | Representative of the relative mRNA expression of GR gene.
** means P < 0.01. Error bars denote mean and SD. FES, first-episode
schizophrenia; CSZ, chronic schizophrenia; HC, healthy controls; GR,
glucocorticoid receptor.
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respectively) in FES patients (0.834 ± 0.226) and CSZ patients
(0.820 ± 0.318) than that in HC (1.000 ± 0.316).

Human GR-1B mRNA Expression Levels
ANOVA analysis revealed significant difference among these
three groups, for GR-1B (F = 3.527, df = 128, P = 0.032). Figure 2
showed that the expression of GR-1B mRNA was significantly
decreased (P = 0.009) in CSZ patients (0.886 ± 0.319) when
compared with that in FES (1.000 ± 0.381).

Human NSE mRNA Expression Levels
ANOVA analysis revealed significant difference among these
three groups, for NSE (F = 3.491, df = 128, P = 0.034). Figure 3
showed that levels of NSE mRNA were significantly higher (P =
0.021 and P = 0.024, respectively) in FES patients (1.005 ± 0.414)
and HC patients (1.000 ± 0.381) than that in CSZ (0.806 ± 0.362).

Human Cortisol Expression Levels
ANOVA analysis revealed significant effects among these three
groups for cortisol (F = 4.177, df = 128, P = 0.018). The serum
level of cortisol in the CSZ group (430.51 ± 117.49 nmol/L)
was significantly lower than that in the FES group (494.51 ±
95.22 nmol/L) (P = 0.007) or in the HC group (482.66 ± 105.69
nmol/L) (P = 0.025), while no significant difference was found in
serum levels of cortisol between the FES group and HC group
(P = 0.598) (Figure 4).

Human NSE Expression Levels
ANOVA analysis revealed significant effects among these
three groups for NSE (F = 5.644, df = 128, P = 0.004).
Frontiers in Psychiatry | www.frontiersin.org 4152
Bonferroni post hoc test showed that the serum protein level
of NSE in the FES group (13.18 ± 2.76 ng/ml) was significantly
increased when compared with the HC group (11.54 + 2.20
ng/ml) (P = 0.003) or the CSZ group (11.63 ± 2.73 ng/ml)
FIGURE 2 | Representative of the relative mRNA expression of GR 1B gene.
** means P < 0.01. Error bars denote mean and SD. FES, first-episode
schizophrenia; CSZ, chronic schizophrenia; HC, healthy controls; GR 1B, GR
transcripts containing exons 1B.
FIGURE 3 | Representative of the relative mRNA expression of NSE gene.
** means P < 0.01. Error bars denote mean and SD. FES, first-episode
schizophrenia; CSZ, chronic schizophrenia; HC, healthy controls; NSE,
neuron-specific enolase.
FIGURE 4 | Representative of serum level of cortisol. * means P < 0.05,
** means P < 0.01. Error bars denote mean and SD. FES, first-episode
schizophrenia; CSZ, chronic schizophrenia; HC, healthy controls.
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(P = 0.007), while no significant difference was found in serum
levels of NSE between the CSZ group and HC group (P =
0.855) (Figure 5).

The Relationships Between GR and GR-1B
mRNA Transcription With NSE mRNA
Levels and Serum Cortisol Level Related
to Serum NSE Levels
We also assessed the relationships between GR and GR-1B
mRNA transcription with NSE mRNA levels and serum
cortisol level related to serum NSE levels using Spearman
correlations. However, there were no statistically significant
correlations of GR and GR-1B mRNA transcripts with NSE
mRNA levels or serum cortisol level and serum NSE levels
(P > 0.05).
DISCUSSION

In this study, we identified abnormal serum levels of cortisol in
CSZ patients and NSE protein levels in FES patients. We provide
further evidence of altered NSE mRNA in CSZ, GR mRNA in
FES and CSZ and decreased GR-1B mRNA in CSZ compared to
FES. These abnormalities particularly implicated the HPA axis
disorder in SZ and down-regulated GR mRNA in SZ, decreased
GR-1B mRNA transcriptional variant in CSZ. Our results also
suggest that dysregulation of GR mRNA and protein expression
arises in a different SZ stage.
Frontiers in Psychiatry | www.frontiersin.org 5153
Our results indicated the serum level of cortisol in CSZ
patients was significantly lower than that in the FES group or
in the HC group (P < 0.05). This concurs with other researches
(22, 25–28). Rui Peng, et al. (22) reported that atypical
antipsychotics could suppress the HPA axis activity by
lowering cortisol levels in serum based on the measured levels
between before and after treatment. However, another study
showed that atypical antipsychotic treatment could contribute to
increase serum levels of the cortisol (29). In addition, our
findings also showed no significant difference in serum cortisol
levels between the FES and HC groups (P > 0.05), which is
consistent with previous researches (24, 30, 31), while some
findings showed that CSZ patients had higher cortisol
concentration (22, 29) or no elevated diurnal cortisol level in
antipsychotic-naive, putatively at-risk children who present
multiple antecedents of SZ or a family history of illness (23).
Furthermore, dysfunctional HPA axis activities with reduced
cortisol decline have been associated with poorer cognitive
performance and memory deficits (25), poorer chronic
response to daily stressors (failure to dampen during the day)
(26), activation of dysfunctional dopamine pathways, and greater
symptom severity (27, 28) in SZ patients. Taken together, these
findings imply CSZ patients have more serious HPA axis
dysfunctions than FES patients.

In accordance with most reported studies in the dorsolateral
prefrontal cortex (DLPFC) (6, 23, 25–28, 32), we found that
decreased GR mRNA expression in the peripheral blood was
common to FES and CSZ, while decreased GR-1B mRNA
expression was present only in CSZ. This may occur because
other GR mRNA transcriptions including GR-1C (make up
about 66% of total GR mRNA) may dilute the diagnostic effect
(5). These results indicate that there is a significant imbalance in
the expression of GR mRNA in different schizophrenic cohorts
(7) and suggest GR-1B mRNA may be involved in the
transcriptional regulatory mechanisms in CSZ governing GR-
1B mRNA expression in CSZ. GR-1B mRNA transcript
expression can be regulated by tissue-specific transcription
factors (33, 34), GR promoter methylation (35), sequence
variation in the GR gene promoter region in the human
DLPFC (34). However, further research should be taken to
verify and clarify the role of GR-1B expression in SZ.

However, our results showed that although GR mRNA was
significantly reduced in both FES and CSZ, there were normal
serum levels of cortisol in FES but reduced cortisol in CSZ. We
hypothesize that feedback-regulated compensatory changes the
activity of theHPA axismay cause an increased cortisol output in
early stages of SZ, but this feedback compensation does not
persist as schizophrenia continues over time in CSZ subjects
(36). This may occur if GR-1B mRNA has an important role in
regulating the expression of cortisol since this was decreased in
CSZ and not FES.

In our present study, we only found increased serum NSE
level in FES and no differences between CSZ patients and
control subjects, while decreased NSE mRNA was found in
CSZ patients. These results are in agreement with the study
reporting increased serum levels of NSE in FES and normal
FIGURE 5 | Representative of serum level of NSE. ** means P < 0.01. Error
bars denote mean and SD. FES, first-episode schizophrenia; CSZ, chronic
schizophrenia; HC, healthy controls; NSE, neuron-specific enolase.
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serum levels of NSE in SZ (21). We speculate that CSZ patients
have more serious neuronal destruction, which contributes to
decrease of NSE mRNA in CSZ. The significant increase of
serum NSE level in FES may owe to a greater neuronal
disorder, which does not necessarily response to an active
neurodegenerative process but to the failure of the neuronal
energy mechanism that destroys membrane integrity and thus
impacts its permeability (16). In addition, we observe neither
correlation of NSE mRNA transcriptions with GR and GR-1B
mRNA levels nor serum NSE level related to serum cortisol
levels, suggesting that the change of NSE concentration has no
direct correlation with HPA axis disorder, which may be
regulated by other mechanisms.
LIMITATIONS

There are certain limitations in the study. The first limitation is
caused by the fact that we did not examine the impact of other
possible risk factors on cortisol, such as rhythmic time, the
potential role of antipsychotics and alcohol. In addition, the
concentrations of these proteins and mRNA transcription before
versus after antipsychotics treatment were not monitored. Last,
this was a pilot study, the sample size in this study might not
be large.
CONCLUSION

Our findings of altered mRNA and protein expressions associated
with HPA axis are consistent with many previous findings that SZ
patients suffer HPA axis abnormalities. Our research also shows
that some GRmRNA abnormalities found in the brains of patients
with SZ can also be found in the mononuclear cells of living
patients and may help specify that a decrease in GR-1B transcript
subtype may be particularly important in the later stages of the
disease characterized as chronic schizophrenia.
Frontiers in Psychiatry | www.frontiersin.org 6154
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Therapeutic Effects of Progesterone
and Allopregnanolone on
Ketamine-Induced Cognitive Deficits
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Ketamine exposure can model cognitive deficits associated with schizophrenia.
Progesterone (PROG) and its active metabolite allopregnanolone (ALLO) have
neuroprotective effects and the pathway involving progesterone receptor membrane
component 1 (PGRMC1), epidermal growth factor receptor (EGFR), glucagon-like
peptide-1 receptor (GLP-1R), phosphatidylinositol 3 kinase (PI3K), and protein kinase
B (Akt) appears to play a key role in their neuroprotection. The present study aimed to
investigate the effects of PROG (8,16 mg kg−1) and ALLO (8,16mg kg−1) on the reversal of
cognitive deficits induced by ketamine (30mg kg−1) via the PGRMC1 pathway in rat brains,
including hippocampus and prefrontal cortex (PFC). Cognitive performance was evaluated
by Morris water maze (MWM) test. Western blot and real-time quantitative polymerase
chain reaction were utilized to assess the expression changes of protein and mRNA.
Additionally, concentrations of PROG and ALLO in plasma, hippocampus and PFC were
measured by a liquid chromatography-tandem mass spectrometry method. We
demonstrated that PROG or ALLO could reverse the impaired spatial learning and
memory abilities induced by ketamine, accompanied with the upregulation of
PGRMC1/EGFR/GLP-1R/PI3K/Akt pathway. Additionally, the coadministration of
AG205 abolished their neuroprotective effects and induced cognitive deficits similar
with ketamine. More importantly, PROG concentrations were markedly elevated in
PROG-treated groups in hippocampus, PFC and plasma, so as for ALLO
concentrations in ALLO-treated groups. Interestingly, ALLO (16 mg kg−1) significantly
increased the levels of PROG. These findings suggest that PROG can exert its
neuroprotective effects via activating the PGRMC1/EGFR/GLP-1R/PI3K/Akt pathway in
the brain, whereas ALLO also restores cognitive deficits partially via increasing the level of
PROG in the brain to activate the PGRMC1 pathway.
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INTRODUCTION

Cognitive deficits have been recognized as a core feature of first-
episode and drug-naive schizophrenia patients (Aas et al., 2014;
Chu et al., 2019). Evidence indicates that cognitive symptoms in
schizophrenia involve alterations of the function of hippocampus
(Driesen et al., 2008) and prefrontal cortex (PFC) (Blot et al.,
2015), particularly during working memory tasks (Song et al.,
2018). Cognitive deficits can strongly predict long-term
functional disability in schizophrenia patients, but current
antipsychotic treatments lack efficacy for improving cognition
in patients (Hill et al., 2010). New adjunctive procognitive drugs
are urgently needed and are pivotal for achieving robust cognitive
and functional improvement in schizophrenia. Evidence supports
that antagonists of NMDA receptors such as PCP, ketamine or
MK801 can produce cognitive deficits manifested as relevant to
schizophrenia along with certain pathological disturbances seen
in the illness (Neill et al., 2010).

Increasing evidence suggests that neurosteroids have
neuroprotective properties on the central nervous system
(Rajagopal et al., 2018). Previous studies have shown that lack
of steroid hormones has an important role in the development of
neurological diseases including schizophrenia (Moore et al.,
2013), Parkinson’s disease (Nezhadi et al., 2016). It has been
demonstrated that the neurosteroids progesterone (PROG) and
allopregnanolone (ALLO) exert several functional effects in the
brain, such as neuroprotection against some nervous system
diseases, including traumatic brain injury (TBI) (Si et al.,
2013) and spinal cord injury (Cooke et al., 2013) and
schizophrenia-related cognitive dysfunction (Cai et al., 2018a).
The underlying mechanisms and the targets of their
neuroprotective effects have not been elucidated. As the major
active metabolite of PROG, ALLO has been shown to have
neuroprotective properties both in vitro (Frank and Sagratella,
2000) and in vivo (Morali et al., 2011). The prevailing view holds
that PROG exerts its neuroprotective effects through multiple
receptors: classical progesterone receptors (Pgr), PGRMC1,
membrane progesterone receptors (mPR), and GABAA

receptors after conversion to ALLO (Cooke et al., 2013;
Guennoun et al., 2015).

Progesterone receptor membrane component 1 (PGRMC1),
also called 25-Dx, is a multiprotein complex highly expressed in
the brain, especially in the hippocampus (Rohe et al., 2009). One
of the appealing features of PGRMC1 is its high affinity for PROG
and other steroids, which can promote cell survival and damage
resistance (Losel et al., 2008). Accumulating evidence supports
that PGRMC1 has unique effects in mediating the effects of
PROG in preventing apoptosis and promoting cell proliferation
and survival (Liu et al., 2009; Peluso et al., 2009). Specifically, it
has been demonstrated that increased proliferation induced by
PROG in neuroprogenitor cells from the adult rat hippocampus is
mediated through PGRMC1 since these cells lack Pgr and that
proliferation is inhibited after treatment with PGRMC1 siRNA
(Liu et al., 2009). Likewise, treatment with PROG after spinal cord
injury can upregulate PGRMC1 without affecting Pgr expression,
and this neuroprotective role of PROG through PGRMC1 can
also occur in the brain following TBI (Guennoun et al., 2008).

The PI3K/Akt signaling pathway is known to be pivotal for cell
survival and the maintenance of several neuronal functions, such
as memory formation and potentiation (Zhou et al., 2014). Under
certain conditions, the PI3K/Akt pathway can be activated to
exert its neuroprotective function by phosphorylating a battery of
protein substrates, including Nuclear factor erythroid-2-related
factor 2 (Nrf2), caspase-3/9, cAMP response element-binding
protein (CREB) and brain-derived neurotrophic factor (BDNF).
It is notable that PGRMC1 is able to activate intracellular Akt
signaling in cancer (Hand and Craven, 2003) through the
epidermal growth factor receptor (EGFR) tyrosine kinase
(Aizen and Thomas, 2015), the typical trafficking target for
PGRMC1. Moreover, increased PGRMC1-to-Akt activation
could increase survival signaling in ER (Estrogen receptor)-
negative tumors (Craven, 2008). A recent study reported that
the knockdown of PGRMC1 and AG205 treatment both
potentiated insulin-mediated phosphorylation of the IR
signaling mediator Akt (Hampton et al., 2018).

Cogent evidence has revealed that the PI3K/Akt pathway is a
putative downstream signaling pathway regulated by EGFR
(MacDonald et al., 2003) and GLP-1R to elicit multiple
biological responses, especially cognitive function (Zhu et al.,
2016; Xie et al., 2018). Intriguingly, PGRMC1 co-precipitates and
co-localizes with EGFR in cytoplasmic vesicles in cells (Ahmed
et al., 2010) and also serves as a novel component of the liganded
GLP-1R complex (Zhang et al., 2014). Therefore, it was likely that
PGRMC1 dually regulates the PI3K/Akt signaling pathway by
combining with GLP-1R and EGFR.

Taken together, the present study aimed to figure out 1)
whether the PGRMC1/EGFR/GLP-1R/PI3K/Akt pathway
underlies the mechanism of the neuroprotective effect of
PROG against ketamine-induced cognitive dysfunction and 2)
how ALLO exerts its neuroprotective function in the ketamine-
induced model. The mechanisms of the potential effects were
validated via AG205, a specific inhibitor of PGRMC1.

MATERIALS AND METHODS

Animals
To avoid possible influence of cyclic, systemic PROG fluctuation
caused by estrous cycle (Grassi et al., 2011; Di Mauro et al., 2015),
only male Sprague–Dawley rats were used in our study. Rats
weighting between 150 and 200 g (approximately 5 weeks old)
were purchased from Hunan Slack Jingda Experimental Animal
Co., Ltd. (Changsha, Hunan). In experiment 1 and 2, 18 rats (n �
3/group) were used to assess the effect of PROG and ALLO on
PGRMC1 expression in basal conditions. In experiment 3, 12 rats
(n � 6/group) were used for the validation of the inhibitory effects
of AG205 on PGRMC1. In experiment 4, a total of 49 rats were
used for exploring the potential mechanism underneath the
therapeutic effects of PROG and ALLO against ketamine-
induced cognitive deficits.

All rats were housed with free access to food and water, under
the conditions of a light-dark cycle (12 h/12 h), humidity at
45–50%, and room temperature (24–25°C). The animal
housing conditions were set as follows: home cage size at
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470 mm × 312 mm × 260 mm (length×width×height), three rats
per cage, poplar sawdust bedding. The water bottle was fulfilled
with purified water daily. The beddings were changed and cages
were cleaned and disinfected every 2 days. All rats were
acclimatized for 1 week before experimentation. The animal
research protocol was approved by the local Ethics Committee
of the Second Xiangya Hospital of Central South University
(Approval No. 2020008). All efforts were made to reduce
animal suffering and the number of animals used.

Chemicals and Reagents
2-Hydroxypropyl β–cyclodextrin was purchased from Sigma-
Aldrich Inc. (St. Louis, MO, United States). HPLC grade
acetonitrile (ACN), methanol and methyl tert-butyl ether
(MTBE) were supplied by Merck KGaA (Darmstadt,
Germany), and 2-propanol (IPA) was provided by Anaqua
Chemical Supply Inc. (Wilmington, DE, United States). PROG
and ALLO standards were purchased from Sigma-Aldrich
(Shanghai, China) and Steraloids Inc. (Wilton, NH,
United States), respectively. AG205 (purity ≥ 97.5%) was
synthesized by Jining Drug Research and Development Center.
PROG (purity ≥ 99.5%) and ALLO (purity ≥ 99.0%) were
obtained from Wuhan Chemduro Pharm Co., Ltd. Injectable
ketamine was acquired from the Second Xiangya Hospital of
Central South University. Based on most preclinical studies
(Kumon et al., 2000; Wali et al., 2014; Andrabi et al., 2017),
PROG or ALLO at 8 mg kg−1 or 16 mg kg−1 was mostly adopted
and further proved to exert neuroprotective effects in rats with
brain injury. The dose used for the PROG and ALLO treatments
was based on previous results suggesting that 8 and 16 mg kg−1 of
PROG and ALLO were optimal for facilitating recovery of
cognitive outcome in CNS impairment (Goss et al., 2003;
Djebaili et al., 2004; Morali et al., 2011). Moreover, we chose
five-day regime with one injection per day based on the two
considerations: 1) good cognitive and sensory recovery could be
obtained when 5 days of post-injury neurosteroid injections are
provided (Goss et al., 2003; Djebaili et al., 2004) and 2) five-day
administration was employed in building the animal model of
ketamine-induced cognitive deficits and the treatment with
neurosteroids should be conducted accordingly.

Enzyme activity assay kits for superoxide dismutase (SOD),
catalase (CAT) and glutathione peroxidase (GSH-Px) were
purchased from Nanjing Jiancheng Bioengineering Institute.
The Pentobarbital sodium solutions used for surgical
procedures were purchased as commercial preparations for
veterinary use.

Preparation of Drug Solution
Five ampoules of ketamine injection (0.1 g/2 ml) were diluted
with an additional volume of 100 ml of 0.9% saline water to
achieve a final concentration of 4.5 mg ml−1. PROG (8 mg ml−1),
ALLO (8 mg ml−1) and AG205 (7.3 mg ml−1) were initially
dissolved in 5% (v/v) ethanol and then further diluted in 0.9%
saline water containing 22.5% 2-hydroxypropyl β–cyclodextrin to
obtain the final concentration. All the solutions were injected
intraperitoneally. Due to lack of evidence in application of AG205
in animal models, we calculated the AG205 dose converted from

PROG according to their molecular docking score binding to
PGRMC1 (Detailed information of the calculation process is
illustrated in Supplementary Tables S1–S3).

Experimental Schedule
In experiment 1 (Supplementary Figure S1i) and 2
(Supplementary Figure S1ii), rats were randomly assigned to
vehicle- and PROG- or ALLO-treated groups. The vehicle-treated
animals received 0.9% saline water containing 22.5% 2-
hydroxypropyl β–cyclodextrin and the PROG- or ALLO-
treated groups received PROG (8 or 16 mg kg−1) or ALLO (8
or 16 mg kg−1) daily for five consecutive days. In experiment 3
(Supplementary Figure S1iii), animals were randomly assigned
to vehicle and AG205-treated groups. Intraperitoneal injection of
AG205 (7.3 mg kg−1) was conducted daily for five consecutive
days. Before sacrificing, a five-day MWM task was carried out to
evaluate the learning ability and spatial memory of rats, including
a four-day hidden platform trial and probe trial on the fifth day.
In experiment 4 (Figure 1A), the whole cohort was divided in two
main groups, referred to normal control (NC) group (n � 7) and
ketamine-exposed rats (Ket, n � 42). Firstly, in order to mimic
schizophrenia-like cognitive deficits in rats, ketamine was given
intraperitoneally daily at a dose of 30 mg kg−1 for five consecutive
days (Day 1–Day 5). Subsequently, MWM task (Day 5–Day 11)
was utilized to test spatial memory and learning ability to further
evaluated the effects of ketamine on cognitive function.
Ketamine-exposed rats were randomly assigned to six groups
(n � 7, each group) with different treatments: 1) vehicle; 2) PROG
(8 mg kg−1); 3) PROG (16 mg kg−1); 4) ALLO (8 mg kg−1); 5)
ALLO (16 mg kg−1); and 6) PROG (8 mg kg−1)+AG205. They
were administered intraperitoneal injection of vehicle (0.9%
saline containing 22.5% 2-hydroxypropyl β–cyclodextrin),
PROG (8 mg kg−1), PROG (16 mg kg−1), ALLO (8 mg kg−1 per
day), ALLO (16 mg kg−1), PROG (8 mg kg−1)+AG205
(7.3 mg kg−1) daily for five consecutive days (Day 11–Day 16).
Before sacrificing, the MWM task were carried out from day 16 to
day 20. All rats were fasted for 12 h before sacrifice. The rats were
anesthetized with 2% pentobarbital sodium solution (0.2 ml/
100 g), and tissue samples from the PFC and hippocampus
were collected and frozen immediately in liquid nitrogen.
Blood was collected from the truncal vessel in EDTA
anticoagulation vacuum tubes. The plasma was centrifuged at
4°C, 3,000 rpm for 15 min stored at −80°C before analysis.

Morris Water Maze
In order to evaluate the cognitive performance including learning
and spatial memory, we performed the MWM task experiments.
The water maze (Gene&I instruments, Beijing, China, model
number: CSI-MZ-WM-H) consisted of a circular pool, 1.8 m in
diameter, 60 cm in height, and 4.7 mm in thickness surrounded
by curtains. There were four different geometric shapes
positioned on the four walls as spatial cues. The pool was
filled with tap water at a depth of approximately 50 cm, and
the water temperature was maintained at 24–25°C. Meanwhile, a
sufficient amount of edible black pigment was added to obscure
the water. An escape platform was fixed in the center of the target
quadrant 1.0 cm underneath the surface of the water. Each rat was
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released along the wall into the center of one of three randomly
chosen quadrants of the maze. Trials were recorded and captured
using a video tracking system (Topscan system 3.0, CleverSys
Inc.) connected to a computer.

As described in previous studies (Moosavi et al., 2007;
Moosavi et al., 2012; Wang et al., 2014), in the hidden
platform trial, the rats were allowed to swim in the maze for
no more than 90 s until it located the hidden platform. If a rat did
not reach the platform within 90 s, the experimenter would guide
it to the platform, where it was kept for 20 s. There was a 30-s
interval before the next trial. A total of three training trials were
carried out in one day. In the probe trial phase, the platform was
removed from the pool. Each rat was placed in the center of the
farthest quadrant from the target quadrant, and each rat
performed only one trial. The tracking system recorded the
swimming path of each rat within 120 s. After the training
trials were finished, the rats were dried with towels before
being returned to their cages.

Western Blot
Proteins were extracted from the collected hippocampus and
PFC tissues and concentrations were measured as described
previously (Cai et al., 2015). Approximately 20 μg of protein was
loaded onto a 10% or 12% sodium dodecyl sulfate-
polyacrylamide gel, transblotted onto PVDF membranes,
blocked with 5% nonfat milk in TBST (0.1 M Tris–HCl, pH
8.5, 1.5 M NaCl, 0.5% Tween-20) or 5% BSA at room
temperature for an hour and incubated overnight at 4°C with
a primary antibody diluted to the appropriate concentration.
Primary antibodies, including rabbit anti-PGRMC1 polyclonal
antibody (12990-1-AP; 1:1,000), rabbit anti-EGFR polyclonal

antibody (18986-1-AP; 1:1,000), rabbit anti-GLP-1R polyclonal
antibody (26196-1-AP; 1:1,000), mouse anti-PI3K monoclonal
antibody (60225-1-lg; 1:5,000), rabbit anti-Akt polyclonal
antibody (10176-2-AP; 1:2,000), rabbit anti-CREB polyclonal
antibody (12208-1-AP; 1:1,000), mouse anti-Caspase 9
monoclonal antibody (66169-1-Ig; 1:500) were purchased
from Proteintech Group (Wuhan, China). Mouse anti-p-
EGFR monoclonal antibody (#2236; 1:1,000), rabbit anti-p-
PI3K monoclonal antibody (#4228S; 1:1,000), rabbit anti-p-
Akt monoclonal antibody (#4060; 1:1,000) and rabbit anti-
Caspase 3 monoclonal antibody (#9662; 1:1,000) were
purchased from Cell Signaling Technology, Inc. (Boston,
United States). Rabbit anti-BDNF monoclonal antibody
(ab108319; 1:1,000) was ordered from Abcam
(United Kingdom). After washing with TBST, the
membranes were incubated with horseradish
peroxidase–conjugated goat anti-rabbit IgG (BA1054; 1:5,000;
Boster, Wuhan, China) or goat anti-mouse IgG (BA1050; 1:
5,000; Boster, Wuhan, China) for 1 h at room temperature. The
film signal was digitally scanned and then quantified using
ImageJ software (National Institutes of Health, Bethesda,
MD, United States). The ratio to β-actin was calculated, and
the mean value of the NC group was set at 1.

Real-Time qPCR and Biochemical Assays
Total RNA from the hippocampus and PFC was isolated with
Trizol reagent and then converted to cDNA via the cDNA
Synthesis Kit (Life Technologies) according to the
manufacturer’s protocol. After the quantification of mRNAs,
amplification was performed with the following gene-specific
primers: Nfr2, forward: 5′-AGTGCAAGGCGGAGGTGA-3′

FIGURE 1 | Cognitive performance in the hidden platform trials of MWM test after ketamine exposure. (A) A diagram of the time course illustrating when the
procedures took place. (B) Learning ability manifested as escape latency and path length of ketamine-exposed rats (n � 42) vs. NC (n � 7). (C) The swimming traces of
the rats are illustrated (NC vs. Ket). ^p < 0.05, ^̂p < 0.01, and ^̂̂p < 0.001 for Ket vs. NC.
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and reverse: 5′-AGCCCGTTGGTGAACATAG-3’; β-actin,
forward: 5′- CATCCTGCGTCTGGACCTGG-3′ and reverse:
5′-TAATGTCACGCACGATTTCC-3’. The amplification
reaction consisted of an initial activation at 95°C for 15 min
and 40 cycles of denaturation at 95°C followed by a 30-s extension
at 60°C. The results are presented as the ratio to β-actin and were
normalized to the NC group.

The activity of antioxidant enzymes (CAT, SOD, GSH-Px) was
measured using commercial enzyme activity assay kits according
to the attached protocols.

Determination of Concentrations of PROG
and ALLO
Aliquots of 0.1 g of PFC/hippocampal tissue were
homogenized with 1 ml of prechilled methanol using a
Bioprep-24 Homogenizer System (speed: 3,500 rpm, time:
30 s, cycles: 3, interval: 30 s). Then, an aliquot of 300 μl of
the tissue homogenate or plasma was transferred and mixed
with 1,500 μl of methyl tert-butyl ether/methanol (1:1, v/v)
extraction solvent, vortexed for 3 min and centrifuged at
20627 g for 10 min at 4°C. A volume of 1,500 μl of the
resulting supernatant was evaporated to dryness using a
centrifugal vacuum concentrator at 4°C. The residue was
further resuspended with 100 μl of 2-propanol/acetonitrile/
water (21:9:70, v/v/v) solvent mixture. Finally, the
concentrations of PROG and ALLO in the tissues and
plasma were determined by an LC–MS/MS method as
reported elsewhere (Cai et al., 2019). Both lower limit of
quantifications (LLOQs) of PROG and ALLO were 0.05 ng/
ml for plasma, and were 0.15 ng/g for brain tissue, respectively.
For intra-assay, the coefficient of variance (CV) in PROG
ranged from 2.4 to 9.6%, whereas CV in ALLO ranged from
3.9 to 5.7%. For inter-assay, the CV in PROG varied between
3.9 and 7.1%, whereas CV in ALLO varied between 4.5
and 8.3%.

Statistical Analysis
The data are presented as the mean ± SD and were analyzed
using GraphPad Prism 8.0 (GraphPad Software, San Diego,
CA, United States). After ketamine exposure, performance in
the hidden platform trials in the MWM was analyzed using
repeated measures analysis of variance (RM-ANOVA), with
treatment and time as two independent variables, followed by
Dunnett’s t-test for post hoc test. For parameters in the first
probe trial, Mann-Whitney U test was used to evaluate
ketamine induced behavioral changes when building the
animal model of cognitive deficits. Differences in the
behavioral tests, mRNA expression, protein expression and
the enzyme activities in hippocampus across groups were
determined using Kruskal-Wallis one-way analysis of
variance followed by post hoc Dunn’s multiple
comparisons test. Statistical significance was considered at
p < 0.05.

RESULTS

The Effects of PROG, ALLO and AG205 on
PGRMC1 Expression in Basal Conditions
As illustrated in Supplementary Figure S1, compared with NC
group, sub-chronic PROG (16 mg kg−1) treatment markedly
downregulated the PGRMC1 expression both in hippocampus
(H � 5.956, p � 0.0250; post hoc p � 0.0341) and PFC (H � 6.252,
p � 0.0143; post hoc p � 0.0270). However, the inhibitory effects
of PROG (8 mg kg−1) and ALLO on PGRMC1 did not approach
significance (all p > 0.05). As depicted in Supplementary Figure
S1D, compared with NC group, AG205-treated rats exhibited
significantly longer escape latency on the 2nd, third, fourth and
fifth day respectively. For escape latency, an effect of treatment [F
(1, 25) � 92.76, p < 0.0001] and an effect of time [F (4, 25) � 297.4,
p < 0.0001], but no interaction [F (4, 25) � 0.9234, p � 0.2632].
while in the probe trial, AG205 treatment reduced the number of
target crossings (U � 0, p � 0.0022), the permanence time (PT)
(U � 0, p � 0.0022) and PT% in the target quadrant [U � 0, p �
0.0022]. Western blot experiment was utilized to measure the
level of PGRMC1 in rat brain including hippocampus and PFC.
As shown in Supplementary Figure S1C, AG205 markedly
downregulated the expression of PGRMC1 in hippocampus
(U � 0, p � 0.0022) and PFC (U � 0, p � 0.0022) compared
with normal rats, which provided support for the role of AG205
in co-administration with PROG.

Ketamine Exposure Impaired Memory
Performance in the MWM Test
First, we explored whether rats exposed to 30 mg kg−1 ketamine
sub-chronically for 5 days show memory impairment in the
MWM test. In the hidden platform phase, compared with NC
group, ketamine-exposed rats exhibited significantly prolonged
escape latency and path lengths on the third, fourth and fifth day
respectively (Figure 1B). For escape latency, an effect of
treatment [F (1, 250) � 14.40, p � 0.0002] and an effect of
time [F (4, 250) � 15.22, p < 0.0001] were observed without
interaction [F (4, 250) � 0.9594, p � 0.4304]. Similarly, for path
lengths there were an effect of treatment [F (1, 770) � 16.00, p <
0.0001] and an effect of time [F (4, 770) � 41.40, p < 0.0001], but
no interaction [F (4, 770) � 0.9234, p � 0.4497] existed. However,
in the probe trial, the ketamine-exposed rats showed significantly
less target quadrant crosses (U � 9.00, p < 0.0001, Cohen’s d �
1.363) and PT in the target area (U � 61.50, p � 0.0080, Cohen’s
d � 0.745) and a reduced PT% in the target area (U � 67.50, p �
0.0136, Cohen’s d � 0.686) (Table 1).

In order to avoid the influences of the performance during the
first MWM learning in ketamine-treated animals on the results of
the secondMWM. As shown inTable 2, it indicated that there are
no differences in escape latency (H � 0.6189, p � 0.9871, Cohen’s
d � 0.744) and path length (H � 0.8866, p � 0.9712, Cohen’s d �
0.718) on the third day among the groups randomly distributed
with the animals during first MWM test.
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Neuroprotective Effects of PROG and ALLO
on MWM Performance
Cognitive performance was evaluated by MWM task after add-
on PROG and ALLO treatments. In the hidden platform trial,
path length and escape latency were robustly shortened after
PROG and ALLO treatments (Figures 2A,B). For path length,
an effect of treatment [F (6, 420) � 169.7, p < 0.0001], an effect of
time [F (2, 420) � 664.3, p < 0.0001], and an interaction between
factors [F (12, 420) � 30.07, p < 0.0001]. For escape latency, an
effect of treatment [F (6, 420) � 343.2, p � 0.0002], an effect of
time [F (2, 420) � 857.7, p < 0.0001] and an interaction between
factors [F (12, 420) � 50.30, p < 0.0001]. Not all parameters
related to cognitive function were significantly affected in a
dose-dependent manner. In the probe trial, as compared with
ketamine group, treatments with PROG (8 mg kg−1) or ALLO
(8/16 mg kg−1) led to a significant increase in the number of
target crossings (H � 29.62, p < 0.0001, Cohen’s d � 2.267), less
PT in the target area (H � 22.79, p � 0.0009, Cohen’s d � 1.632)
and a reduced PT% in the target area (H � 28.85, p < 0.0001,
Cohen’s d � 2.185) (Table 1). In order to reflect the variances

between ketamine and NC groups more directly, Figures 2C,D
indicated that escape latency on the third day (H � 42.49, p <
0.0001, Cohen’s d � 5.147) and path lengths on the third day
(H � 45.40, p < 0.0001, Cohen’s d � 7.786) were shortened by
treatments of PROG or ALLO in comparison with ketamine
treatment.

Suppression of the PGRMC1 Signaling
Pathway by Ketamine and the Reversal
Effects of PROG and ALLO
To explore the potential modulatory effects of ketamine,
PROG and ALLO add-on treatments on the PGRMC1/
EGFR/GLP-1R/PI3K/Akt signaling pathway, the protein
expression of the five key factors (PGRMC1, EGFR, GLP-
1R, PI3K, Akt) and their phosphorylated forms (p-EGFR,
p-PI3K, p-Akt) in the hippocampus and PFC was compared
among groups.

In the hippocampus, sub-chronic ketamine treatment
significantly downregulated the protein expression of the five

TABLE 1 | Parameters of the probe trial in MWM test (mean ± SD).

Experiments Groups Parameters

Number of the
target crossingsa

PT in the
target quadrant (sec)b

Percentage (%) of
PT in the

target quadrantc

AKetamine exposure NC (n � 7) 8.57 ± 3.11 24.21 ± 5.02 35.68 ± 11.23
Ket (n � 42) 2.22 ± 1.55^̂̂ 16.83 ± 6.50^̂ 24.85 ± 8.43^

BAdd-on treatments (n � 7/group) NC 5.14 ± 1.57 41.70 ± 5.09 35.74 ± 6.73
Ket 1.71 ± 0.95^̂ 22.46 ± 7.47^ 21.02 ± 3.81^̂

PROG (8 mg kg−1) 4.43 ± 0.79** 36.51 ± 8.57* 35.24 ± 4.77*
PROG (16 mg kg−1) 2.29 ± 0.95 26.70 ± 6.07 27.78 ± 4.17
ALLO (8 mg kg−1) 4.00 ± 0.82* 37.13 ± 8.71* 39.79 ± 8.59**
ALLO (16 mg kg−1) 3.71 ± 1.11* 33.17 ± 9.71* 34.00 ± 9.41*
PROG (8 mg kg1) +AG205 2.57 ± 0.97# 22.63 ± 8.38# 17.71 ± 8.43##

A Before add-on treatments, ketamine strongly decreased the number of target crossings [U � 9.00, p < 0.0001, Cohen’s d � 1.363] along with permanence time [U � 61.50, p � 0.0080,
Cohen’s d � 0.745] in the target area and reduced percentage of permanence time in target area [U � 67.50, p � 0.0136, Cohen’s d � 0.686] in rats, as revealed by Mann-Whitney U test.
B The effects of add-on treatments onMWMperformance. Kruskal-Wallis test was used for analysis followed by Dunn’smultiple comparisons test for post hoc test. Data are expressed as
mean ±SD, n � 7 for each group.^p < 0.05,^̂p < 0.01, and^̂̂p < 0.0001 for Ket vs. NC. *p < 0.05, **p < 0.01 and ***p < 0.0001 for add-on of PROG and ALLO vs. Ket. #p < 0.05, ##p < 0.01 and
###p < 0.0001 for PROG (8 mg kg−1)+AG205 vs. PROG (8 mg kg−1).
aNumber of the target crossings [H � 29.62, p < 0.0001, Cohen’s d � 2.267].
bPT in the target quadrant [H � 22.79, p � 0.0009, Cohen’s d � 1.632].
cPercentage (%) of PT in the target quadrant [H � 28.85, p < 0.0001, Cohen’s d � 2.185].

TABLE 2 | Performance of ketamine-treated rats randomly assigned to each group before add-on treatments (mean ± SD).

A Ketamine exposure Groups Parameters on the 3rd day during the first MWM learning trial

Escape latency (sec)a Path length (cm)b

Ket-exposed rats (n � 7/group) Ket 51.00 ± 13.56 1699.0 ± 283.7
PROG (8 mg kg−1) 49.14 ± 17.68 1574.0 ± 361.6
PROG (16 mg kg−1) 50.00 ± 24.15 1714.0 ± 347.6
ALLO (8 mg kg−1) 50.14 ± 26.44 1570.0 ± 331.1
ALLO (16 mg kg−1) 51.43 ± 22.43 1652.0 ± 398.3
PROG (8 mg kg−1)+AG205 49.86 ± 16.89 1646.0 ± 394.1

Kruskal-Wallis test was used for analysis followed by Dunn’s multiple comparisons test for post hoc test. Data are expressed as mean ± SD, n � 7 for each experimental group.
aThere are no differences in escape latency [H � 0.6189, p � 0.9871, Cohen’s d � 0.744].
bThere are no differences in path length [H � 0.8866, p � 0.9712, Cohen’s d � 0.718] on the third day among the ketamine-treated groups during first MWM test before add-on treatments.
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key factors (PGRMC1:H � 38.01, p � 0.0002; post hoc p � 0.0001;
GLP-1R: H � 31.91, p � 0.0002; post hoc p � 0.0003; EGFR: H �
26.80, p � 0.0002; post hoc p � 0.0014; PI3K: H � 30.78, p <
0.0001; post hoc p � 0.0005; p-EGFR: H � 32.44, p < 0.0001; post
hoc p � 0.0014; p-PI3K: H � 33.76, p < 0.0001, post hoc p <
0.0001; p-Akt:H � 39.09, p < 0.0001; post hoc p < 0.0001) without
affecting Akt (p > 0.9999) compared to NC group (Figure 3).
Intriguingly, PROG administration did not activate the PGRMC1
signaling pathway in a dose-dependent manner. Only low dose of
PROG significantly upregulated the protein expression of
PGRMC1 pathway (PGRMC1, p � 0.0004; GLP-1R, p �
0.0214; EGFR, p � 0.0046; PI3K, p � 0.0298; p-EGFR, p �
0.0399; p-PI3K, p � 0.0159; p-Akt, p � 0.0373) without
affecting Akt (p > 0.9999) compared to Ket group (Figure 3).
In contrast, both doses of ALLO administration increased the
protein expression of PGRMC1 (p � 0.0130, p � 0.0030), GLP-1R
(p � 0.0169, p � 0.0039), PI3K (p � 0.0329, p � 0.0237), p-Akt (p �
0.0015, p � 0.0005). There was a significant difference in
PGRMC1 expression between the low dose and high dose of
PROG (PGRMC1, p � 0.0144), so as the case for ALLO
(PGRMC1, p � 0.0176) (Figure 3A). Similar with the
hippocampus, the synchronous expression of proteins involved

in the PGRMC1 signaling pathway also occurred in the PFC, and
the results are shown in Supplementary Figure S2.

Add-on PROG and ALLO Treatments
Alleviated the Modulatory Effects of
Ketamine on Downstream Molecules.
To gain insights into the PGRMC1-regulated signaling pathway,
the protein expression of downstream cognitive function-
related molecules regulated by the PGRMC1 signaling
pathway (including CREB, caspase-3/9, their cleaved forms,
and BDNF) were assessed by Western blot experiments in
the rat hippocampus and PFC after add-on treatments. As
shown in Figures 4A–F, the hippocampal protein expression
of CREB (H � 39.75, p < 0.0001; post hoc p � 0.0008) and
truncated BDNF (H � 44.92, p < 0.0001; post hoc p < 0.0001)
was significantly reduced and the protein levels of mature BDNF
(H � 42.13, p < 0.0001; post hoc p � 0.0001) and the ratio of
cleaved caspase-3/9 (including cleaved caspase-3 (17 kDa)/
caspase-3 [H � 44.76, p < 0.0001; post hoc p < 0.0001],
cleaved caspase-3 (19 kDa)/caspase-3 (H � 44.80, p < 0.0001;
post hoc p < 0.0001), and cleaved caspase-9/caspase-9 (H �

FIGURE 2 | Cognitive performance in the hidden platform trials of MWM test after add-on PROG and ALLO treatments. (A) Escape latency (B) Path length (C)
Escape latency on the third day and (D) path lengths on the third day were shortened by PROG (all p < 0.01) or ALLO treatment (all p < 0.0001) in comparison with
ketamine treatment. Data are expressed as mean ± SD, n � 7 for each experimental group. *p < 0.05, **p < 0.01 and ***p < 0.001 for add-on of PROG and ALLO vs. Ket.
#p < 0.05, ##p < 0.01 and ###p < 0.001 for PROG (8 mg kg−1)+AG205 vs. PROG (8 mg kg−1). +p < 0.05, ++p < 0.01 and +++p < 0.001 for PROG (16 mg kg−1) vs.
PROG (8 mg kg−1) and ALLO (16 mg kg−1) vs. ALLO (8 mg kg−1).
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45.91, p < 0.0001; post hoc p < 0.0001) were upregulated by
ketamine exposure.

PROG and ALLO may regulate hippocampal protein
expression in a dose-dependent manner but in a contradictory
way. Add-on treatment with PROG at 8 mg kg−1 or ALLO at
16 mg kg−1 markedly mitigated the increased level of mature
BDNF (PROG, p � 0.0171; ALLO, p � 0.0216) and the ratios
of cleaved caspase-3 (PROG, p � 0.0008; ALLO, p � 0.0310) and
cleaved caspase-9 (PROG, p � 0.0255; ALLO, p < 0.0001) induced
by ketamine. Meanwhile, PROG (8 mg kg−1) or ALLO
(16 mg kg−1) also ameliorated the decreases in CREB (p �
0.0176; p � 0.0003) and truncated BDNF (p � 0.0001; p � 0.0144).

Furthermore, we examined the mRNA expression of Nrf2 and
the activity of antioxidant enzymes in the hippocampus and PFC.
The quantification of antioxidant enzymes acts as an indirect
measure of oxidative stress. As illustrated in Figures 5A–D,
compared with NC group, ketamine markedly reduced the
mRNA expression of Nrf2 (H � 29.06, p < 0.0001; post hoc
p � 0.0238), the activity of CAT (H � 42.91, p < 0.0001; post hoc
p < 0.0001), GSH-Px (H � 41.75, p < 0.0001; post hoc p � 0.0060)
and SOD (H � 38.71, p < 0.0001; post hoc p � 0.0425) in the
hippocampus. Only PROG at 8 mg kg−1 ameliorated ketamine-
induced decreases in Nrf2 mRNA expression (p � 0.0453) and

CAT (p < 0.0001), GSH-Px (p < 0.0001), SOD (p � 0.0006)
activity. Synchronous changes in the PGRMC1 signaling pathway
also occurred in the PFC, and the results are shown in
Supplementary Figure S3.

Involvement of PGRMC1 in the Reversal
Effects of PROG on Ketamine-Induced
Cognitive Impairment
To confirm the regulation of PROG-mediated neuroprotection by
PGRMC1, PROG-treated rats were co-administrated with
AG205, which significantly weakened the protective effects of
PROG against ketamine-induced cognitive impairment. On one
hand, rats treated with the coadministration of AG205 and PROG
(8 mg kg−1) exhibited poorer cognitive performance manifested
as prolonged escape latencies (an effect of treatment [F (6, 420) �
343.2, p � 0.0002], an effect of time [F (2, 420) � 857.7, p < 0.0001]
and an interaction between factors [F (12, 420) � 50.30, p <
0.0001] in the MWM test compared with those of the PROG
monotherapy group (Figure 2). On the other hand, the addition
of AG205 abolished the neuroprotective effect of 8 mg kg−1

PROG against the ketamine-induced downregulated expression
of the PGRMC1 signaling pathway as well as the changes in

FIGURE 3 | Basal protein expression profile of the PGRMC1/EGFR/GLP-1R/PI3K/Akt pathway in the hippocampus. (A) PGRMC1, (B) EGFR, (C) p-EGFR, (D)
GLP-1R, (E) PI3K, (F) p-PI3K, (G) Akt, (H) p-Akt. Data are expressed asmean ± SD, n � 7 for each experimental group.^p < 0.05,^̂p < 0.01, and^̂̂p < 0.001 for Ket vs. NC.
*p < 0.05, **p < 0.01 and ***p < 0.001 for add-on of PROG and ALLO vs. Ket. #p < 0.05, ##p < 0.01 and ###p < 0.001 for PROG (8 mg kg−1)+AG205 vs. PROG
(8 mg kg−1). +p < 0.05, ++p < 0.01 and +++p < 0.001 for PROG (16 mg kg−1) vs. PROG (8 mg kg−1) and ALLO (16 mg kg−1) vs. ALLO (8 mg kg−1). The relative
expression data are presented as the ratio to the β-actin protein level. Note: In our study, the prototype protein and its phosphorylated form were separated in one gel
simultaneously. Therefore, the loading control images of β-actin are re-used for illustrative purposes in B and C, E and F, G and H.
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downstream molecules [AG205+PROG (8 mg kg−1) vs PROG
(8 mg kg−1), all p < 0.05, Figures 3–5].

Concentrations of PROG and ALLO in the
Plasma, Hippocampus and PFC after
Different Treatments
To investigate the relationship between the doses and
therapeutic effects of PROG and ALLO, we analyzed the
concentrations of PROG and ALLO in these tissues as
depicted in Figure 5. Compared with NC group, ketamine-
treated rats did not exhibit higher concentrations of PROG and
ALLO in hippocampus, PFC and plasma. When compared to
ketamine group, add-on treatments of PROG at 8
and16 mg kg−1 significantly increased the levels of PROG
without affecting the levels of ALLO in hippocampus [H �
41.34, p < 0.0001; post hoc p � 0.0310 (PROG at 8 mg kg−1), p �
0.0007 (PROG at 16 mg kg−1)], PFC [H � 43.18, p < 0.0001;
post hoc p � 0.0482 (PROG at 8 mg kg−1), p � 0.0017 (PROG at
16 mg kg−1)] and plasma [H � 39.53, p < 0.0001; post hoc p �
0.0375 (PROG at 8 mg kg−1), p � 0.0023 (PROG at
16 mg kg−1)]. As expected, ALLO concentrations in these
tissues were markedly elevated in both ALLO treated groups
at 8 mg kg−1 (all p < 0.001) and 16 mg kg−1 (all p < 0.001) vs.

ketamine group. Interestingly, ALLO treatment at 16 mg kg−1

also significantly increased the levels of PROG in hippocampus
(p � 0.0100), PFC (p � 0.0113) and plasma (p � 0.0453) as
compared with ketamine group.

DISCUSSION

Several key findings emerged in the present study. First, in basal
conditions, both PROG and AG205 administration showed
inhibitory effect on PGRMC1 expression in hippocampus and
PFC as well as impaired MWM performance in AG205-treated
rats. Second, ketamine significantly impaired hippocampal-
dependent memory performance of the rats in the MWM test
and downregulated the PGRMC1 pathway. Third, the cognitive
impairment induced by ketamine was reversed by PROG and
ALLO add-on treatments, and the PGRMC1/EGFR/GLP-1R/
PI3K/Akt pathway was upregulated. Fourth, the
coadministration of AG205 abolished the efficacy of PROG in
the MWM test and offset the regulatory effect of PROG on the
abovementioned PGRMC1 signaling pathway. Finally, high dose
of ALLO administration led to increased concentrations of PROG
in the plasma and brain, and this may be able to explain some of
its neuroprotective efficacy.

FIGURE 4 | Basal CREB/BDNF/caspase-3/9 protein expression in the hippocampus. (A) CREB, (B) truncated BDNF, (C) mature BDNF, (D) cleaved caspase-3
(17 kDa)/caspase-3, (E) cleaved caspase-3 (19 kDa)/caspase-3, (F) cleaved caspase-9/caspase-9. A representative blot is shown in (G). Data are expressed asmean ±
SD, n � 7 for each experimental group.^p < 0.05,^̂p < 0.01, and^̂̂p < 0.001 for Ket vs. NC. *p < 0.05, **p < 0.01 and ***p < 0.001 for add-on of PROG and ALLO vs. Ket. #p <
0.05, ##p < 0.01 and ###p < 0.001 for PROG (8 mg kg−1)+AG205 vs. PROG (8 mg kg−1). +p < 0.05, ++p < 0.01 and +++p < 0.001 for PROG (16 mg kg−1) vs. PROG
(8 mg kg−1) and ALLO (16 mg kg−1) vs. ALLO (8 mg kg−1). The relative expression data are presented as the ratio to the β-actin protein level.
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Effects of PROG, ALLO and AG205 on
PGRMC1 Expression in Basal Conditions
In healthy status, overload of exogenous PROG/ALLO
administration does appear to impair non-social learning and
memory tasks in normal rodents (Johansson et al., 2002;
Bychowski and Auger, 2012), which is in accordance with the
previous observation that administration of PROG represses
PGRMC1 transcription in rats in vivo. (Losel et al., 2008;
Zhang et al., 2014). However, when ketamine-induced
neurotoxicity and resulting suppression of PGRMC1 happen,
add-on PROG may switch its role and exert the neuroprotective
function via upregulation of PGRMC1 at an appropriate dose. So
far, the therapeutic effect of RPOG has not been reported in
ketamine-induced neurotoxicity, apart from the combination of

estrogen and PROG in ketamine-induced disrupted PPI in rats
(Van den Buuse et al., 2015). The discrepancy of PROG actions
was possibly due to different basal conditions (healthy vs. injured)
before PROG treatment, which warrants further exploration in
future studies. More interest has been aroused to explore whether
the neuroprotective effect of PROG can be observed when an
injury or deficiency is present, as in the case of sub-chronic
ketamine administration.

Effects of PROG and ALLO on Cognitive
Deficits Induced by Ketamine
Ketamine impairs cognition in both humans and animals
(Moosavi et al., 2012; Parwani et al., 2005), which can model

FIGURE 5 |Hippocampal Nrf2 mRNA expression and the enzyme activity of CAT, SOD, GSH-Px and the concentrations of PROG and ALLO in hippocampus, PFC
and plasma. (A)Nrf2, (B)CAT, (C)GSH-Px, (D) SOD, (E) PROG concentrations, (F) ALLO concentrations. *p < 0.05, **p < 0.01 and ***p < 0.001 for add-on of PROG and
ALLO vs. Ket. +p < 0.05, ++p < 0.01 and +++p < 0.001 for PROG (16 mg kg−1) vs PROG (8 mg kg−1) and ALLO (16 mg kg−1) vs. ALLO (8 mg kg−1).
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cognitive deficits associated with schizophrenia. It has been
reported that cognitive impairment induced by sub-chronic
ketamine exposure (30 mg kg−1 per day for five consecutive
days) remains stable for 21 days (Rushforth et al., 2011). The
MWM task was selected based on the extensive literatures (Zheng
et al., 2015; Sun et al., 2016) indicating that NMDA receptor
antagonists produce impairments in the MWM test.

Consistent with the emerging evidence, the data in our study
showed that rats exposed to sub-chronic ketamine for five
consecutive days exhibited impaired cognitive performance. It has
been previously reported that PROG exerts neuroprotective effects in
glutamate toxicity models (Van den Buuse et al., 2015) and improves
spatial learning performance in the MWM test after traumatic brain
injury (Djebaili et al., 2004; Jones et al., 2005). In the present
experiment, we observed that PROG and ALLO were both able to
attenuate ketamine-induced cognitive impairment in the MWM test.

PROG and ALLO Reversed the Inhibitory
Effects of Ketamine on the PI3K/Akt
Pathway and Its Downstream Molecules
It has been reported that decreased activity of the PI3K/Akt pathway
can, at least in part, explain the cognitive deficits in schizophrenia
(Zheng et al., 2012; Zuo et al., 2016). Based on the fact that the level
of Akt is significantly decreased in schizophrenia (Zheng et al., 2012),
our present study also revealed the downregulation of the PI3K/Akt
pathway in sub-chronic ketamine-exposed rats with cognitive
impairment. Preclinical evidence has also revealed that the
phosphorylation of Akt, which is crucial for PI3K-mediated
memory enhancement via boosting cell survival and protein
synthesis, can be elicited by PROG (Singh, 2001; Labombarda
et al., 2003). Therefore, it is inferred that an increase in PI3K/Akt
may be a contributing mechanism to improvements in spatial
learning by PROG. Interestingly, our data showed that both
PROG and its active metabolite ALLO increased the expression
of the PI3K/Akt signaling pathway.

CREB, as a key transcriptional regulator, participates in
multiple critical functions of the brain, including learning and
cell survival (Peltier et al., 2007). Akt is capable of activating
CREB, which then improves the expression of BDNF in pro-
survival signaling (Aguiar et al., 2011). BDNF is thought to be a
key regulator of learning and memory, which is involved in the
pathogenesis of schizophrenia and is especially related to
cognitive deficits (Nieto et al., 2013). Previous studies have
suggested that ketamine impairs the learning and memory
ability of rats and simultaneously markedly reduces the
protein expression of p-Akt, p-CREB and BDNF (28 kDa, also
called truncated BDNF) (Zuo et al., 2016). In addition, activated
CREB and BDNF can further modulate the transcription process
in the cell survival mechanism to ameliorate the neurotoxicity
induced by ketamine (Zuo et al., 2016). In accordance with our
study, cogent evidence has revealed that PROG (Singh and Su,
2013) and its active metabolite ALLO (Nin et al., 2011) can
strengthen cognitive function by upregulating the expression of
BDNF. Unlike truncated BDNF, another form of BDNF (14 kDa,
calledmature BDNF) wasmarkedly downregulated by PROG and
ALLO and upregulated by ketamine. Consistently, data (Carlino

et al., 2011) has revealed an increase in the level of mature BDNF
and a reduction in truncated BDNF in patients with
schizophrenia with cognitive deficits. Evidence has suggested
(Carlino et al., 2011) that truncated BDNF has similar
properties as those of pro-BDNF (the precursor of BDNF) and
can serve as an alternative of the inactive form of pro-BDNF,
leading to an increase in pro-BDNF. Furthermore, cognitive
impairment can mostly induce a compensatory increase in the
processing of pro-BDNF to generate mature BDNF. This may
provide an explanation for the reduction in truncated BDNF and
the upregulation of mature BDNF in the ketamine group.

Caspase-3 and -9 belong to a family of cysteinyl-aspartate-
specific proteases involved in apoptotic cell death. Previous studies
have shown that prolonged ketamine exposure significantly
increases cleaved caspase-3 and -9 levels, hence providing direct
evidence for the activation of the intrinsic apoptotic pathway (Zou
et al., 2009; Liu et al., 2013). In addition, another study (Djebaili
et al., 2004) showed that, compared with vehicle alone, ALLO
(16 mg kg−1) and PROG (8mg kg−1) are able to decrease cleaved
caspase-3 compared in injured rats.

Nrf2, a crucial regulator of oxidative stress, is activated by PI3K/
Akt signaling (Lee et al., 2014). Reduced activity of Nrf2 and related
antioxidant enzymes, including SOD, CAT and GSH-Px, have
been observed in ketamine-exposed rats (Zugno et al., 2014).
PROG reportedly protects neuronal cells from oxidative stress
by upregulating antioxidative enzymes (Sharma et al., 2011).

Consistent with the evidence above, we confirmed that
ketamine produced a significant increase in cleaved caspase-3
and caspase-9 and a decrease in CREB, BDNF and Nfr2, whereas
coadministration with PROG or ALLO ameliorated these
changes (Figure 3). Therefore, it is suggested that the
therapeutic effects of PROG and ALLO are associated with
their ability to influence CREB, BDNF, caspase-3/9 and Nrf2
expression to protect against ketamine-induced neurotoxicity.

Add-On PROG and ALLO Treatments
Reversed the Suppression of EGFR and
GLP-1R Induced by Ketamine
EGFR and GLP-1R are both positive regulators of the PI3K/Akt
pathway. Studies have shown that exendin-4 (an agonist of GLP-
1R) inhibits neuronal apoptosis by upregulating the GLP-1R/
PI3K/Akt signaling pathway (Xie et al., 2018). Preclinical
evidence has also suggested that GLP-1R in the brain
represents a promising new target for both cognitive-
enhancing and neuroprotective agents (During et al., 2003).
Similarly, it has also been reported that an adenosine A1

receptor agonist can activate the EGFR/PI3K/Akt pathway to
mediate neuroprotection in cortical neurons (Xie et al., 2009). It is
also known that EGFR can mediate Nrf2 signaling activation by
several other stimuli in the process of neuroprotection (Gu et al.,
2015). Although few studies have investigated the effect of
ketamine on EGFR and GLP-1R, it has been demonstrated
that neuroprotection mediated by EGFR and GLP-1R can be
abolished by using selective kinase inhibitors (Xie et al., 2009). In
support of the evidence above, our data also provides evidence
that PROG and ALLO exert their neuroprotective effects against
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ketamine by upregulating EGFR and GLP-1R signaling and
downstream molecules.

Role of PGRMC1 in the PROG-Mediated
Therapeutic Effects
As illustrated in Figure 6, PGRMC1 has the ability to interact
with EGFR and GLP-1R (Zhang et al., 2014). In the present study,
the PRGMC1-specific inhibitor AG205 significantly antagonized
the therapeutic effects of PROG in the MWM task and
downregulated the PGRMC1/EGFR/GLP-1R pathway, which
supports a role for PGRMC1 in the functional regulation of
EGFR and GLP-1R (Zhang et al., 2014).

Consistent with our results, previous findings have also
revealed that PGRMC1 protein levels are upregulated by
PROG in the brain after TBI (Meffre et al., 2005). Although
classic Pgr has multiple physiological functions, there is a lack of
evidence suggesting that the neuroprotection of PROG is
mediated by classic Pgr. Interestingly, our data demonstrate
that cotreatment with AG205, a specific inhibitor of PGRMC1,
reversed the neuroprotective effect of PROG. Given that PROG
possesses a high affinity for PGRMC1, the data suggest that the
neuroprotective effects of PROG against ketamine’s neurotoxicity
are mediated by PGRMC1. Studies on the potential role of

PGRMC1 as a participant in the antiapoptotic process of
PROG in rats have been performed (Qin et al., 2015).
Additionally, data (Su et al., 2012) have revealed that PROG
can elicit the release of BDNF in glia via a PGRMC1-mediated
signaling mechanism. Taken together, the evidence above
suggests that the upregulation of PGRMC1 expression after an
increase in brain PROG levels is associated with its
neuroprotective mechanism.

Neuroprotective Role of PGRMC1 Depends
on the Conversion between PROG and
ALLO
On one hand, ALLO is biosynthesized from PROG in the brain
through 5α-reductase- and 3α-hydroxysteroid dehydrogenase-
mediated reactions, which are irreversible and rate-limited by the
5α-reductase step (Dong et al., 2001). Due to its lipophilicity,
peripheral ALLO can readily cross into brain (Paul and Purdy,
1992). In ALLO-treated groups, the concentrations of PROG are
both endogenous and at the same baseline level before add-on
ALLO treatments. Exogenous-administration of ALLO can
interfere the normal conversion process from PROG to ALLO.
In our study, high dose of ALLO provided higher exogenous
concentration of ALLO, which could exert a much stronger

FIGURE 6 | Illustrative model of the mechanism underlying the neuroprotective effects of PROG and ALLO against ketamine-induced cognitive deficits. Under
certain conditions, the PI3K/Akt pathway can be activated to exert its neuroprotective function by phosphorylating a battery of protein substrates, including Nuclear
factor erythroid-2-related factor 2 (Nrf2), caspase-3/9, cAMP response element-binding protein (CREB) and brain-derived neurotrophic factor (BDNF). Furthermore, the
PI3K/Akt pathway is a putative downstream signaling pathway regulated by EGFR and GLP-1R to elicit multiple biological responses, especially cognitive function.
Intriguingly, PGRMC1 co-precipitates and co-localizes with EGFR in cytoplasmic vesicles in cells and also serves as a novel component of the liganded GLP-1R
complex. In the present study, the therapeutic effect of PROG or ALLO at least in part rely on the activation of PGRMC1/EGFR/GLP-1R/PI3K/Akt pathway in the brain.
Moreover, the PRGMC1-specific inhibitor AG205 significantly antagonized the therapeutic effects of PROG in the MWM task and downregulated the PGRMC1/EGFR/
GLP-1R pathway, which supports a role for PGRMC1 in the functional regulation of EGFR and GLP-1R, as well as their relation to neuroprotective effects.
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interfering effect in the conversion process than the ALLO
(8 mg kg−1) group, finally resulting in significantly elevated
PROG levels in the ALLO (16 mg kg−1) group. This fully
explains the higher level of PROG observed in the ALLO
(16 mg kg−1) group than in the ALLO (8 mg kg−1) group
(Figure 5).

Consistently, ALLO (16 mg kg−1) also exhibited a stronger
therapeutic effect in regulating the PGRMC1 pathway. On the
other hand, ALLO does not bind to classical intracellular PROG
receptors and exerts its neuroprotective actions via the
modulation of membrane-associated GABAA receptor sites
(Ishihara et al., 2013). Additionally, a clinical finding (Cai
et al., 2018b) suggested that low levels of ALLO may lead to
weaker neuroprotection or that excessive levels of ALLO are
involved in neuroprotection against excitotoxic damage in
patients with schizophrenia. This evidence suggests the
possibility of a dual action of ALLO in the present study, i.e.
directly via GABAA receptors at a lower ALLO and via
attenuating the conversion process simultaneously at high level
of ALLO resulting in an increased level of PROG in the brain to
directly activate PGRMC1. Intriguingly, a low dose of PROG did
not alter ALLO levels in these tissues and exhibited stronger
therapeutic effects than a low dose of ALLO, which suggests that
the neuroprotective effect of PROG is mostly mediated by PROG
itself, not via its metabolite ALLO.

Reports (Goss et al., 2003) have indicated that low and
moderate doses of PROG (8, 16 mg kg−1) are beneficial for
facilitating behavioral recovery, while a high dose (32 mg kg−1)
is either ineffective or potentially harmful in the MWM test in
rats. In accordance with this finding, our data also support that
either 8 or 16 mg kg−1 PROG possesses therapeutic effects.
However, the fact that 8 mg kg−1 PROG displayed better
therapeutic efficiency than 16 mg kg−1 PROG cannot be
ignored and greatly aroused our interest. First, previous
studies on PROG dose-response were conducted in a model of
TBI, while our study mimicked the ketamine-induced
schizophrenia; this difference probably led to complexities and
differences in PROG dose-response. Second, the accumulation of
PROG was reported to possibly mediate its suppressive effect on
PGRMC1 expression (Losel et al., 2008), which may result in
reduced neuroprotection and even further lead to neurotoxicity
under some circumstances. In agreement with our hypothesis,
previous studies have reported that subcutaneous injection of
PROG at a lower dose acutely or sub-chronically impairs social
recognition memory of normal rats both in a social
discrimination task and in a spatial task (Sun et al., 2010;
Bychowski and Auger, 2012). Nevertheless, the therapeutic
differences in the doses of PROG remain unclear at this stage
and require further elucidation.

Limitation
Although prepulse inhibition (PPI) is used to analyze early
attentional gating mechanisms in animal models of

schizophrenia, the reasons why our study selected MWM test
are as follows:

1. PPI deficits have been observed not only in schizophrenia but
also in other neuropsychiatric disorders, in which an increased
dopamine functioning is involved not in NMDA system
(Geyer, 2006; Schellekens et al., 2010).

2. Animal models (Vargas et al., 2016) and clinical data (Dawson
et al., 2000) both indicated that PPI deficits not only correlate
with cognitive impairment such as working memory or
alternation behavior, locomotion activity, but also some
negative symptoms described in schizophrenia.

In view of lacking specificity, the PPI deficits is not suitable
for evaluating the cognitive impairment modeled by ketamine.
Nowadays, there is still controversy about the use of ketamine
and other NMDAR inhibitors in well-establishment of
schizophrenia models in animals. However, it is well-
recognized that sub-chronic ketamine administration
induced neurotoxicity in rodents manifested as cognitive
impairments in the MWM test, as well as its relevance to
schizophrenia-like cognitive deficits (Moosavi et al., 2012;
Sabbagh et al., 2012). So far, a larger amount of preclinical
researches (Sun et al., 2016; Lu et al., 2017; Li et al., 2019) have
supported the application of MWM maze for the evaluation of
cognitive deficits induced by ketamine. Take these factors into
consideration, the MWM maze test is an appropriate choice
for our experiment.

Future Remarks
Evidence (Roof and Hall, 2000) suggests that the greater
neuroprotection afforded to females is likely due to the
effects of circulating estrogens and progestins. The
neuroprotection provided by exogenous administration of
these hormones extends to males as well. However, it is
evident (Chen et al., 2018) that the efficacy of
neurosteorids for cognitive function may differ between the
genders. Moreover, neurosteroids may be involved in the
gender differences found in the susceptibility to
schizophrenia (Huang et al., 2017). In future clinical
practice, it is recommended to measure the concentrations
of PROG to optimize the therapeutic regimen based on gender
differences.

CONCLUSION

In conclusion, our study demonstrated that treatments with
PROG or ALLO significantly ameliorate the cognitive
impairment due to ketamine’s neurotoxicity. The therapeutic
effects at least in part rely on the activation of PGRMC1/EGFR/
GLP-1R/PI3K/Akt pathway in the brain. Co-administration
with AG205, the specific inhibitor of PGRMC1, abolished
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the therapeutic effect of PROG on ketamine-induced
neurotoxicity, verifying the key role of PGRMC1.
Therefore, PROG or ALLO supplementation might be a
potential therapeutic strategy to restore cognitive function
in clinical practice. Specifically, the present study may shed
light on future possibilities for neurosteroid treatments to
enhance cognitive performance in neuropsychiatric diseases
and for the development of pharmacological solutions to
improve cognitive function by targeting on PGRMC1
signaling.
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