METABOLIC AND IMMUNE DISORDERS
ASSOCIATED WITH PSYCHIATRIC
DISEASE: POTENTIAL ETIOLOGY

AND PATHWAY FOR TREATMENT

EDITED BY: Richard Eugene Frye, Shannon Rose, Lourdes Martorell and
Richard G. Boles
PUBLISHED IN: Frontiers in Psychiatry

,frontiers Research Topics


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/research-topics/7529/metabolic-and-immune-disorders-associated-with-psychiatric-disease-potential-etiology-and-pathway-fo
https://www.frontiersin.org/research-topics/7529/metabolic-and-immune-disorders-associated-with-psychiatric-disease-potential-etiology-and-pathway-fo
https://www.frontiersin.org/research-topics/7529/metabolic-and-immune-disorders-associated-with-psychiatric-disease-potential-etiology-and-pathway-fo
https://www.frontiersin.org/research-topics/7529/metabolic-and-immune-disorders-associated-with-psychiatric-disease-potential-etiology-and-pathway-fo
https://www.frontiersin.org/research-topics/7529/metabolic-and-immune-disorders-associated-with-psychiatric-disease-potential-etiology-and-pathway-fo

:' frontiers

Frontiers eBook Copyright Statement

The copyright in the text of
individual articles in this eBook is the
property of their respective authors
or their respective institutions or
funders. The copyright in graphics
and images within each article may
be subject to copyright of other
parties. In both cases this is subject
to a license granted to Frontiers.

The compilation of articles
constituting this eBook is the
property of Frontiers.

Each article within this eBook, and
the eBook itself, are published under
the most recent version of the
Creative Commons CC-BY licence.
The version current at the date of
publication of this eBook is

CC-BY 4.0. If the CC-BY licence is
updated, the licence granted by
Frontiers is automatically updated to
the new version.

When exercising any right under the
CC-BY licence, Frontiers must be
attributed as the original publisher
of the article or eBook, as
applicable.

Authors have the responsibility of
ensuring that any graphics or other
materials which are the property of

others may be included in the

CC-BY licence, but this should be

checked before relying on the
CC-BY licence to reproduce those
materials. Any copyright notices
relating to those materials must be
complied with.

Copyright and source
acknowledgement notices may not
be removed and must be displayed

in any copy, derivative work or
partial copy which includes the
elements in question.

All copyright, and all rights therein,
are protected by national and
international copyright laws. The
above represents a summary only.
For further information please read
Frontiers” Conditions for Website
Use and Copyright Statement, and
the applicable CC-BY licence.

ISSN 1664-8714
ISBN 978-2-88963-958-8
DOI 10.3389/978-2-88963-958-8

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a
pioneering approach to the world of academia, radically improving the way scholarly
research is managed. The grand vision of Frontiers is a world where all people have
an equal opportunity to seek, share and generate knowledge. Frontiers provides
immediate and permanent online open access to all its publications, but this alone
is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access,
online journals, promising a paradigm shift from the current review, selection and
dissemination processes in academic publishing. All Frontiers journals are driven
by researchers for researchers; therefore, they constitute a service to the scholarly
community. At the same time, the Frontiers Journal Series operates on a revolutionary
invention, the tiered publishing system, initially addressing specific communities of
scholars, and gradually climbing up to broader public understanding, thus serving
the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include some
of the world’s best academicians. Research must be certified by peers before entering
a stream of knowledge that may eventually reach the public - and shape society;
therefore, Frontiers only applies the most rigorous and unbiased reviews.

Frontiers revolutionizes research publishing by freely delivering the most outstanding
research, evaluated with no bias from both the academic and social point of view.
By applying the most advanced information technologies, Frontiers is catapulting
scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals
Series: they are collections of at least ten articles, all centered on a particular subject.
With their unique mix of varied contributions from Original Research to Review
Articles, Frontiers Research Topics unify the most influential researchers, the latest
key findings and historical advances in a hot research area! Find out more on how
to host your own Frontiers Research Topic or contribute to one as an author by
contacting the Frontiers Editorial Office: researchtopics@frontiersin.org

Frontiers in Psychiatry

1 August 2020 | Metabolic and Immune Disorders Associated with Psychiatric Disease


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/research-topics/7529/metabolic-and-immune-disorders-associated-with-psychiatric-disease-potential-etiology-and-pathway-fo
mailto:researchtopics@frontiersin.org
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/

METABOLIC AND IMMUNE DISORDERS
ASSOCIATED WITH PSYCHIATRIC
DISEASE: POTENTIAL ETIOLOGY

AND PATHWAY FOR TREATMENT

Topic Editors:

Richard Eugene Frye, Phoenix Children’s Hospital, United States

Shannon Rose, University of Arkansas for Medical Sciences, United States
Lourdes Martorell, Institut Pere Mata, Spain

Richard G. Boles, Center for Neurological and Neurodevelopmental Health (CNNH),
United States

Citation: Frye, R. E., Rose, S., Martorell, L., Boles, R. G., eds. (2020). Metabolic and
Immune Disorders Associated with Psychiatric Disease: Potential Etiology and Pathway
for Treatment. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88963-958-8

Frontiers in Psychiatry 2 August 2020 | Metabolic and Immune Disorders Associated with Psychiatric Disease


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/research-topics/7529/metabolic-and-immune-disorders-associated-with-psychiatric-disease-potential-etiology-and-pathway-fo
http://doi.org/10.3389/978-2-88963-958-8

Table of Contents

05

17

28

42

63

78

86

103

118

131

146

Genetic Variants of the Brain-Derived Neurotrophic Factor and Metabolic
Indices in Veterans With Posttraumatic Stress Disorder

Lucija Tudor, Marcela Konjevod, Matea Nikolac Perkovic, Dubravka Svob Strac,
Gordana Nedic Erjavec, Suzana Uzun, Oliver Kozumplik, Marina Sagud,
Zrnka Kovacic Petrovic and Nela Pivac

A Subset of Patients With Autism Spectrum Disorders Show a Distinctive
Metabolic Profile by Dried Blood Spot Analyses

Rita Barone, Salvatore Alaimo, Marianna Messina, Alfredo Pulvirenti,

Jean Bastin, MIMIC-Autism Group, Alfredo Ferro, Richard E. Frye and
Renata Rizzo

Dynamic Patterns of Threat-Associated Gene Expression in the Amygdala
and Blood

Adriana Lori, Stephanie A. Maddox, Sumeet Sharma, Raul Andero,

Kerry J. Ressler and Alicia K. Smith

The Role of Neuroinflammation in Postoperative Cognitive Dysfunction:
Moving From Hypothesis to Treatment

Seyed A. Safavynia and Peter A. Goldstein

Variations in Mitochondrial Respiration Differ in IL-1B/IL-10 Ratio Based
Subgroups in Autism Spectrum Disorders

Harumi Jyonouchi, Lee Geng, Shannon Rose, Sirish C. Bennuri and

Richard E. Frye

Intellectual Disability Associated With Pyridoxine-Responsive Epilepsies:
The Need to Protect Cognitive Development

Bjornar Hassel, Ane Gretesdatter Rogne and Sigrun Hope

The Therapeutic Potential of Mangosteen Pericarp as an Adjunctive
Therapy for Bipolar Disorder and Schizophrenia

Melanie M. Ashton, Olivia M. Dean, Adam J. Walker, Chiara C. Bortolasci,
Chee H. Ng, Malcolm Hopwood, Brian H. Harvey, Marisa Moéller,

John J. McGrath, Wolfgang Marx, Alyna Turner, Seetal Dodd,

James G. Scott, Jon-Paul Khoo, Ken Walder, Jerome Sarris and Michael Berk
Neurological, Psychiatric, and Biochemical Aspects of Thiamine
Deficiency in Children and Adults

Shibani Dhir, Maya Tarasenko, Eleonora Napoli and Cecilia Giulivi
Mitochondrial Dysfunction is Inducible in Lymphoblastoid Cell Lines From
Children With Autism and May Involve the TORC1 Pathway

Sirish C. Bennuri, Shannon Rose and Richard E. Frye

Therapeutic Potential of Exogenous Ketone Supplement Induced Ketosis
in the Treatment of Psychiatric Disorders: Review of Current Literature
Zsolt Kovacs, Dominic P. D'Agostino, David Diamond, Mark S. Kindy,
Christopher Rogers and Csilla Ari

Neurobiology and Therapeutic Potential of Cyclooxygenase-2 (COX-2)
Inhibitors for Inflammation in Neuropsychiatric Disorders

Rickinder Sethi, Nieves Gomez-Coronado, Adam J. Walker,

Oliver D'Arcy Robertson, Bruno Agustini, Michael Berk and Seetal Dodd

Frontiers in Psychiatry

3 August 2020 | Metabolic and Immune Disorders Associated with Psychiatric Disease


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/research-topics/7529/metabolic-and-immune-disorders-associated-with-psychiatric-disease-potential-etiology-and-pathway-fo

167

187

196

214

234

Psychiatric and Cognitive Aspects of Phenylketonuria: The Limitations

of Diet and Promise of New Treatments

Killian Ashe, Wendy Kelso, Sarah Farrand, Julie Panetta, Tim Fazio,

Gerard De Jong and Mark Walterfang

Inheritance of HLA-Cw?7 Associated With Autism Spectrum Disorder (ASD)
Terry Harville, Bobbie Rhodes-Clark, Sirish C. Bennuri, Leanna Delhey,

John Slattery, Marie Tippett, Rebecca Wynne, Shannon Rose, Stephen Kahler
and Richard E. Frye

Microglial Phagocytosis of Neurons: Diminishing Neuronal Loss in
Traumatic, Infectious, Inflammatory, and Autoimmune CNS Disorders
Samuel F. Yanuck

Review of Clinical Studies Targeting Inflammatory Pathways for
Individuals With Autism

Sina Hafizi, Dina Tabatabaei and Meng-Chuan Lai

Autoantibody Biomarkers for Basal Ganglia Encephalitis in Sydenham
Chorea and Pediatric Autoimmune Neuropsychiatric Disorder Associated
With Streptococcal Infections

Jennifer L. Chain, Kathy Alvarez, Adita Mascaro-Blanco, Sean Reim,
Rebecca Bentley, Rebecca Hommer, Paul Grant, James F. Leckman,

Ivana Kawikova, Kyle Williams, Julie A. Stoner, Susan E. Swedo and
Madeleine W. Cunningham

Frontiers in Psychiatry

4 August 2020 | Metabolic and Immune Disorders Associated with Psychiatric Disease


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/research-topics/7529/metabolic-and-immune-disorders-associated-with-psychiatric-disease-potential-etiology-and-pathway-fo

l" frontiers

ORIGINAL RESEARCH
published: 27 November 2018

n Psychiatry doi: 10.3389/fpsyt.2018.00637
Check for
updates

Genetic Variants of the Brain-Derived
Indices in Veterans With
Lucija Tudor’, Marcela Konjevod’, Matea Nikolac Perkovic', Dubravka Svob Strac’,
Gordana Nedic Erjavec’, Suzana Uzun??3, Oliver Kozumplik?3, Marina Sagud*®,
Zrnka Kovacic Petrovic?¢ and Nela Pivac ™*
" Laboratory for Molecular Neuropsychiatry, Division of Molecular Medicine, Rudjer Boskovic Institute, Zagreb, Croatia,
2 Department of Biological Psychiatry and Psychogeriatry, University Psychiatric Hospital Vrapce, Zagreb, Croatia, ° Faculty of
Medicine, Josip Juraj Strossmayer University of Osijek, Osijek, Croatia, * School of Medicine, University of Zagreb, Zagreb,
Croatia, ° Department of Psychiatry, University Hospital Centre Zagreb, Zagreb, Croatia, ° Department of

OPEN ACCESS Psychopharmacology, Croatian Institute for Brain Research, School of Medicine, University of Zagreb, Zagreb, Croatia

Edited by: ) ) ) )

Richard Eugene Frye, Posttraumatic stress disorder (PTSD) is a trauma and stressor related disorder that
Phoenix Ch”de”’S ’;’OSSP”G’: may develop after exposure to an event that involved the actual or possible threat
nited States X . L. L . .

Feviewed b of death, violence or serious injury. Its molecular underpinning is still not clear.
eviewe! . . . .
EikaJ. worr,  Brain-derived neurotrophic factor (BDNF) modulates neuronal processes such as the

VA Boston Healthcare System, response to stress, but also weight control, energy and glucose homeostasis. Plasma

United States

Sian Hemmings,

Stellenbosch University, South Africa
Stefania Schiavone,

University of Foggia, Italy

*Correspondence:
Nela Pivac
npivac@irb.hr

Specialty section:

This article was submitted to
Molecular Psychiatry,

a section of the journal
Frontiers in Psychiatry

Received: 18 July 2018
Accepted: 08 November 2018
Published: 27 November 2018

Citation:

Tudor L, Konjevod M, Nikolac
Perkovic M, Svob Strac D, Nedic
Erjavec G, Uzun S, Kozumplik O,
Sagud M, Kovacic Petrovic Z and
Pivac N (2018) Genetic Variants of the
Brain-Derived Neurotrophic Factor
and Metabolic Indices in Veterans
With Posttraumatic Stress Disorder.
Front. Psychiatry 9:637.

doi: 10.3389/fpsyt.2018.00637

BDNF levels and a functional BDNF Val66Met (rs6265) polymorphism were reported
to be associated with PTSD, as well as with increased body mass index (BMI) and
dyslipidaemia in healthy subjects and patients with cardio-metabolic diseases, but these
results are controversial. The other frequently studied BDNF polymorphism, C270T
(rs56164415), has been associated with the development of different neuropsychiatric
symptoms/disorders. As far as we are aware, there are no data on the association
of BDNF Vale6Met and C270T polymorphisms with metabolic indices in PTSD.
Due to high rates of obesity and dyslipidaemia in PTSD, the aim of this study
was to elucidate the association of BDNF Val66Met and C270T polymorphisms
with BMI and lipid levels in veterans with PTSD. We hypothesized that BDNF
variants contribute to susceptibility to metabolic disturbances in PTSD. The study
included 333 Caucasian males with combat related PTSD, diagnosed according to
DSM-5 criteria. Genotyping of the BDNF Val66Met and C270T polymorphisms was
performed using the real-time PCR method. Results were analyzed using hierarchical
multiple linear regression and the Mann-Whitney test, with p-value corrected to
0.005. The results showed that BDNF Val66Met and BDNF C270T polymorphisms
were not significantly associated with BMI, total cholesterol, LDL-cholesterol,
HDL-cholesterol or triglycerides. Although the BDNF C270T polymorphism was
nominally associated only with HDL-cholesterol in veterans with PTSD, this significance
disappeared after controlling for the effect of age. Namely, slightly higher plasma
HDL values in T allele carriers, compared to CC homozygotes, were associated
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with differences in age. Our results, controlled for the critical covariates, revealed that
BDNF Val66Met and C270T were not significantly associated with metabolic indices in
veterans with PTSD and that these genetic variants do not contribute to susceptibility to
metabolic disturbances in PTSD.

Keywords: BDNF, Val66Met, C270T, BMI, plasma lipid levels, metabolic indices, PTSD

INTRODUCTION

Posttraumatic Stress Disorder

Posttraumatic stress disorder (PTSD) is a trauma- and stressor-
related disorder (1) that develops in some, but not all individuals
exposed to death, threatened death, actual or threatened serious
injury, or actual or threatened sexual violence. Its molecular
underpinning is still not clear. Various potential stressful
events or traumas happen to people during their lifetime,
but different populations vary in their exposure to traumatic
events (2, 3). PTSD commonly co-occurs with different somatic
disorders (4), such as cardiovascular, metabolic, dermatological,
musculoskeletal, and pulmonary diseases (5).

Metabolic Disturbances in PTSD

Metabolic complications and components of the metabolic
syndrome are associated with increased body mass index (BMI)
values or weight gain, and with other clusters of physiological,
biochemical, clinical, and metabolic factors that strongly increase
the risk of type 2 diabetes and different cardiovascular diseases
(6). These metabolic abnormalities include central obesity
measured as waist circumference, dyslipidaemia (reduced HDL
levels and increased triglyceride levels), high blood pressure,
insulin resistance, as well as raised fasting plasma glucose.
People with a sedentary life style, who do not exercise, consume
a high fat diet and develop these metabolic abnormalities,
have increased risk for cardiovascular and metabolic
disorders (6).

Metabolic syndrome is frequent in PTSD (7-14). Metabolic
complications include insulin resistance (15), higher mean
triglycerides, higher blood pressure and fasting glucose levels,
and lower HDL values in individuals with PTSD than in subjects
from the general population (8). Young US veterans with PTSD
had BMI values in the overweight range, higher than controls
(15). Similarly, Croatian veterans with combat related PTSD
had more frequently comorbid cardiometabolic disorders than
control subjects (5), and this population had a high prevalence of
obesity (16). Therefore, there is an urgent need for establishing
the potential biomarkers of metabolic disturbances in
PTSD (17).

Brain-Derived Neurotrophic Factor

The most abundant neurotrophin in the central nervous
system is brain-derived neurotrophic factor (BDNF) and it
modulates neuronal differentiation, synapse formation, survival,
support and function of neurons, brain neurotransmission,
proliferation, long-term potentiation, and synaptic growth
in the central nervous system (18). Due to its localization
and expression in the limbic system, brain regions that

are involved in the regulation of fear and stress responses,
and its modulatory role in dopaminergic, serotonergic and
glutamatergic synthesis, metabolism, neuronal activity and
release (18, 19), it is not surprising that BDNF is involved in the
development of different neuropsychiatric disorders, including
PTSD (19-21).

BDNF Genetic Variants

In humans, BDNF is encoded by the BDNF gene which extends
over 70kb, located on chromosome 11, region p13-14 (22).
There are hundreds of polymorphisms in the BDNF gene,
however, the most frequently studied functional polymorphisms
include the Val66Met single-nucleotide polymorphism (rs6265)
in the coding exon (23), and the C270T single-nucleotide
polymorphism (rs56164415), in the 5'-untranslated region
(UTR) of the BDNF gene (24). The A (Met) allele, compared
to the G (Val) allele, of the BDNF Val66Met is associated
with disrupted cellular processing, trafficking and intracellular
packaging of the pro-BDNF and reduced activity-dependent
secretion of the mature BDNF (23, 25). The other polymorphism,
BDNF C270T, in the BDNF 5-non-coding region (26), may
affect BDNF expression (27) and might lead to regionally specific
quantitative BDNF disbalance in the brain (24). Consequently,
both BDNF polymorphisms, BDNF Val66Met (19, 28) and
BDNF C270T (24, 29) have been associated with different
neuropsychiatric disorders.

BDNF and PTSD

In patients with PTSD, inconsistent findings were reported
regarding peripheral BDNF levels: blood levels were reported
to be decreased (30), unchanged (31, 32), or increased (15,
33, 34). However, a meta-analysis did not confirm a significant
association between BDNF levels and PTSD (35), which is in
line with no significant relationship between cerebrospinal fluid
BDNF levels and PTSD (36). There are conflicting findings
on the relationship between BDNF genetic variants and PTSD
(21, 37-40). The association between BDNF Val66Met and PTSD
was confirmed in only one study (40), while other studies
failed to detect a significant association (41-45). The association
between PTSD and the other C270T polymorphism in the BDNF
gene was investigated in two individual case-control studies,
producing opposite results: positive (46) as well as no (45)
association.

BDNF and Metabolic Complications

The localization of BDNF in the hippocampus and the
hypothalamus explains its moderating effects on energy
metabolism, homeostasis, metabolic regulation (47, 48), weight
control, fasting and feeding (49, 50). BDNF is located also in
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lungs, heart, spleen, gastrointestinal tract and liver, and it is
involved in the development of cardiovascular and metabolic
disorders, metabolic syndrome (51), and body weight gain
(52, 53). In the blood, BDNF is stored mainly in platelets and
released into plasma (54), but it is also synthesized and released
from different cell types including cells from the cardiovascular
system (55, 56), pancreatic beta cells, as well as cells from adipose
tissue (57). BDNF exhibits an anorexigenic effect and suppresses
food intake (48). A sedentary life style, overweight, obesity
and lack of exercise are related to reduced BDNF signaling
and increased activity of the sympathetic nervous system,
decreased activity of the parasympathetic outflow, increased
heart rate, blood pressure, elevated inflammation, and reduced
gut motility (49).

There are conflicting data regarding an association of plasma
or serum BDNF levels and metabolic indices. Reduced BDNF
levels were detected in patients with type 2 diabetes (58),
metabolic or coronary syndromes (57, 59, 60), non-obese and
non-diabetic subjects with acute coronary syndrome (60), and
in patients with angina pectoris (61). Increased BDNF levels
were found in a population based study showing a positive
association with increased risk for obesity, metabolic syndrome
and coronary disease (51, 62). In contrast, in another study,
subjects with or without metabolic syndrome had similar serum
BDNF levels (63). A recent meta-analysis found lower BDNF
levels associated with the presence of metabolic syndrome in
healthy adult subjects (64). On the other hand, a longitudinal
study including a large community-based cohort (65) detected
higher serum BDNEF levels significantly associated with lower
risk of cardiovascular diseases and mortality, independent of
markers of low-grade inflammation, BMI, physical activity, and
depression.

BDNF gene variants were studied as risk factors for metabolic
complications, such as BMI, dyslipidaemia, obesity, insulin
resistance (66-68) and eating disorders (19). The A allele of
the BDNF Val66Met polymorphism has been associated with
higher BMI in adult women (69) and in young preschool children
(70), but not in older healthy individuals (71). When these adult
healthy groups were enlarged, a significant association was found
between BMI categories and BDNF Val66Met (52, 72), since the A
allele was more frequently found in the group with normal weight
(52, 72-74). In conformation, obese subjects more frequently had
the G allele of the BDNF Val66Met (73, 75). As far as we are
aware, the reports on the association between the BDNF C270T
polymorphism and BMI or plasma lipid levels in humans have
not been studied.

In addition, to the best of our knowledge, there are no
data on the association of BDNF Val66Met and BDNF C270T
polymorphisms with metabolic indices in PTSD. Due to the high
rates of both obesity and dyslipidaemia in PTSD, the aim of
this study was to elucidate the association of BDNF Val66Met
and BDNF C270T polymorphisms with BMI and lipid levels
in veterans with PTSD. We hypothesized that BDNF variants
might contribute to susceptibility to metabolic disturbances in
PTSD and that these BDNF metabolic-risk variants might be
more frequently present in patients with PTSD in comparison to
healthy subjects or other diagnostic categories.

METHODS

Participants

The study included 333 male veterans with combat related
PTSD, with median Clinician Administered PTSD Scale (CAPS)
scores of 86 (range 68-102). They were all unrelated Caucasian
subjects of Croatian origin. The diagnosis of current and
chronic PTSD was done using SCID based on DSM-5 criteria
(1). Participants were sampled consecutively in the University
Psychiatric Hospital Vrapce, Zagreb, from September 2015 to
June 2017. They were exposed to similar potentially traumatic
events during the Homeland war in Croatia. Inclusion criteria
were in- and out-patients aged 38-77 years. Exclusion criteria
were: drug abuse, alcohol dependence or pathophysiological
changes in the liver, such as fibrosis, sclerosis, cirrhosis
and malignant liver disease [alcoholic liver cirrhosis (K70.3),
alcoholic liver fibrosis and sclerosis (K70.2) and hepatocellular
carcinoma (C22.0), according to ICD-10], schizophrenia, bipolar
disorder, adult ADHD, Alzheimer’s disease (according to DSM-
5 criteria), current or recent (previous 3 months) use of lipid-
lowering agents, antihypertensive and antidiabetic medication.
The study was approved by the Ethics Committee of the
University Psychiatric Hospital Vrapce, Zagreb, Croatia, and was
carried out in accordance with the Helsinki declaration (1975), as
revised in 1983. All patients have signed informed consent prior
to study procedures.

Anthropological Measures

Height of subjects wearing no shoes was measured with a meter to
the nearest 0.5 cm; whereas body weight of subjects was measured
with a digital scale to the nearest 0.1kg. BMI was calculated as
ratio of weight (kg) over height (m?).

Measurements of the Metabolic Indices
Blood samples were collected between 7:30 a.m. and 8:00 a.m.
after overnight fasting. Total cholesterol (normal values <5
mmol/l) was determined with cholesterol oxidase-phenol
aminophenazone method and the absorbance read on a Siemens
Dimension Xpand analyser. Triglycerides (normal values <1.7
mmol/l), LDL (normal values <3 mmol/l), and HDL (normal
values >1.2 mmol/L) were determined using the enzymatic-
colorimetric assay and were analyzed with Siemens Dimension
Xpand analyser.

Genotyping
Genomic DNA was isolated from peripheral blood using a
salting out method (76). BDNF Val66Met (rs6265) and C270T
(rs56164415) were determined with TagMan® Genotyping
Assays (Applied Biosystems, Foster City, CA, USA) following
the manufacturer’s protocol on an Applied Biosystems® 7300
Real-Time PCR System apparatus. The 10 pL reaction volume
contained around 20 ng of DNA. Assay IDs were C_11592758_10
for rs6265 and C_89097201_10 for rs56164415. Around 10% of
randomly selected samples were genotyped again as a quality
control for genotyping assays.

Minor allele frequency (MAF) for BDNF Val66Met in our
sample was 19% (A allele), which is in accordance with the
MAF of 20% (A allele) in the European population (77). In our
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European sample, MAF for BDNF C270T was 17% (T allele),
while 1000 Genomes reports much smaller frequency of T allele
(6%) in this population.

Since there were only 6 AA genotype carriers (of the BDNF
Val66Met) and 3 TT genotype carriers (of the BDNF C270T) in
the whole sample, we assessed only the dominant model for the
BDNF Val66Met: A carriers (AA + AG) vs. GG homozygous
genotype, and the dominant model for the BDNF C270T: T
carriers (T'T + TC) vs. CC homozygous genotype (78, 79).

Statistical Analysis

All data regarding lipid levels, BMI and age failed to reach
normal distribution (Kolmogorov-Smirnov test). The data were
expressed as median, 25th (Q1) and 75th (Q3) percentile after
excluding outliers. Outliers were determined as values that lie
below Q1-1.5 interquartile range (IQR) or above Q3+1.5 IQR.
Hierarchical multiple linear regression was used to determine
possible effect of age, smoking, BMI, BDNF Val66Met, and
BDNF C270T on each metabolic parameter after excluding
outliers. The data were evaluated with the non-parametric Mann-
Whitney test for each metabolic parameter using Sigma Stat
3.5 (Jandell Scientific Corp. San Raphael, California, USA). For
determination of the linkage disequilibrium (LD) between BDNF
Val66Met and C270T loci, we used Haploview software v. 4.2
(80). Loci are considered to be in high LD if the D coeflicient
is >0.80 and logarithm of odds (LOD) > 2 (80, 81). In our study
these two loci were not in high LD since the D’ coefficient was
<0.80 (D’ = 0.36; LOD = 0.32). Therefore, we did not perform
haplotype analysis. Due to multiple (N = 10) comparisons
(testing the association of 2 single nucleotide polymorphisms
(SNPs) with 5 metabolic indices=10), a Bonferroni correction
was performed and p-value was set to p = 0.005. Before the study
G*Power 3 Software (82) was used to determine the required
sample size and actual statistical power. For hierarchical multiple
linear regression, with p = 0.005; medium effect size = 0.25;
and power (1 - B) = 0.800; number of predictors = 5; the
required sample size was 142. For the Mann-Whitney test, with
p = 0.005; medium effect size = 0.15; and power (1 - ) = 0.800;
the required sample size was 217. Since the study included 333
participants in the beginning, and 294-311 participants after the
removal of outliers, it had adequate sample size and statistical
power to detect significant differences among the groups.

RESULTS

Clinical Data

Demographic and clinical data, including age, levels of total, HDL
and LDL cholesterol, triglyceride levels, and BMI, of veterans
with PTSD are presented in Table 1. Initially, the study enrolled
333 subjects. However, after removal of the outliers for each
metabolic parameter (values that were lower than Q1-1.5 IQR
or higher Q3+1.5 IQR in our sample), there were N = 294
participants for HDL (removed HDL values <0.5 and HDL >
2.0), N = 316 for BMI (removed BMI values <19); N = 315
for cholesterol (removed cholesterol values >8.4), N = 311 for
LDL (removed LDL values >5.7 and LDL <0.2) and N = 303 for
triglycerides (removed triglyceride values >3.8), respectively.

TABLE 1 | Demographic and clinical data of veterans with PTSD.

N Median (25th; 75th) Min-Max
Age (years) 333 56 (51; 63) 38-77
TC (mmol/L) 315 5.20 (4.50; 6.00) 2.90-8.10
HDL (mmol/L) 294 1.20 (1.10; 1.40) 0.80-1.80
LDL (mmol/L) 311 2.80 (2.40; 3.60) 0.90-5.60
TG (mmol/L) 3083 1.60 (1.30; 2.20) 0.60-3.70
BMI (kg/m?) 316 28.03 (25.85; 30.45) 20.32-35.92

Results are presented as median and 25th (Q1) and 75th (Q3) percentiles. N is
number of subjects after removing outliers. PTSD, posttraumatic stress disorder; TC,
total cholesterol; HDL, high density lipoprotein cholesterol; LDL, low density lipoprotein
cholesterol; TG, triglycerides; BMI, body mass index.

The Effect of Age, Smoking, BMI, and
BDNF Polymorphisms on Metabolic

Parameters

Hierarchical multiple linear regression was performed in order
to assess the influence of various independent variables, such
as age, smoking, BMI, and BDNF Val66Met and BDNF
C270T on different metabolic parameters (dependent variables)
(Table 2). It was designed in the following way: for all
metabolic indices, except BMI, the first step included age,
BMI, and smoking status as dependent variables, and the
second step BDNF Val66Met genotype (dominant model)
and BDNF C2790T genotype (dominant model). For BMI,
age, and smoking were entered as dependent variables in
the first step, while both genotypes were added in the
second one. Hierarchical multiple regression revealed age as
the only significant (p < 0.001) variable influencing HDL
and triglycerides, while other variables were not significantly
associated with metabolic indices due to Bonferroni corrected
significance (p = 0.005).

BDNF Val66Met and BDNF C270T

Polymorphisms and Metabolic Indices

Table 3 shows that metabolic parameters did not differ
significantly between individuals with PTSD subdivided into
A carriers (AA4+AG) vs. homozygous GG genotype carriers
of BDNF Val66Met, as well as between T carriers (TT+CT)
vs. CC genotype carriers of the BDNF C270T. Namely, no
significant differences between A carriers and GG homozygotes
of the BDNF Val66Met polymorphism, were detected in the
BMI values (p = 0.979), plasma concentrations of total
(p = 0.933), HDL (p = 0.829), and LDL (p=0.146) cholesterol,
as well as triglycerides (p = 0.409). In the case of the
BDNF C270T polymorphism, similar results were observed. The
Mann Whitney test revealed that BMI (p = 0.822), plasma
concentrations of total (p = 0.738) and LDL (p = 0.290)
cholesterol, as well as triglyceride (p = 0.092) levels were
similar in T carriers and CC homozygotes. However, HDL
levels differed nominally (p = 0.006) between T carriers and
CC homozygotes of the BDNF C270T polymorphism. Since
this association was not confirmed using hierarchical multiple
linear regression, the observed difference in HDL levels was
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TABLE 2 | Hierarchical multiple linear regression showing variables influencing different metabolic parameters.

TC HDL LDL TG BMI
Step 1 Model adiR? = —0.0086; adiR? = 0.065; adifR? = —0.004; adiRf? = 0.042; adiRf? = —0.003;
summary AR? = 0.005; AR? = 0.076; AR? = 0.006; AR? = 0.052; AR? = 0.004;
F = 0.449; F = 7.355; F =0.621; F =5.057; F=0577; p = 0.652;
p=0.718 p < 0.001; o = 0.602; p = 0.002;
Age B =—0.051; B = —0.246; B = 0.039; B = 3.406; B =0.015; p = 0.804
p=0.387 p < 0.001 p = 0.508 p = 0.001
BMI B = 0.034; B =0.129; B = —0.070; B=—0.012; -
p=0.564 p = 0.029 p=0.237 p=0.835
Smoking B = 0.032; B = 0.008; B = —0.015; B =0.116; B= —0.061;
p =0.583 p = 0.896 p=0.798 p = 0.050 p =0.299
Step 2 Model adiR? = —0.006; adjR? = 0.065; adjR? = —0.008; adjR? = 0.040; adjR? = —0.010;
summary AR? = 0.006; AR? = 0.007; AR? =0.003; AR? = 0.005; AR? = 0.000;
F = 0.637; F = 4.820; F = 0.537; F =3.337; F =0.300; p = 0.878;
p=0.672; p < 0.001; p =0.746; p = 0.006;
Age B = —0.023; B=—0.216; B = 0.037; B =2.922; B =0.014; p = 0.820
p=0714 p = 0.001 p =0.552 p = 0.004
BMI B = 0.033; B =0.128; B= —0.070; B =-0.012; -
p=0573 p = 0.030 p = 0.209 p=0.842
Smoking b =0.035; B = 0.009; B= —0.015; B=0.113; B=—0.061;
p =0.557 p =0.877 o = 0.806 p = 0.055 p = 0.302
BDNF B = —0.020; B = 0.007; B = —0.050; B = 0.062; B= —0.013;
Val66Met p=0.735 p = 0.908 p =0.398 p=0.298 p=0.828
BDNF C270T B = —0.084; B = —0.088; B = 0.016; B = 0.048; b = —0.004;
p =0.180 p =0.162 p = 0.803 p=0.434 p=0.953

A carriers (AA + AG) combined genotypes of the BDNF Val66Met; T carriers (TT + TC) combined genotypes of the BDNF C270T; BDNF, brain derived neurotrophic factor; BMI, body
mass index; TC, total cholesterol; HDL: high density lipoprotein cholesterol; LDL, low density lipoprotein cholesterol; TG, triglycerides.

presumably associated with the age differences between these
groups.

Therefore, as age was a significant (p < 0.001) variable that
affects HDL and triglycerides in the regression model, and HDL
levels were nominally (p = 0.006) different between T carriers
and CC homozygotes, to further evaluate this age-related, but
also BDNF C270T -related influence, patients were additionally
subdivided into 3 age groups. Since the age range of the patients
was 38-77, we subdivided participants into approximately 13-
year age groups, i.e., into individuals between the ages of 38
and 51 (N = 76 for HDL, and N = 74 for triglycerides after
removing outliers), ages 52-65 (N = 162 for HDL, N = 171 for
triglycerides), and ages 66-77 (N = 56 for HDL and N = 58
for triglycerides). The Mann-Whitney test demonstrated no
significant (p > 0.005) differences between BDNF Val66Met A
vs. GG genotype carriers, and between BDNF C270T T vs. CC
genotype carriers in HDL and triglyceride levels (Table 4) in each
age group. These results revealed that these two polymorphisms
were not significantly associated with HDL and triglyceride levels
in any of the age groups. Nevertheless, median HDL values
(Table 4) showed a decline (as evidenced by the multiple linear
regression analysis: § = —0.243) with increased age in both T and
CC genotype carriers.

DISCUSSION

The results of this study revealed that in a homogeneous
sample of middle-aged Caucasian (Croatian origin) veterans with

combat related PTSD: (1) BDNF Val66Met and BDNF C270T
polymorphisms were not significantly associated with BMI or
plasma lipid levels; (2) the presence of one or two T alleles of
BDNF C270T polymorphism was related to slightly (nominally)
higher HDL cholesterol values; but this association disappeared
after controlling for the influence of age.

In the present study, veterans had chronic and current PTSD,
and moderate PTSD symptoms, as revealed by their mean
CAPS scores of 86 (range 68-102) (83). Their lipid levels were
either slightly higher (total cholesterol and triglycerides) or
within the normal laboratory range (i.e., for HDL and LDL
cholesterol levels). Data from the literature regarding lipid levels
in PTSD are inconsistent (84). Similar HDL and LDL cholesterol
levels were found in different groups of Caucasian veterans
with PTSD of the same origin (85), or in Japanese civilians
with PTSD, who were victims of sarin poisoning (86). Further,
HDL levels did not differ between civilian participants with
and without PTSD (87, 88). Similarly, PTSD was associated
with unchanged LDL cholesterol levels (89, 90). Other studies
found dyslipidaemia, i.e., increased cholesterol, triglyceride, and
LDL cholesterol levels in PTSD (88, 91-93). In contrast to our
data, some studies have detected lower HDL cholesterol levels
in PTSD (89, 90, 94), or similar triglyceride levels in large
groups of community-living adults with or without PTSD (87).
Further, cholesterol, LDL cholesterol and triglyceride levels did
not differ between participants with PTSD compared to non-
PTSD individuals (94). Dyslipidaemia and increased BMI are
risk factors for various cardiovascular diseases and myocardial

Frontiers in Psychiatry | www.frontiersin.org

November 2018 | Volume 9 | Article 637


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

Tudor et al.

BDNF and Lipids in PTSD

TABLE 3 | The metabolic parameters of veterans with PTSD subdivided according to the BONF Val66Met and BDNF C270T genetic variants.

SNP BDNF Val66Met BDNF C270T
Genotype A carriers GG carriers T carriers CC carriers
BMI Median 27.75 27.91 27.77 28.06
(kg/m?)
Percentile 26.26; 30.11 25.69; 30.47 25.86; 30.47 26.03; 30.45
25th; 75th
Min; Max 20.32; 35.92 20.76; 35.71 20.76; 33.91 21.26; 35.92
Statistics U =10581.00; p = 0.979 U =10743.50; p = 0.822
TC Median 5.20 5.20 5.20 4.90
(mmol/L)
Percentile 4.50; 5.70 4.50; 6.10 4.50; 6.10 4.50; 6.00
5th; 75th
Min; Max 2.90; 8.10 2.90; 7.90 3.00; 8.10 2.90; 7.90
Statistics U = 10485.00; p = 0.933 U =10555.00; p = 0.738
HDL Median 1.20 1.20 1.20 1.20
(mmol/L)
Percentile 1.10; 1.40 1.10; 1.40 1.10; 1.50 1.10; 1.30
25th; 75th
Min; Max 0.80; 1.80 0.80; 1.80 0.80; 1.80 0.80; 1.80
Statistics U =9065.50; p = 0.829 U = 7561.50; p = 0.006
LDL Median 3.00 2.80 2.80 2.90
(mmol/L)
Percentile 2.40; 3.60 2.30; 3.50 2.20; 3.60 2.40; 3.60
25th; 75th
Min; Max 0.90; 5.40 0.90; 5.60 0.90; 5.60 0.90; 5.40
Statistics U =9157.00; p = 0.146 U =9658.00; p = 0.290
TG Median 1.60 1.60 1.55 1.60
(mmol/L)
Percentile 1.30; 2.10 1.30; 2.20 1.20; 2.10 1.30; 2.30
25th; 75th
Min; Max 0.60; 8.70 0.60; 3.70 0.60; 3.70 0.60; 8.70
Statistics U =9165.50; p = 0.409 U = 8637.00; p = 0.092

Results are presented as median and 25th (Q1) and 75th (Q3) percentiles after excluding outliers. A carriers (AA + AG) of the BDNF Val66Met; GG (GG homozygous genotype) carriers
of the BDNF Val66Met; T carriers (TT + TC) of the BDNF C270T; CC carriers (CC homozygous genotype) of the BDNF C270T; BDNF: brain derived neurotrophic factor; BMI, Body
mass index; HDL, high density lipoprotein cholesterol; LDL, low density lipoprotein cholesterol; PTSD, posttraumatic stress disorder; TC, total cholesterol; TG, triglycerides.

infarction in all subjects (6), especially individuals with PTSD
(4, 8, 10, 13). Therefore, careful monitoring of these patients is
warranted to prevent development of cardiometabolic disorders.
The current investigation included patients with PTSD without
cardiovascular diseases and the exclusion criteria included taking
cardiovascular drugs or statins, but their mean BMI values
of almost 28 suggest that the majority of participants were
overweight. This is in line with data obtained with the different
groups of Croatian veterans with PTSD (16) but also with data
from a Croatian population sample (16), and with findings from
young military US veterans with PTSD, who were all overweight
(15). All these findings suggest that overweight, obesity and
dyslipidaemia are becoming health risks in PTSD, but also global
health problems in the general population. Various risk factors
such as different diagnoses and sizes of the groups, civilian or
military individuals, diet, food, sedentary life style and physical
activity, age, exercise, alcohol dependence, and smoking might
affect BMI and lipid levels. As this study did not intend to

compare BMI and lipid levels between individuals with PTSD
and control subjects, we may conclude that our results on the
lipid levels and BMI are in line with most of the cited data.

There was one study showing positive association (40)
and others reporting no associations (41-45) between BDNF
Val66Met and PTSD. In our previous study that included
different groups of war veterans (42), the frequency of the
BDNF Val66Met genotypes did not differ between veterans
with or without PTSD. Therefore, the present study with other
groups of veterans with PTSD did not evaluate this possible
association and did not include control subjects. The explanation
for these inconsistent findings might be sought in the frequency
of trauma exposure, traumatic load, early traumatic experience
and stressful life events, age, and other study conditions among
the participants (21).

We did not confirm our hypothesis that BDNF variants
contributed to susceptibility to metabolic disturbances in
PTSD. In our study BDNF Val66Met polymorphism was not
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TABLE 4 | The HDL and TG values in different age groups of veterans with PTSD subdivided according to the BDNF Val66Met and BDNF C270T genetic variants.

Age group 38-51 years 52-65 years 66-77 years
BDNF Genotype A GG A GG A GG
Val66Met carriers carriers carriers carriers carriers carriers
(N =32) (N = 44) (N = 56) (N = 106) (N =15) (N =41)
HDL Median 1.30 1.30 1.20 1.20 1.20 1.10
(mmol/L)
Percentile 25t 1.10; 1.50 1.10; 1.50 1.00; 1.30 1.10; 1.30 1.10; 1.20 1.00; 1.20
75Th
Min; Max 0.80; 1.80 0.80; 1.80 0.80; 1.80 0.80; 1.80 0.90; 1.40 0.80; 1.80
Statistics U =690.00; p = 0.754 U = 2740.50; p = 0.660 U =161.50; p = 0.149
BDNF Genotype A GG A GG A GG
Val66Met carriers carriers carriers carriers carriers carriers
(N =32 (N =42) (N = 58) (N =113) (N =15) (N = 43)
TG Median 1.50 1.60 1.60 1.60 1.50 2.20
(mmol/L)
Percentile 1.30; 1.80 1.20; 1.80 1.30; 2.20 1.20; 2.20 0.90; 2.20 1.50; 3.20
25th; 75th
Min; Max 0.60; 2.70 0.60; 38.70 0.60; 38.70 0.60; 38.70 0.70; 8.70 0.70; 8.70
Statistics U =639.50; p = 0.721 U =3135.50; p = 0.790 U =139.00; p = 0.042
BDNF Genotype T CcC T CcC T CcC
C270T carriers carriers carriers carriers carriers carriers
(N =38) (N =38) (N =52) (N =110) N=4) (N =52)
HDL Median 1.30 1.30 1.20 1.20 1.10 1.10
(mmol/L)
Percentile 1.10; 1.50 1.10; 1.50 1.10; 1.50 1.10; 1.20 1.00; 1.45 1.00; 1.20
25th; 75th
Min; Max 0.80; 1.80 0.80; 1.80 0.80; 1.80 0.80; 1.80 0.90; 1.80 0.80; 1.80
Statistics U =723.00; p = 0.992 U = 2333.00; p = 0.054 U =106.00; p = 0.963
BDNF Genotype T CcC T CcC T CcC
C270T carriers carriers carriers carriers carriers carriers
(N = 34) (N = 40) (N = 56) (N =115) N=4) (N = 54)
TG Median 1.55 1.50 1.55 1.60 1.55 2.20
(mmol/L)
Percentile 1.30; 1.80 1.20; 1.80 1.20; 2.00 1.30; 2.30 1.35; 1.90 1.50; 2.70
25th; 75th
Min; Max 0.80; 3.70 0.60; 3.40 0.60; 3.60 0.60; 3.70 1.20; 2.20 0.70; 38.70
Statistics U =632.00; p = 0.463 U = 2945.50; p = 0.365 U =66.50; p =0.212

Results are presented as median and 25th (Q1) and 75th (Q3) percentiles after excluding outliers. A carriers (AA + AG) of the BDNF Val66Met (rs6265); GG (GG homozygous genotype)
carriers of the BDNF Val66Met; T carriers (TT + TC) of the BDNF C270T; CC carriers (CC homozygous genotype) of the BDNF C270T; BDNF, brain derived neurotrophic factor; HDL,
high density lipoprotein cholesterol; PTSD, posttraumatic stress disorder; TG, triglycerides.

significantly associated with metabolic indices in Caucasian
veterans with PTSD. Namely, BMI values, as well as plasma
total cholesterol, triglycerides, HDL and LDL cholesterol levels
did not differ significantly in veterans with PTSD subdivided
into carriers of the A allele (AA+AG) or the GG homozygous
genotype of BDNF Val66Met polymorphism. As there are no
such data in the literature, we might presume that this study
is the first to show no association of BDNF Val66Met variants
with BMI in combat veterans with PTSD. In line with our data,
BMI was not significantly different in A carriers compared to
GG genotype carriers of the BDNF Val66Met in elderly healthy
Chinese subjects (95), or in elderly healthy individuals who
were followed longitudinally (71). However, there are conflicting
results in the literature regarding this polymorphism and BMI
in control subjects. Opposing data were reported showing that

the A allele was associated with higher BMI in healthy adult
subjects (96), adult women (69), and in young preschool children
(70). On the other hand, there are also data showing that A
carriers were more frequently found in the group with lower
BMI in a large Korean epidemiological cohort (74), in a large
cohort of male Boston Puerto Rican subjects (67), adult healthy
Caucasian women (73, 75), healthy control male and female
subjects from the same population of Caucasian subjects of
Croatian origin (52, 72), or in children and adolescents (97). A
recent meta-analysis confirmed only one BDNF SNP, rs925946,
significantly related to obesity and BMI in large groups of healthy
subjects (98). Discrepancies in the results could be explained
by the different diagnostic groups (PTSD vs. controls), ethnic
background (19, 99, 100), age, gender, living environment, diet,
lifestyle, and smoking (95). Since recently a strong LD between
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BDNF rs6265 and rs10501087 was reported, suggesting that these
two SNPs are dependent genetic markers associated with BMI
(98), in future studies this BDNF SNP, rs10501087, should be also
evaluated.

Our study did not detect any significant association between
BDNF Val66Met and lipid levels in PTSD. There are no
findings in the literature regarding the association between BDNF
Val66Met and lipid levels in PTSD. However, in volunteers
without kidney and cardiovascular diseases, no association was
found between BDNF Val66Met polymorphism and serum TG
and HDL cholesterol levels (63). This finding agrees with the
results from our study, since our veterans with PTSD, who did
not have any cardiovascular or metabolic diseases, had similar
plasma lipid levels when subdivided into carriers of different
BDNF Val66Met variants. In children and adolescents from the
general population, the BDNF Val66Met polymorphism was not
associated with any of the lipid indices (97). In contrast to our
study and cited (63, 97) findings, the presence of one or two A
alleles of the BDNF Val66Met was significantly associated with
lower HDL cholesterol levels and higher risk for obesity in old
and very old Chinese healthy subjects (95). In that particular
study subjects carrying the A allele had elevated triglyceride
levels, but reduced HDL cholesterol levels compared to the GG
genotype carriers (95). The differences between studies are in
the diagnosis (PTSD vs. normal controls) and in the age of
included subjects (i.e., Peng’s study included three groups: age
>90; age 60-77; and age 60-75, while our veterans were on
average 56 years old). To control for the effect of age, in our study
participants with PTSD were subdivided into different age groups
(age range 38-51, 52-65, and 66-77 years), and their plasma HDL
and triglyceride levels (that were significantly affected by age in
the hierarchical regression analysis) did not differ between BDNF
Val66Met A vs. GG genotype carriers and between BDNF C270T
T vs. CC genotype carriers. In addition, the observed differences
between studies might be due to ethnicity (Chinese vs. Caucasian
subjects), since there were significant ethnic related differences
in the frequency of the BDNF Val66Met genotypes, especially
the frequency of the AA genotype, between Asian and Caucasian
subjects (100).

Unlike BDNF Val66Met, the BDNF C270T polymorphism
has only recently gained attention in studies of neuropsychiatric
disorders (101). The T allele of the BDNF C270T polymorphism
was reported to be a risk factor for PTSD (46), schizophrenia (29),
bulimia nervosa (102), and amyotrophic lateral sclerosis (24), but
not for Alzheimer’s disease (78). The T allele prevalence in our
study was 17% and it was the same as the T allele frequency
in a Chinese sample with PTSD (46). This frequency differs
significantly from the T allele frequency in our healthy Caucasian
subjects (6%, unpublished data) and in the general East Asian
population [6%, (77)] or in other diagnostic groups. Namely, in
Caucasian patients with schizophrenia this frequency was around
8% (29), while in Caucasian patients with bulimia nervosa and
control subjects it was around 5% (102). Higher prevalence of
the T allele in our Caucasian subjects and in Chinese subjects
with PTSD (46) compared to control subjects (102) and patients
with schizophrenia (29) or bulimia (102), might be an outcome of
different clinical diagnoses (PTSD vs. schizophrenia vs. bulimia

nervosa/controls). This is also supported by the fact that no
obvious ethnic differences in BDNF C270T genotype frequency
were found in a recent meta-analysis (78) and reported by The
1000 Genomes Project Consortium (77), with the exception of
South Asian populations (India, Bangladesh, Pakistan) where the
T allele is present in 29% of population.

The BDNF C270T polymorphism was related to PTSD in one
study, since the T allele frequency was significantly higher in a
group with sporadic PTSD compared to a control group (46).
Another study did not find a significant association, but this trial
comprised only 96 subjects with PTSD (45). Since in our study we
have not compared the frequency of the BDNF C270T genotypes
in PTSD vs. controls, we cannot confirm or reject this finding.

This investigation has not found a significant association
between BDNF C270T and BMI, total cholesterol, LDL
cholesterol and triglyceride levels in veterans with PTSD. A
slight association between BDNF C270T and HDL cholesterol
in veterans with PTSD was detected, as carriers of the T alleles
had nominally higher HDL cholesterol levels than CC carriers.
This significance did not survive a Bonferroni correction, and
was not confirmed by hierarchical multiple regression and
further testing. Only HDL and triglyceride levels were affected
by age. Other metabolic indices were not associated with age,
smoking, BDNF Val66Met or BDNF C270T polymorphisms. To
further evaluate these findings, HDL and triglyceride levels were
evaluated in participants subdivided into 13-year age groups,
i.e, into individuals in the age range from 38 to 51, from 52
to 65, and from 66 to 77 years, although we are aware of
the limited power due to the stratification of data into smaller
groups. HDL and triglyceride levels did not differ between BDNF
Val66Met A allele carriers vs. GG genotype carriers, and between
BDNF C270T T allele carriers vs. CC genotype carriers. As both
BDNF C270T T allele carriers and CC genotype carriers showed
reduced median HDL values in older age, these results confirmed
that HDL was affected by age and not by the presence of the
T allele.

There are no other data on the association of this BDNF
C270T polymorphism and HDL cholesterol in PTSD, and there
are no data showing either a positive association or no association
between BDNF C270T polymorphism and BMI, total cholesterol,
LDL cholesterol and triglyceride levels in PTSD. Although this
was the first study to evaluate a link between BDNF C270T and
metabolic indices in PTSD, no associations were found between
either of the variants and these metabolic indices. One study
reported that BDNF C270T polymorphism was not associated
with BMI in patients with anorexia nervosa and bulimia nervosa
(103), while another found a significant association between the
T allele of the BDNF C270T polymorphism and lower BMI in
bulimia nervosa (102). The discrepancies between these and our
study might be explained by the differences in diagnoses (PTSD
vs. eating disorders).

Our results did not confirm our hypothesis that BDNF
Val66Met and C270T variants contribute to susceptibility to
metabolic disturbances in PTSD. Lower HDL cholesterol values
were detected in older individuals with PTSD, but were not
associated with any of the BDNF Val66Met and C270T genotypes.
Routine monitoring of individuals with PTSD, in terms of HDL
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cholesterol levels, might prevent possible cardiovascular events
including myocardial infarction, that are frequent in PTSD (5,
17, 84).

Some limitations need to be considered in interpreting these
results: the study included only Caucasian PTSD veterans, and
all participants were males. Therefore, we could not compare our
data with those in control subjects, and we could not evaluate
possible ethnic and gender related differences. In this study
we included only the two SNPs (BDNF Val66Met and C270T
polymorphisms), so additional BDNF gene polymorphisms
should be included in future studies, such as those evaluated
in healthy control subjects: BDNF rs12291063 polymorphism
associated with BMI and obesity (104), BDNF rs10767664
polymorphism associated with BMI, weight, fat mass, waist
circumference, LDL cholesterol and total cholesterol (105), or
BDNF 15925946 polymorphism associated with BMI (98), or
GWAS data. Data on physical activity and eating habits were
not collected. A significant limitation of this study is a lack of
replication sample.

Advantages of the present study are the use of a fairly large
group of veterans with PTSD, sampled from the same center, and
in the fact that diagnosis and screening for PTSD was done by
psychiatrists using SCID and CAPS. We also took into account
alcohol dependence and use of statins and cardiovascular drugs,
we removed outliers, carefully monitored the confounders by
a hierarchical multiple linear regression, used a homogeneous
group of Caucasians of Croatian origin with similar combat
trauma exposure and ensured that the study had the required
sample size and statistical power.

CONCLUSION

This is a first report showing that variants of the BDNF Val66Met
and BDNF C270T polymorphisms were not associated with BMI
or plasma lipid levels in veterans with PTSD. Our findings suggest

that BDNF Val66Met and C270T variants do not contribute
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5 INSERM, UMR-S 1124, Toxicologie, Pharmacologie et Signalisation Cellulaire, Paris, France, ® University of Arizona College
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Autism spectrum disorder (ASD) is currently diagnosed according to behavioral criteria.
Biomarkers that identify children with ASD could lead to more accurate and early
diagnosis. ASD is a complex disorder with multifactorial and heterogeneous etiology
supporting recognition of biomarkers that identify patient subsets. We investigated
an easily testable blood metabolic profile associated with ASD diagnosis using high
throughput analyses of samples extracted from dried blood spots (DBS). A targeted
panel of 45 ASD analytes including acyl-carnitines and amino acids extracted from DBS
was examined in 83 children with ASD (60 males; age 6.06 + 3.58, range: 2—-10 years)
and 79 matched, neurotypical (NT) control children (57 males; age 6.8 + 4.11 years,
range 2.5-11 years). Based on their chronological ages, participants were divided in
two groups: younger or older than 5 years. Two-sided T-tests were used to identify
significant differences in measured metabolite levels between groups. Néaive Bayes
algorithm trained on the identified metabolites was used to profile children with ASD
vs. NT controls. Of the 45 analyzed metabolites, nine (20%) were significantly increased
in ASD patients including the amino acid citrulline and acyl-carnitines C2, C4DC/C50H,
C10, C12, C14:2, C16, C16:1, C18:1 (P: < 0.001). Naive Bayes algorithm using acyl-
carnitine metabolites which were identified as significantly abnormal showed the highest
performances for classifying ASD in children younger than 5 years (n: 42; mean age
3.26 + 0.89) with 72.3% sensitivity (95% CI: 71.3;73.9), 72.1% specificity (95% Cl:
71.2;72.9) and a diagnostic odds ratio 11.25 (95% Cl: 9.47;17.7). Re-test analyses as a
measure of validity showed an accuracy of 73% in children with ASD aged <5 years. This
easily testable, non-invasive profile in DBS may support recognition of metabolic ASD
individuals aged <5 years and represents a potential complementary tool to improve
diagnosis at earlier stages of ASD development.

Keywords: autism spectrum disorders, dried blood spots, ESI-MS/MS, mitochondrial fatty acid B-oxidation,
machine learning
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Barone et al.

Metabolic Risk Profile in ASD

INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental
disorder that affects approximately 16.8 per 1,000 (one in 59)
children aged 8 years in the US and with a male/female ratio of
4:1 (1). In Ttaly, a recent study reported an overall prevalence rate
of one in 100 children at age 7-8 years (2). ASD is characterized
by significant defects of social communication and interaction
and by restricted and repetitive patterns of interests and activities
with onset in early childhood (3). The etiology remains poorly
understood. Increasing evidence has converged on possible
interactions among pleiotropic genetic background conferring
vulnerabilities to environmental inputs leading to multiple
systemic co-morbidities including metabolic disarrangement (4).
Classic inborn errors of metabolism (IEM) affect a subgroup
of ASD patients accounting for 1-3% of patients (5). Acquired
symptoms featuring autism or childhood disintegrative disorder
may occur in the neuronopathic lysosomal storage disorders
(6, 7). Among IEM, primary mitochondrial diseases affect nearly
5% of patients with ASD, however the occurrence of abnormal
biomarkers indicating mitochondrial dysfunction is higher in
patients with ASD than in the general population (8). On
a clinical ground, children with ASD may exhibit features
of a mitochondrial disease such as hypotonia and delayed
motor development as well as gastrointestinal disturbances and
regression following fever or other environmental triggers (9).
Clinical diagnosis of ASD relies on behavioral tests. Early
recognition and specialized intervention improve the outcome
and are most effective if initiated early in life (10). Thus, the
development of multiple laboratory markers that can assist in
the early and accurate diagnosis of ASD is envisaged. Urinary
metabolomic studies (11-16) and a few studies performed
on blood samples (17-19) collectively showed modification of
amino acid, purine and fatty acid metabolic pathways, increased
oxidative stress, gut dysbiosis and altered gut permeability in
individuals with ASD. Multiplatform analytical methodology and
multivariate analysis may provide the best models discriminating
between ASD and typically developing (TD) children. Through
this approach, a rigorous analysis for the discovery of ASD
biomarkers combined several mass spectrometry (MS)-based
analyses of blood. This combined analysis resulted in 40
features could differential ASD and TD samples with an
accuracy of 70% (17). More recently, a study in 38 children
with ASD reported increased advanced glycation endproducts,
Ne-carboxymethyllysine and Nw-carboxymethylarginine, and

Abbreviations: ASD, autism spectrum disorders; IEM, inborn errors of
metabolism; ESI-MS/MS, electrospray ionization-tandem mass spectrometry.
DBS, dried blood spots; TD, typically developing; FAO, fatty acid B-oxidation;
ADI-R, Autism Diagnostic Interview-Revised; ADOS, Autism Diagnostic
Observation Schedule; CSS, Calibrated Severity Score; DD, developmental delay;
ID, intellectual disability; PPV, Positive Predictive Value; NPV, Negative Predictive
Value; DOR, Diagnostic Odds Ratio.; RE, Random Forest, SVM, Support Vector
Machine; LM, Linear Regression; PART, Recursive Partition Tree; SCAD, short
chain acyl-CoA dehydrogenase; MCAD, medium chain acyl-CoA dehydrogenase,
VLCAD, very long chain acyl-CoA dehydrogenase; LCHAD, long chain 3-
hydroxyacyl-CoA dehydrogenase; PA, propionic academia; PPA, propionic acid;
NSC, neural stem cells; CPT, carnitine palmitoyl transferase.

increased oxidation damage marker, dityrosine, in plasma
proteins, capable to classify the disease status (19).

Since the 1980s, electrospray ionization (ESI) and tandem
MS/MS technology endorsed high throughput analyses of
samples extracted from dried blood spots (DBS) for newborn
screening of IEM as health care standard (20). Thus, we
hypothesized that ESI-MS/MS analyses of different metabolites
in DBS might represent a high throughput method for metabolic
profiling of individuals with ASD by a single injection, in a rapid,
low-cost, and suitable procedure. To test this hypothesis, we used
a standardized ESI-MS/MS analyses in DBS to systematically
examine the levels of a large panel of highly selective biochemical
analytes in patients with ASD and healthy TD, matched-control
subjects. The targeted metabolites include acyl-carnitines and
amino acids representing a set of ASD candidate metabolic
markers. We propose a novel approach applying machine
learning methods to assess differences in the metabolic profile
between ASD and age-matched healthy TD controls. This
represents a promising novelty in the field given that previous
analyses of multiple analytes in ASD often resort to a one-at-
a-time approach that does not consider the data as a whole.
Using univariate and multivariate data modeling, we outlined a
metabolic risk profile capable to classify a subset of ASD patients
from TD children. The study supports identification of metabolic
ASD subtype whose distinguishing features suggest a reduced
flux through the mitochondrial fatty acid B-oxidation (FAO)
pathway.

METHODS

A total of 162 Caucasian subjects with age ranging from 30
months to 11 years were included in a case-control study
during an 18-month period (January 1, 2016-June 30, 2017)
at the Child Neurology and Psychiatry Unit of the University
Children Hospital Catania, Italy. Participants comprised 83
children with the ASD diagnosis (60 males, 23 females; age 6.06
=+ 3.6; range: 2-10 years) and 79 healthy TD controls, with a
similar age and gender distribution as the patients (57 males,
22 females; age 6.8 £ 4.1; range 2.5-11 years) (Table1). The
Institutional Review Board at University Hospital of Catania
approved the study that was performed in accordance with
the ethical standards laid down in the 1964 Declaration of
Helsinki and its later amendments (Helsinki Declaration 1975,
revision 2013). Written informed consent was obtained from
all ASD participants’ parent or legal guardian in order to enter
clinical and laboratory data from the clinical files into the
present study. Diagnosis of ASD was obtained according to
strict criteria using standardized diagnostic tests including the
Autism Diagnostic Interview-Revised (ADI-R) (21) and Autism
Diagnostic Observation Schedule (ADOS) (22). The Calibrated
Severity Score (CSS) from 4 to 10 was used as a measure of
autism severity (23). Developmental quotient (DQ) and/or
Intellectual quotient (IQ) were measured in all participants
by a comprehensive, standardized neuropsychological
assessment battery administered according to age. Among
ASD individuals, exclusion criteria were the presence of
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TABLE 1 | Demographic and clinical characteristics of ASD patients and TD controls divided by age.

ASD TD
Participant Total sample Age <5 Age > 5 P-value* Total sample Age <5 Age > 5 P-value*
characteristics (n =83) (n=42) (n=41) (n=79) (n =35) (n=44)
Age (years) 6.06 + 3.58 3.26 £0.89 8.9+2.98 n.a. 6.8 +4.11 3.06 £15 9.7 +£2.86 n.a.
Boys (%) 60 (72.3) 29 (69.04) 31 (75.6) 0.653 57 (72.1%) 24 (68.5%) 33(75%) 0.692
DQ/IQ 63.2 +£20.8 56.8 £17.1 69.6 +£22.4 0.022 93.9 £ 14.2 89.6 £11.2 95.3+10.5 0.752
DD/ID (%) 54 (65.1) 32 (76.2) 22 (53.6) 0.035 n.a n.a. n.a. n.a.
Regression 29 (35) 19 (45.2) 10 (24.4) 0.065 n.a n.a. n.a. n.a.
(%)
Autism 6.7 +1.8 6.6 +1.8 6.8+ 1.8 0.845 n.a. n.a n.a. n.a.
severity
(ADOS CSS)°

"Fisher’s Exact Test was performed for discrete variables gender, DD/ID and regression. T-test was performed for continuous variables DQ/IQ and ADOS-CSS. ° The Social Communication
Questionnaire was used to screen and exclude autism in TD children. DQ, developmental quotient, IQ, intelligence quotient; DD, developmental disability; ID, intellectual disability; ADOS,
Autism Diagnostic Observation Schedule. CSS, Calibrated Severity Score. n.a., not applicable.

an associated monogenic disease (i.e., Fragile-X syndrome,
Tuberous Sclerosis), positive chromosomal microarray analysis,
positive history for mitochondrial disease or known medical
conditions including autoimmune disease and inflammatory
bowel diseases (IBD)/celiac disease.

TD children were recruited among subjects that underwent
morning fasting blood analyses screening for sideropenic anemia
that was definitely ruled out in all included TD participants.
Full informed consent was signed from parents to participate in
the study. TD participants’ exclusion criteria included positive
history for inherited metabolic diseases, intellectual disability
or other developmental, neurological, or behavioral problems
and inflammatory bowel diseases/celiac disease. The Social
Communication Questionnaire (24) was used to screen and
exclude autism in TD children. Since artifacts in plasma
acylcarnitine levels are possible due to diet enriched with
fatty acids (MCT-oil, ketogenic diet) (25), we ensured that
no participants underwent fatty acids enriched diet, such as
ketogenic diet or MCT-oil, at least 6 months before sample
collection.

Metabolic Work-Up in ASD Subjects

ASD patients underwent blood and urine collection in the
morning between 8.00 and 8.30a.m. after nocturnal fasting.
Routine blood analyses including glucose, transaminases,
cholesterol, triglycerides, creatine kinase, electrolytes and
thyroid hormones were normal. Morning fasting lactate and
ammonia blood levels were increased in 12.5 and 22.2% of
patients, respectively in line with previous reported rates of
increased markers of mitochondrial dysfunction in ASD (8).
Twenty-five out of 40 studied subjects (62.5%) had significantly
decreased blood Vitamin D3 levels with normal Ca/P ratio.
Urinary organic acids by using Gas Chromatography/MS
detected increased excretion of ketone bodies in five patients.
One patient showed increased urinary 3-hydroxy-isovaleric
acid with normal plasma biotinidase activity. In two sibs with
ASD, the acylcarnitine profile showed increase of C8, C10,
C10:1 carnitine levels suggesting medium-chain acyl-CoA

dehydrogenase deficiency (MCAD). Molecular analyses was
not significant for any mutations associated to MCAD in these
patients.

Biospecimen Collection, Processing and
MS/MS Analysis

To avoid systematic differences related to the time of sample
collection, blood spots on filter paper card (Whatman card
Specimen 903) were collected from each participant in the ASD
and TD groups in the morning between 8.00 and 8.30a.m.
after nocturnal fasting. Samples from the NT children were
prospectively collected in the same period, along with ASD
children samples. Once dried, blood spots were stored at 4°Cin a
unique refrigerator with controlled humidity rate and processed
within 2 weeks after sampling.

A 32mm diameter blood dot of each individual was
used for the analyses. Underivatized specimens were analyzed
using electrospray ionization (ESI)-Tandem MS/MS system.
Forty-five metabolites including amino acids, free carnitine
and acyl-carnitines (saturated, unsaturated, hydroxylated, and
dicarboxylated) were simultaneously measured in DBS. The
analyte concentration was quantified by comparison with
known concentration of corresponding stable-isotope internal
standards. Results of targeted 45 metabolites in ASD participants
were considered in comparison with age-matched reference
ranges obtained from studied TD healthy subjects.

Statistical Analyses

Blood levels of forty-five targeted analytes (jumol/L) obtained
from 162 subjects, 83 ASD patients and 79 TD healthy controls,
were evaluated. Metabolites, with statistically significant different
blood levels between ASD and healthy TD control children were
identified by using the R package limma (26). Since data supports
equal population variances together with normal distributions,
a T-test was applied. The p-value produced by the two-sided
T-test, employed by limma, was corrected using the Benjamini
& Hochberg method in order to estimate the False Discovery
Rate (27). All differences were considered to be statistically

Frontiers in Psychiatry | www.frontiersin.org

19

December 2018 | Volume 9 | Article 636


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

Barone et al.

Metabolic Risk Profile in ASD

significant at a 5% probability level. Possible associations between
the identified metabolites and clinical features of ASD patients
were verified by Spearman correlations analyses.

Classification Modeling

Model development was performed with the aim to detect
metabolic features useful to profile ASD patients vs. healthy
NT controls. For this purpose we trained an algorithm
on the discriminant metabolites identified as described. The
methodology was evaluated in terms of Sensitivity = TP/(TP +
FN), Specificity = TN/(TN + FP), where TP is the number of
true positives, i.e., the number of patients correctly classified;
TN is the number of true negatives, i.e., number of controls
correctly classified; FP is the number of false positives, i.e.,
number of controls classified as patients; and FN is the number
of false negatives, i.e., number of patients classified as controls.
Diagnostic odds ratios and 95% confidence intervals were
evaluated.

The workflow of the study is depicted in Figure 1. Our
dataset, comprising 83 ASD patients and 79 healthy controls,
was randomly partitioned into a training set of 124 samples
(67 ASD patients and 57 healthy controls) for identification
of the classification modeling, and 38-sample holdout set (16
ASD patients and 22 healthy controls). Due to the small cohort
size, keeping a large part of the samples in the training set is
needed to proper identify the classification model (28). For this
reason, we kept two third of the samples in the training set and
the remainder was used as a holdout validation set. Samples
were properly randomized using diagnosis, age and gender to
establish a similar proportion of factors on both training and
holdout sets. Such holdout strategy was repeated 1,000 times to
estimate average performances together with a 95% CI of the
classification model. In addition, a validation test was performed
in an independent set of 29 ASD participants randomly recruited
for re-test analyses. Neurotypical controls were not included in
this analysis because further blood sampling was not achieved in
the TD group. Finally, classification performance was evaluated
by permutation testing in order to establish a distribution of
chance estimates. For this purpose, we trained the classifier with
the 124-sample training set with randomized group labels (ASD
vs. TD) many times (= 1,000). This allowed establishing a chance
distribution that could be used for comparison.

RESULTS

Participant Characteristics

Based on their chronological ages, participants were divided in
two groups: younger (ASD n.42; TD n.35) or older than 5 years
(ASD n.41; TD n.44). Demographic data and clinical features
of all participants in the two age groups, such as presence of
developmental delay (DD), intellectual disability (ID) (IQ < 70)
and symptoms of regressive autism are presented in Table 1.
The rate and extent of DD/ID were higher in children with
ASD younger than 5 years (P: 0.035 and P: 0.0228, respectively).
No significant differences were found in the rate of patients
with regressive autism and in the degree of autism severity
(CSS) between the two age groups (P: 0.065 and P: 0.845,

respectively). ASD patients did not fulfill diagnostic criteria
for probable or definite mitochondrial disorder according to
Morava mitochondrial disease criteria system (29). Less than
5% of studied ASD children had hypotonia and/or epileptic
seizures. None presented with ataxia, peripheral neuropathy,
sensorineural deafness, cardiomyopathy or endocrinological
problems which are common features of mitochondrial diseases.

Metabolic Profile of Target Analytes by
ESI-MS/MS of Blood Spots in Patients With
ASD and Healthy Control Subjects

Over 45 analyzed metabolites in DBS, nine (20%) were
significantly increased in ASD patients with respect to healthy,
age-matched subjects (Table 2). The increased metabolites in
ASD patients included eight acyl-carnitines such as short-chain
(2-5 carbon length) C2 and C4DC\C50H, medium-chain (6-
12 carbon length) C10 and C12, and long-chain acyl-carnitines
(13-18 carbon length) C14:2, C16, C16:1, C18:1. Among eleven
studied amino acids, citrulline levels were increased in ASD
patients (Table 2). Volcano plot showing the distribution of
log-fold-changes vs. statistical significance (p-value) of the
metabolites and individual swarm plots for the subject data, split
by diagnosis, for the nine changed metabolites are reported in
supplementary materials (Figures S1-S4). We estimated an effect
size of 0.6 as the absolute difference between the mean of the
most discriminant metabolites (short chain C2 and C4DC/C50H
acylcarnitines and long chain C10, C12, C14:2, C16, C16:1, C18:1
acylcarnitines, citrulline) within each class divided by the pooled
variance observed between the two classes. This yielded a power
of 0.93 at significance level of 0.05 suggesting a high practical
significance. The power was also estimated within the two age
groups at 0.79 for patient younger than 5 y. o. and 0.78 for older
patients.

Spearman correlations showed that in the ASD sample
metabolite levels did not correlate with age, developmental or
intellectual quotient and autism severity score (CSS) (Table 3).

Training and Testing Set Model

Performance

Next, we trained a classifier based on the Naive Bayes algorithm
making use of the training set and adopting as predictor variables
only the nine metabolites differing significantly between ASD and
TD subjects (P: < 0.001) (Table 2). The results were verified on
the holdout set with the purpose of checking the robustness of the
procedure.

To assess the model and the predictive power of the selected
metabolites, we compared the Naive Bayes algorithm, with other
classification techniques such as C-tree, Random Forest (RF),
Support Vector Machine (SVM), Linear Regression (LM), and
Recursive Partition Tree (PART) (online methods). Our final
choice fell on the Naive Bayes algorithm due to its robustness
and stability. The training procedure led to the selection of acyl-
carnitines C2 and C4DC\C50H, C10, C12, C14:2, C16, Cl6:1,
C18:1 as the most promising classification variables. Naive Bayes
algorithm, using a 8 feature set, reaches an overall classification
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FIGURE 1 | Workflow of the study. Blood acylcarnitines (m/z) C2 (204.3); C4DC\C50H (262.2); C10 (316.2); C12 (344.3); C14:2 (368.3); C16 (400.3); C16:1 (398.3);
C18:1 (286.2) (red asterisks) measured in DBS are increased in patients with ASD. Néive Bayes algorithm trained on the identified metabolites was used to profile
children with ASD vs. healthy controls. Blue asterisks indicate correspondent stable-isotope internal standards.

performance with 73.3% sensitivity (95% CI 72.6-73.9), 63.4%
specificity (95% CI 62.8-64), 6.78 DOR (95% CI, 6.39-7.16).

Predictive Performances of the Metabolic
Profile for Participants Divided by Age

Taking into account that ASD are neurodevelopmental disorders
we considered closely possible interactions of measured
metabolites with participant ages. For this purpose, we divided
the sample into two groups according to age (<5 years and >5
years) and we applied the classifier to discriminate among ASD
and TD control subjects in each age group. Table 4 presents the
predictive performances of the metabolic profile (measures and
95% CI), using Naive Bayes and other compared classifiers, for
all participants; participants aged <5 years and >5 years.

We found an increased competitiveness of the framework
for classifying ASD in toddlers (n: 42 subjects mean age
326 £ 0.89) 72.3% sensitivity (95% CI: 71.3;73.9), 72.1%
specificity (95% CI: 71.2;72.9), and diagnostic odds ratio (DOR)
11.25 (95% CI: 9.47;17.74). Furthermore, by applying our
classification framework to subjects older than 5 years of age,
we found a reduction in performance compared to younger
subjects: Sensitivity 67.5% (95% CI: 66.6; 68.4) Specificity 56.9%
(56.1;57.7), DOR 4.29% (95% CI: 4.09;4.56).

Validation Test

Results were confirmed on independent validation test. For
validation analyses, a set of 29 ASD participants was randomly
recruited for re-test analyses. For this purpose, blood spot
collection for metabolite analyses was repeated at the same
conditions a second time after a mean time interval of 6.86 +
3.8 months. Data from re-test were used as validation set. The
initial values from total 132 subjects were used as training set.
The results show an overall accuracy of 69% (20 patients correctly
classified as ASD, and 9 misclassified as healthy). Splitting the re-
test set by age we found a greater accuracy in younger subjects
(<5 years of age) (n = 11 samples, 73% accuracy) compared to

individuals older than 5 years (n = 18 samples, 67% accuracy).
It should be noted that the re-test validation set only includes
participants with an ASD diagnosis. Therefore, the validation can
only test for true positive and false negative ASD classifications.

Permutation Testing

Classifier performance was evaluated using permutation testing.
Permutation testing can be used to evaluate the probability of
getting specificity and sensitivity values higher than the ones
obtained during the cross-validation procedure by chance. In
order to establish a distribution of chance estimates, we trained
the classifier with the 124-sample training set each time randomly
assigning patient and control labels to each sample many times
(= 1,000) and repeated the cross-validation procedure. The
results show that the quality of the classification in such a case is
even lower than expected values in the case of a random classifier
model with 43.9% accuracy (95% CI: 43.3;44.5) (Table S1). We
definitely demonstrated that the accuracy of the classifier (73%)
is significantly better than expected by chance alone as the
classification algorithms are actually able to extract molecular
patterns that distinguish patients, with respect to a chance
distribution.

DISCUSSION

ASD is a polygenic multifactorial disorder with variable
underlying mechanisms including energy metabolism
disarrangement among others (30). Recognition of specific
classes of ASD patients by biological markers has been
considering effective for better understanding molecular
mechanisms and to guide tailored therapeutic strategies in
patient subset (31). In the current study we pursued to set up
an easily testable blood metabolic profile in DBS to support
early recognition of metabolic subtype patients at risk for ASD
diagnosis. We found in an ASD population without clinical
relevant features secondary to primary mitochondrial disease,
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TABLE 2 | Statistical significant metabolites in ASD participants with respect to TD participants.

Metabolite Abbreviation Log-FC Average concentration t p-Value Adjusted

(ASD vs. TD) p-Value

ASD TD
<5y >5y <5y >5y

Citrulline CIT 0.3601 4.7594 4.5606 4.3556 4.2129 3.7337 0.0003 0.0020
Acetylcarnitine Cc2 0.3318 3.5333 3.5503 3.1886 3.2330 4.2770 0.0000 0.0007
Methylmalonyl/3-OH- C4DC\C50H 0.0762 0.4734 0.5062 0.4058 0.4224 4.4927 0.0000 0.0006
isovalerylcarnitine®
Decanoylcarnitine C10 0.0395 0.1468 0.1643 0.1035 0.1352 2.6288 0.0004 0.0470
Dodecanoylcarnitine C12 0.0246 0.0714 0.0762 0.0414 0.0556 4.1838 0.0000 0.0007
Tetradecadienoylcarnitine C14:2 0.0109 0.0398 0.0377 0.0211 0.0322 3.5912 0.0004 0.0025
Hexadecanoylcarnitine C16 0.1409 1.0594 1.0934 0.9499 0.9180 3.7904 0.0002 0.0019
Hexadecenoylcarnitine C16:1 0.0145 0.0758 0.0805 0.0634 0.0637 3.6726 0.0003 0.0021
Octadecenoylcarnitine c18:1 0.1302 1.0725 1.1304 0.9295 0.9945 3.8526 0.0002 0.0019

Logarithm of the fold-change (Log-FC) between the classes, average concentration in each age subgroup, t-test statistic with its p-value and Benjamini & Hochberg adjusted p-value.
“Isomers or isobars metabolites. ASD, Autism Spectrum Disorders; TD, Typical Development; y, year.

TABLE 3 | Spearman correlations computed for the metabolites listed in Table 2 in relation to the quantitative clinical variables Age, DQ/IQ, and CSS.

Age DQ/1Q CSss
Metabolite p-Value p-Value p-Value
C50H\C4DC* 0.0771 0.4939 0.1176 0.2959 -0.1122 0.3188
c2 —0.1497 0.1821 —0.0634 0.5741 —0.0083 0.9414
C12 0.1103 0.3271 —0.0415 0.7129 —0.1488 0.1850
Cc18:1 0.0093 0.9341 —0.0986 0.3814 0.0155 0.8906
C16 —0.0130 0.9084 —0.0380 0.7362 —0.1340 0.2328
CIT —0.1751 0.1180 —0.0685 0.5434 —0.1230 0.2741
C16:1 0.1286 0.2526 —0.0818 0.4677 —0.0795 0.4803
C14:2 —0.0410 0.7163 0.0060 0.9578 —0.0842 0.4551
C10 0.0843 0.4545 —0.0649 0.5647 —0.0607 0.5906

For each metabolite we report the computed correlation together with a p-value, which indicates whether the observed correlation is statistically significant, under the null hypothesis
that values are uncorrelated. “Isomers or isobars metabolites. DQ, developmental quotient; IQ, intelligence quotient; CSS, Calibrated Severity Score.

a significant increase of blood short-chain, long-chain acyl-
carnitines and, to a lesser extent, medium-chain acyl-carnitines.
Our findings in a Sicilian ASD population (Mediterranean area)
confirm the same, unique pattern of acyl-carnitine profile, which
has been first systematically detected in ASD individuals from
US, (32) defining a broadest coverage of ethnic and regional
groups.

It is worth noting that distinct metabolite differences could
be related to co-morbid undiagnosed medical conditions such
as gastrointestinal disturbances that are frequently observed in
ASD. In the present study we found significantly increased
citrulline levels in children with ASD. Citrulline is an
intermediate metabolic amino acid produced primarily by
enterocytes. Blood citrulline level is considered a biomarker
of gastrointestinal mucosal surface and enterocyte integrity.
Previous studies showed that citrulline levels are inversely
correlated with severity of intestinal malabsorption disease
(i.e., coeliac disease) and inflammatory bowel disease (IBD)

such as Crohn’s disease (33). Patients with classic citrullinemia
(type I) (argininosuccinate synthetase 1 gene mutation) present
with elevated citrulline levels along with hyperammonemia and
variable neurological symptoms in the neonatal period or later
on. Interestingly, it was demonstrated that cumulative exposure
to ammonia and citrulline are the most reliable indicators of
poorer cognitive functioning in patients with classic citrullinemia
(34).

Moreover, the existence of distinct metabolite differences
could relate to concurrent vitamin D deficiency that was observed
in a large proportion of patients with ASD (62%) in this
study. Vitamin D has a pivotal role in neurodevelopment
through several mechanisms including gene regulation and
anti-inflammation/immunological modulation. Lower Vitamin
D levels were consistently reported in subsets of patients with
ASD compared to healthy controls (35). Carnitine is mainly
provided in the diet, but is synthesized at extremely low
rates from trimethyl-lysine residues generated during protein
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TABLE 4 | Classifiers performances for all participants (A); participants aged < 5 years (B) and >5 years (C).

Classifier

Sensitivity

Specificity

DOR

(A) All participants

Naive Bayes 0.7332 [0.7267; 0.7397]
C-tree 0.6715 [0.6590; 0.6841]
RF 0.7296 [0.7229; 0.7364]
SVM 0.7319 [0.7250; 0.7388]
LM 0.6324 [0.6250; 0.6397]
PART 0.6281 [0.6196; 0.6365]

(B) <age 5 years

Naive Bayes 0.7237 [0.7137; 0.7337]
C-tree 0.7590 [0.7441; 0.7739]
RF 0.8270 [0.8187; 0.8353]
SVM 0.8017 [0.7925; 0.8109]
LM 0.6567 [0.6450; 0.6684]
PART 0.7031 [0.6914; 0.7149]
(C) >age 5 years

Naive Bayes 0.6757 [0.6665; 0.6849]
C-tree 0.5071 [0.4867; 0.5275]
RF 0.5881 [0.5780; 0.5982]
SVM 0.5878 [0.5780; 0.5976]
LM 0.6039 [0.5939; 0.6139]
PART 0.5264 [0.5143; 0.5386]

0.6345 [0.6287; 0.6404]
0.4942 [0.4824; 0.5060]
0.5670 [0.5608; 0.5731]
0.5939 [0.5875; 0.6003]
0.6585 [0.6523; 0.6646]
0.5657 [0.5576; 0.5738]

0.7209 [0.7125; 0.7293]
0.3574 [0.3399; 0.3749]
0.5464 [0.5358; 0.5569]
0.6202 [0.6105; 0.6300]
0.6871 [0.6771; 0.6972]
0.4532 [0.4407; 0.4658]

0.5692 [0.5610; 0.5775]
0.5468 [0.5290; 0.5645]
0.5248 [0.5157; 0.5339]
0.6295 [0.6208; 0.6382]
0.6022 [0.5933; 0.6112]
0.5367 [0.5260; 0.5474]

6.7823 [6.3956; 7.1690]
2.7437 [2.6171; 2.8703]
4.8079 [4.5668; 5.0490]
5.5428 [5.2650; 5.8207]
4.4804 [4.2328; 4.7280]
2.9980 [2.8474; 3.1486]

10.1235 [9.4725; 10.7746]
2.8163 [2.6411; 2.9914]
7.1375 [6.5862; 7.6888]
8.1844 [7.6207; 8.7481]
7.1923 [6.6648; 7.7198]
2.9037 [2.6924; 3.1150]

4.2905 [4.0193; 4.5616]
1.6693 [1.5826; 1.7559]
2.3622 [2.2069; 2.5175]
3.9369 [3.6500; 4.2238]
3.7105 [3.4456; 3.9755]
2.0030 [1.8714; 2.1347]

Compared classification algorithms: Naive Bayes, C-tree, Random Forest (RF), Support Vector Machine (SVM), Linear Regression Model (LM), and Recursive Partition Tree (PART). For
each classifier sensitivity, specificity, of the model and diagnostic odds ratio (DOR) are shown. All the measures are reported together with the bounds of the 95% ClI.

catabolism and is excreted in the urine. In patients with
nutritional rickets (vitamin D deficiency), an increased urinary
excretion of carnitine may occur that is reversed by vitamin
D supplementation (36). It may be argued that carnitine
metabolism may be involved in patients with nutritional rickets.
Possible links between vitamin D deficiency and carnitine
deficiency should be further investigated also in view of the
higher prevalence of both these conditions in patients with ASD.

As ASD is developmental in nature, we considered possible
interactions of measured metabolites with participant ages.
Profiles of carnitine and acyl-carnitines change significantly
during the first year of life, but kept at the same level between
2 and 15 years (37). We split the sample in two age categories
(< 5 y.o0. and > 5 y.0.) to understand possible predictive
metabolic signatures capable of distinguishing ASD and TD
individuals at early stages of ASD development. This threshold is
consistent with reliable ASD diagnosis and effectiveness of early
intervention. Indeed, the definite diagnosis of ASD is generally
made between 3 and 5 years (38). Moreover, increasing evidences
support the effectiveness of early interventions (behavioral,
developmental and educational approaches) in pre-schoolers
(aged 24-71 months) with ASD (39).

The results show higher classification performance (sensitivity
72.3%, specificity 72.1%) at younger ages and potential
application to improve diagnosis at earlier stages of ASD
development. Re-test analyses as a measure of validity in
independent samples showed an accuracy (proportion of
observations that were correctly classified into patient or control
group) of 73% in children aged <5 years. It has to be noted

that the validation set only includes participants with an ASD
diagnosis and so the validation can test for true positive and false
negative ASD classifications.

The present study confirms that patients with ASD may show
a distinct metabolic profile, demonstrating that this can be used
to identify a subset of ASD patients with respect to TD at younger
ages. We verified that in each age group, clinical variables
such as cognitive levels (DQ/IQ) and autism severity (CSS)
did not correlate with the discriminant metabolite levels. This
implies that both clinical features were irrelevant to clinically
discriminate the identified patient subset. It would be interesting
to further investigate if individual component of behavioral
scores instead of global scores and/or additional neurological
features might be more helpful at the clinical level using larger
samples that allow patient stratification (31).

The predictive metabolic profile identified in the present study
is strongly supported by significant biological and experimental
data associated with ASD:

(1) the present findings collectively suggest a reduced flux
through the mitochondrial B-oxidation pathway in a
subset of patients with ASD. The acyl-carnitine pattern
found in ASD patients is not consistent with any known
genetic disorders of fatty acid oxidation and organic
acid metabolism, electron transport chain or urea cycle
dysfunction, or other inherited metabolic diseases. Genetic
defects of mitochondrial B-oxidation are a group of IEM
caused by failure of a single mitochondrial enzyme of
B-oxidation such as short chain acyl-CoA dehydrogenase
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(SCAD), medium chain acyl-CoA dehydrogenase (MCAD),
very long chain acyl-CoA dehydrogenase (VLCAD) or
long chain 3-hydroxyacyl-CoA dehydrogenase (LCHAD).
Mitochondrial p-oxidation defects may be secondary to
dysfunction of dependent processes, such as deficiencies of
the carnitine fatty acid transporter system, or mitochondrial
electron transfer flavoprotein system (multiple acyl-
CoA dehydrogenase deficiency) (40). The occurrence
of developmental delay, autistic-like behavior or ASD
in genetic defects of mitochondrial B-oxidation (41)
particularly VLCAD (42) and LCHAD (43) suggests that
impaired mitochondrial B-oxidation may contribute to
dysfunctional energetic metabolism in subsets of patients
with ASD. Deletion of the TMLHE gene, which is the first
step in carnitine synthesis pathway and located on the
X chromosome, is found more often in males with non-
dysmorphic autism suggesting that TMLHE deficiency is a
risk factor for autism, albeit with low penetrance (estimated
at 2-4%) (44). Children with ASD, as a group, are deficient
in Carnitine (45) with this deficiency potentially related to
gastrointestinal symptom (46). Additionally, supplementing
with Carnitine has been shown to improve core
symptoms of ASD in two double-blind placebo controlled
studies (47, 48).

ASD features and ASD have been reported in patients with
propionic acidemia (PA), a severe organic acidemia caused
by propionic acid (PPA) accumulation due to propionyl-
CoA carboxylase enzyme deficiency (49). Endogenous PPA
derives from the catabolism of branched-chain amino
acids and from odd-chain fatty acid catabolism. PPA is
a fermentation product of many autism associated gut
bacteria, and also a common food preservative (50).
Intracerebral PPA injections in rodents induce behavioral,
electrographic and biochemical changes consistent with
rodent ASD model (PPA model) (51). Brain lipid analyses
of PPA model show increase of short- and long-chain acyl-
carnitines but not medium- chain acyl-carnitines (52). The
acyl-carnitine profile of PPA model overlaps with those
found in patients with ASD (32), also in the current study.
Dysregulated cortical layer formation and layer-specific
neuronal differentiation demonstrated in the neocortex
of children with ASD, suggest possible defects in cell-
cycle processes as well as in cell fate specification (53).
The carnitine palmitoyl transferase (CPT) system, which
mediates the entry of long-chain fatty acids into the
mitochondria for f3-oxidation, operates in astrocytes (54,
55) and in embryonic and adult neural stem cells (NSC)
(56, 57). Recent evidences show that fatty acids might
represent an important oxidative fuel during embryonic and
early postnatal development and a reduced flux through
the mitochondrial fatty acid B-oxidation impairs NSC self-
renewal in the mammalian embryonic brain and potentiates
their transition to lineage-restricted cells (IPCs) (54-56).
As a whole, experimental findings show a pivotal role
for mitochondrial fatty acid B-oxidation in controlling
NSC-to-IPC transition in mammalian embryonic and
adult brain, and propose NSC self-renewal as a cellular

(2)

mechanism underlying the association between disturbances
of mitochondrial fatty acid oxidation and autism (56, 57).

We found a combined acyl-carnitine pattern in patients with
ASD indicative of impaired mitochondrial fatty acid B-oxidation.
The identified acyl-carnitine profile is characterized by a pattern
of more elevated acyl-carnitine species in comparison with age-
matched reference ranges. The presence of short-, medium-,
and more elevated long-chain acyl-carnitine species, might
reflect a mild generalized defect in FAO capacities, such as
in FAO electron shuttle protein ETF (electron transferring
factor), which is involved in the transfer of electrons coming
from the short-chain, medium-chain and long-chain acyl-CoA
dehydrogenases isoforms to the respiratory chain. Electrons from
ETF feed the respiratory chain at the level of ETFDH (ETF
dehydrogenase), a respiratory chain enzyme which transfers
these electrons to coenzyme Q. Both inborn ETF and inborn
ETFDH deficiency have been described in human, associated
to a variety of phenotypes (58). The mechanisms responsible
for expression of abnormal acyl-carnitine pattern in this subset
of ASD patients cannot be inferred from the present study.
Further studies are necessary to clarify if genetic variation of
fatty acid oxidation and interaction with environmental factors
including diet might account for acyl-carnitine accumulation.
In view of the wide clinical features related to ASD we
consecutively recruited patients with ASD diagnosis representing
an heterogeneous ASD population: further studies are required
to understand possible genetic and behavioral correlates of
metabolic subtypes of ASD. One limitation of the present study
is the lack of inclusion of a neurodevelopmental delay group
to understand the performances of the algorithms for ASD vs.
other developmental disabilities. Moreover, our study has been
developed in a clinical sample. Similarly, classifiers have been
applied to identify biomarkers of neurological and psychiatric
diseases in clinical cohorts (28, 59). However, it has been recently
highlighted that machine learning models should be adjusted
to the epidemiological prevalence in the general population
(60). Larger-scale studies or population analyses are therefore
needed to assess performances in real life cohorts considering the
actual prevalence rate. This will require resources for large-scale
collaborative efforts worldwide (61).

CONCLUSION

The present study supports early recognition of a distinctive
metabolic profile in DBS whose distinguishing features suggest
a reduced flux through the mitochondrial fatty acid B-oxidation
pathway and provides insight into concealed molecular
mechanisms determining ASD. The results show higher
classification performances in children with ASD younger than 5
years old suggesting a potential complementary and supportive
ability to improve diagnosis at earlier stages of ASD development.
The applied non-invasive methodology on DBS traditionally
used for newborn screening is appropriate to evaluate metabolic
profile changes across development. The present findings yield
the evidence that metabolic biomarkers that identify subset of
patients with ASD are helpful. Considering the heterogeneity
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of ASD, metabolic profiling may support the identification of
phenotypes enabling individualized therapeutic approaches in
children at risk of developing the disease.
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Stress and trauma profoundly influence psychiatric biobehavioral outcomes. The
identification of treatment and biomarker targets would be accelerated by a broad
understanding of the biological responses to these events. The goal of this study was
to determine genes responsive to auditory fear conditioning (FC), a well-characterized
amygdala-dependent rodent model of threat-exposure, in the presence or absence of
prior stress history, providing insight into the physiological processes underlying response
to trauma. RNA-sequencing was performed in blood and amygdala from mice that
underwent fear conditioning with (Immo+FC) and without (FC) prior immobilization stress,
a paradigm that induces HPA axis, and behavioral stress sensitization. In the amygdala,
607 genes were regulated by FC vs. home-cage (HC) controls, and 516 genes differed in
stress-sensitized mice (Immo+FC vs. FC). In the former, we observed an enhancement
of specific biological processes involved in learning and synaptic transmission, and in
the latter processes associated with cell proliferation and the cellular response to drugs.
In the blood of stress-sensitized animals, 468 genes were dynamically regulated when
compared to FC, and were enriched for the biological pathways of inflammation and
cytokine signaling. This study identified genes and pathways that respond to threat in
the amygdala and blood of mice with and without a prior stress history and reveals the
impact of stress history on subsequent inflammation. Future studies will be needed to
examine the role of these dynamically regulated genes may play in human clinical stress
and trauma-related disorders.

Keywords: threat, fear, PTSD (post-traumatic stress disorder), amygadala, stress

INTRODUCTION

Post-traumatic stress disorder (PTSD) is a pervasive and debilitating psychiatric disorder that
develops in vulnerable individuals after exposure to variable levels of trauma. A prior stress event,
particularly early life trauma or abuse, has also been shown to cause poor psychiatric outcomes
in adults, increasing risk for and the severity of PTSD (1, 2). The characteristic features of PTSD,
such as hypervigilance and heightened startle reactions (DMS-V), associate with a patient’s inability
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to regulate their fear response in the presence of a non-
threatening situation (3, 4). Human neuroimaging studies and
animal models have well established that the amgydala plays
a central role in the processing of fearful and threatening
stimuli and in mediating the constellation of responses that
are associated with fear and threat-related behaviors (5, 6).
Accumulating and compelling evidence now suggests that PTSD
is associated with dysregulation of the amygdala, generally
hyperactivity, in response to trauma-relevant or emotionally
salient cues (7, 8).

Recent studies have identified differential gene expression
patterns in blood between PTSD cases and trauma-exposed
controls, reporting possible genes, and pathways associated with
PTSD, several of which show dysregulation of the immune
system and glucocorticoid pathways (9). However, there is
limited knowledge of the degree of correlation between gene
expression changes, accompanying trauma, and psychiatric
conditions (e.g., PTSD) in the blood and those in the
brain. Additionally, because of the obvious limitations of
availability of human brain tissues, there had been paucity
of brain-based transcriptomic studies. While transcriptomic
studies from human post-mortem issues can aide in examining
persistent, long-lasting changes in gene expression relevant to
specific disease states, they do not permit examination of the
transcriptional changes which occur in brain regions relevant
for stress and trauma-related disorders at times proximal to
trauma.

In this regard, traumatic memory formation in animal
models can facilitate identification of genes whose expression is
comparable between the amygdala and blood. As such, studies
employing rodent models of stress and threat exposure may
present a powerful approach toward bridging this gap. Moreover,
studies examining the molecular mechanisms associated with
the formation and persistence of threat-relevant memories have
largely utilized Pavlovian fear-conditioning (FC), employing as
conditioned stimulus either novel auditory cues to result in a
largely amygdala dependent memory, or spatial, and contextual
cues that integrate hippocampal and amygdala regions to regulate
learning (5, 10). As much work has shown in human clinical
studies has noted the importance of the amygdala in the
pathophysiology of trauma-relevant disorders (11-13) and the
impact of prior stress history on later risk for the development
of PTSD accompanying trauma (14), we were most interested in
examining the molecular changes occurring within the amygdala
in the time period proximal to trauma. To meet this objective
we used paradigm previously utilized by our group which has
confirmed that mice immobilized for one 2h session, 1 week
prior to auditory FC have impaired fear extinction and retention,
phenotypes that are seen in human clinical PTSD (15, 16). In
addition to the observed behavioral phenotype, mice exposed
to the immobilization paradigm had hypothalamic-pituitary-
adrenal (HPA) axis hypersensitivity, and transient changes in
plasma corticosterone levels (4, 17). HPA axis abnormalities, such
as low levels of cortisol in urine and plasma or higher suppression
of cortisol in response to dexamethasone have been also reported
in PTSD patients (18, 19). As the prior (immobilization) stress
history model replicates many of the behavioral and hormonal

alterations that are observed with human clinical trauma-
relevant disorders (20, 21), we utilized a robust mouse model
of stress exposure and auditory fear conditioning to identify
changes in gene expression in the amygdala response to fear
conditioning with and without prior stress.

Ultimately, our goal was to identify correlated patterns of
gene expression between blood and brain under these conditions
to facilitate interpretation of blood-based studies of PTSD and
to provide new insight into the pathophysiology stress-related
disorders.

METHODS

Animals

All experiments were performed on adult male wild-type
C57BL/6] mice aged 2-3 months obtained from The Jackson
Laboratory. Male mice were group-housed in a temperature-
controlled vivarium with set-point maintained at 72° F (£1°)
and relative humidity controlled at 40-50%, with ad libitum
access to food and water. Each experimental group consisted
of 12 mice maintained on a 12-h light/dark cycle, with all
behavioral procedures being performed during the light cycle.
All procedures used were approved by the Emory University
Institutional Animal Care and Use Committee (IACUC) and in
compliance with National Institutes of Health Guide for the Care
and Use of Laboratory Animals.

Mouse Immobilization Stress (Immo) and
Fear Conditioning (FC)

Immobilization stress (Immo) and fear conditioning (FC) were
conducted following the protocol from Andero et al. (4). Briefly,
immobilization procedures were conducted in a room separate
from housing and behavioral paradigms. Each animal was
immobilized by restraining their four limbs with tape in a prone
position to metal arms attached to a wooden board for 2h. All
cage-mate animals received the same treatment—either Immo
or handling. Handling lasted ~1 min per mouse and consisted
of letting the animal walk on top of their home cage and in the
hands of the experimenter. After Immo, animals were returned
to their home cage (HC) where they remained undisturbed for
a week prior to fear conditioning (FC), which was performed in
Immo animals and a subset of naive animals. For auditory fear
conditioning mice were habituated to white-light illuminated,
standard rodent modular test chambers (ENV-008-VP; Med
Associates Inc., St. Albans, VT) with an inside area of 30.5cm
(L) x 24.1cm (W) x 21.0cm (H) for 10 min on 2 consecutive
days prior to fear conditioning. Fear conditioning consisted of
five trials of a novel tone conditioned stimulus (CS; 30s tone,
6 kHz, 70 dB), which co-terminated with a foot-shock (500 ms,
0.6 mA) unconditioned stimulus (US). The tone conditioned
stimulus was generated by a Tektronix function generator audio
oscillator delivered through a high-frequency speaker (Motorola,
Model 948) attached to the side of each chamber. The Pre-CS
period lasted 180s and a variable inter-trial interval (ITI) was
used between each CS-US pairing to result in a total conditioning
session which lasted 840s. The apparatus was cleaned with
Quatricide® after each mouse.
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Mice were sacrificed under basal conditions (HC group) or
2h following auditory fear conditioning (Immo+FC and FC
alone groups)—a time point that our group has consistently
utilized for looking at changes in transcriptional processes in
the amygdala following auditory fear conditioning—with a brief
exposure to isoflurane anesthesia, <30s, followed by decapitation
and trunk blood collection. Trunk blood from two mice of the
same behavioral group was collected into a single 3 ml EDTA
BD-Vacutainer tubes. A 250 L aliquot of each blood sample
was allocated for complete blood count, and the remaining
sample was stored at —80°C. Brains were immediately frozen
on dry ice and stored at —80°C, and 1 week later brains were
mounted on a sliding, freezing microtome using Tissue-Tek
OTGC, and sectioned slowly to approximately Bregma —1.34 mm
(22) to reveal the amygdala. One millimeter of bilateral amygdala
punches, centered on the basolateral nucleus were taken and
immediately frozen in microcentrifuge tubes on dry ice and
stored at —80 degrees for later RNA extraction. The bilateral
amygdala punches (and the blood) from 2 mice of the same
behavioral group were pooled together, thus resulting in a total
of 6 pooled samples for each behavioral condition that were
sequenced. As the murine basolateral amygdala is slightly larger
than 1 mm, we cannot exclude the possibility that other amygdala
subregions were including in these tissue samples.

RNA Extraction and Sequencing
RNA extraction, QC, library preparation, and sequencing were
conducted by the Yerkes Non-Human Primate Genomics Core
(Atlanta, GA). Amygdala punches were homogenized with
a bead milling homogenizer, and total RNA was isolated
and purified from each sample with the RNeasy Mini Kit
(Qiagen, CA) following the manufacturer’s instructions. RNA
quality and quantity were verified with the 2100 BioAnalyzer
PicoChip (Agilent Technologies, Santa Clara, CA) before
sequencing, and all samples had an RNA Integrity Number
(RIN) score of nine or higher. For blood samples, globin
mRNA transcripts were depleted using the GLOBINclear™.-
Mouse kit (Ambion, Austin, TX) according to the manufacturer’s
instructions. Briefly, 1 pg of total RNA was treated with
biotinylated oligonucleotides to selectively deplete the a- and
B-globin sequences. Subsequently, streptavidin paramagnetic
beads were added, to capture the hybridized globin mRNA
biotinylated probes, resulting in an average 25% loss of total
RNA. Further purification of the globin depleted RNA was
performed with SPRI magnetic beads as per manufacturer’s
recommendation.

Libraries were prepared using the Illumina (Illumina Inc. San
Diego, CA) TruSeq™ RNA kit as per manufacturer’s instructions.
Briefly, 250 ng of total RNA was used for library preparation.
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FIGURE 1 | Fear conditioning induces gene expression differences in amygdala and blood. Volcano plots and heatmaps show changes in gene expression in the
amygdala (A) and blood (B) after fear conditioning compared to Home Cage (HC vs. FC). The horizontal axis of the Volcano plot is logo fold change for differently
expressed genes, and the vertical axis is the negative-log{q of the p-values are plotted. Each dot represents a gene, with red dots showing genes reaching an FDR
corrected p-value of 0.05, and green dots representing genes with FDR < 0.05 and absolute fold change >1; orange dots have an absolute fold change>1 but do
not reach experiment-wide significance; black dots are genes whose expression is similar between the two groups.
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TABLE 1 | Enrichment biological process analyses for differential express genes in fear conditioning mice compared to control (FC vs. HC).

GO number Description FE2 p-valueP
AMYGDALA

GO:0007611 Learning or memory 8.20 418 x 1074
G0:0008306 Associative learning 8.47 0.010
GO:0007268 Chemical synaptic transmission 3.65 0.008
GO:0003007 Heart morphogenesis 5.99 0.008
G0:0035556 Intracellular signal transduction 2.44 0.012
G0:0055085 Transmembrane transport 2.49 0.023
GO:0007507 Heart development 2.80 0.025
G0:0048511 Rhythmic process 3.81 0.025
G0:0007612 Learning 5.28 0.030
GO:0007157 Heterophilic cell-cell adhesion via plasma membrane cell adhesion molecules 6.03 0.027
G0:0045944 Positive regulation of transcription from RNA polymerase Il promoter 1.75 0.036
GO:0006811 lon transport 2.038 0.036
G0:0006351 Transcription, DNA-templated 1.50 0.041
GO:0045053 Protein retention in Golgi apparatus 27.87 0.040
G0:0007626 Locomotory behavior 3.87 0.045
BLOOD

GO:0007156 Homophilic cell adhesion via plasma membrane adhesion molecules 12.4 1.63 x 10726
G0:0002376 Immune system process 3.07 0.009

aFE, Fold Enrichment.
bPp-value following Benjamini-Hochberg correction for multiple testing.

The TruSeq method (low-throughput protocol) employs two
rounds of poly-A based mRNA enrichment using oligo-dT
magnetic beads followed by mRNA fragmentation using cations
at high temperature. First and second strand ¢cDNA synthesis
was performed followed by end repair of the blunt cDNA
ends. One single “A” base was added at the 3’ end of the
cDNA followed by ligation of barcoded adapter unique to each
sample. The adapter-ligated libraries were then enriched using
PCR amplification. The amplified library was validated using
a High Sensitivity DNA chip on the Agilent Bioanalyzer. The
libraries were further quantified on Qubit® 2.0 Fluorometer
(Life Technologies, Grand Island, NY) using the High Sensitivity
dsDNA assay. Each library contained the same amount of RNA,
and eight sample pools were multiplexed in each lane of the
flowcell. PhiX was used as an internal control on each lane
to monitor the error statistics, and sequencing was performed
on the Illumina HiSeq1000 system employing a paired-end 101
cycles run.

Statistical Analysis

Alignment to the 10 mm UCSC Mouse Assembly was performed
using STAR version 2.3 (23); parameters were set using the
annotation as a splice junction reference. Sample reads were
assembled into transcript models using cufflinks (v2.1.1), which
were then merged and processed with cuffdiff v2.1.1 (24)
to produce per sample FPKM expression levels and estimate
differential expression between the sample groups. Each tissue
(amygdala and blood) was processed separately to allow for
identification of tissue-specific differences for each behavioral
condition. The false discovery rate (FDR) was controlled at

5% to account for multiple testing in all analyses (g < 0.05).
Volcano plots were generated in R. Differentially expressed
genes were further evaluated for the enrichment of biological
processes using DAVID 6.8 (25). Differences in cell counts
between groups were evaluated using an independent ¢-
test.

RESULTS

In this study, two groups of mice (with and without a history
of immobilization stress; Immo), were trained in an auditory
fear conditioning paradigm (Immo-+FC and FC, respectively);
a third group of naive, home-cage control animals was handled
and removed from the vivarium but not exposed to any
behavioral intervention (HC). All mice were sacrificed together
2h after last fear conditioning (or an equivalent time of
day after handling), and gene expression patterns from blood
and amygdala were compared. Examination of the freezing
behaviors of animals in the Immo-FC and FC groups did
not reveal any significant differences in baseline, pre-tone CS
freezing (t = —0.39, p > 0.05) or tone CS freezing across the
auditory conditioning session (t = 0.43, p > 0.05). Table S1
shows the total number of expressed genes in both tissues
across the three different groups (HC, FC or Immo+FC).
We observed tissue-specific gene expression, with an overall
higher number of genes expressed in the amygdala relative to
the blood in all three groups (HC, FC, Immo+FC). Overall
11,353 genes were expressed in both tissues, with 580 uniquely
expressed in blood and 4,271 uniquely expressed in the
amygdala.
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TABLE 2 | Genes differentially expressed in FC compared to HC in amygdala and blood.

Gene Amygdala Blood
Fold change p-value g-value Fold change p-value g-value

Nxpe4 -0.39 0.0003 0.010 -1.27 5.00E—05 0.002
PIxnd1 -0.22 0.0017 0.047 -0.82 5.00E—05 0.002
C1ql3 0.24 0.0012 0.037 —2.41 0.0001 0.004
Zhx2 0.29 0.0012 0.037 0.68 0.0001 0.006
Pbrm1 —0.26 0.0001 0.005 -0.68 0.0005 0.015
Adam8 0.47 0.0006 0.020 0.62 0.0008 0.022
Zbtb40 0.37 0.0002 0.007 0.67 0.0009 0.026
Myo5a —0.30 0.0001 0.003 —0.58 0.001 0.030
DmxI2 —0.42 0.0001 0.003 —0.66 0.002 0.045
Kif1b -0.25 0.0012 0.036 -0.53 0.003 0.054
Sorl1 -0.37 0.0001 0.003 0.51 0.004 0.078
Sdc4 0.26 0.0008 0.025 0.46 0.005 0.088
Thada -0.33 0.0010 0.032 0.49 0.006 0.098
Tra2a 0.32 0.0001 0.003 —0.45 0.006 0.106
Insr —0.22 0.0015 0.044 —0.49 0.008 0.120
Gaint9 0.38 0.0001 0.003 -0.58 0.009 0.137
Myadm 0.22 0.0013 0.039 —0.48 0.011 0.152
Abhd2 —0.25 0.0007 0.023 0.50 0.013 0.172
Kif11 —0.41 0.0009 0.028 —0.48 0.016 0.195
Zfp280c —0.31 0.0001 0.005 —0.50 0.020 0.225
Bptf -0.25 0.0001 0.003 0.38 0.020 0.229
Numb 0.26 0.0005 0.017 0.39 0.022 0.241
Pdsba -0.29 0.0001 0.005 0.39 0.023 0.248
Sdf2l 0.58 0.0001 0.003 0.44 0.023 0.248
Egr3 0.33 0.0001 0.003 0.89 0.024 0.251
Arhgef12 —0.24 0.0004 0.015 —0.40 0.025 0.260
Kat6a —0.28 0.0001 0.003 0.36 0.030 0.288
Guft —0.27 0.0006 0.021 —0.45 0.036 0.320
Phka2 —0.47 0.0001 0.003 —0.42 0.040 0.344
Zfp445 —0.21 0.0016 0.046 -0.33 0.044 0.362
Dusp1 -0.54 0.0001 0.003 0.37 0.045 0.364
Fkbp5 0.24 0.0007 0.024 0.35 0.048 0.377

Bold Gene Names: Adam8, a disintegrin and metallopeptidase domain 8; C1ql3, C1q-like 3; DmxI2, Dmx-like 2; Myo5a, myosin VA; Nxpe4, Neurexophilin and PC-Esterase Domain
Family, Member 4; Pbrm1, Polybromo 1; Plxnd1, Plexin D1; Zbtb40, Zinc finger and BTB domain containing 40; Zhx2, Zinc fingers and homeoboxes 2. ?C1qI3 (C1q-like 3) changes in

different direction in brain and blood.

Fear Conditioning Induces Robust Gene
Expression Differences in Amygdala and
Blood

We first investigated differences in response to fear conditioning
(FC vs. HC). Figure 1A shows that FC induced gene expression
changes in the amygdala, with 607 genes differentially expressed
when compared to HC (Table S2; FDR < 0.05). FC resulted
in a down-regulation of gene expression in the majority of
these genes (76.6%). We then evaluated differentially expressed
genes for enrichment of biological process and identified 15
processes that were enriched after multiple test correction
(Table 1, Table S3). Among these processes, there was an
enrichment of specific biological processes including memory
formation and consolidation, and neurotransmission, with

learning or memory (p = 4.18 x 10~*), and associative learning
(p=10.01).

In blood, FC results in expression differences of 352 genes
in blood relative to HC (Table S4; FDR < 0.05; Figure 1B),
with the majority of genes identified (84.3%) having lower
expression levels in FC when compared to HC. Only two
biological processes were enriched among these differentially
expressed genes (Table 1; Table S3), homophilic cell adhesion
of plasma membranes of adjacent cells (p = 1.6 x 1072°), and
immune system processes (p = 0.009). Comparison of genes
regulated in amygdala (FDR < 0.05) with those regulated in
blood (p < 0.05) revealed 32 genes differentially expressed in
FC vs. HC, 9 of which reached FDR significance in both tissues
(Table 2).
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FIGURE 2 | Fear conditioning and prior immunization induce gene expression differences in amygdala and blood. Volcano plots and heatmaps show changes in gene
expression in the amygdala (A) and blood (B) of animals that experienced immobilization (iImmo+FC) prior to fear conditioning (FC). The horizontal axis of the Volcano
plot is logy fold change for differently expressed genes, and the vertical axis is the negative-log{q of the p-values are plotted. Each dot represents a gene, with red
dots showing genes reaching an FDR corrected p-value of 0.05, and green dots representing genes with FDR < 0.05 and absolute fold change > 1; orange dots have
an absolute fold change>1 but do not reach experiment-wide significance; black dots are genes whose expression is similar between the two groups.
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Prior Stress Sensitization Induces Gene
Expression Changes in Response to Fear
Conditioning

To evaluate how prior stress exposure may alter the
transcriptional processes that accompany fear conditioning,
we compared amygdala expression in the Immo+FC to the FC
group (Figure 2A). We identified 516 genes that had differences
in expression levels (FDR < 0.05; Table S5, Figure 2A), 84.3% of
which were higher in FC. Among those, we observed genes that
have been associated with PTSD in previous human studies (e.g.,
DRD?2 and HTR2a) (26-29) or linked to anxiety or PTSD-like
behaviors in humans or animal models (Igf2, Grm2, Clock,
Trhr) (30-32) (Table S5; Figure 3). Enrichment analyses of
the 516 differentially expressed genes revealed four biological
pathways, including cell proliferation and cellular response to
drugs (Table 3; Table S6).

In blood, prior stress history (Immo+FC) associates with
expression differences in 468 genes relative to FC (Figure 2B),
the majority of which (97%) increased in expression compared
to FC (FDR < 0.05; Table S7). Enrichment analysis revealed
39 pathways including immune response, inflammation, and
cytokine signaling pathways (Table 3). To contextualize these
differences, we compared the proportion of blood cell types

(monocytes, neutrophils, and lymphocytes) between each group.
Although there were no differences in blood cell composition
between the HC and FC groups, Immo+FC had a higher
proportion of neutrophils and a lower proportion of lymphocytes
relative to both FC (p = 0.013) and HC (p = 0.007; Figure 4).

We then compared the genes whose expression differed in
the amygdala (FDR < 0.05) with those that differed in blood.
We identified 27 genes (Table4) that change in Immo+FC
vs. FC in both tissues, 20 (74%) of which occurred in the
same direction in both tissues. Among the 10 genes that
remained significant after multiple test correction in both
tissues, DmxI2, Trpsl, Fgd4, and Thbd have similar expression
patterns in Immo+FC and HC. Interestingly, the remaining
genes in which immobilization (Immo+FC) had induced
changes in expression seem to be involved in immune response
(Lbp and Lnc2), anxiety behavior and schizophrenia (Pde’b),
corticosterone homeostasis, and steroid transportation (Lcn2
and Soatl; Figure5). While we cannot state whether or not
these genes are also regulated by immobilization alone, the
observation of regulation in both stress exposed and non
exposed animals following fear conditioning suggests that these
genes are similarly transcribed in the amygdala following fear
conditioning.
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DISCUSSION

This study utilized a translational animal model to examine
molecular alterations associated with threat exposure in both the
blood and amygdala of mice with and without a prior stress
history. As much work has noted that, while trauma-related
disorders can occur in individuals following exposure to a single
trauma, individuals with a history of early stress and trauma
are more likely to develop PTSD following subsequent trauma
exposure (2, 33). We examined RNA expression changes in two
different tissues: (1) the amygdala, often considered the “hub” of
the fear and threat response in humans and animals (34, 35) and
(2) the blood, the most common tissue used in human PTSD
studies. Identification of a common gene expression response
pattern presents a valuable step in translational biology, toward
bridging the disconnect between how peripheral gene expression
changes are relevant to PTSD-related behavioral alterations in
humans.

In this study, fear conditioning resulted in differences in
enrichment of genes implicated in learning and memory as well
as general cellular processes in the amygdala (Table 1). These

results provide confidence in our approach, as they are consistent
with established pathways relevant to amygdala-mediated fear
learning. However, our observation of fear conditioning induced
down-regulation of gene transcription in the amygdala is
noteworthy as one might expect that associative learning would
increase transcription to support plasticity necessary for memory
formation. As fear conditioning has been found to result in
multiple waves of transcriptional processes occurring across the
minutes to hours that follow (36), these data should be viewed
as a static snapshot of the dynamic transcriptional processes that
accompany fear conditioning, i.e., 2 h for the current study. Other
recent studies have utilized time-points more proximal (30 min
or 1h) to fear conditioning and more distant (6h and 24h) to
examine transcriptional changes, and have also demonstrated
conditioning related down-regulation and up-regulation of gene
targets (10, 37-39). Therefore, while 2h has traditionally been
used by our group for examining transcriptional processes
following fear conditioning in the amygdala, these data must
indeed be considered as only a subset of the dynamic and highly
interwoven molecular processes, including translational and
epigenetic processes, which also accompany fear conditioning.
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TABLE 3 | Enrichment of biological process among genes associated with prior stress immobilization.

GO number Description FE@ p-valueP
AMYGDALA

G0:0008285 Negative regulation of cell proliferation 3.43 0.004
GO:0006457 Protein folding 5.61 0.010
G0:0006986 Response to unfolded protein 9.39 0.014
G0:0042493 Response to drug 3.18 0.029
BLOOD

GO:0002376 Immune system process 6.51 2.29 x 10725
G0:0045087 Innate immune response 6.01 6.40 x 10723
GO:0006954 Inflammatory response 5.83 3.38 x 10~18
G0:0052697 Xenobiotic glucuronidation 39.59 518 x 1078
G0:0032496 Response to lipopolysaccharide 4.97 1.61 x 1076
G0:0030593 Neutrophil chemotaxis 8.39 1.40 x 107°
G0O:0006955 Immune response 3.93 172 x 1075
GO:0006935 Chemotaxis 6.04 1.70 x 107
G0O:0042742 Defense response to bacterium 4.66 1.54 x 1075
G0:0032760 Positive regulation of tumor necrosis factor production 9.06 1.47 x 1075
G0:0009813 Flavonoid biosynthetic process 16.97 4.82 x 107°
GO:0052696 Flavonoid glucuronidation 16.97 4.82 x 1075
GO:0071223 Cellular response to lipoteichoic acid 29.69 119 x 1074
GO:0009615 Response to virus 6.36 4.56 x 1074
G0:0050729 Positive regulation of inflammatory response 7.07 0.0017
G0:0032755 Positive regulation of interleukin-6 production 7.71 0.0028
G0:0002755 MyD88-dependent toll-like receptor signaling pathway 16.70 0.0028
GO:0019221 Cytokine-mediated signaling pathway 4.27 0.0033
GO:0055072 Iron ion homeostasis 8.48 0.0045
G0:0050830 Defense response to Gram-positive bacterium 5.27 0.0051
G0:0031663 Lipopolysaccharide-mediated signaling pathway 10.06 0.0062
GO:0042127 Regulation of cell proliferation 3.34 0.006
GO:0045766 Positive regulation of angiogenesis 4.42 0.009
G0:0050873 Brown fat cell differentiation 9.17 0.009
G0:0010628 Positive regulation of gene expression 2.57 0.009
G0:0050728 Negative regulation of inflammatory response 512 0.013
G0:0042535 Positive regulation of tumor necrosis factor biosynthetic process 17.13 0.013
G0:0002548 Monocyte chemotaxis 7.79 0.020
GO0:0034341 Response to interferon-gamma 10.28 0.019
G0O:0071222 Cellular response to lipopolysaccharide 3.20 0.021
G0:0008360 Regulation of cell shape 3.84 0.022
G0O:0007165 Signal transduction 1.70 0.026
G0:0006898 Receptor-mediated endocytosis 5.94 0.026
GO0:0051607 Defense response to virus 3.47 0.026
G0:0043123 Positive regulation of I-kappaB kinase/NF-kappaB signaling 3.59 0.035
G0:0032494 Response to peptidoglycan 22.27 0.036
GO:0050766 Positive regulation of phagocytosis 6.49 0.041
G0:0035456 Response to interferon-beta 19.79 0.050
GO0:0045410 Positive regulation of interleukin-6 biosynthetic process 19.79 0.050

aFE, Fold Enrichment.

bp-value following Benjamini-Hochberg correction for multiple testing.

In response to fear conditioning, prior acute stress
immobilization conducted the previous week, induces distinct
gene expression differences involved in immune activation

pathways in blood. Several studies have shown a strict causal
association between immune response, inflammation, and PTSD
(40). Compared to mice that underwent FC alone, mice exposed
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FIGURE 4 | Prior stress sensitization causes immune dysregulation. Percent
of monocytes, neutrophils, and lymphocytes in the three different groups (HC,

FC, and Immo+FC) are shown. Bars indicate standard errors.

to prior immobilization showed gene expression patterns
consistent with immune dysregulation. This was supported by
the observation that blood from Immo+FC mice had a higher
proportion of neutrophils, an essential part of the innate immune
system, and an indicator of inflammation. The neutrophil-
lymphocyte ratio has recently been used as an indicator of
chronic low-grade inflammation, and known to associate with
clinical outcomes in neuropsychiatric disorders (41, 42). Our
data suggested that immune response genes and pathways are
responsive to prior immobilization stress both in the blood and
amygdala.

In examining transcriptional differences in the amygdala of
mice with and without prior stress exposure, we observed a
number of genes that have previously been associated with PTSD.
In particular, DRD2, and HTR2a are of interest as both the
dopaminergic and serotonergic systems have been traditionally
implicated in the pathophysiology of PTSD (28, 43, 44). Indeed,
dopamine dysregulation has been implicated in various PTSD
symptoms (e.g., attention, vigilance, arousal, sleep), and DRD2
has been associated with PTSD diagnosis (26, 29). Similarly,
as serotonin and norepinephrine reuptake inhibitors (SSRI
and SNRI) remain the first line pharmacotherapy for PTSD,
and numerous candidate gene studies have identified a link
between variants in serotonin related genes, including HTR2a
(27, 28), our observation of differential expression of HTR2a
is consistent with the previous literature and support for
this neurotransmitter system in the consequences of threat
and trauma exposure. We also identified genes (Igf2, Clock,
Grm2, Trhrl) that have been previously associated with stress-
related phenotypes. Interestingly, Igf2 methylation has been
found to associate with PTSD (45), fear extinction (30), and
more classically in chronic stress response (46). Among other
differentially expressed genes in Immo+FC vs. FC, Clock,
a gene involved in the circadian rhythms, is particularly
interesting as mice with mutations of this gene have altered
anxiety behaviors (31), and as sleep disturbances are commonly

reported by PTSD patients (47). Similarly, Grm2 (metatropic
glutamate 2 receptor) has been associated with anxiety-like
behaviors in several rodent models, and activation of these
receptors in the amygdala has been found to be necessary
for fear related behaviors. Highly selective mGluR2/3 agonists
depress excitatory neurotransmission in the amygdala (48),
suggesting that such agonists may be potentially therapeutic
for PTSD patients by reducing amygdala hyperactivity (32,
49). Finally, we observed regulation of the Thyrotropin
Releasing Hormone Receptorl (Trhrl) in Immo+FC animals;
a novel finding that is of interest given its role in the
hypothalamic-pituitary-thyroid axis and the observation that
clinical dysfunction of the thyroid hormone system can manifest
with anxiety behaviors (50). These data support the utility of
this approach in examining blood and brain-based alterations
in threat exposure occurring with and without a prior stress
history.

As one of our main objectives was to identify common
biological responses to fear and stress in both brain and blood,
we evaluated shared genes in amygdala and blood. Although
there was a limited overlap in individual genes that responded to
each condition (Table 4), we found six genes in which changes
of expression were specifically associated with immobilization.
Among these genes, Pde7 encodes phosphodiesterase-7, known
for its regulation of T-cell function and association with
regulation of immune response, and its inhibitors may help
patients with immunological and neuro-inflammatory disorders
(51). In rodents, inhibition of Pde7 regulates anxiety behaviors,
mediated by increasing levels of hypothalamic thyrotropin-
releasing hormone (52). Notably, a dual Pde7 and GSK-3p
inhibitor significantly improves episodic and spatial memory
and enhances fear memory, as well as facilitating paired-pulse
inhibition and latent inhibition, both behaviors that have been
found to be impaired in psychosis, suggesting that inhibition of
Pde7 and GSK-3p enhances cognition (53). Lipopolysaccharide
Binding Protein (Lbp) and Lipocalin 2 (Lnc2) are involved
in an acute phase of immunological response and metabolic
inflammation (54). Sterol O-Acyltransferase 1 (Soatl) plays
an important role in cholesterol homeostasis regulation and
metabolism, and it has been extensively studied as a target
for hypercholesterolemia and Alzheimer’s disease (55). The
observation of immune response and inflammation-related genes
is of particular interest given the recent emerging appreciation
of the role of immune-response and inflammatory pathways
in psychiatric disorders, including depression, autism, and
trauma-related disorders (56, 57). Recent work examining the
consequences of early-life inflammation via lipopolysaccharide
administration has revealed impairments in fear memory
extinction during adulthood (58), in line with our observation
that a prior history of stress results alterations in inflammation,
might suggest that prolonged inflammatory responses contribute
to impaired fear extinction. Further, it is of interest that
inhibition of pro-inflammatory cytokines has been suggested
to facilitate fear memory extinction (59). Taken together, these
findings suggest that a closer examination of the induction
of inflammation and cytokine pathways in stress and trauma
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TABLE 4 | Overlap in amygdala and blood in Immo+FC vs. FC.

Gene Amygdala Blood
Fold change p-value g-value Fold change p-value g-value

Dmxi2 0.39 5E-05 0.003 0.99 5E-05 0.002
Erdr1 -0.59 5E-05 0.003 -1.07 5E-05 0.002
Len2 3.36 5E-05 0.003 0.95 5E-05 0.002
Pde7b 0.33 4E-04 0.015 1.15 5E-05 0.002
Trps1 0.40 2E-04 0.007 0.81 5E-05 0.002
Sdf2i 0.39 7TE-04 0.024 0.64 2E-04 0.007
Soat1 0.34 5E-04 0.019 0.55 5E-04 0.015
Thbd 0.69 5E-05 0.003 0.69 7E-04 0.019
Fgd4 0.78 5E-05 0.003 0.84 8E-04 0.021
Lbp 0.83 5E-05 0.003 0.94 2E-03 0.047
Gh —4.49 5E-04 0.019 —1.84 3E-03 0.058
Cers6 0.44 5E-05 0.003 0.55 4E-03 0.072
Rbm3 —-0.30 1E-03 0.032 —0.46 4E-03 0.075
Stxbp6 -0.27 8E-04 0.025 0.74 7E-03 0.107
Lyst 0.53 5E-05 0.003 0.42 7E-03 0.110
Jhdm1d 0.35 5E-05 0.003 0.40 1E-02 0.154
Lnpep 3.10 5E-05 0.003 0.41 1E-02 0.178
Endou 1.01 5E-05 0.003 -0.76 2E-02 0.212
Cdk5rap2 0.72 5E-05 0.003 —0.44 2E-02 0.242
Polr2a -0.26 7E-04 0.023 —0.36 3E-02 0.270
F5 0.60 3E-04 0.012 -0.38 3E-02 0.282
Prkdec 0.29 1E-03 0.031 -0.37 3E-02 0.310
Hpcall —0.31 5E-05 0.003 0.33 3E-02 0.311
Nrdatl 0.31 1E-04 0.005 -0.33 3E-02 0.312
Dnajb14 1.55 5E-05 0.003 0.54 4E-02 0.342
Pcnx 0.26 5E-04 0.017 0.33 5E-02 0.368
Pisd_ps3 —0.40 5E-05 0.003 —0.31 5E-02 0.373

Gene associated in both blood and amygdala. Gene Name: DmxI2, Dmx-like 2; Erdr1, erythroid differentiation regulator 1; Fgd4, FYVE, RhoGEF, and PH domain containing 4; Lcn2,
lipocalin 2; Lbp, lipopolysaccharide binding protein; Pde7b, phosphodiesterase 7B; Soat1, sterol O-acyltransferase 1; SAf2l1, stromal cell-derived factor 2-like 1; Thbd, thrombomodulin;

Trps1, trichorhinophalangeal syndrome |.

responses may yield new strategies for alleviating the deleterious
consequences of stress and trauma.

While our data reveal transcriptional alterations in the
amygdala and peripheral blood that accompany fear conditioning
with and without prior stress history, it is important to note
that other recent studies employing alternative models of rodent
stress have examined gene expression in blood and brain (38,
60, 61). Our use of immobilization restraint stress is predicated
on our prior experience with this paradigm resulting in altered
fear memory processes, anxiety behaviors and HPA axis function
(4, 15); as our primary goal was to examine the consequences
of stress history on subsequent molecular alterations that
accompany fear conditioning, we utilized this model to conduct
this genetic discovery study. Importantly, while recent studies
employing different stress procedures, 21-day variable stress,
chronic restraint stress, repeated shock administration, and
social defeat stress have been used to examine transcriptional
processes in the amygdala, this single-session immobilization
stress procedure is relatively acute in comparison (38, 61, 62).
Coupled with our previous demonstration of altered fear and

anxiety processes using this paradigm, the altered transcriptional
processes observed in this current study suggest that even
relatively brief exposures to stress prior to a threating situation,
such as auditory fear conditioning, can be useful in revealing the
lasting imprint of stress history on molecular events associated
with traumatic memory formation. While it would be unwise
to intensively interpret our data with relevance to those which
have utilized different paradigms, it is important to highlight that
many of these studies have also revealed alterations of genes that
are associated with immune response, dopamine function, and
glucocorticoid related signaling (38, 60, 61), which suggest that
shared pathways altered by stress are emerging across a variety of
behavioral models.

We acknowledge that this study has some limitations. First,
although blood cell counts varied in the different groups, we
were not able to account for such variation in the analysis but
were able to capture the information related to that variation.
Alternatively, as white blood cell counts change following
immobilization, covarying for cell composition may obscure
biological differences that accompany gene expression changes.
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Second, we focused our analyses on the amygdala, because of
its role in fear and threat response behaviors. As such, we
utilized auditory fear conditioning as it is well established to
rely on amygdala function. As a result, we cannot extrapolate
these data to other brain regions that contribute to stress
and traumatic memory (e.g., hippocampus, insula, cingulate,
and prefrontal cortex). Additionally, this study was conducted
exclusively in male rodents, which showed a higher response
to shock-induced contextual fear conditioning than females in
terms of behavioral phenotypes (freezing and rearing activity)
(63). However, given the higher prevalence and heritability
of PTSD in females in human population (64, 65), and the
emerging role of circulating estrogen levels in relation to fear and
anxiety behaviors, additional studies should specifically examine
transcriptional changes in females with full regard to the estrus
phase. Next, in order to get sufficient RNA for a comprehensive
survey of the transcriptome, we pooled two animals per sample
for each group. Though this does not limit our ability to identify
overall similarities and differences in different tissues of the same
animals in response to threat exposure or to interpret pathway
analysis, caution should be taken in interpreting the results of

individual genes. Finally, we are aware that different strains of
mice may generate different patterns of expression in response
to FC; a cumulative analysis in different strains of mice could
eventually increase the power to detect additional genes relevant
to PTSD-related phenotypes (66).

In conclusion, this study provides a translational framework
for mouse and human studies aimed at examining the molecular
correlates that inform studies of psychiatric disorders. We were
able to identify, in the amygdala, several genes that specifically
respond to the stress immobilization paradigm, some of which
have been traditionally associated with PTSD, and anxiety
disorders. Future studies will be needed to evaluate if these genes
associate with PTSD or stress-related traits in human clinical
studies.
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Postoperative cognitive dysfunction (POCD) is a common complication of the surgical
experience and is common in the elderly and patients with preexisting neurocognitive
disorders. Animal and human studies suggest that neuroinflammation from either surgery
or anesthesia is a major contributor to the development of POCD. Moreover, a large
and growing body of literature has focused on identifying potential risk factors for
the development of POCD, as well as identifying candidate treatments based on the
neuroinflammatory hypothesis. However, variability in animal models and clinical cohorts
makes it difficult to interpret the results of such studies, and represents a barrier for the
development of treatment options for POCD. Here, we present a broad topical review of
the literature supporting the role of neuroinflammation in POCD. We provide an overview
of the cellular and molecular mechanisms underlying the pathogenesis of POCD from
pre-clinical and human studies. We offer a brief discussion of the ongoing debate on the
root cause of POCD. We conclude with a list of current and hypothesized treatments for
POCD, with a focus on recent and current human randomized clinical trials.

Keywords: postoperative cognitive dysfunction, cognitive decline, neuroinflammation, central nervous system,
microglia, anesthesia

INTRODUCTION

Disordered neurocognitive function following surgery is a heterogenous set of conditions,
which includes both the fluctuating and typically transient postoperative delirium and the more
protracted problem of postoperative cognitive dysfunction (POCD). POCD is a well-known risk of
the surgical experience, having been described as a consequence of anesthesia as early as 1887 (1),
and a common complication of cardiac surgery since the 1950’s (2). More than 60 years following
its modern description, it is only just now that clearly articulated guidelines have been suggested
for identifying POCD (3). POCD has been loosely defined as a significant reduction in cognitive
performance from baseline following surgery, and diagnosed as subtle deficits in multiple core
neurocognitive domains, including executive function, attention, verbal memory, psychomotor
speed, and visuospatial abstraction (4, 5). Given that the literature thus far has used the term
POCD to describe these deficits, we will also use the term here, but recognize going forward the
nomenclature will likely evolve so as to conform with new guidelines (3). Since the 1950’s, advanced
age has been shown to be one of the strongest associations for development of POCD: the incidence
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of POCD is reported to be anywhere between 9 and 54% 1 week
after surgery in adults over age 65 (6), with no difference in rates
based on the type of surgery and/or anesthetic (7). POCD itself
can persist long after surgery, with an incidence between 10 and
17% at 3 months following surgery (7, 8) and 3% at 12 months
following surgery (9). Moreover, POCD can contribute to severe
cognitive deficits over the long term, affecting overall morbidity
and mortality, with increased hospital costs (10, 11). The health
and economic burdens of POCD are likely to increase over the
next several years: Life expectancy is increasing, and more than
30% of individuals over age 65 have surgery annually (12).

At the epidemiological level, a handful of risk factors for the
development of POCD have emerged from population studies;
controversy exists, however, in the interpretation of these data
and their clinical implications. Risk factors for POCD were
initially identified in patients undergoing cardiac surgery, and
included advanced age, aortic valve replacement, and prolonged
(mean 70 min) cardiopulmonary bypass (CPB) time (13). While
advanced age (>65 years) has been consistently identified as a
risk factor for POCD (8, 14), the evidence is less convincing
with other potential risk factors due to differences in populations
and neurocognitive testing modalities (4, 7). For example, it has
long been thought that preexisting frailty in general (15-20),
and neurocognitive frailty in particular (9, 21, 22) may be a risk
factor for POCD as these patients may be vulnerable to cognitive
insults at baseline. Indeed, observational studies have shown
that surgery may precipitate further cognitive decline in patients
with neurodegenerative disorders such as Alzheimer’s disease
(AD) (23), and biomarkers of AD such as the apolipoprotein E4
(APOE-4) genotype have also been associated with development
of POCD in elderly patients (24, 25). However, a long-term
retrospective analysis did not show an accelerated progression
to dementia in patients with AD after non-cardiac surgery
(26). More recent data in humans show that while the CSF
tau/B-amyloid ratio increases following surgery, the increase is
independent of the type of anesthetic (i.e., propofol vs. isoflurane)
(27), further calling into question the predictive value of these
biomarker studies. These discrepancies may be in part due
to confounders such as temperature regulation; hypothermia
rather than anesthesia per se seems to be the driver behind
the observed tauopathy (28, 29), with dexmedetomidine as a
possible exception (30). Chronic inflammatory states such as
diabetes, metabolic syndrome, and atherosclerosis have all been
proposed as potential risk factors for POCD (31-33), while pro-
cognitive activities such as sleep, exercise, and level of education
seem to be protective (34). Despite these data, the heterogeneous
populations and study paradigms used inherently limit the
clinical interpretation of these risk factors.

At the cellular level, data from animal and human studies
suggest that neuroinflammation from either surgery or anesthesia
is a major contributor to the development of POCD, yet the
specific relationship between inflammation and POCD remains
unknown. Multiple rodent models of surgery have shown
upregulation of pro-inflammatory cytokines and inflammatory
mediators in both peripheral tissues and the central nervous
system (CNS) (35, 36). Similarly in rats, inflammation in the form
of prior infection can also increase the incidence and severity

of POCD (37, 38). In human studies, patients who develop
POCD also show increases in serum and cerebrospinal fluid
(CSF) pro-inflammatory cytokines, irrespective of the type of
surgery (39-42), which has been corroborated in meta-analyses
(43, 44). However, there seems to be little relationship between
the magnitude of the neuroinflammation and the development
of POCD. For example, while CPB was thought to be a strong
initiator of peripheral and subsequent neuroinflammation (45),
the rates of POCD in cardiac and non-cardiac surgery are similar
(7), as well as in pulsatile vs. non-pulsatile CPB (46) and on-
pump and off-pump cardiac surgery (45). Meta-regressions show
a slight relationship with plasma levels of interleukin-6 (IL-6)
and S100 calcium-binding protein § (S100p) and POCD, but no
other cytokines studied have shown any correlation (43). While
inflammation always occurs with surgery, POCD does not, and
it remains unclear what specific risk factors and triggers are
responsible for this conversion.

Despite the advances in research, fundamental barriers exist
to understanding POCD in a generalized context, limiting
the ability to predict patients at risk for POCD and develop
appropriate therapies for such patients. Firstly, POCD has been
broadly defined, with no historical formal clinical definition
(5, 47, 48). Similarly, animal models of POCD are defined
using a variety of metrics, each testing different cognitive
domains as a proxy for POCD (49). Without a formal definition,
it is difficult to accurately and consistently identify patients
with POCD and construct appropriate animal models, thereby
limiting a generalized understanding of the epidemiology and
pathogenesis of the disorder. Secondly, determining the root
causes of POCD is difficult as surgery and anesthesia occur almost
invariably in tandem (48), with larger and more high-risk surgery
often necessitating longer anesthetic times. Thirdly, proposed
treatments showing promise in animal studies are often not as
effective when tested in clinical trials, revealing a need for a more
nuanced understanding of POCD.

We present a broad topical overview of the current state
of the literature regarding the effects of neuroinflammation
on the development of POCD. We will review the proposed
cellular mechanisms underlying the pathogenesis of POCD
in pre-clinical and human studies. We will present the
evidence underlying the debate on the etiologic contributions
of neuroinflammation and POCD in both animal models and
human studies, whether surgical, anesthetic, or both. Lastly, we
will discuss proposed treatments for POCD, with a focus on
recent and current human randomized clinical trials.

While POCD is often grouped with postoperative delirium
(POD) in the literature, we limit the discussion in this
review to POCD and not POD. POD and POCD are distinct
disorders: Delirium is defined in the fifth edition of the
Diagnostic and Statistical Manual of Mental Disorders (DSM-
5) as a disorder of reduced attention and orientation to the
environment, accompanied by cognitive disturbances in an acute
and fluctuating course with lucid intervals (50). By contrast,
POCD is described as an objectively measured decline in
cognition in the postoperative state compared to the preoperative
state (48). Unlike delirium, the time course of POCD does not
fluctuate with lucid intervals, and some patients never recover
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from the initial insult (51, 52). Nevertheless, there is a growing
body of evidence suggesting that neuroinflammation contributes
to POD; for a detailed review on the role of neuroinflammation
on POD, please see Maldonado (53).

PROPOSED MECHANISMS FOR
PATHOGENESIS OF POCD

Taken together, data from animal and human studies have
fueled the hypothesis that peripheral surgical trauma causes CNS
inflammation via disruption of the blood-brain barrier (BBB),
which then causes a functional disruption in neural activity,
leading to POCD. Each component of this hypothesis is regulated
by a variety of inflammatory mediators discussed below. This
sequence of events can persist long after surgery and resolution
of neuroinflammation, and can accelerate neurocognitive decline
in neurocognitively frail populations.

Peripheral Initiation of Inflammation

It is well-known that aseptic surgical trauma causes inflammation
at the surgical site, which is amplified via peripheral pro-
inflammatory cytokines. In response to surgical trauma, damaged
cells at the site of injury passively release small biomolecules
known as damage-associated molecular patterns (or danger-
associated molecular patterns; DAMPs) (4, 54). In particular, the
DAMP known as high molecular group box 1 protein (HMGBI)
is released following surgical trauma and binds to Toll-like
receptors (TLRs) and the receptor for advanced glycosylation
end products (RAGE) on the cell membrane of peripherally
circulating bone marrow derived monocytes (BMDMs) (55)
(Figure 1). In rats, surgery and anesthesia have been associated
with increased hippocampal HMGBI1 expression (56); similarly,
human studies have shown that plasma HMGBI levels are
correlated with the level of inflammation in both non-cardiac
surgery and non-surgical inflammatory states (57). In rodents,
elevations of HMGBI1 are associated with cognitive deficits
(58), which can be mitigated in the presence of HMGBI
inhibitors (4, 59). These results are corroborated by evidence
that HMGBI levels are elevated in patients with POCD following
gastrointestinal surgery (60).

When bound by HMGBI, both TLR-4 and RAGE activate
nuclear factor kappa B (NF-kB), a transcription factor which
regulates the expression of pro-inflammatory cytokines
(Figure 1). Normally, cytosolic NF-kB is bound to the NF-
kB inhibitor IkB in an inactive state; however, when IkB is
phosphorylated by IkB kinase (IKK), NF-kB is released and enters
the nucleus, causing pro-inflammatory cytokine upregulation
(55). Once activated by NF-kB, the pro-inflammatory cytokines
interleukin-1 beta (IL-1B), IL-6, and tumor necrosis factor
alpha (TNFa) cause further release of HMGBI in a positive
feedback loop, amplifying the inflammatory response (57).
Additionally, IL-1 and TNFa can cause further activation of NF-
kB, resulting in cyclooxygenase 2 isozyme (COX-2) upregulation
(34). There is a strong association between elevations in serum
pro-inflammatory cytokines and POCD in both animal models
(61, 62) and human studies (41, 44). Moreover, in rats, inhibition
of NF-kB and pro-inflammatory cytokines has been associated

Injured Cell

Surgical
Trauma

FIGURE 1 | Signaling pathways involved in peripheral initiation of inflammation.
Injured cells release damage-associated molecular patterns (DAMPs) including
high mobility group box-1 protein (HMGB1) in response to surgical trauma.
HMGB1 activates nuclear factor-kappa B (NF-kB) signaling pathways in bone
marrow derived monocytes (BMDMs), causing nuclear translocation of NF-kB,
increased expression of cyclooxygenase 2 isozyme (COX-2) upregulation, and
expression of pro-inflammatory cytokines interleukin-1 beta (IL-18), interleukin
6 (IL-6), and tumor necrosis factor alpha (TNFa). These pro-inflammatory
cytokines can act back on BMDMs in positive feedback loops (solid curved
lines) as well as promote further release of HMGB1 from injured cells by
unknown mechanisms (dashed curved lines). IKK, kB kinase; IL-6R, IL-6
receptor; P, phosphate group; RAGE, receptor for advanced glycosylation end
products; TLR-4, Toll-like receptor 4; TNFaR, TNFa receptor.

with a reduction in POCD using various metrics (including
Morris water maze, elevated plus maze, fear conditioning, and
passive avoidance test) (63-65).

Blood-Brain Barrier Breakdown

Peripheral pro-inflammatory cytokines disrupt BBB permeability
via COX-2 upregulation and matrix metalloproteinases
(MMPs), allowing pro-inflammatory cytokines to enter the CNS
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(Figure 2). Normally, the BBB is made up of tight junctions
held together by transmembrane proteins (ie., occludins,
claudins, junctional adhesion molecules) between neurovascular
endothelial cells (66). This structure only allows for the passive
diffusion of water, gases, and small lipid-soluble molecules
(67). However, pro-inflammatory cytokines IL-1 and TNFa can
upregulate COX-2 in neurovascular endothelial cells, which
promotes local prostaglandin synthesis (68) and disrupts BBB
permeability (69) (Figure 2). TNFaq, IL-1f, and IL-6 have all been
found in hippocampal tissue in rats (69-71) and in human CSF
(42, 72) following surgical trauma, suggestive of a breakdown in
the BBB. Cytokine elevation in the CNS has also been associated
with memory dysfunction in mice (73) and cognitive dysfunction
(measured by different neurocognitive metrics—see Table 2)
in humans (41, 42). These data suggest that BBB breakdown
is associated with cytokine influx and cognitive impairment,
however this evidence does not rule out the possibility that
the cytokine elevation may be generated locally within the
CNS. More convincingly, immunoglobulin G (IgG), which is
not present normally in the brain, has also been identified in
hippocampal slices in rats following surgery (56, 74). Similarly,
CNS-specific proteins such as S100p and neuron-specific enolase
(NSE) are found in plasma following cardiac and non-cardiac
surgery in patients with POCD (43, 75, 76). TNFa can also
upregulate transcription of MMPs, particularly MMP-9; this
aberrant MMP expression can degrade extracellular matrix
proteins in vitro, further breaking down the BBB (66) (Figure 2).
Unfortunately, there is only limited in vivo evidence concerning
the role of MMPs in BBB disruption (66). At a functional level
however, MMP-9 gene deletion mice exposed to surgical trauma
have been shown to exhibit better cognitive performance (in
terms of fear conditioning) compared to wild-type mice (77).

Lastly, once the BBB is disrupted, circulating BMDMs
in the periphery are able to enter the CNS and augment
neuroinflammation via cytokine expression and microglial
activation (Figure 2). While mast cells and microglia exist in the
CNS, there are no normally occurring populations of dendritic
cells or monocytes (78). In the setting of inflammation and BBB
breakdown however, BMDMs are recruited to the CNS (79) via
interactions between the chemokine monocyte chemo-attractant
protein 1 [MCP-1, also called C-C motifligand 2 (CCL2)] and the
BMDM cell surface receptor chemokine receptor type 2 (CCR2)
(Figure 2). Once the BMDMs are present in the CNS, they
continue to secrete pro-inflammatory cytokines via upregulation
of NF-kB transcription (34), and activate microglia in the CNS,
further amplifying the neuroinflammation. In mice it has been
shown that preoperative depletion of BMDMs reduced POCD
(80), suggesting that BMDM migration plays a pivotal role in
POCD. Taken together, once the BBB is disrupted, cytokines can
freely enter the CNS, causing trafficking of BMDM:s to neural
tissues and initiating poorly regulated immune functions.

Microglial Activation

Microglia are known as the “resident macrophages” of the CNS
(81) and have many important contributory functions in the
CNS, including synaptic pruning during development (82) and

synaptic scaling in neural plasticity (83). Derived from yolk-
sac cells, microglia migrate to the CNS early in development,
before the differentiation of many cell types in the CNS (81).
As a part of the innate immune system, microglia surveil brain
parenchyma (84) and are the first responders to pathogens in
the CNS. Although a fully differentiated cell, microglia have the
unique ability to self-replenish within the CNS (85).

Normally, microglia are in an inactive state maintained by
binding of the CX3CRI1 protein to the microglial CX3CRI
receptor (86). However, in the setting of inflammation and
BBB breakdown, they can differentiate into one of two
activated phenotypes, M1 and M2 (87). The M1 phenotype
has high phagocytic properties and is pro-inflammatory (88,
89), while the M2 phenotype is involved in tissue repair and
remodeling and is anti-inflammatory (90). Not surprisingly, pro-
inflammatory mediators such as TNFa or lipopolysaccharide
promote microglial differentiation into the M1 phenotype (91).
Moreover, TNFa blockade can suppress microglial activation
in mice (35). Conversely, anti-inflammatory cytokines such as
IL-4 are known to play a role in promoting the alternative
M2 phenotype (88). However, recent evidence is beginning to
challenge the dichotomy of the M1/M2 phenotypes, suggesting
that there are many overlapping phenotypes with various
functions and activation pathways (92). One such new area is
the role of mast-cell degeneration in activating microglia: In a
recent rat study, Zhang et al. (93) showed that peripheral surgery
induced CNS mast cell degranulation and subsequent microglial
activation. Further, administration of cromolyn sodium (which
inhibits mast cell degranulation) inhibits microglial activation in
rats (93, 94), demonstrating a new microglial interaction and a
possible new therapeutic target for POCD.

Once microglia are activated, they continue to upregulate
expression of pro-inflammatory cytokines, thus amplifying
neuroinflammation and contributing to the development of
POCD (Figure 2). Activated microglia are known to release
HMGBI, TNFaq, and IL-1 in a variety of rodent models (95—
97). Further, astrocytes and microglia both upregulate expression
of MCP-1/CCL2 (98), and astrocyte CCL2 can induce further
microglial activation in vitro (99, 100). These chemokines cause
further influx of BMDMs into the CNS: Trafficked BMDMs in
turn can activate microglia to the M1 phenotype via TNFa/IL-
1 expression, and activated microglia recruit more BMDMs
into the CNS via reciprocal TNFa expression (101). In aged
mice, microglial activation is increased in POCD (37, 49, 102).
Moreover, in mice, both perioperative microglial depletion
(103) and promotion of an M2 phenotype via erythropoietin
administration (99) improved memory dysfunction as measured
by passive avoidance and novel object recognition tests.

The Role of Oxidative Stress

In addition to the inflammatory pathways described above,
surgical trauma can also produce oxidative stress and deplete
the body of antioxidants (57); these oxidative processes, when
superimposed on the inflammatory pathway, can contribute
to the development of POCD. Surgical stimulation in rodents
can raise the levels of CNS nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase, an enzyme compound that
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FIGURE 2 | Signaling pathways involved in blood-brain barrier (BBB) breakdown. Pro-inflammatory cytokines interleukin-1 (IL-1) and tumor necrosis factor alpha
(TNFa) are secreted by bone marrow derived monocytes (BMDMs) and cause upregulation of nuclear factor-kappa B (NF-«kB) and matrix metalloproteinase (MMP)
expression in vascular endothelial cells. NF-kB activation causes downstream upregulation of cyclooxygenase 2 isozyme (COX-2) expression, which promotes
prostaglandin synthesis and disrupts BBB permeability. Once the BBB is disrupted, BMDMs can enter the central nervous system (CNS); here, the pro-inflammatory
cytokines IL-1 and TNFa promote the activation of quiescent microglia. These microglia promote further release of IL-1 and TNFa from BMDMSs, as well as secrete
high mobility group box-1 protein (HMGB1) and the chemokine monocyte chemo-attractant protein 1 (MCP-1, also called C-C motif ligand 2 (CCL2)). MCP-1/CCL2
binds to the BMDM cell surface receptor chemokine receptor type 2 (CCR2), further promoting BMDM migration into the CNS. AA, arachidonic acid; PGE2,
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generates superoxide in response to stress (104). The superoxide
radicals in turn generate other reactive oxygen species (ROS),
potentially causing direct damage of neural tissues. Additionally,
peripheral oxidative stress can also disrupt the BBB (105),
representing a convergence of oxidative stress with the
neuroinflammatory pathway. Within the CNS, microglia have
been shown to release ROS (106) in response to both HMGBI1
(107) and S100B (108). Of note, activated microglia are known
to release HMGBI (97), creating the opportunity for yet another
neuroinflammatory positive feedback loop.

Recent evidence from animal and human studies suggests that
oxidative stress alone can contribute to POCD. Hippocampal
neurons are very metabolically active and are some of the
most sensitive neurons to oxidative stress (109); it follows that
hippocampal injury from oxidative stress can have profound
effects on memory formation and spatial navigation. In aged rats,
tibial fracture surgery was associated with memory impairments
(measured by open field task and novel object recognition
task) on postoperative day 1 with corresponding increases in
oxidative damage in the hippocampus and prefrontal cortex
(109). Oxidative injury from hypoglycemia has also been shown
to induce cognitive impairment in rats, and inhibition of NADPH
oxidase has been shown to mitigate such impairments (110).
In humans, levels of the ROS nitric oxide are correlated with

development of POCD (via neurocognitive battery) at 4 days and
3 months following cardiac surgery (111).

Functional Consequences of CNS

Inflammation

Memory formation occurs in the hippocampus and is achieved
by a process known as long-term potentiation (LTP). Although
the mechanisms of induction and maintenance of LTP at
various synapses in the CNS are very complex and somewhat
controversial, LTP is thought to be achieved by high frequency
glutamatergic activation of hippocampal neurons (112). At
rest, presynaptic glutamatergic Schaffer cells signal to post-
synaptic CA1 collateral neurons. The CA1 neurons themselves
contain three types of glutamate receptors: the metabotropic
Glu2 receptor and the ionotropic AMPA and NMDA receptors.
During normal, low-frequency stimulation of CAl neurons,
glutamate acts on all receptors, but the NMDA channels
are blocked by magnesium. With high frequency stimulation
however, postsynaptic depolarization causes an activation of
NMDA receptors, which causes an influx of calcium and
activation of second messenger systems (112). Downstream, the
number and sensitivity of AMPA receptors is increased through
phosphorylation, and synaptic strength is increased, resulting in
memory formation (113).
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The presence of pro-inflammatory cytokines can have
detrimental effects on the regulation of neurotransmitter
signaling in the hippocampus, ultimately resulting in excitotoxic
neuronal damage and resulting cognitive impairment. First, the
hippocampus has a large number of cytokine receptors, rendering
it susceptible to high concentrations of pro-inflammatory
cytokines such as IL-1 and TNFa in neuroinflammatory
processes (114, 115). Once these cytokine receptors are activated
at high levels, there is a downregulation of metabotropic Glu2
receptors causing enhanced AMPA/NMDA signaling, disrupting
the process of LTP (116). Meanwhile, HMGB1 can also potentiate
glutamate signaling through NMDA, causing an increased influx
of glutamate in hippocampal neurons, which ultimately results
in glutamate toxicity (117). Further, TNFa can depress inhibitory
neurotransmission via downregulation of GABA receptors,
disrupting the delicate balance of excitatory and inhibitory
neurotransmission and ultimately favoring glutamate toxicity
(118). These detrimental effects are compounded by the T-cell
mediated release of glutamate from activated microglia via a
separate glutamate transporter subtype (119). Collectively, the
aforementioned mechanisms contribute to glutamate toxicity
in the hippocampus, resulting in neuronal death and cognitive
impairment.

Cholinergic Anti-inflammatory Pathway

Although peripheral pro-inflammatory cytokines are the primary
initiator of neuroinflammation, they are also involved in
regulating the inflammatory response via a vagal reflex arc
(34) (Figure3). This serves to help limit the degree of
inflammation and protect organ systems from further damage.
In this arc, DAMPs released from surgical trauma are sensed by
vagal afferents that terminate on the nucleus tractus solitarius
(NTS) (120). The efferent arc of this reflex originates from

fibers within the dorsal motor nucleus of the vagus, sending
signals to the celiac ganglion. Within the celiac ganglion, vagal
efferents regulate postganglionic catecholaminergic fibers via
functional connections within the splenic nerve (121). The
splenic nerve endings are in close anatomical position with T
lymphocytes, which express f, adrenergic receptors (122). When
activated, T lymphocytes upregulate transcription of choline
acetyltransferase, facilitating synthesis of acetylcholine (ACh)
(120); this newly synthesized ACh can then activate circulating
macrophages that express alpha-7 nicotinic ACh receptors
(a7 nAChRs). Ultimately, activation of a7 nAChR-expressing
macrophages causes inactivation of NF-kB, which decreases
cytokine release (34). In addition, vagal stimulation is known
to induce regulatory T-cells and secretion of anti-inflammatory
cytokines IL-4 (which promotes microglial differentiation to
the M2 phenotype) and IL-10 (123, 124). One experiment in
rats treated with the cholinesterase inhibitor physostigmine
following laparotomy showed a reduction in hippocampal IL-
18 and TNF a expression and hippocampal damage (125). In
humans, anticholinergic drugs are widely known to precipitate
POCD (126), although it is unclear whether the cholinergic
anti-inflammatory pathway is involved in this process. Thus,
it has been proposed that vagal stimulation may mitigate the
development of POCD (127), although this remains untested in
human literature.

The vagus nerve also regulates pro-resolving lipid mediators
known as resolvins, lipoxins, and macrophage mediators in
resolving inflammation (maresins), all of which are derived
from polyunsaturated fatty acids (4, 128). Resolvins act to
block the migration of neutrophils and monocytes, and can
reduce the oxidative burst of neutrophils (129). Similarly to
a7 nAChR-expressing cells, maresins can inhibit NF-kB activity
in macrophages and help promote microglial differentiation
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FIGURE 3 | Cholinergic anti-inflammatory pathway. (A) schema of vagal reflex arc. Damage-associated molecular patterns (DAMPs) are sensed by vagal afferents; the
efferent vagal arc terminates in the celiac ganglion onto splenic nerve fibers, ultimately causing downregulation of pro-inflammatory cytokines and upregulation of
anti-inflammatory cytokines. (B) cellular signaling within the cholinergic anti-inflammatory pathway. Splenic nerve endings terminate near T lymphocytes and increase
acetylcholine (ACh) production via o adrenergic receptors (>-ARs). The expressed ACh can activate circulating macrophages via alpha-7 nicotinic ACh receptors (a7
NAChRs). Activation of a7 nAChRs causes downstream inhibition of NF-kB activation, ultimately decreasing pro-inflammatory cytokine release. CNX, cranial nerve X
(vagus nerve); DMN, dorsal motor nucleus of the vagus; IL, interleukin; NE, norepinephrine; NTS, nucleus tractus solitarius; P, phosphate group; TLR-4, Toll-like
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to the M2 phenotype (130). Together, these lipid mediators
represent possible new therapeutic targets for POCD. Lastly, the
vagus nerve can also promote the restoration of BBB integrity
via netrin-1, a protein involved in cell migration and axonal
pathfinding during development (34), however netrin-1 has yet
to be explored as a therapeutic target for POCD in human studies.

ETIOLOGY OF POCD

It is difficult to determine the etiology of POCD as surgery
and anesthesia are virtually inseparable in modern society. As
a result, surgery and anesthesia act as natural confounders of
each other, hindering an understanding of a causal relationship
and spurring controversy in the literature. Carefully designed
animal and human studies have been developed to tease out
the contributions of surgery or anesthesia to the development of
POCD, however there is great variability in experimental design,
limiting the interpretation of these results.

Evidence From Animal Models

Animal models can provide strong insight into the etiology of
POCD by exposing a genetically identical group to different
anesthetic or surgical regimens and comparing the rates of
POCD across groups. Moreover, animal models have the
advantage of assessing neuroinflammation at the level of brain
parenchyma in terminal experiments, creating a vital link
to the neuroinflammatory hypothesis. Much of the evidence
supports the notion that surgery and not anesthesia causes both
neuroinflammation and POCD: For example, studies in rodents
have shown that hippocampal pro-inflammatory cytokines IL-
18, IL-6, and TNFa (70) and HMGB1 (56) are increased
with surgery and isoflurane anesthesia, but not with isoflurane
anesthesia alone. Moreover, the same studies have shown a
higher incidence of POCD (measured using spatial learning
paradigms) with surgery and isoflurane compared to isoflurane
alone. Increases in hippocampal IL-1f, and TNFa and impaired
spatial learning have also been observed in carotid exploration
surgery with propofol anesthesia but not propofol anesthesia
alone (63), and no differences have been observed in POCD
(measured by fear conditioning and spatial learning) between
total intravenous anesthesia (TIVA) and volatile anesthetic
(131). More convincingly, a recent study demonstrated that
open abdominal surgery under local anesthesia caused increases
in hippocampal IL-6, TNFa, and memory impairments (71),
suggesting that anesthesia per se is not necessary for the
production of neuroinflammation and subsequent development
of POCD.

However, studies looking solely at the effects of anesthesia
yield mixed conclusions, with anesthesia being implicated
as either a causal or protective agent. Administration of
“balanced anesthesia” (consisting of both intravenous and volatile
anesthetic agents) during early postnatal life has been shown to
produce neurotoxic effects in rats (132), and repeated exposure
to the volatile anesthetic sevoflurane has been shown to affect the
cognitive function of young, but not adult, mice (133). Similarly,
repeated exposure to 5h of isoflurane (end-tidal isoflurane =
0.7-1.5 vol %) in infant Rhesus macaque monkeys exposed on

postnatal day (P)6, P9, and P12 resulted in evidence of motor
and socioemotional deficits when tested 12 months later; infants
that were only exposed once on P5 had no such alterations
(134). In older mice, isoflurane alone has been associated with
hippocampal inflammation and impairment of spatial memory
(135), however in rats, isoflurane alone did not have an effect
on spatial memory processes, even with repeat anesthetics (136).
In contrast, in the setting of myocardial ischemia-reperfusion
injury in rats, sevoflurane seems to exert a protective effect,
mitigating impairments in long-term potentiation (LTP) and
improving memory function (137, 138). While the discrepancies
between these studies may be partially explained by the different
experimental paradigms and the different metrics used to
evaluate POCD, it may also be possible that anesthesia induces
more subtle changes in cognitive function compared to surgery.
One study showed that the combination of isoflurane and
intraperitoneal ketamine alone decreased spatial memory and
learning, but to a lesser degree than with combined anesthesia
and surgery (139). Moreover, hippocampal pro-inflammatory
cytokines were only increased with the combination of surgery
and anesthesia, suggesting that if anesthesia alone can cause
POCD, it may do so via non-inflammatory mechanisms. A
summary of the findings of relevant animal studies can be found
in Table 1.

Evidence From Human Studies
Although human studies rely on heterogeneous populations and
are limited in scope by ethical considerations, it is possible to
tease out the relative contributions of surgery vs. anesthesia to
the development of POCD by comparing outcomes in patients
undergoing different anesthetic regimens, including general
anesthesia, neuraxial anesthesia, and sedation. Indeed, a large
(n = 636) prospective observational study comparing coronary
artery bypass grafting (CABG) under general anesthesia, hip
replacement under spinal anesthesia, and percutaneous coronary
angiography under sedation showed no difference in POCD rates
between groups (7). This result was especially interesting as rates
of POCD were long thought to be higher in cardiac surgery due to
the inflammation associated with CPB (2, 13). These results have
been supported by prospective observational studies showing no
difference in POCD between spinal vs. general anesthesia for
orthopedic surgery (41, 42). Moreover, a large systematic review
was unable to demonstrate a clear connection between general
anesthesia and POCD (140), although the majority of studies
examined were underpowered and used variable methodologies.
As in animal studies, it has even been proposed that volatile
anesthesia may be protective in the setting of ischemic organ
damage, ultimately mitigating POCD from organ ischemia (141).
Results from randomized controlled trials, while rigorous,
are inconsistent and merit further investigation into the causes
of POCD. As seen in observational studies, a prospective
randomized clinical trial comparing the use of general vs.
spinal anesthesia in extracorporeal shock wave lithotripsy showed
no significant difference in the incidence of POCD defined
by a neurocognitive battery (142), suggesting that surgery
and not anesthesia causes POCD. In a separate study of
patients undergoing CABG using high-dose vs. low-dose fentanyl

Frontiers in Psychiatry | www.frontiersin.org

48

January 2019 | Volume 9 | Article 752


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

Safavynia and Goldstein

Neuroinflammation in Postoperative Cognitive Dysfunction

TABLE 1 | Selected relevant pre-clinical studies on etiology of POCD.

Study Animal model Experimental model Cognitive testing Cellular/Molecular Neurocognitive findings
findings
Cao et al. (70) Adult (3-6 month) and Partial hepatectomy under Morris water maze Upregulated expression of Surgery and anesthesia, but
aged (20-24 month) sevoflurane anesthesia vs. IL-18 and IL-6 on not anesthesia alone,
old Sprague Dawley sevoflurane alone postoperative day 1 in all caused impairments in
rats rats, and in aged rats until latency and distance in all
postoperative day 3 rats on postoperative day 1,
and in aged rats until
postoperative day 3
He et al. (56) 22-23 month old Splenectomy under general Reversal learning Upregulation of HMGB1 and Surgery and anesthesia, but

Qian et al. (139)

Tasbihgou et al.

(138)

Walters et al. (136)

Wang et al. (135)

Xu et al. (71)

Zhang et al. (63)

Zhang et al. (131)

Zhu et al. (137)

Sprague-Dawley rats

20-22 month old
BALB/c mice

Adult male Wistar rats

Adult Sprague-Dawley
rats

6-8 month old male
C57BL/6 mice; 14
month old male
C57BL/6 mice

9 and 18 month old
female C57BL/6J mice

4 month old male
Fischer 344 rats

20 month old male
Fischer 344 rats

Adult male Wistar rats

anesthesia vs. 2 h isoflurane
anesthesia vs. naive control

Splenectomy with isoflurane
vs. isoflurane alone vs.
control

Deep vs. light propofol
anesthesia, with and
without subsequent
exposure to hypoxia

Four exposures to isoflurane
anesthesia (2, 2, 4, and 6 h)
over 7 weeks

Isoflurane vs. no anesthetic
exposure

Laparotomy under local
anesthesia (no sedation) vs.
sham procedure (no
incision)

Right carotid exploration
with propofol and
buprenorphine anesthesia
vs. anesthesia alone

Right carotid exploration
with propofol-buprenorphine
anesthesia vs.
isoflurane-buprenorphine
anesthesia

Transient coronary artery
occlusion with and without
sevoflurane preconditioning
vs. sham operation

version of Morris
water maze

Y-maze testing

Novel object
recognition test

Fixed consecutive
number,
incremental
repeated
acquisition,
progressive ratio
taskst

Morris water maze

Fear conditioning
system

Barnes maze
Fear conditioning
system

Barnes maze
Fear conditioning
system

N/A

RAGE levels in surgical
group

BBB disruption (oy TEM) in
surgical group
Splenectomy increased
hippocampal expression of
IL-18 and TNFa

Light anesthesia group with
hypoxia had lower
neurogenesis, but higher
BDNF and
microglia-ramification

none

Older but not younger mice
had increased hippocampal
expression of NLRP3t

Surgery increased
hippocampal levels of IL-6
and TNFa in all mice, with
larger increases in older
mice

Surgery decreased
cytoplasmic hippocampal
NF-kB, increased IL-18,
IL-6, MMP-9

No difference in
hippocampal TNFa and
IL-1B expression in propofol
vs. isoflurane anesthesia

Coronary occlusion
increased hippocampal
TNFa and IL-18 mRNA
expression 1-3 days
postoperatively; cytokine
levels attenuated by
sevoflurane

not anesthesia alone,
caused cognitive
impairments from surgery to
postoperative day 3

Splenectomy with
anesthesia and anesthesia
alone both impaired
cognitive testing on
postoperative days 1 and 3
No impairment in cognitive
function in either deep or
light anesthesia

No deficits in any cognitive
tasks after single or repeat
anesthetic exposure

Older but not younger mice
had cognitive impairment
after isoflurane anesthesia
compared to no anesthetic
exposure

Cognitive deficits with
surgery alone in both young
and older mice

Surgery and anesthesia, but
not anesthesia alone
caused impairments in
cognitive metrics

Surgery caused
impairments in cognitive
metrics independent of
anesthetic type

Coronary occlusion inhibited
LTP compared to sham
operation; sevoflurane
preconditioning reversed
this effect on postoperative
days 1 and 3

BBB, blood-brain barrier; BONF, brain-derived neurotrophic factor; HMGB1, high mobility group box-1 protein; IL-18, interleukin-1 beta; IL-6, interleukin 6; LTF, long-term potentiation;
MMP-9, matrix metalloproteinase 9; N/A, non-applicable; NF-«B, nuclear factor-kappa B; NLRP3, NOD-like receptor protein 3 inflammasome; RAGE, receptor for advanced glycosylation

end products; TEM, transmission electron microscopy, TNF«, tumor necrosis factor alpha.

! Rats were trained to perform these tasks for at least 15 months prior to anesthetic exposure.
*NLRP3 causes maturation and secretion of cytokines IL-18 and IL-18.
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anesthesia, the same group showed no difference in POCD at
3 and 12 months following surgery, although low-dose fentanyl
did have higher rates of POCD at 1 week following surgery (143).
However, randomized controlled trials comparing propofol and
volatile anesthesia in laparoscopic cholecystectomy (144) and
esophageal resection (145) have shown a higher incidence of
POCD and pro-inflammatory markers with volatile anesthesia. It
is important to note that these trials used different neurocognitive
assessments to identify POCD, including the mini-mental status
exam (MMSE) and the Montreal Cognitive Assessment (MoCA).
Other randomized clinical trials attempting to show a dose-
response effect with volatile anesthesia have shown that high-
dose anesthetic is associated with an increased incidence of
POCD (146, 147). However, these trials used the Bispectral

Index (BISTM) as a proxy for anesthetic depth, which has
been shown to be influenced by a variety of non-anesthetic
factors (148-150) and is often discordant with brain activity

observed under anesthesia (151); thus, BIS may not be an
accurate representation of anesthetic depth and may limit the
interpretation of these studies. A summary of the findings of
relevant clinical studies can be found in Table 2.

PROPOSED TREATMENTS FOR POCD

The neuroinflammatory hypothesis provides many varied targets
for candidate treatments for POCD. These treatments largely fall
into one of three strategies: blocking inflammation by inhibiting
inflammatory mediators (anti-inflammatory), preventing the
oxidative component of inflammation (anti-oxidative), or
protecting neurons during and promoting neuronal health
before surgery (pro-neuronal). We present an overview of
multiple candidate treatments, with a brief discussion of
their hypothesized mechanisms of action and their plausibility
established from pre-clinical models where appropriate. We will
focus on the existing human data for each treatment, where
available, including ongoing human trials from the United States
National Library of Medicine (ClinicalTrials.gov), the European
Union Clinical Trials Register (clinicaltrialsregister.eu), and the
Australian New Zealand Clinical Trials Registry (anzctr.org.au).
Please see Table 3 for a summary of clinical studies for proposed
treatments. For an in-depth review of the pre-clinical and human
data supporting various treatments for POCD, please see Skvarc
et al. (57).

Anti-inflammatory

COX-2 Inhibitors

The cyclooxygenase 2 (COX-2) enzyme is responsible for
catalyzing the conversion of arachidonic acid to pro-
inflammatory prostaglandins (68) and can increase BBB
permeability (69). For these reasons, COX-2 is considered an
important mediator of neuroinflammation and a potential target
for treatment of POCD. Indeed, rodent models have shown that
the COX-2 inhibitor parecoxib is capable of downregulating
IL-1 p and TNFa expression (168); furthermore, meloxicam, a
non-steroidal anti-inflammatory drug (NSAID) with relative
selectivity for COX-2 has been shown to decrease short-term

deficits in recognition memory following surgery (169). So
far, two human trials have evaluated the efficacy of COX-2
inhibition on POCD, both in geriatric patients undergoing total
knee arthroplasty (152, 153). In a trial of 134 elderly patients,
parecoxib was shown to decrease pro-inflammatory markers and
POCD incidence (as assessed using a neurocognitive battery)
compared to placebo at 1 week, but not 3 months following
surgery (152), although this negative result was largely due to
improved cognitive performance in the placebo group. Similarly,
a trial of 178 elderly patients showed that celecoxib reduced
pro-inflammatory markers and POCD (determined by reduction
in performance of >2 of 5 cognitive tests) at 1 week following
surgery compared to placebo (153). There are no ongoing
registered clinical trials testing the use of NSAIDs or selective
COX-2 inhibitors in POCD.

Minocycline

Minocycline is a second-generation tetracycline antibiotic that
has anti-inflammatory properties; it has shown to be useful
in reducing cognitive deficits in animal models of cerebral
ischemia, Alzheimer’s disease, and Parkinson’s disease (170).
Minocycline readily crosses the BBB, and thus may also be
useful in inhibiting neuroinflammation. In rats, minocycline has
been shown to block IL-1B, with a concomitant reduction in
surgery-induced hippocampal-dependent memory impairment
(determined by fear conditioning test) (73). In mice undergoing
appendectomy, preoperative administration of minocycline
has been shown to downregulate production of IL-1f, IL-6,
and TNFa, inhibit microglial activation, and impair learning
(measured via Morris water maze and fear conditioning
test) (171). However, it has been recently demonstrated in
aged rats undergoing abdominal surgery that minocycline
may simply delay microglial activation (172). Thus, while
it has been proposed that minocycline may be useful for
reducing POCD, it may not prevent development of delayed
POCD. Currently, there is a multicenter randomized Phase 3
clinical trial recruiting patients to investigate the efficacy of
preoperative minocycline in reducing POCD in patients with
colon cancer undergoing colorectal surgery (ClinicalTrials.gov
identifier NCT02928692).

Dexamethasone

Dexamethasone is a corticosteroid with glucocorticoid actions
and powerful (>30 times more potent than cortisol) anti-
inflammatory properties. As with other steroid hormones,
dexamethasone inhibits the infiltration of leukocytes into the
target inflammatory region (173); moreover, it can downregulate
the transcription of cytokines and other cell adhesion molecules
(174). Although dexamethasone has well-demonstrated anti-
inflammatory actions, it is unclear whether it may have an
effect on the development of POCD. In a study by Karaman
et al. (175), male rats given sevoflurane were shown to
develop memory deficits (measured via Morris water maze)
at 7 and 30 days post anesthesia. Administration of 0.1
mg/kg dexamethasone before anesthetic administration reversed
these deficits at both time points, suggesting its utility in
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TABLE 2 | Relevant clinical studies on etiology of POCD.

Study Study Type  Cohort Sample size Surgical Anesthetic exposure Cognitive metrics Key findings
(n) procedure(s)
Evered et al. (7)  Prospective CABG, hip 636 Elective CABG, hip CABG: general Battery of seven No difference in POCD
observational  replacement: replacement, CA anesthesia neuropsychological rates between groups
adults > 55 CA: Hip replacement: spinal tests (CABG—16%; hip
adults > 50 anesthesia replacement—16%;
CA: sedation CA—-21%)
Geng et al. (144) Prospective  Adults > 60 150 Laparoscopic Propofol vs. Battery of eight Lower POCD in
randomized cholecystectomy sevoflurane vs. neuropsychological propofol compared to
isoflurane anesthesia tests sevoflurane or
isoflurane on
postoperative days 1
and 3
Hirsch et al. (42) Prospective  Adults > 55 10 Elective major knee Spinal anesthesia with  Word list test 40% POCD on
observational surgery propofol sedation and  Verbal fluency test postoperative day 1;
femoral nerve catheter  Digit symbol test 20% POCD on
postoperative day 2;
40% POCD on
postoperative day 3
Houetal. (147)  Prospective  Adults > 60; 66 Elective total knee Deep vs. light MoCA Z-score < 1.96  Higher POCD in deep
randomized ~ ASA 1-2 arthroplasty anesthesia with (20%) compared to
sevoflurane and light (3%) anesthesia
propofol, femoral and
sciatic nerve blocks
Jietal. (41) Prospective  Adults > 65 83 Elective total hip Spinal anesthesia Digit symbol POCD rate 24.6% on
observational replacement substitution test postoperative day 7
Concentration
endurance test
Number connection
test?
Qiao et al. (145)  Prospective  Adults 65-75 90 Esophageal resection  Sevoflurane vs. MoCA Higher POCD in
randomized methylprednisone and  MMSE sevoflurane group on
sevoflurane vs. propofol postoperative days 1,
3,7
Shuetal. (146)  Prospective ~ Females 20-60 192 Gynecologic Sevoflurane with MMSE Lower POCD in 40 <
randomized laparoscopic surgery remifentanil, titrated to  Trail-making test BIS < 50 group on
BIStt postoperative day 1
Siloert et al. Prospective  Adults > 55 100 Extracorporeal shock General vs. spinal Battery of eight No difference in POCD
(142) randomized without previous wave lithotripsy anesthesia neuropsychological rates between groups
neurologic deficit tests
Silbert et al. Prospective  Adults > 55 350 Elective CABG High-dose vs. Battery of eight Higher POCD in
(143) randomized without previous low-dose fentanyl neuropsychological low-dose fentanyl
neurologic deficit anesthesia tests group 1 week following

surgery. No difference
in POCD at 3 and 12
months following
surgery

ASA, American Society of Anesthesiologists Classification Scale; BIS, Bispectral Index; CA, coronary angiography; CABG, coronary artery bypass graft; MMSE, Mini-mental Status
Examination; MoCA, Montreal Cognitive Assessment.
TDeep vs. light anesthesia determined by BIS values 40-50 vs. 55-65, respectively. 18IS values stratified to three groups: 30 < BIS < 40, 40 < BIS < 50, 50 < BIS < 50.
*Neurocognitive tests in this study amended to a Chinese protocol.

mitigating POCD. However, a randomized clinical trial of
patients given 1 mg/kg intraoperative dexamethasone during
cardiac surgery failed to demonstrate a difference in cognitive

performance both at 1 month and at 12 months following

surgery (154). There is only one registered clinical trial
on dexamethasone and POCD (ClinicalTrials.gov identifier
NCT01332812); this Phase 4 study of 300 patients compared
administration of 8 mg of dexamethasone following anesthesia

Cholinergic Agents
The cholinergic anti-inflammatory pathway provides a variety
of potential therapeutic targets for POCD. Both the a7 nAChR
agonist PHA 586487 (176) and physostigmine (125) have been

induction vs. no injection and measured POCD via a cognitive
battery up to 180 days post-surgery. Currently no results are
reported.
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TABLE 3 | Clinical studies for proposed treatments for POCD.

Treatment

Published clinical studies and relevant findings

Registered ongoing clinical trials (if applicable)

ANTI-INFLAMMATORY
COX-2 inhibitors

Minocycline

Dexamethasone

Cholinergic agents

Targeted cytokine inhibition
ANTIOXIDATIVE
Statins

N-acetylcysteine

Edaravone
PRO-NEURONAL
Dexmedetomidine

Amantadine

Enhancing cognitive reserve

VARIOUS TARGETS
Local anesthetics

Ketamine

Lipid mediators
Cannabinoid receptors
Melatonin

Turmeric
Acupuncture

Zhu et al. (152): intraoperative and postoperative parecoxib vs.
placebo in total knee arthroplasty (reduction in POCD at 1 week but
not 3 months postoperatively)

Zhu et al. (153): 1 week of preoperative celecoxib vs. placebo in
total knee arthroplasty (reduction in POCD at postoperative day 7)

none

Ottens et al. (154): intraoperative dexamethasone bolus vs. no
treatment during cardiac surgery (no difference in cognitive
performance at 1 and 12 months postoperatively)

Doraiswamy et al. (155): 12-week course of donepezil >6 months
vs. no treatment after CABG (improved memory recall, no improved
cognition)

None

Das et al. (156): postoperative statin vs. placebo in off-pump CABG
(reduced POCD on postoperative day 6)

None

None

Li et al. (157): dexmedetomidine bolus and intraoperative infusion
vs. saline in laparoscopic cholecystectomy (reduced POCD on
postoperative day 1)

Chen et al. (158): correlation between reduction of pro-inflammatory
cytokines and reduced POCD on postoperative day 1 in general
surgery

None

None

Wang et al. (159): lidocaine bolus and intraoperative infusion in
CABG surgery (improved working memory, verbal associative
learning compared to saline controls)

Chen et al. (160): lidocaine bolus and intraoperative infusion in spinal
surgery (slight improvement in cognitive function)

Hudetz et al. (161): ketamine bolus at anesthetic induction during
cardiac surgery (improved memory/executive function)

Nagels et al. (162): ketamine bolus and intraoperative infusion
following anesthetic induction during cardiac surgery (no change in
POCD compared to placebo)

none

none

Hansen et al. (163): melatonin 6 mg/kg daily for 3 months improved
sleep but had no effect on POCD in women having breast cancer
surgery

Fan et al. (164): melatonin 1 mg/kg daily for 6 days improved sleep
and improves MMSE scores in patients undergoing hip arthroplasty
none

Gao et al. (165): Electroacupuncture preserved MMSE scores 2 and
4 days following general surgery.

Lin et al. (166): Electroacupuncture preserved MMSE scores on day
3 following intestinal surgery for cancer.

(167): Electroacupuncture preserved MMSE scores in elderly
patients on day 3 following colorectal surgery for cancer.

none

NCT02928692: preoperative minocycline vs. no treatment in
colorectal surgery

NCT01332812: intraoperative dexamethasone bolus vs. no
treatment in general surgery

NCT02419352: sugammadex vs. neostigmine/atropine at end of
general anesthesia

NCT02927522: donepezil vs. placebo for 7 days following general
surgery

None

None

PANACEA trial ACTRN12614000411640: NAC vs. placebo twice
daily for 4 days beginning on day of non-cardiac surgery

None

NCT02275182: intraoperative dexmetedomidine vs. placebo in
general surgery

NEUROPRODEX trial 2013-000823-15: intraoperative
dexmetedomidine vs. placebo in cardiac and abdominal surgery
NCT03480061: intraoperative dexmedetomidine bolus and
postoperative infusion vs. standard sedation in cardiac surgery
NCT02923128: postoperative dexmedetomidine vs. sufentanil
infusion in elective non-cardiac surgery

NCT03527134: five-day postoperative amantadine vs. no
treatment in general surgery

NCT02747784: three-month postoperative cognitive training
regimen vs. no treatment in breast/urogynecological surgery

NCT00975910: lidocaine bolus and intraoperative infusion vs.
placebo in supratentorial craniotomy

NCT02848599: bupivacaine vs. morphine PCA for 72 h following
general surgery

NCT02892916: ketamine bolus following anesthetic induction vs.
placebo in elective orthopedic surgery

None
none
none

none
none

CABG, coronary artery bypass graft;, MMSE, Mini-Mental State Exam; NAC, N-acetylcysteine; PCA, patient-controlled analgesia.
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shown to reduce pro-inflammatory cytokines and neuronal
damage in rat hippocampus following surgery. However, neither
of these studies evaluated behavioral impairments, limiting
their generalizability to POCD. In humans, during anesthetic
emergence, patients are often given cholinesterase inhibitors such
as neostigmine to reverse neuromuscular blocking agents (which
are routinely administered to help provide optimal surgical
conditions). However, the cyclic oligosaccharide sugammadex,
which rapidly and profoundly reverses neuromuscular blockade
by encapsulating nondepolarizing steroidal neuromuscular
blocking agents such as rocuronium and vecuronium (177),
has significantly reduced the use of cholinesterase inhibitors
during surgery and provides a unique way to test the association
of cholinesterase inhibitors on POCD. Indeed, one registered
clinical trial (ClinicalTrials.gov identifier NCT02419352) has
randomized 160 patients to receive either sugammadex or the
combination of neostigmine and atropine at the end of surgery
and anesthesia; results have not yet been published. Other human
studies have focused on the anticholinesterase drug donepezil
as a potential therapy. In a pilot randomized clinical trial of 44
patients, Doraiswamy et al. (155) showed that a 12-week course
of donepezil given at least 6 months following CABG surgery
improved memory recall but not cognition. A new Phase 3
clinical trial (ClinicalTrials.gov identifier NCT02927522) plans to
randomize over 500 patients to receive donepezil or placebo for 7
days following surgery, and evaluate for POCD 1 week following
surgery (although it is unclear what psychological tests are used
to define POCD in this study). Again, although vagal stimulation
has been proposed to mitigate the development of POCD (127),
there are no current human trials designed to test this hypothesis.

Targeted Cytokine Inhibition

Although there are currently no human data and no registered
clinical trials, drugs that block specific cytokines are already
utilized as treatment for chronic inflammatory diseases such
as rheumatoid arthritis (RA) and may be a potential target
for POCD therapies. The IL-1 receptor antagonist anakinra
represents one such target: It has been shown that IL-1 knockout
mice have lower levels of IL-6 following peripheral surgery,
and less memory impairment (73). Similarly, intracisternal
administration of an IL-1 receptor antagonist immediately
preceding abdominal surgery in aged rats prevented a decrease
in memory consolidation on postoperative day 4 (178). The
anti-TNFa antibody Etanercept (also used in RA) may be
another target for POCD, as preoperative administration of
anti-TNFa antibody inhibited IL-18 production in mice and
mitigated memory impairments in mice (35). Further, the IL-6
receptor antibody toclizumab has been shown to reduce memory
impairments in mice following surgery (179).

Antioxidative

Statins

Statins are reversible competitive inhibitors of the enzyme
3-hydroxy-3-methylglutaryl-CoA  reductase (HMG-CoA
reductase). This enzyme catalyzes the conversion of HMG-CoA
to mevalonate, and is the rate-limiting step of cholesterol
synthesis from fatty acids (180). As part of this enzymatic

process, NADPH is produced; by inhibiting HMG-CoA
reductase, NADPH production is lowered, which can reduce
the levels of oxidative species (181). Statins have been widely
proposed to be beneficial for neurological disorders including
dementia (182) and postoperative delirium (183). In POCD,
a small randomized controlled trial comparing postoperative
statin vs. placebo administration in patients undergoing
oft-pump CABG showed a significant reduction in memory
dysfunction (measured by postgraduate institute memory
scale) on postoperative day 6 (156). Unfortunately, no
other prospective clinical trials are currently underway to
investigate the otherwise promising effects of a widely utilized
drug.

N-Acetylcysteine

N-acetylcysteine (NAC) has antioxidant properties which are
related to its role as a precursor for glutathione synthesis (184).
Additionally, in pre-clinical studies, NAC has been shown to
downregulate pro-inflammatory cytokine synthesis including
HGMB-1 (185), upregulate anti-inflammatory cytokine synthesis
(186), and reduce microglial activation (187). A systematic review
of the human literature has suggested that NAC supplementation
can have beneficial cognitive effects for patients with a wide
variety of neurological and psychiatric disorders, including
Alzheimer’s disease, traumatic brain injury, Parkinson’s disease,
and addictive behavior (184), thus raising the possibility of
NAC as a potential treatment for POCD. Only one randomized
controlled trial, The Post-Anesthesia N-acetylcysteine Cognitive
Evaluation (PANACEA) trial (Australian New Zealand Clinical
Trials Registry identifier ACTRN12614000411640) is currently
being conducted to investigate the utility of NAC in POCD. This
single center trial has randomized patients recovering from non-
cardiac surgery to receive 1,200 mg of NAC or placebo twice
daily beginning on the day of surgery and continuing for four
consecutive days. POCD will be assessed via a neurocognitive
battery at 1 week, 3, and 12 months following surgery (188).
The study is ongoing and no results have been reported at
this time.

Edaravone

Edaravone is a free radical scavenger that is used as an
adjunct therapy for acute ischemic stroke in Japan, and as
therapy for amyotrophic lateral sclerosis (ALS) in Japan and
the United States. These uses are based on small randomized
clinical trials that have shown modest efficacy in stroke (189)
and early-stage ALS (190). Edaravone readily crosses the BBB,
and has been shown to mitigate or ameliorate impairments in
spatial and working memory in rats at 3 and 7 days following
left nephrectomy and lipopolysaccharide administration (38).
Moreover, the same group showed an increase in hippocampal
levels of the antioxidant superoxide dismutase and a decrease
in microglial activation on postoperative day 3. Taken together,
this evidence suggests that edaravone has antioxidative and anti-
inflammatory properties and may be a potential treatment for
POCD in humans, however there are no published human studies
or registered clinical trials.
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Pro-neuronal

Dexmedetomidine

Dexmedetomidine is a centrally-acting presynaptic a, adrenergic
receptor antagonist used for sedation in the operating room
and intensive care unit; its mechanism of action is inhibition
of norepinephrine release from adrenergic neurons projecting
from the locus coeruleus to the basal forebrain, anterior cortex,
intralaminar nucleus of the thalamus, and the preoptic area of
the hypothalamus (191). Dexmedetomidine’s sedative properties
are largely believed to be due to norepinephrine inhibition in
the preoptic area of the hypothalamus, an important nucleus in
regulating arousal and sleep pathways. Dexmedetomidine is also
hypothesized to have actions in the spinal cord, and is used as an
adjunct for intraoperative analgesia (192) and the prolongation
of regional nerve blockade (193). Recently, dexmedetomidine
has been shown to enhance HMGBI resolution in mice, likely
via a vagotonic mechanism (194), suggesting that it also has
downstream effects on reducing inflammation. Human studies
have shown that dexmedetomidine bolus followed by infusion
throughout laparoscopic cholecystectomy reduces serum pro-
inflammatory cytokines and POCD (as measured via MMSE
scores) compared to saline on postoperative day 1 (157).
Moreover, Chen et al. (158) showed a correlation between the
level of reduction of pro-inflammatory cytokines and POCD
on postoperative day 1 (measured via MMSE), providing a
much-needed link between cytokine levels and the severity of
cognitive dysfunction. There are several registered ongoing Phase
4 clinical trials examining the efficacy of dexmedetomidine on
POCD, comparing intraoperative dexmedetomidine to placebo
(ClinicalTrials.gov identifier NCT02275182, NEUROPRODEX
trial-EudraCT number 2013-000823-15), looking at late
(12 months following surgery) POCD (ClinicalTrials.gov
identifier NCT03480061), and comparing postoperative
dexmedetomidine vs. sufentanil infusion (ClinicalTrials.gov
identifier NCT02923128). So far, no data have been reported
from these clinical trials.

Amantadine

Amantadine was initially marketed as an antiviral agent but
was found to have dopaminergic actions which led to its use
in Parkinson’s disease (74). In vivo, amantadine has also been
demonstrated to promote the production of glial cell line-derived
neurotrophic factor (GDNF), an important pro-neuronal agent
that promotes glial growth, protects glia, and inhibits microglial
activation (195). In a rat surgical model, animals treated with
intraperitoneal amantadine or intracerebroventricular GDNF
showed a reduction of memory impairment compared to controls
1 day following surgery (74). Further, amantadine inhibited
surgery induced neuroinflammation on postoperative day 1.
In humans, there is only one randomized clinical trial in the
recruitment phase investigating the use of a 5-day course of
amantadine (beginning with one dose preoperatively) on POCD
(ClinicalTrials.gov identifier NCT03527134).

Enhancing Cognitive Reserve
Poor cognitive function preoperatively is a potential risk
factor for development of POCD, and pro-cognitive activities

such as sleep, exercise, and education level seem to have
a protective effect on POCD (34). As a result, it has
been proposed that preoperative cognitive training may have
a beneficial effect on reducing the incidence and severity
of POCD. In rats, a cognitively stimulating environment
has shown to attenuate surgery induced cognitive memory
impairments (measured via novel object recognition test)
and hippocampal cytokine increases (196). There is one
registered clinical trial (REACT trial, ClinicalTrials.gov identifier
NCT02747784) currently recruiting female patients with breast
or urogynecological surgery for a 3-month postoperative
cognitive training regimen compared to no treatment. Patients
will be measured for POCD via a neurocognitive battery at 3
months following surgery; data from this trial are not available
at this time.

Candidate Treatments With Various Targets
Local Anesthetics

Local anesthetics such as lidocaine and bupivacaine work by
stabilizing the open, inactive state of voltage-gated sodium
channels; when injected peri-neuronally, the preferential local
diffusion of local anesthetics to pain fibers produces its
analgesic actions (197, 198). Because pain is a trigger for
inflammatory pathways, it has been proposed that local
anesthetics may reduce peripheral inflammation (and thus
neuroinflammation and POCD). Despite the plausibility of
this hypothesis, human data has not been convincing. Patients
undergoing CABG surgery given lidocaine bolus 1.5 mg/kg
and infusion of 4 mg/kg/h throughout surgery showed
improvements in working memory and verbal associative
learning compared to saline controls on postoperative day
9, however both groups had deficits in short-term memory,
processing speed, and executive function (159). In spinal
surgery, lidocaine bolus of 1 mg/kg followed by 1.5 mg/kg/h
infusion showed a slight improvement in MMSE scores (160).
Currently, there are two registered randomized controlled
trials investigating the use of local anesthetics in preventing
POCD. One Phase 2 trial of 100 patients with supratentorial
craniotomy tested the efficacy of lidocaine bolus 1.5 mg/kg
and infusion 2 mg/kg/h after induction of surgery until
anesthetic emergence on POCD (ClinicalTrials.gov identifier
NCTO00975910), although no results have been published.
Similarly, a small Phase 2 trial of 70 patients (currently under
recruitment) is testing the use of postoperative bupivacaine vs.
morphine patient-controlled analgesia for 72 h following surgery
on POCD (ClinicalTrials.gov identifier NCT02848599), although
the primary cognitive endpoint is MMSE scores at postoperative
day 5.

Ketamine

Ketamine is an NMDA receptor antagonist with sedative,
hypnotic, and analgesic properties; it is used as an anesthetic
agent as well as an adjunct for neuropathic pain (191,
199). By virtue of its NMDA receptor antagonism, ketamine
reduces glutamate transmission in the brain; coupled with its
analgesic properties, ketamine has been proposed to reduce
neuroinflammation (200). In pre-clinical models, ketamine
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seems to have differential effects on the levels of pro-
inflammatory cytokines (201, 202), however ketamine has been
shown to attenuate cognitive impairment in rodents (202, 203).
Human data are equally unclear: one small clinical trial (n
= 60) using a bolus of 0.5 mg/kg ketamine at the induction
of cardiac surgery showed improved metrics of memory and
executive function compared to control 1 week following surgery
(161), however in a similar (but smaller) population, a 2.5 mg/kg
ketamine bolus followed by 0.125 mg/kg infusion throughout the
intraoperative period showed no change in POCD (measured
by neurocognitive battery) compared to placebo at 1 or 10
weeks following surgery (162). It is unclear whether the
discrepancies observed may be due to different dosing regimens,
different cognitive assessments, or small sample size. There is
currently a large (n = 900) randomized Phase 3 clinical trial
(ClinicalTrials.gov identifier NCT02892916) recruiting patients
undergoing elective orthopedic surgeries to receive a 0.5 mg/kg
ketamine bolus following anesthetic induction with POCD
assessment as a secondary outcome (determined by MoCA score)
at 1 week and 3 months following surgery. Results are not
available at this time.

Lipid Mediators (Resolvins, Lipoxins, Maresins)

As opposed to preventing the production of pro-inflammatory
cytokines or oxidative species, lipid mediators such as resolvins,
lipoxins, and maresins have begun to receive attention as possible
resolvers of neuroinflammation (4, 129). In a rat model of CPB
with deep hypothermic circulatory arrest, the resolution agonist
annexin Al was shown to (1) reduce systemic and neural pro-
inflammatory cytokines due to inhibition of NF-kB, (2) inhibit
microglial activation, and mitigate declines in Morris water maze
performance at postoperative day 3 (204). Currently, no human
trials exist on the role of these lipid mediators in POCD, although
these agents may become more promising as more animal data
become available.

Cannabinoid Receptors

Cannabinoids are a variety of substances that can modulate
neurotransmitter release via cannabinoid receptors and regulate
a variety of physiological processes including appetite, mood,
and pain (205). The most widely known cannabinoid is
tetrahydrocannabinol (THC), the psychoactive ingredient in
plants of the genus Cannabis. Cannabinoids are known to
suppress TLR-mediated inflammatory responses, and immune
cells themselves can produce endogenous cannabinoids, possibly
representing homeostatic mechanisms (206). In mice, the
activation of cannabinoid receptor 2 (CR2) was shown
to attenuate hippocampal memory impairment (via fear
conditioning test) and decrease pro-inflammatory cytokines in
the hippocampus and prefrontal cortex at 1, 3, and 7 days
following tibial fracture surgery (207). Due to the controlled
nature of exogenous and synthetic cannabinoids, there are no
human data on the effects of cannabinoids on POCD, although
this may represent a new area of study as cannabinoids are
beginning to be used as therapy for a range of disorders including
depression, anorexia, epilepsy, and multiple sclerosis (208, 209).

Melatonin

Melatonin is an endogenous hormone synthesized from L-
tryptophan and secreted from the pineal gland. Its production
is inhibited by 460-480nm light in the blue portion of
the electromagnetic spectrum and functions in maintaining
circadian rhythms (210). Melatonin is also known to modulate
production of pro- and anti-inflammatory cytokines and reduce
cell adhesion molecules, and scavenge free radicals (211). In
rodents, exogenous melatonin attenuates volatile (isoflurane)-
induced memory impairment in adult and aged animals (212-
214); this effect appears to result from improvements in the sleep-
wake cycle (213, 214). Results from two published trials in human
subjects offer no insight as to the efficacy of melatonin for the
prevention of POCD. In the first instance, 54 women aged 30-75
years undergoing surgery for breast cancer were given 6 mg/day
melatonin vs. placebo for 3 months beginning preoperatively
again improved sleep-efficiency but without a discernable effect
on POCD as measured using the ISPOCD test battery (163).
In a more age-appropriate cohort of patients scheduled for hip
arthroplasty (age > 65 years; n = 139), melatonin (1 mg/day
taken orally beginning the day before surgery and continued
for 5 days consecutively postoperatively) again improved sleep
quality and appeared to preserve basic aspects of cognition
as measured by the MMSE in the immediate (within 7 days)
postoperative period (164); however, a lack of more appropriate
neurocognitive assessments over a more extended time frame,
preclude supporting melatonin as prophylaxis against POCD.
There are no registered clinical trials currently investigating the
use of melatonin in POCD.

Turmeric

Turmeric is a plant of the ginger family whose roots are
boiled and ground for coloring and flavoring in many
Eastern cultures. As such, it is comprised of many biological
compounds with varying concentrations depending on the
manufacturing method. One compound, curcumin, has been
shown to have antioxidant and anti-inflammatory properties,
possibly by inhibition of NF-kB (215). In “aged” male ICR
mice (age 12 months) who underwent midline laparotomy,
curcumin attenuated surgery-induced impairment in novel
object recognition as well as spatial learning and memory (216);
here, the anesthetic consisted solely of a neuroleptic anesthetic
using fentanyl plus droperidol, so the relevance to current clinical
practice is unclear. There are no published or open registered
clinical trials currently investigating the use of turmeric or
curcumin in POCD.

Acupuncture

Acupuncture is a well-known therapy in alternative medicine,
having been developed more than 3,000 years ago in China.
It is gaining popularity in the Western world and is being
tested as a treatment for a variety of inflammatory disorders
including asthma, carpal tunnel syndrome, and fibromyalgia
(217). While little is known about acupuncture and POCD,
recent evidence suggests that electroacupuncture increases
hippocampal expression of a7 nAChRs, downregulates TNFa
and IL-1B expression in hippocampal neurons, and can improve
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spatial memory at 1, 3, and 7 days following partial hepatectomy
in rats (218). While there are no animal studies on acupuncture
and POCD, three human studies (published in Chinese) were
identified (165-167); sample sizes were 120, 124, and 83 subjects,
respectively. Although subjects were randomized, the reported
methods in each report raise enough concern as to render
the validity of the data uncertain, thereby precluding a clear
assessment as to the efficacy of the technique. There are
no registered clinical trials currently investigating the use of
acupuncture in POCD.

CONCLUSION

POCD is a widespread phenomenon following the surgical
experience and can have detrimental effects on an individual’s
functional status and quality of life. People with preexisting
neurocognitive impairments seem to be exceptionally prone to
developing POCD, and POCD may unmask such impairments
even in the absence of clinical detection. A large and growing
body of evidence from pre-clinical and clinical studies has
implicated the roles of neuroinflammation in the pathogenesis
of POCD, from peripheral injury to neuronal death and
functional manifestations. However, the data are not entirely
conclusive because of heterogeneities in animal models and
human populations studied, as well as variability in pre-clinical
and clinical assessments of POCD. While both animal and
human studies demonstrate a variety of neuroinflammatory
mechanisms at play in the perioperative period, the root causes
of that inflammation, whether surgery, anesthesia, or even prior
inflammation from sources such as infection are unknown. Data
from randomized clinical trials seem to more strongly favor
surgery as the main inciting factor of POCD, but again these
data are not wholly consistent across populations, surgeries, and
time scales. An alternative hypothesis is that the combination of
surgery and anesthesia contributes to the pathogenesis of POCD:
anesthesia may weaken the BBB by modulating tight junction
protein expression (219) in a dose-dependent manner (220),
while surgery provides the peripheral nidus for inflammation
that is ultimately amplified in the CNS. Whatever the cause,
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Autism spectrum disorder (ASD) is associated with multiple physiological abnormalities,
including immune dysregulation, and mitochondrial dysfunction. However, an association
between these two commonly reported abnormalities in ASD has not been studied in
depth. This study assessed the association between previously identified alterations
in cytokine profiles by ASD peripheral blood monocytes (PBMo) and mitochondrial
dysfunction. In 112 ASD and 38 non-ASD subjects, cytokine production was assessed
by culturing purified PBMo overnight with stimuli of innate immunity. Parameters of
mitochondrial respiration including proton-leak respiration (PLR), ATP-linked respiration
(ALR), maximal respiratory capacity (MRC), and reserve capacity (RC) were measured
in peripheral blood mononuclear cells (PBMCs). The ASD samples were analyzed by
subgrouping them into high, normal, and low IL-16/IL-10 ratio groups, which was
previously shown to be associated with changes in behaviors and PBMo miRNA
expression. MRC, RC, and RC/PLR, a marker of electron transport chain (ETC) efficiency,
were higher in ASD PBMCs than controls. The expected positive associations between
PLR and ALR were found in control non-ASD PBMCs, but not in ASD PBMCs. Higher
MRC, RC, RC/PLR in ASD PBMCs were secondary to higher levels of these parameters
in the high and normal IL-163/IL-10 ratio ASD subgroups than controls. Associations
between mitochondrial parameters and monocyte cytokine profiles differed markedly
across the IL-1B/IL-10 ratio based ASD subgroups, rendering such associations less
evident when ASD samples as a whole were compared to non-ASD controls. Our results
indicate for the first time, an association between PBMC mitochondrial function and
PBMo cytokine profiles in ASD subjects. This relationship differs across the IL-13/IL-10
ratio based ASD subgroups. Changes in mitochondrial function are likely due to adaptive
changes or mitochondrial dysfunction, resulting from chronic oxidative stress. These
results may indicate alteration in molecular pathways affecting both the immune system
and mitochondrial function in some ASD subjects.

Keywords: autism spectrum disorders, IL-1B/IL-10 ratio, mitochondrial respiration, monocytes, peripheral blood
mononuclear cells (PBMCs)
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INTRODUCTION

Autism spectrum disorder (ASD) is defined by behavioral
symptomatology which results in a heterogeneous phenotype.
ASD is also known to be associated with various co-
morbid medical conditions, most notably gastrointestinal (GI)
symptoms, and sleep disorders (1, 2).

We have previously identified a subset of ASD subjects
who exhibit innate immune abnormalities (3). Our recent
study revealed that the IL-163/IL-10 ratios produced by PBMo
may serve as a marker of immune activation or immune
mediated inflammation in individuals with ASD. Deviated IL-
13/IL-10 ratios were seen in up to 40% of ASD subjects in
our previous study (4). IL-18 is a representative inflammatory
cytokine, and IL-10 is a representative counter-regulatory
cytokine. Thus, IL-18/IL-10 ratios are thought to reflect
the balance of inflammatory vs. counter-regulatory responses
by monocytes.

One knowledge gap in understanding the pathology of
ASD is how the various medical comorbidities are related to
each other and to abnormalities in brain function. Research
has pointed to abnormalities in cellular systems that are
common to cells in many organ systems. For example, studies
have associated ASD with abnormalities in mitochondrial
(5) and redox metabolism (6) that are systems important
to varying extents to almost every cell in the body. Other
possible connections between different organ systems include
abnormalities in cellular regulatory pathways, such as those
controlled by microRNA (miRNA). This is a prime area of
research as we are learning that abnormalities in miRNA
expressions are associated with a wide range of psychiatric
diseases, including ASD (7). On the other hand, little is known
regarding what changes in miRNA expression are linked to both
innate immune and mitochondrial abnormalities in ASD and
other neuropsychiatric disorders.

Our previous studies showed that changes in expression
of miRNA in ASD PBMo differed in ASD subgroups when
they were subdivided on the basis of the IL-1f3/IL-10 ratio
produced by PBMo (high, low, and normal as defined in
the method section) (4, 8). Namely, many miRNA were up-
regulated in the high ratio ASD subgroup, while in the low

Abbreviations: Ab, antibody; ABC, aberrant behavior checklist; AC, allergic
conjunctivitis; ADI-R, autism diagnostic inventory, revisited; ADOS, autism
diagnostic observational scale; Ag, antigen; Akt, protein kinase B activated
through PI3K-Akt pathway; ALR, ATP-linked respiration; ANOVA, analysis
of variance; AR, allergic rhinitis; ASD, autism spectrum disorder; CSHQ,
Children’s sleep habit questionnaire; ELISA, enzyme linked immune-sorbent
assay; ETC, electron transport chain; FA, food allergy; IL, interleukin; MIA,
maternal immune activation; miRNA, microRNA; MRC, maximum respiration
capacity; NFA, non-IgE mediated food allergy; OCR, oxygen consumption rate;
PBMC:s, peripheral blood mononuclear cells; PBMo, peripheral blood monocytes;
PI3K, phosphoinositide 3-kinase; PTEN, phosphatase and tension homolog; PLR,
proton-linked respiration; PST, prick skin testing; RC, reserve capacity; SAD,
specific antibody deficiency; SD, standard deviation; TGE, transforming growth
factor; TLR, toll like receptor; TNE, tumor necrosis factor; Treg cells, regulatory
T cells; VABS, Vineland adaptive behavioral scale.

ratio ASD subgroup, multiple miRNAs were down-regulated,
as compared to non-ASD controls (4). Determining targeted
genes by these miRNAs indicated that the changes in miRNA
expression are expected to affect the key signaling pathways,
including RAS, MAPK, and PI3K-AKT pathways: these signaling
pathways regulate immune cell differentiation and activation,
partly through altering metabolism. Interestingly, this analysis
also revealed that changes in miRNA would affect the expression
of molecules important for formation of synaptic junctions
(4). These results may indicate that there exist alterations in
the signaling pathways affecting both the nervous and the
immune systems in the high and low IL-1f/IL-10 ratio ASD
subgroups. The above described signaling pathways are also
known to affect mitochondrial functions. For example, activation
of MAPK and PI3K-AKT pathways enhances glycolysis, but
reduces mitochondrial fitness, rendering cells more vulnerable
to oxidative stress (9). Therefore, there may be a possibility that
mitochondrial function is altered in the high/low IL-1f/IL-10
ratio ASD subgroups. miRNAs secreted from innate immune
cells including monocytes serve as mediators of innate immune
responses (10). In fact, platelets and PBMo are major secretary
source of miRNAs in the serum. Secreted miRNAs are taken
up by other cells and regulate their cellular functions (10).
Therefore, changes in IL-13/IL-10 ratios by ASD PBMo can be
reflected in mitochondrial dysfunction in multiple cell lineages
in ASD.

Independent of studies linked to immune abnormalities
in ASD, there is also mounting evidence of mitochondrial
dysfunction and chronic oxidative stresses in multiple cell

types in ASD (11-14). However, primary mitochondrial
diseases with known gene mutations are rarely found
in ASD subjects (5, 15). Nevertheless, mitochondrial

dysfunctions have been reported in 30-80% of individuals
with ASD (16), and evidence of oxidative stress may be
diagnostic for ASD (17). Putative alterations in signaling
pathways as described above, if present, could make
some ASD subjects vulnerable to both immune mediated
inflammation and mitochondrial dysfunction. However, little
is known regarding associations between monocyte cytokine
profiles and mitochondrial dysfunction in ASD and other
neuropsychiatric diseases.

On the basis of findings described above, we postulated
that changes in monocyte cytokine profiles, especially
IL-18/IL-10 ratios in ASD PBMo, are associated with
alterations in  mitochondrial respiration. This study
examines our hypothesis by evaluating associations
between IL-1f3/IL-10 ratios produced by PBMo and
variations in mitochondrial respiration in PBMCs, a
mixture of multiple lineage «cells, in ASD subjects.
Associations  between  mitochondrial  parameters and
other =~ monocyte cytokines were also  determined,
since IL-18 and IL-10 production were often closely
associated with production of inflammatory and counter-
regulatory cytokine produced by monocytes. Typically
developing (TD), age-matched non-ASD subjects served
as controls.
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MATERIALS AND METHODS

Study Subjects

The study followed the protocol approved by the
Institutional Review Board at our institution, Saint Peter’s
University Hospital, New Brunswick, NJ, United States. In
this study, both ASD and non-ASD, TD control subjects were
enrolled, and the signed consent forms were obtained prior
to entering the study. Consent was obtained from parents
if participant was a minor (<18 years old) or parents had
custody. For ASD subjects, we also assessed whether they
had history of FA, asthma, allergic rhinitis (AR), and specific
antibody deficiency (SAD), or seizure disorders. Any ASD or
non-ASD subject diagnosed with chromosomal abnormalities
or other genetic diseases, or well-characterized chronic medical
conditions involving major organs was excluded from the study.
Subjects with common minor medical conditions such as AR,
mild to moderate asthma, eczema were not excluded from
the study.

ASD Subjects

ASD subjects (N = 112) were recruited in the Pediatric
Allergy/Immunology clinic. The ASD diagnosis was based on
the Autism Diagnostic Observation Scale (ADOS) and/or Autism
Diagnostic Interview-Revisited (ADI-R), and other standard
measures at various autism diagnostic centers, including ours.
ASD subjects were also evaluated for their behavioral symptoms
and sleep habits with the Aberrant Behavior Checklist (ABC)
(18) and the Children’s Sleep Habits Questionnaires (CSHQ)
(19), respectively. Information regarding cognitive activity and
adaptive skills were obtained from previous school records,
which documented cognitive ability (by standard measures such
as Woodcock-Johnson III test), and adaptive skills (by standard
measures such as Vineland Adaptive Behavior Scale (VABS) (20).
These were data documented within 1 year of enrollment to
the study.

Non-ASD Controls

TD, non-ASD control subjects (N = 38) were recruited from the
pediatric Allergy/Immunology and General Pediatrics Clinics.
These subjects were not reported to have any medical conditions
included in the exclusion criteria and self-reported not to have
seizure disorders or known immunodeficiency.

Demographic information of the study subjects is summarized
in Table 1. There were no differences between females and males
by two tailed Mann-Whitney test with regard to mitochondrial
respiration parameters and monocyte cytokine profiles examined
in this study.

Diagnosis of FA

IgE mediated FA was diagnosed with reactions to offending food,
by affecting skin, GI, and/or respiratory tract immediately (within
2h) after intake of offending food, supported by prick skin testing
(PST) reactivity, and/or presence of food allergen-specific IgE
in the serum. NFA was diagnosed if GI symptoms resolved,
following implementation of a restricted diet (i.e., avoidance of
offending food), and symptoms recurred upon re-introduction of
offending food, following the Food Allergy Diagnostic Guidelines

TABLE 1 | Demographics of ASD children.

ASD? subjects Non-ASD

N=112) controls (N = 38)
AGE (YEARS)
Median (range) 12.3 (2.5-30.3) 13.4 (3.9-29.7)
Mean + SD 126 +5.9 13.8+7.2
Gender (M:F and %) 97:15 (86.6%: 26:12 (68.4%:
13.4%) 31.4%)

Ethnicity AA 6, Asian 21, Asian 3, Mixed 3,

Mixed 2, C 83 c32
Cognitive activity <1% 83/112 (74.1%, 0
Disturbed sleep 34/112 (30.4%, N/A
Gl symptoms 75/112 (67.0% Unknown®

)
( )
( )
Seizure disorders 14/112 (12.5%) 0
( )
( )
( )

Specific antibody deficiency 18/112 (16.1%, 0
AsthmaP 12/112 (10.7%, Unknown
Allergic rhinitis® 23/112 (20.5%, Unknown

8AA, African American;, ASD, autism spectrum disorder; C, Caucasian; N/A, not
applicable; SD, standard deviation.

bFrequencies of asthma and allergic rhinitis are equivalent for those reported in general
population.

¢No self-reported GI complaint by non-ASD controls

(21). NFA patients are per definition, non-reactive to PST, and
negative for food allergen-specific, serum IgE (21).

Diagnosis of Asthma and Allergic Rhinitis

AR and allergic conjunctivitis (AC) were diagnosed with positive
PST reactivity, and/or presence of allergen-specific IgE in the
serum, accompanied by clinical features consistent with AR and
AC (22, 23). Asthma diagnosis was based on the guidelines from
the Expert Panel Report 3 (24). Asthma, without PST reactivity to
allergens and/or allergen-specific IgE antibodies was categorized
as non-atopic asthma (23).

Specific Antibody Deficiency (SAD)

SAD was diagnosed by the absence of protective levels of
antibody (Ab) titers (>1.3pug/mL) to more than 11 of 14
serotypes of Streptococcus pneumonia, following a booster dose
of Pneumovax® (25) or PCV13, a standard diagnostic measure
for SAD.

Sample Collection

Blood samples were obtained by venipuncture after obtainment
of informed consent. Efforts were made to obtain the samples
at the time of medically required blood work to minimize the
numbers of venipuncture. For the non-ASD control subjects,
only 1 sample was obtained. For select ASD subjects, samples
were obtained at 2-3 time points to assess variability of
parameters that we tested. Venipuncture was conducted by the
physician and if requested, the site of venipuncture was numbed
by applying a topical lidocaine/prilocaine cream (Emla cream®).

Cell Cultures

PBMCs were isolated by Ficoll-Hypaque density gradient
centrifugation. PBMo were purified by negatively selecting PBMo
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depleting T, B, natural killer, and dendritic cells from PBMCs,
using magnetic beads labeled with anti-CD3, CD7, CD16, CD19,
CD56, CD123, and glycophorin A (monocyte separation kit II—
human, MILTENYI BIOTEC, Cambridge, MA, United States).

PBMo cytokine production was assessed by incubating
purified PBMo (2.5 x 10° cells/ml) overnight with a TLR4
agonist (LPS; 0.1 pg/ml, GIBCO-BRL, Gaithersburg, MD, USA),
a TLR2/6 agonist (zymosan; 50 wg/ml, Sigma-Aldrich, St. Luis,
Mo), and a TLR7/8 agonist (CL097, water-soluble derivative
of imidazoquinoline, 20 uM, InvivoGen, San Diego, CA,
Unites States) in RPMI 1640 with additives as previously
described (26). Overnight incubation (16-20h) was adequate
to induce the optimal responses in this setting. The culture
supernatant was used for cytokine assays. LPS is a representative
endotoxin, reflecting a common pathway of innate immune
responses by gram negative [G (-)] bacteria. Zymosan is a
representative innate immune stimulus from G (4) bacteria
and fungi. CL097 mimics stimuli from ssRNA viruses, common
respiratory pathogens causing respiratory infection, such as
influenza. These stimuli have been widely used for testing innate
immune responses.

Levels of pro-inflammatory [tumor necrosis factor-a (TNF-a),
IL-1B, IL-6, IL-12p40, and IL-23] and counter-regulatory [IL-10,
transforming growth factor-f3 (TGF-f3) and soluble TNF receptor
II (STNFRII)] cytokines were measured by enzyme-linked
immuno-sorbent assay (ELISA);10-100 pl/well supernatant were
used for ELISA, depending on culture conditions. The ELISA,
OptEIATM Reagent Sets for IFN-y, IL-18, IL-5, IL-6, IL-10, IL-
12p40, and TNF-a (BD Biosciences, San Jose, CA, USA), and
for sTNFRII, IL-17 (IL-17A), and TGF-8 were obtained from
BD Biosciences and R & D (Minneapolis, MN, United States),
respectively. IL-23 ELISA kit was purchased from eBiosciences,
San Diego, CA, United States. Intra- and inter-variations of
cytokine levels were <5%.

Categorizing ASD Samples Based on

IL-1B8/IL-10 Ratios

Previously, we observed both high and low IL-16/IL-10 ratios
in subsets of ASD PBMo as compared to non-ASD controls
(8). We found changes in IL-1f3/IL-10 ratios were associated
with behavioral changes as well as changes in miRNA expression
(4, 8). In this study, we also observed the presence of high
and low IL-1f3/IL-10 ratios in some ASD PBMo, as compared
to control PBMo (Supplemental Figure 1). To assess whether
there was an association between IL-1f3/IL-10 ratios produced by
PBMo and mitochondrial respiration exhibited by PBMCs, we
subdivided ASD samples into subgroups based on the IL-13/IL-
10 ratios produced by ASD PBMo as described below, following
the criteria used in our previous study (4, 8).

High IL-18/IL-10 Ratio

IL-183/IL-10 ratios > +2 standard deviation (SD) than control
cells under at least 1 culture condition and/or > +1 SD under
more than 2 culture conditions.

Normal IL-1/IL-10 Ratio

IL-113/IL-10 ratios between —1 SD < IL-113/IL-10 ratios < +1 SD
under all the culture conditions, or +1 SD < IL-1#3/IL-10 ratios
< 42 SD under only one culture condition.

Low IL-1B/IL-10 Ratios
IL-18/IL-10 ratios < —1 SD under at least 1 culture condition.
As for ASD subjects whose samples were taken at 2-3 time
points, most subjects were categorized in the same group with
analysis of samples taken at 2-3 time points. One ASD subject
who was assessed at 3 time points revealed high ratios at 2 time
points and normal ratio at 1 time point when his GI symptoms
became under control. This patient was categorized as the high
ratio group. Another subject revealed low ratios at 2 time points
and a normal ratio at one time point, thus this subject was
categorized as the low ratio group. Most non-ASD controls fall
into the normal IL-1B/IL-10 group, except for 2 subjects who fall
into the high ratio group and 1 subject who falls into the low ratio
group, consistent with our previous study (4). Since our current
hypothesis was developed based on this subgrouping definition,
we used the same definition in this study.

Assays of Mitochondrial Function

PBMCs (2 x 10° cells) were suspended in bio-freezing medium
(90% heat-inactivated fetal calf serum and 10% DMSO) and
kept in —20°C for about 1h and then transferred to —80°C
degree freezer and kept until shipment. Then samples were
sent to Dr. R. Frye’s laboratory on dry ice where Seahorse
Extracellular Flux (XF) 96 Analyzer (Seahorse Bioscience, Inc.,
North Billerica, MA, United States) was used for measurement
of oxygen consumption ratio (OCR), which is an indicator
of mitochondrial respiration, in real time in live PBMCs (14,
27). Several measures of mitochondrial respiration, including
basal respiration, ALR, PLR, MRC, and RC, were derived
by the sequential addition of pharmacological agents to the
respiring cells. For each parameter, three repeated rates of
oxygen consumption are made over an 18 min period. First,
baseline cellular oxygen consumption is measured, from which
basal respiration is derived by subtracting non-mitochondrial
respiration. Next oligomycin, an inhibitor of complex V, is added,
and the resulting OCR is used to derive ALR (by subtracting the
oligomycin rate from baseline cellular OCR) and PLR subtracting
non-mitochondrial respiration from the oligomycin rate). Next
carbonyl cyanide-p-trifluoromethoxyphenyl-hydrazon (FCCP),
a protonophore, is added to collapse the inner membrane
gradient, driving the ETC to function to its maximal rate, and
MRC is derived by subtracting non-mitochondrial respiration
from the FCCP OCR. Lastly, antimycin A, a complex III inhibitor,
and rotenone, a complex I inhibitor, are added to shut down
ETC function, revealing the non-mitochondrial respiration. RC
is calculated by subtracting basal respiration from maximal
respiratory capacity.

Both ALR and MRC are measures of the ability of the
electron transport chain (ETC) to produce ATP, the molecule
that carries energy to other areas of the cell to support vital
functions. However, the ETC is also a major source of the
production of reactive oxygen species (ROS), which can damage
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the mitochondrial and the cell if produced in excess. The ETC can
“leak” some of its energy to reduce ROS production. This “leak” is
measured by PLR and makes the ETC less efficient at producing
energy. In general, PLR should increase as more ATP is produced
since the production of ATP does create ROS. The ratio of the
measures of ATP production, specifically ALR and MRC, to PLR
can provide a measure of efficiency of the ETC. Theoretically
this ratio would be very high with very efficient mitochondrial
function and very low in dysfunctional mitochondria where a
great amount of ROS is produced to make energy.

Statistical Analysis

For comparison of two sets of numerical data, two tailed
Mann-Whitney test was used. For comparison of several sets
of numerical data, a one-way analysis of variance (ANOVA)
was used if the data were distributed normally. If the data
were not normally distributed, Kruskal-Wallis test was used. For
differences in frequency between two groups, Fisher exact test
was used. For differences in frequency among multiple groups,
Chi-square test and Likelihood ratio were used. Co-variance of
repeated measures and a linear association between two variables
were assessed by regression analysis (mixed models—repeated
measures) and Spearman test, respectively. NCSS12 (Kaysville,
UT, United States) was used for analysis. A p-value of < 0.05 was
considered nominally significant. Statistical measures used in this
study are summarized in Supplemental Figure 2.

RESULTS
Mitochondrial Respiration in ASD PBMCs

When mitochondrial respiration parameters were compared
between all the ASD and non-ASD control samples, MRC and

RC were higher in ASD cells than non-ASD controls (Figure 1).
There were no differences in PLR and ALR between ASD and
non-ASD control PBMCs (Figure 1).

Non-ASD control PBMCs demonstrated the expected positive
correlation between PLR and ALR (Figure2A). MRC and
PLR tended to show similar positive correlation, but not
statistically significant (Figure 2C). However, these expected
positive associations were not observed in ASD PBMCs
(Figures 2B,D). For ALR, this was secondary to ASD PBMCs
demonstrating low PLR despite high ALR, and those with high
PLR demonstrating low ALR (Figure 2B). These cells are likely
to have a tightly coupled ETC with very active mitochondrial
respiration, or under mitochondrial dysfunction, respectively.
Given these findings, we assessed differences in ALR/PLR,
MRC/PLR, and RC/PLR ratios, as markers of ETC efficiency,
between ASD and non-ASD PBMCs. As shown in Table 2,
we observed nominally significant differences in RC/PLR ratios
between ASD and non-ASD samples. This is secondary to
presence of ASD subjects with high RC/PLR ratios, but some ASD
subjects also showed low RC/PLR ratios.

Associations Between Mitochondrial
Respiration and Monocyte Cytokine
Profiles in ASD

As summarized in Table 3, we found several positive or negative
associations in the ASD samples mainly between IL-18 and
IL-6 levels under LPS stimulated cultures, and mitochondrial
respiratory parameters. Specifically, negative associations were
observed between PLR and IL-13/IL-10 ratio and IL-183 levels
under LPS stimulated cultures in ASD samples. On the other
hand, no significant associations between these parameters were
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FIGURE 1 | PLR, ALR, MRC, and RC values in PBMCs from ASD subjects as well as control non-ASD subjects. F-ratios are 0.2971 (PLR), 0.2484 (ALR), 8.6833 (p <
0.005), and 13.487 (p < 0.001) by Welch’s test. P-values shown in the figure by two-tailed Mann-Whitney test.
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observed in non-ASD controls, except for associations between
MRC and TNF-a (under the zymosan-stimulated cultures) or
CCL2 (without stimuli) (Table 3).

In 13 ASD subjects, mitochondrial respiration was measured
at 2-3 time-points along with cytokine profiles by PBMo.
Repeated measures regression demonstrated that IL-163/IL-10
ratios under CL097 stimulated cultures were positively associated
with ALR (p = 0.026), MRC (p = 0.014), and RC (p = 0.0294). In
these samples, mitochondrial respiration appeared to change in
some ASD subjects, while these values remained stable in others
(Figure 3). However, these numbers are too small to confirm this
trend and further studies are required.

We also assessed the associations between monocyte cytokine
profilesand ALR/PLR, MRC/PLR, and RC/PLR ratios, as markers
of ETC efficiency. We observed positive associations mainly
between these ETC efficiency markers and IL-1f8 and IL-6

levels under LPS stimulated culture conditions (Table 3). The
results of association analysis between RC/PLR and monocyte
cytokine profiles are almost identical to those between MRC/PLR
and cytokine profiles (data now shown). We did not observe
significant associations between monocyte cytokine levels and
ETC efficiency parameters in non-ASD controls.

Clinical Features of IL-1B/IL-10 Ratio

Based ASD Subgroups

Clinical features of ASD subjects in the ASD subgroups are
summarized in Table 4. We found frequency of history of NFA
differed across the ASD subgroups; frequency of history of
NFA was higher in the low ratio ASD subgroup than normal
ratio group (p < 0.05 by Fisher’s exact test). Disturbed sleep
was reported at a higher frequency in the lower ratio ASD
subgroup than in normal ratio ASD subgroup (p < 0.05 by
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TABLE 2 | Mitochondrial respiration ratios in the ASD cell subgroups based on
IL-1B/IL-10 ratios by PBMo.

Total ASD samples

Non-ASD

Statistics

(N = 136) controls (N = 38) (mann-whitney test)
ALR/PLR ratio®? 54+ 11.1 4.9 + 31 p = 0.8949
MRC/PLR ratio 19.6 +£37.7 8.8 +14.0 p = 0.0558
RC/PLR ratioP 18.2 £ 271 44+ 86 p =0.01239

aF-ratios are 1.314 (ALR/PLR), 6.693 (MRC/PLR), and 9.009 (RC/PLR) by Welch's test.
bALR, ATP-linked respiration; MRC, Maximum respiration capacity; PLR, proton-leak
respiration; RC, reserve capacity.

TABLE 3 | Mitochondrial respiration ratios in the ASD cell subgroups based on
IL-1B/IL-10 ratios by PBMo.

Correlation
coefficient ASD
samples (N = 136)

Correlation

coefficient non-ASD

controls (N = 38)

PLR®

Ratio (medium) 0.1855 (p < 0.05):P 0.1133
Ratio (LPS) —0.3266 (p < 0.0001) 0.1882
IL-1B (LPS) —0.2742 (p < 0.005) 0.1242
TGF-B (zymosan) 0.2067 (p < 0.02) —0.1636
ALR

IL-10 (LPS) 0.181 (p < 0.05) 0.188
MRcd

IL-1B (LPS) 0.2431 (p < 0.005) 0.0119
IL-10 (LPS) 0.251 (p < 0.005) 0.0219
IL-6 (medium) 0.1916 (p < 0.05) —0.1224
IL-6 (LPS) 0.2999 (p < 0.0005) 0.1286
TNF-a (zymosan) —0.2278 (p < 0.01) —0.3681 (p < 0.05)
CCL2 (medium) —0.1284 —0.4162 (p < 0.01)
ALR/PLR

IL-1B (LPS) 0.1938 (p < 0.05) —0.1191
IL-6 (LPS) 0.1954 (p < 0.05) 0.3046
MRC/PL

Ratio (LPS) 0.2034 (p < 0.02) —0.1061
IL-1B (LPS) 0.2462 (p < 0.005) —0.1417
IL-6 (LPS) 0.2263 (p < 0.01) 0.1668

2Values of Correlation coefficients revealed significant results in ASD and control samples
are shown.

bCorrelation coefficient by Spearman test; Statistically significant values are shown with
p-values.

CALR, ATP-linked respiration; LPS, lipopolysaccharide; MRC, Maximum respiration
capacity; PLR, proton-leak respiration; RC, reserve capacity.

9Correlations between RC or RC/PLR and monocyte cytokine levels are almost identical
as observed in MRC and MRC/PLR vs. monocyte cytokine levels and not included in this
table.

Fisher’s exact test). No difference was found in frequency in
seizures, SAD, asthma, or AR among the IL-13/IL-10 ratio based
ASD subgroups.

Mitochondrial Respiration in IL-1B8/IL-10

Ratio ASD Subgroups
In this study, we found a distribution of ASD PBMo samples
into the high, normal, or low IL-1f/IL-10 ratio subgroups

similar to our previous reports (Table 5) (4). Most non-ASD
control samples (35/38 sample, 92%) were categorized as normal
ratio subgroup. Consistent with our previous results (4), we
observed differences in production of monocyte cytokines (IL-
6, TNF-a, and CCL2) across the IL-163/IL-10 ratio based ASD
subgroups (Supplemental Table 1).

Given these results, we then assessed mitochondrial
parameters in the IL-16/IL-10 based ASD subgroups as
summarized in Table5. MRC and RC differed among
the ASD subgroups. Specifically, the high and normal IL-
18/IL-10 ratio ASD subgroups revealed a higher MRC
and RC than non-ASD controls. MRC and RC in the low
ratio ASD subgroup did not differ from those in non-
ASD controls. Parameters of ETC efficiency (ALR/PLR,
MRC/PLR, and RC/PLR ratios) were also assessed in these
ASD subgroups. Only RC/PLR ratios revealed changes
in association with the IL-1#/IL-10 ratio based ASD
subgrouping (Table 6). Specifically, the high and normal
ratio ASD subgroups revealed higher RC/PLR ratios than
non-ASD controls.

Associations Between Mitochondrial
Respiration Parameters and Monocyte
Cytokine Profiles in the IL-18/IL-10 Based
ASD Subgroups

As shown in Table4, ASD samples as a whole, revealed
associations only between PLR and IL-1{}/IL-10 ratios. In
contrast, in the IL-18/IL-10 based ASD subgroups, ALR and
MRC revealed significant associations with the IL-1f3/IL-10
ratios, but not PLR (Table 7). Moreover, associations differed
across the IL-13/IL-10 based ASD subgroups. Since MRC and
RC revealed almost identical results, in this analysis, the results
of associations between RC and IL-1f3/IL-10 ratios are not shown
in the Table 7.

Multiple cytokines (IL-18, IL-10, IL-6, TNF-a, and TGEF-
) under various culture conditions revealed positive or
negative associations with mitochondrial parameters in the
IL-16/IL-10 ratio based ASD subgroups (Table 8). Moreover,
associations differed markedly across the IL-1f3/IL-10 ratio
based ASD subgroups (Table 8). Again, MRC and RC revealed
almost identical associations (data not shown). Specifically,
nominally significant associations between PLR and cytokine
levels were observed only in the high ratio ASD group (Table 8)
and p-values are not under 0.005. In contrast, ALR and
MRC revealed significant associations with several cytokines
across the ASD subgroups (Table8). The high ratio ASD
subgroup mainly revealed negative associations between ALR
and spontaneously produced IL-1# and IL-6. In contrast,
the normal and low ratio ASD subgroups revealed positive
associations between ALR and IL-18 or IL-6 levels. MRC in
the normal ratio ASD subgroup also showed similar results.
The low ratio ASD subgroup revealed negative associations
between ALR or MRC and levels of TNF-a under multiple
culture conditions. It should be noted that associations
between ALR or MRC and monocyte cytokine profiles revealed
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FIGURE 3 | (A-D) Changes in mitochondrial respiration (PLR, ALR, MRC, and RC) in ASD subjects studied at 2-3 time points, showing that in some ASD subjects
revealed stable these parameters, while others show fluctuating these parameters. Five ASD subjects (4 males and 1 female) showed stable clinical conditions without
fluctuating behavioral symptoms, while 8 ASD subjects (7 males and 1 female) revealed fluctuating behavioral symptoms (anxiety, irritability, OCD, and self-injurious
behaviors) along with fluctuating Gl (diarrhea alternating with constipation) symptoms.
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higher p-values (p < 0.005 or lower) in the normal ratio
ASD subgroup.

Next, we analyzed associations between monocyte cytokine
profiles and ALR/PLR, MR/PLR, and RC/PLR ratios, as markers
of ETC efficiency, among the IL-1f3/IL-10 ratio based ASD
subgroups. The associations between monocyte cytokine profiles
and ETC efficiency markers differed across the IL-1f3/IL-10
ratio based ASD subgroups (Table9). The high ratio ASD
subgroup revealed positive associations between ETC efficiency
parameters and IL-10 levels under LPS stimulated cultures. In
the ASD normal ratio subgroup, ETC efficiency parameters
were positively associated with IL-188 levels and IL-1f/IL-
10 ratios under LPS stimulated cultures. In the low ratio
ASD subgroup, positive associations were observed between
ETC efficiency parameters and IL-1f8 levels under zymosan-
stimulated cultures. The most striking positive associations were
observed between IL-183/IL-10 ratios (under LPS stimulated
cultures) and MRC/PLR as well as RC/PLR ratios (p <
0.0005) in the normal ratio ASD subgroup. While the low
ratio ASD subgroup revealed a negative association between
MRC/PLR or RC/PLR and IL-183/IL-10 ratios (under CL097
stimulated cultures).

DISCUSSION

The results of our results indicate associations exist between
mitochondrial respiration by PBMCs and monocyte cytokine
profiles in ASD subjects. Our findings may be the result of the
presence of ASD subjects in whom adaptive changes triggered by
environmental stimuli are dysregulated in both innate immunity
and in mitochondrial function. In such subjects, maladapted
changes may cause detrimental effects on the nervous system,
leading to a puzzling array of clinical features in ASD subjects.
Mounting evidence indicates that there is abnormal or
altered mitochondrial function in individuals with ASD (5, 28).
There is also mounting evidence of mitochondrial dysfunction
and chronic oxidative stresses in ASD (11-14). Interestingly,
individuals with ASD seem to have unique types of mitochondrial
dysfunction. For example, while it is estimated that 5% of
individuals with ASD appear to have primary mitochondrial
disease, the majority (~75%) do not have known genetic
mutations to explain their mitochondrial disease (5, 15). What is
more interesting is that 30% of more individuals with ASD have
biomarkers of mitochondrial dysfunction, even though they may
not have primary mitochondrial disease (16). In addition, up to
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TABLE 4 | Demographics and clinical characteristics of the ASD study subjects, when ASD subjects subdivided into the high, normal, and low IL-1B/IL-10 ratios groups.

ASD subjects subgrouped based on IL-18/IL-10 ratios

High ratio (N = 51) Normal ratio (N = 47) Low ratio (N = 14)
AGE
Median (range) 11.8 year (2.5-30.0) 18.4 year (3.8-30.0) 11.1 year (5.8-19.8)
Mean + SD 12.3 £ 6.3 year 13.1 £ 5.9 year 11.8 £ 4.9 year
Gender (M:F and %) 43:8 (84.3%: 15.7%) 41:6 (87.2%: 12.8%) 13:1(92.9%: 7.1%)
Ethnicity AAZ 5, Asian 10, C 36 AA 2, Asian 9, Mixed 2, C 34 AA 1, Asian 2, C 11
Cognitive activity (<1st %) 37/51 (72.5%) 32/47 (70.2%) 11/14 (78.6%)
Disturbed sleep 16/51 (31.4%) 11/47 (23.4%) 8/14 (57.1%)°
Gl symptomsd 33/51 (64.7%) 32/47 (68.1%) 11/14 (78.6%)
History of NFA 29/51 (56.9%) 21/47 (44.7%) 11/14 (78.6%)P
Seizure disorders 5/51 (9.8%) 6/47 (12.8%) 3/14 (21.4%)
SAD 7/51 (14.9%) 9/47 (19.1%) 3/14 (21.4%)
Allergic rhinitis 11/561 (21.6%) 10/47 (21.3%) 2/14 (14.3%)
Asthma 8/51 (11.9%) 4/47 (8.5%) 0

aAA, African American; ASD, autism spectrum disorder; C, Caucasian; Gl, gastrointestinal; NFA, non-IgE mediated food allergy; SAD, specific antibody deficiency; SD, standard deviation.
bSignificantly different in frequencies by Chi-Square test and Likelihood Ratio (o < 0.05). Frequency of history of NFA is higher in the low ratio ASD subgroup than in the normal ratio
ASD subgroup (p < 0.05 by Fisher’s exact test)

CFrequency of disturbed sleep was higher in the low ratio ASD subgroup than in the normal ratio ASD subgroup (p < 0.05 by Fisher’s exact test).

4G/ symptoms present at the time of sample obtainment: Constipation is the most common complaint.

TABLE 5 | IL-1B/IL-10 ratios and Mitochondrial function in ASD cells and non-ASD control cells.

IL-1B/IL-10 ratio? based ASD cell subgroups Non-ASD controls (N = 38) Krushkal wallis test

High (N = 56)¢ Normal (N = 59) Low (N = 22)

IL-18/IL-10 RATIOS CULTURED WITH P-VALUE

medium 1.54 + 2,039 079 £1.12 0.32 £0.30 0.88 £0.92 <0.00001
LPS® 2.08+£1.43 1.19+0.51 0.77 £ 0.56 1.81 £ 2.02 <0.00001
Zymosan 5.86 £+ 3.94 2.53 £0.87 1.42 +£0.74 3.25 £1.98 <0.00001
CL097 9.40 £+ 16.84 2.89 4+ 2.84 2.72+219 3.95+2.77 0.00061

MITOCHONDRIAL RESPIRATION® P-VALUE

PLR 6.2+52 83+56.2 7.5+38 79+568 0.06771

ALR 27.2+10.8 31.24+14.0 27.3+15.7 27.7+£13.2 0.5153

MRC' 93.3 £57.2 104.7 £59.0 84.6 &+ 59.3 70.8 £44.4 0.0269

RC 59.9 £+ 49.5 64.6 & 48.5 49.7 £ 47.9 35.14+33.6 0.00788

aJL-1B/IL-10 ratios are those obtained from purified ASD monocytes cultured with medium only, LPS (0.1 wg/ml), zymosan (50 wg/mi), or C097 (20 uM) as detailed in the materials and
methods section. IL-1B6/IL-10 ratios were calculated as IL-18 levels/IL-10 levels in each culture condition. The high ratio group revealed higher ratios than normal and low ratio groups
under all the culture conditions than the normal and low ratio groups (p < 0.005 by two tailed Mann-Whitney test). The normal ratio group also revealed higher ratios than the low ratio
group under the culture condition tested (p < 0.005, by two tailed Mann-Whitney test), except for the cultures under CLO97.

b Mitochondrial respiration parameters were measured in PBMCs.

¢Abbreviations used; ALR, ATP-linked respiration; LPS, lipopolysaccharide; MRC, Maximum respiration capacity; PLR, proton-leak respiration; RC, reserve capacity.

dAll the data are expressed as a mean value + SD.

€In 10 ASD subjects, samples were obtained at 2 time points, and in 3 ASD subjects. samples were obtained at 3 time points.

"MRC and RC were higher than non-ASD controls in the high (o < 0.05 for MRC, p < 0.02 for RC), and normal (p < 0.005 for both MRC and RC) ratio ASD subgroups by two tailed
Mann Whitney test.

80% of immune cells (lymphocytes and granulocytes) may show  of mitochondrial dysfunction in ASD subjects are summarized
abnormalities in the respiratory chain when examined (29, 30).  in Supplemental Table 2. One important unanswered question
Furthermore, converging evidence from several human tissues  is the reason for these alterations in mitochondrial function,
(lymphoblastic cell lines, buccal endothelium muscle, fibroblasts,  especially given the fact that no clear genetic cause seems to
and postmortem brain) demonstrate that the mitochondria may  explain these changes.

have atypical over-activity of the respiratory chain which may Apart from changes in mitochondrial functions, immune
result in a vulnerability to oxidative insults (16). References  abnormalities are also frequently reported in ASD children
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TABLE 6 | Mitochondrial respiration ratios in the ASD cell subgroups based on IL-1B/IL-10 ratios by PBMo.

IL-1B/IL-10 ratio

Non-ASD controls (N = 38) Statistics (krushkal-wallis test)

High (N = 56) Normal (N = 59) Low (N = 22)
ALR/PLR RATIO?
43+11.1° 6.8+12.6 47+48 4.9 +3.1 p=09186
MRC/PLR RATIO
17.3+£385 23.3 +42.0 15.6 + 20.0 8.8+ 14.0 p =0.1583
RC/PLR RATIOP
12.0 £ 27.7 15.6 + 30.0 9.8+ 15.3 44 +86 p = 0.0430

aF-ratios are 0.7654 (p = 0.9153), 1.4245 (p = 0.1040), 3.559 (p = 0.0229) for ALR/PLR, MRC/PLR, and RC/PLR ratios, respectively, by Welch’s test among the IL-1B/IL-10 ratio ASD

subgroups.

PRC/PLR ratios differ among the ASD subgroups and non-ASD controls. Specifically, the RC/PLR ratios are higher in the ASD high (p < 0.05) and normal (p < 0.01) ratio groups than

non-ASD controls (by two-tailed Mann-Whitney test).
¢ The results were expressed as a mean +SD.

TABLE 7 | Associations between parameters of mitochondrial respiration (PLR, ALR, and MRC) and IL-18/IL-10 ratios by PBMo under various culture conditions.

IL-1B/IL-10 ratio correlation with PLR,
ALR, and MRC?

IL-1B/IL-10 ratio® based ASD subgroups

Non-ASD control cells (N = 38)

High ratio (N = 56)

Normal ratio (N = 59)

Low ratio (N = 22)

PLR® No association No association No association No association
ALR

Ratio (medium) —0.4379 (p < 0.001)° —0.0752 0.0594 0.1133
Ratio (LPS) —0.3638 (p < 0.01) 0.3294 (p < 0.02) 0.117 0.1882
MRC®

Ratio (medium) —0.3275 (p < 0.02) 0.0676 0.0407 0.0783
Ratio (LPS) —-0.1612 0.4935 (p < 0.0001) 0.2333 (p < 0.005) —0.1055
Ratio (CL0O97) —0.0323 —0.1066 —0.5885 (p < 0.005) —0.264

2Values of Correlation coefficients revealed significant results in at least one of ASD subgroups or non-ASD controls are shown. Stimulants used for cultures of PBMo are shown in the

parentheses.

bCorrelation coefficient by Spearman test. Statistically significant values are shown with p-values.

¢Abbreviations used: please see Table 3
9Definition of high, normal, and low ratio groups are detailed in the method section.

€Correlations between RC and IL-15/IL-10 ratios are almost identical as observed in associations between MRC and ratios. Thus, not shown in the table.

(31-35). Although immune abnormalities reported in ASD
subjects affect almost every arm of the immune system,
multiple researchers have reported innate immune abnormalities
independently. This may not be surprising, since one of the
most studied animal models of autism is the maternal immune
activation (MIA) in rodents; in this model, sterile inflammation
triggered by stimuli of innate immunity during pregnancy
results in aberrant behaviors and impaired cognitive activity in
offspring (36-39).

The findings in MIA models indicate that during critical
period of pregnancy (2nd trimester), maternally derived
inflammatory mediators affect developing fetal brain, resulting in
ASD like behaviors and impaired cognitive activity in offspring
(38, 40). Interestingly, several studies have linked the MIA model
with mitochondrial dysfunction and abnormalities in redox
metabolism (41-43). Therefore, it may be possible that changes
in innate immune responses are inter-related with mitochondrial
dysfunction and together, they impose detrimental effects on
neurodevelopment in ASD children. Our previous study has also

shown that changes in cytokine profiles of monocytes, major
innate immune cells in the periphery, are associated with changes
in behavioral symptoms in some ASD subjects (8).

Activation of innate immunity is known to shape subsequent
changes in adaptive immunity via cell-cell interactions, as well
as soluble mediators. Antigens (Ags) are typically taken up by
innate immune cells, processed, and presented to T cells. Ag-
triggered T cell activation is tightly regulated to avoid excessive
immune responses. Recent research highlights the importance of
metabolic control of the immune system in fine tuning of the
immune responses. That is, upon immune activation, effector T
cells are required to proliferate rapidly, preferentially producing
ATP through glycolysis, while regulatory T (Treg) cells with anti-
inflammatory natures require the generation of mitochondrial
ATP (9). Therefore, adaptive changes in mitochondrial function
in effector immune cells in ASD subjects could result in immune
imbalances, postulated to be present in our hypotheses. In this
study, we also postulated that metabolic changes reflected in
changes in mitochondrial function of immune cells are associated
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TABLE 8 | Associations between parameters of mitochondrial respiration (PLR, ALR, and MRC) and cytokine levels produced by PBMo.

Cytokine showed correlation with
PLR, ALR, and MRC?

IL-1B/IL-10 ratio® based ASD subgroups

Non-ASD control cells (N = 38)

High ratio (N = 56)

Normal ratio (N = 59)

Low ratio (N = 22)

PLR®

IL-18 (medium)? ~0.2875 (p < 0.05)° 0.1494 —0.0744 0.1741
IL-1B (LPS) —0.37 (o < 0.01) —0.0795 —0.2572 0.1242
CCL2 (LPS) 0.324 (p < 0.02) —0.2164 0.2668 0.1087
ALR

IL-1B (medium) —0.422 (p < 0.001) 0.3825 (p < 0.005) —0.0311 0.0988
IL-18 (LPS) ~0.2535 0.4154 (p < 0.005) 0.1006 0.0551
IL-1B (zymosan) ~0.155 0.1213 0.5139 (o < 0.02) 0.1864
IL-10 (LPS) 0.1696 0.3293 (o < 0.02) 0.0435 0.188
IL-6 (medium) ~0.3306 (p < 0.02) 0.4148 (p < 0.005) 0.0548 0.0755
IL-6 (LPS) 0.0111 0.3735 (p < 0.005) 0.1295 0.1902
IL-6 (zymosan) 0.0308 0.1863 0.5139 (o < 0.02) 0.207
TNF-a (medium) —0.1248 0.0394 —0.6064 (p < 0.005) —0.0422
TNF-a (LPS —0.0696 0.0228 —0.5601 (p < 0.01) ~0.1003
TNF-a (zymosan) —0.1351 —0.2718 (p < 0.05) —0.2154 ~0.3078
TNF-a (CLO97) 0.1403 0.1842 —0.4354 (p < 0.05) 0.2563
TGF-B (CL097) 0.0274 —0.077 0.5093 (o < 0.02) ~0.2786
MRC®

IL-18 (medium) —0.2258 0.2971 (o < 0.05) 0.0184 —0.0078
IL-18 (LPS) ~0.0302 0.524 (p < 0.0001) 0.1423 0.0119
IL-1B (zymosan) ~0.1154 0.1638 0.5479 (o < 0.01) 0.1842
IL-10 (LPS) 0.2896 (o < 0.05) 0.4935 (o < 0.0001) 0.2101 0.0219
IL-6 (medium) —0.0622 0.4286 (o < 0.001) 0.1209 —0.1224
IL-6 (LPS) 0.1178 0.4402 (p < 0.005) 0.3073 0.1286
TNF-a (medium) ~0.1054 0.0532 —0.5576 (p < 0.01) ~0.1702
TNF-a (LPS) 0.0072 0.1358 —0.4588 (p < 0.05) ~0.1959
TNF-a (zymosan) ~0.1528 —0.3308 (p < 0.02) ~0.1706 —0.3861 (p < 0.05)
TNF-a (CLO97) —0.1009 0.1082 —0.5800 (p < 0.005) —0.3425
CCL2 (medium) —0.1445 0.1689 0.0164 —0.4162 (p < 0.01)

4Values of Correlation coefficients revealed significant results in at least one of ASD subgroups or non-ASD controls are shown. Stimulants used for cultures of PBMo are shown in the

parentheses.

bCorrelation coefficient by Spearman test; Statistically significant values are shown with p-values.

CAbbreviations used: please see Table 3
9Definition of high, normal, and low ratio groups are detailed in the method section.

€Correlations between RC and monocyte cytokine levels are almost identical as observed in MRC and monocyte cytokine levels. Thus, not shown in the table.

with changes in cytokine profiles by innate immune cells, such
as monocytes.

In previous studies, we found that changes in IL-1{3/IL-
10 ratios produced by PBMo from ASD subjects are closely
associated with changes in miRNA expression in ASD PBMo
(4). Namely, significant up-regulation of multiple miRNAs
were observed in the high IL-1/IL-10 ratio ASD subgroup,
while normal and low ratio ASD subgroups revealed down-
regulation of multiple miRNAs, as compared to non-ASD
control PBMo (4). Such changes were less evident when
miRNA expression by ASD PBMo as a whole was compared
to non-ASD controls. We also analyzed targeted genes by
these miRNAs that revealed differences in expression in the IL-
18/IL-10 based ASD subgroup. The results revealed that such
changes in miRNA expression would modulate immune cell

functions and mitochondrial fitness through several pathways,
including mTOR-PI-3K pathways in the high or low ratio
ASD subgroups (4). Interestingly, gene mutations in these
pathways have also revealed an association between immune and
mitochondrial dysfunction. Specifically, in a PTEN hamartoma
tumor syndrome, deficiency of PTEN causes alteration in
the mTOR-PI3K pathway, resulting in dysregulated T cell
activation and impaired mitochondrial fitness (44). Moreover,
patients with PTEN mutation exhibit a broad spectrum of
neuropsychiatric syndromes, including ASD (45). Indeed, a
new ASD mouse model was created by inducing germline
mislocalization of PTEN (46). Taken together, it may be
postulated that abnormalities found in ASD PBMo are closely
associated with mitochondrial dysfunction reported in some
ASD subjects.
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TABLE 9 | Assessment of correlations between PBMo cytokine production and markers of ETC efficiency (ALR/PLR, MRC/PLR, and RC/PLR).

Cytokine showed correlation with
ALR/PLR, MRC/PLR, and RC/PLR?

IL-1B/IL-10 ratio based ASD subgroups

Non-ASD controls (N = 38)

High ratio (N = 56)

Normal ratio (N = 59)

Low ratio (N = 22)

ALR/PLR®

Ratio (LPS) -0.1907P
Ratio (zymosan) —0.3285 (p < 0.02)
IL-1B (LPS) —0.0384
IL-1B (zymosan) 0.0289
IL-10 (LPS) 0.3468 (p < 0.01)
MRC/PLR

Ratio (LPS) —0.1415
Ratio (CL097) —0.0679
IL-1B (LPS) 0.0019
IL-1B (zymosan) 0.0267
IL-10 (LPS) 0.356 (p < 0.01)
RC/PLR

Ratio (LPS) -0.1201
Ratio (CL097) —-0.0677
IL-1B (LPS) 0.025

IL-1B (zymosan) 0.0355
IL-10 (LPS) 0.3504 (p < 0.01)

—0.359 (b < 0.01) 0.4033 -0.0631
—0.0309 0.0932 0.2167
0.3122 (p < 0.02) 0.3303 —-0.1191
0.0965 0.4783 (p < 0.05) 0.0379
0.0506 0.2298 0.1267
0.473 (p < 0.0005) 0.2569 —0.1251
—0.0954 —0.5089 (p < 0.02) —0.0501
0.392 (p < 0.005) 0.2976 —0.1587
0.1176 0.5088 (p < 0.02) 0.0333
—0.024 0.2863 0.01238
0.5029 (p < 0.0005) 0.1836 —0.1067
0.1154 —0.5345 (p < 0.01) —0.0992
0.4204 (p < 0.005) 0.2677 —0.1417
0.1225 0.4607 (p < 0.05) —0.0355
0.0377 0.3321 —0.0278

aThe relationship between levels of cytokine produced by PBMo and ALR/PLR, MRC/PLR, or RC/PLR. Results are shown in cytokines that showed positive or negative associations
with ETC efficiency parameters in at least one of ASD subgroups or non-ASD controls. Stimulants used for PBMo cultures are shown in the parentheses. The details of PBMo culture

conditions are shown in the method section.

bCorrelation coefficient by Spearman Test. When the results are significant, the values are shown with p-values.

¢Abbreviations used: please see Table 3.
9Definition of high, normal, and low ratio groups are detailed in the method section.

As briefly discussed in the introduction section, miRNAs are
known to serve as mediators of innate immune cells, affecting
functions of other immune and even non-immune cells not
located in close proximity (10). This is because miRNAs secreted
by secretary cells like monocytes are stable as a form of exosomal
miRNA and circulate in the body fluid. They affect functions of
other lineage cells when taken up. In our other study, we have
already identified serum levels of miRNAs that are significantly
altered across the IL-113/IL-10 based ASD subgroups (preliminary
results and manuscript submitted for publication). Therefore,
we postulated, if miRNAs serve as mediators of innate immune
responses to other lineage cells, we will be able to detect
associations between monocyte cytokine production profile and
mitochondrial functions of PBMCs, a mixture of immune cells
including lymphocytes, monocytes, dendritic cells, and natural
killer cells.

First, we determined whether there is any evidence of adaptive
changes in mitochondrial function in ASD PBMCs. Consistent
with the previous report in transformed B lymphoblastoid cell
lines derived from ASD subjects (14), we observed higher levels
of MRC and RC in ASD PBMCs (Figure 1). We also observed
altered association between PLR and ALR in ASD PBMCs.
The expected positive association between PLR and ALR was
lost in ASD PBMCs, due to the presence of ASD cells with
high ALR despite low PLR, and those with low ALR despite
high PLR. High ALR with low PLR is considered to reflect

efficient ATP production, most likely reflecting adapted changes
in mitochondrial function in response to chronic oxidative
stresses, but this may lead to increase in production of ROS.
While low ALR with increase in PLR indicates mitochondrial
failure, being unable to compensate on-going oxidative stresses.
These results indicate that a fair number of ASD PBMCs reveals
changes in mitochondrial function that may reflect dysregulation
of normal control mechanism, perhaps as consequences of
adaptive changes and/or failure of mitochondrial function.
Since ASD subjects recruited to this study were those without
any known gene mutations, these changes are more likely
to reflect physiological and/or pathological alterations in the
regulatory pathways.

We then determined whether observed changes in
mitochondrial functions in ASD PBMCs parallel changes
in cytokine profiles produced by PBMo. In select ASD subjects,
we simultaneously assessed mitochondrial function in PBMCs
and monocyte cytokine production by PBMo at 2-3 time
points. Similar to our previous time-course study (4, 8), we
found variable levels of PLR, ALR, MRC, and RC in some ASD
subjects, while these levels remained stable in others (Figure 3).
Our results may indicate a possibility of a positive association
between mitochondrial respiration and IL-1{3/IL-10 ratios in
some ASD subjects, although further studies are necessary with
the use of samples taken at multiple time points in a larger
number of study subjects.
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We then analyzed associations between ASD samples and
monocyte cytokine profiles between ASD samples as a whole
and non-ASD controls. Our results revealed some associations
between these two groups of parameters, but these associations
were not strong, partly reflecting variable values of mitochondrial
parameters as revealed in Figures 1, 2. Since we did not find close
associations between mitochondrial parameters and monocyte
cytokine profiles in non-ASD controls either, these two variables
may not be associated, not supporting our initial hypothesis. On
the other hand, as detailed in the 2nd paragraph of the Discussion
section, apparent unique mitochondrial dysfunction observed
in ASD subjects may be associated with chronic oxidative
stress mediated by immune mediated inflammation in some
ASD subjects. To further address such a possibility, we turned
assessing changes in mitochondrial parameters in the IL-13/IL-
10 based ASD subgroups, since our previous results indicated
that IL-1f3/IL-10 ratios are closely associated with behavioral
changes and miRNA expression in ASD PBMo in our previous
studies (4, 8).

Our results have shown that ASD PBMCs revealed higher
MRC and RC, only when ASD PBMo revealed high or normal
IL-163/IL-10 ratios (Table5). We also determined whether
ALR/PLR, MRC/PLR, and RC/PLR ratios, as markers of ETC
efficiency, are altered in the IL-1/IL-10 ratio based ASD
subgroups. Our results revealed differences in RC/PLR between
specific ASD subgroups and non-ASD controls: these ratios
were higher only in the high and normal IL-1f3/IL-10 ratio
ASD subgroups than controls (Table 6). High RC/PLR may
indicate efficient mitochondrial function or low generation of
mitochondrial oxidative stress. However, given lack of expected
positive associations between ALR and PLR in ASD subjects,
increase in RC/PLR is more likely secondary to an adaptive
increase in mitochondrial activity. Taken together, changes in
RC/PLR ratios in the IL-13/IL-10 ratio based ASD subgroups
indicated a possibility, that changes in monocytes cytokine
profiles may affect mitochondrial function of PBMCs in ASD.
Alternatively, this finding may indicate changes in regulatory
mechanisms of immune metabolism affecting both PBMCs
and PBMo in ASD. When we assessed associations between
mitochondrial parameters and IL-1£3/IL-10 ratios under different
culture conditions, we also observed differences of associations
between these two groups of parameters across the IL-13/IL-10
based ASD subgroups (Table 7).

Cytokines produced by monocytes exert multiple functions
and their actions are closely inter-related and they are
often categorized as “proinflammatory” vs. “counter-regulatory”
cytokines. Although we have used IL-1f3/IL-10 ratios as a
surrogate marker for balanced immune responses, mitochondrial
functions can also be affected by other monocyte cytokines.
We, therefore, further determined if mitochondrial respiration
in PBMCs were associated with representative proinflammatory
(IL-18, IL-6, and TNF-a) and counter-regulatory (IL-10, TGF-8,
and TNFRII) cytokine levels produced by PBMo.

When associations between parameters of mitochondrial
respiration (PLR, ALR, MRC, and RC) and cytokine levels
produced by PBMo were examined, we also observed marked
differences across the IL-1f/IL-10 based ASD subgroups

(Table 8). Namely, only the high ratio ASD subgroup revealed
positive associations between PLR and IL-18. The above
described results may indicate a compensatory increase in
protein leak to reduce ROS with increase in production of IL-11£3,
an inflammatory cytokine, in the high ratio ASD subgroup.

On the other hand, the normal ratio ASD subgroup revealed
positive associations between ALR and MRC with IL-183, IL-
6, and IL-10 levels. This finding may indicate that adapted
mitochondrial responses are on-going in response to changes
in innate immune responses. In the low ratio ASD subgroup,
levels of TNF-a under multiple culture conditions revealed
negative associations with ALR and MRC. TNF-a is a major
inducer of apoptosis and autophagy, affecting mitochondrial
functions (47). Inappropriate mitochondrial responses to TNEF-
a is associated with dysregulated apoptosis or clearance of
cell organelles, leading to pathological conditions such as
tumorigenesis (47). PBMCs in the low ratio ASD subgroup may
be in the state of mitochondrial dysfunction, not adapting to
changes in monocyte cytokine production. Such associations
are not revealed in control non-ASD subjects. Since we
found a high frequency of history of NFA in ASD subjects
whose monocyte revealed low IL-1f3/IL-10 ratios than the
normal ratio ASD subgroup (Table4), a major source of
chronic oxidative stress may be gut inflammation in these
ASD subjects.

We then assessed associations between ETC efficiency
parameters (ALR/PLR, MRC/PLR, and RC/PLR ratios) and
cytokine levels produced by PBMo. Our results revealed
that associations between parameters of ETC efficiency and
monocyte cytokine levels produced by PBMo again markedly
differed across the IL-1f3/IL-10 ratio based ASD subgroups
(Table 9). Namely, the IL-163/IL-10 high ratio group revealed
a positive association between ETC efficiency parameters
and IL-10 levels produced by PBMo under LPS stimulated
cultures. Given the fact that IL-10 is a counter-regulatory
cytokine, it may be speculated that in the high ratio ASD
subgroup, suppressive mechanisms may be in place. In contrast,
the normal and low ratio ASD subgroups revealed positive
associations between ETC efficiency markers and IL-183 levels.
IL-18 is an inflammatory cytokine and implicated in the
stress responses to the brain. Thus, in these two ASD
subgroups, up-regulatory drive for ETC efficiency may be
in place.

Taken together, the above described results indicate
that associations between monocyte cytokine profiles and
mitochondrial parameters in PBMCs differed significantly across
the IL-1f3/IL-10 based ASD subgroups, and these changes also
differed from non-ASD controls. Our findings support our initial
hypothesis that innate immune abnormalities and mitochondrial
abnormalities, two abnormalities frequently reported in ASD
subjects, are closely inter-related and may exert detrimental
effects on the brain. However, our results did not clarify whether
innate immune responses cause secondary mitochondrial
dysfunction or dysregulations of common pathways key to
functions of innate immunity and mitochondrial respiration. It
remains to be seen how these changes are associated with ASD
clinical features and health outcomes in future studies.

Frontiers in Psychiatry | www.frontiersin.org

15

February 2019 | Volume 10 | Article 71


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

Jyonouchi et al.

Mitochondrial Respiration/Cytokines in ASD

Although many questions need to be answered in further
studies, our results indicate that concurrent use of immune-
modulating agents and mitochondrial rescue medications may
be required in ASD subjects who exhibit innate immune
abnormalities and mitochondrial dysfunction, possibly due to
alterations in the signaling pathways affecting the both systems.
In each such ASD individual, fine adjustment in doses and
administration schedule will be required.
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