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Posttraumatic stress disorder (PTSD) is a trauma and stressor related disorder that

may develop after exposure to an event that involved the actual or possible threat

of death, violence or serious injury. Its molecular underpinning is still not clear.

Brain-derived neurotrophic factor (BDNF) modulates neuronal processes such as the

response to stress, but also weight control, energy and glucose homeostasis. Plasma

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 Val66Met 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 70 kb, 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 BDNF 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 wasmore 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 wasmeasured with ameter to
the nearest 0.5 cm; whereas body weight of subjects wasmeasured
with a digital scale to the nearest 0.1 kg. BMI was calculated as
ratio of weight (kg) over height (m2).

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 TaqMan R© Genotyping
Assays (Applied Biosystems, Foster City, CA, USA) following
the manufacturer’s protocol on an Applied Biosystems R© 7300
Real-Time PCR System apparatus. The 10 µL 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 (TT+ 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-parametricMann-
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’ coefficient
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 – β) = 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 – β)= 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) 303 1.60 (1.30; 2.20) 0.60–3.70

BMI (kg/m2) 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 (AA+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

summary

adjR2 = −0.006;

1R2 = 0.005;

F = 0.449;

p = 0.718

adjR2 = 0.065;

1R2 = 0.076;

F = 7.355;

p < 0.001;

adjR2 = −0.004;

1R2 = 0.006;

F = 0.621;

p = 0.602;

adjR2 = 0.042;

1R2 = 0.052;

F = 5.057;

p = 0.002;

adjR2 = −0.003;

1R2 = 0.004;

F = 0.577; p = 0.652;

Age β = −0.051;

p = 0.387

β = −0.246;

p < 0.001

β = 0.039;

p = 0.508

β = 3.406;

p = 0.001

β = 0.015; p = 0.804

BMI β = 0.034;

p = 0.564

β = 0.129;

p = 0.029

β = −0.070;

p = 0.237

β = −0.012;

p = 0.835

–

Smoking β = 0.032;

p = 0.583

β = 0.008;

p = 0.896

β = −0.015;

p = 0.798

β = 0.116;

p = 0.050

β = −0.061;

p = 0.299

Step 2 Model

summary

adjR2 = −0.006;

1R2 = 0.006;

F = 0.637;

p = 0.672;

adjR2 = 0.065;

1R2 = 0.007;

F = 4.820;

p < 0.001;

adjR2 = −0.008;

1R2 = 0.003;

F = 0.537;

p = 0.746;

adjR2 = 0.040;

1R2 = 0.005;

F = 3.337;

p = 0.006;

adjR2 = −0.010;

1R2 = 0.000;

F = 0.300; p = 0.878;

Age β = −0.023;

p = 0.714

β = −0.216;

p = 0.001

β = 0.037;

p = 0.552

β = 2.922;

p = 0.004

β = 0.014; p = 0.820

BMI β = 0.033;

p = 0.573

β = 0.128;

p = 0.030

β = −0.070;

p = 0.209

β = −0.012;

p = 0.842

–

Smoking b = 0.035;

p = 0.557

β = 0.009;

p = 0.877

β = −0.015;

p = 0.806

β = 0.113;

p = 0.055

β = −0.061;

p = 0.302

BDNF

Val66Met

β = −0.020;

p = 0.735

β = 0.007;

p = 0.908

β = −0.050;

p = 0.398

β = 0.062;

p = 0.298

β = −0.013;

p = 0.828

BDNF C270T β = −0.084;

p = 0.180

β = −0.088;

p = 0.162

β = 0.016;

p = 0.803

β = 0.048;

p = 0.434

b = −0.004;

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

SNP BDNF Val66Met BDNF C270T

Genotype A carriers GG carriers T carriers CC carriers

BMI

(kg/m2)

Median 27.75 27.91 27.77 28.06

Percentile

25th; 75th

26.26; 30.11 25.69; 30.47 25.86; 30.47 26.03; 30.45

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

(mmol/L)

Median 5.20 5.20 5.20 4.90

Percentile

5th; 75th

4.50; 5.70 4.50; 6.10 4.50; 6.10 4.50; 6.00

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

(mmol/L)

Median 1.20 1.20 1.20 1.20

Percentile

25th; 75th

1.10; 1.40 1.10; 1.40 1.10; 1.50 1.10; 1.30

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

(mmol/L)

Median 3.00 2.80 2.80 2.90

Percentile

25th; 75th

2.40; 3.60 2.30; 3.50 2.20; 3.60 2.40; 3.60

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

(mmol/L)

Median 1.60 1.60 1.55 1.60

Percentile

25th; 75th

1.30; 2.10 1.30; 2.20 1.20; 2.10 1.30; 2.30

Min; Max 0.60; 3.70 0.60; 3.70 0.60; 3.70 0.60; 3.70

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

Frontiers in Psychiatry | www.frontiersin.org 6 November 2018 | Volume 9 | Article 63710

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 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

Val66Met

Genotype A

carriers

(N = 32)

GG

carriers

(N = 44)

A

carriers

(N = 56)

GG

carriers

(N = 106)

A

carriers

(N = 15)

GG

carriers

(N = 41)

HDL

(mmol/L)

Median 1.30 1.30 1.20 1.20 1.20 1.10

Percentile 25th;

75th
1.10; 1.50 1.10; 1.50 1.00; 1.30 1.10; 1.30 1.10; 1.20 1.00; 1.20

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

Val66Met

Genotype A

carriers

(N = 32)

GG

carriers

(N = 42)

A

carriers

(N = 58)

GG

carriers

(N = 113)

A

carriers

(N = 15)

GG

carriers

(N = 43)

TG

(mmol/L)

Median 1.50 1.60 1.60 1.60 1.50 2.20

Percentile

25th; 75th

1.30; 1.80 1.20; 1.80 1.30; 2.20 1.20; 2.20 0.90; 2.20 1.50; 3.20

Min; Max 0.60; 2.70 0.60; 3.70 0.60; 3.70 0.60; 3.70 0.70; 3.70 0.70; 3.70

Statistics U = 639.50; p = 0.721 U = 3135.50; p = 0.790 U = 139.00; p = 0.042

BDNF

C270T

Genotype T

carriers

(N = 38)

CC

carriers

(N = 38)

T

carriers

(N = 52)

CC

carriers

(N = 110)

T

carriers

(N = 4)

CC

carriers

(N = 52)

HDL

(mmol/L)

Median 1.30 1.30 1.20 1.20 1.10 1.10

Percentile

25th; 75th

1.10; 1.50 1.10; 1.50 1.10; 1.50 1.10; 1.20 1.00; 1.45 1.00; 1.20

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

C270T

Genotype T

carriers

(N = 34)

CC

carriers

(N = 40)

T

carriers

(N = 56)

CC

carriers

(N = 115)

T

carriers

(N = 4)

CC

carriers

(N = 54)

TG

(mmol/L)

Median 1.55 1.50 1.55 1.60 1.55 2.20

Percentile

25th; 75th

1.30; 1.80 1.20; 1.80 1.20; 2.00 1.30; 2.30 1.35; 1.90 1.50; 2.70

Min; Max 0.80; 3.70 0.60; 3.40 0.60; 3.60 0.60; 3.70 1.20; 2.20 0.70; 3.70

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 PTSDwere subdivided into different age groups
(age range 38–51, 52–65, and 66–77 years), and their plasmaHDL
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 rs925946 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

to susceptibility to metabolic disturbances in PTSD. Other
metabolic indices and other BDNF and other gene variants
should be evaluated as metabolic risk factors in PTSD in further
larger multi-ethnic studies, including females, larger sample-
sizes, with well-matched controls.
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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. Näive 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/C5OH,

C10, C12, C14:2, C16, C16:1, C18:1 (P: < 0.001). Näive 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% CI:

71.2;72.9) and a diagnostic odds ratio 11.25 (95% CI: 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 β-oxidation,

machine learning
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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 Italy, 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,
Nε-carboxymethyllysine and Nω-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 β-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.; RF, 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 β-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) (Table 1). 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

characteristics

Total sample

(n = 83)

Age ≤ 5

(n = 42)

Age > 5

(n = 41)

P-value* Total sample

(n = 79)

Age ≤ 5

(n = 35)

Age > 5

(n = 44)

P-value*

Age (years) 6.06 ± 3.58 3.26 ± 0.89 8.9 ± 2.98 n.a. 6.8 ± 4.11 3.06 ± 1.5 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

severity

(ADOS CSS)◦

6.7 ± 1.8 6.6 ± 1.8 6.8 ± 1.8 0.845 n.a. n.a n.a. n.a.

*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 8.30 a.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 8.30 a.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◦C in a
unique refrigerator with controlled humidity rate and processed
within 2 weeks after sampling.

A 3.2mm 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 (µmol/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
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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\C5OH, 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
supplementarymaterials (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/C5OH
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 Naïve Bayes algorithm
making use of the training set and adopting as predictor variables
only the ninemetabolites 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 Naïve 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 Naïve Bayes algorithm due to its robustness
and stability. The training procedure led to the selection of acyl-
carnitines C2 and C4DC\C5OH, C10, C12, C14:2, C16, C16:1,
C18:1 as the most promising classification variables. Naïve 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\C5OH (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. Näive 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 Naïve 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
3.26 ± 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

(ASD vs. TD)

Adjusted

p-Value

ASD TD

≤5 y >5 y ≤5 y >5 y

Citrulline CIT 0.3601 4.7594 4.5606 4.3556 4.2129 3.7337 0.0003 0.0020

Acetylcarnitine C2 0.3318 3.5333 3.5503 3.1886 3.2330 4.2770 0.0000 0.0007

Methylmalonyl/3-OH-

isovalerylcarnitine*

C4DC\C5OH 0.0762 0.4734 0.5062 0.4058 0.4224 4.4927 0.0000 0.0006

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/IQ CSS

Metabolite p-Value p-Value p-Value

C5OH\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

C18:1 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 vitaminD 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

Naïve Bayes 0.7332 [0.7267; 0.7397] 0.6345 [0.6287; 0.6404] 6.7823 [6.3956; 7.1690]

C-tree 0.6715 [0.6590; 0.6841] 0.4942 [0.4824; 0.5060] 2.7437 [2.6171; 2.8703]

RF 0.7296 [0.7229; 0.7364] 0.5670 [0.5608; 0.5731] 4.8079 [4.5668; 5.0490]

SVM 0.7319 [0.7250; 0.7388] 0.5939 [0.5875; 0.6003] 5.5428 [5.2650; 5.8207]

LM 0.6324 [0.6250; 0.6397] 0.6585 [0.6523; 0.6646] 4.4804 [4.2328; 4.7280]

PART 0.6281 [0.6196; 0.6365] 0.5657 [0.5576; 0.5738] 2.9980 [2.8474; 3.1486]

(B) ≤age 5 years

Naïve Bayes 0.7237 [0.7137; 0.7337] 0.7209 [0.7125; 0.7293] 10.1235 [9.4725; 10.7746]

C-tree 0.7590 [0.7441; 0.7739] 0.3574 [0.3399; 0.3749] 2.8163 [2.6411; 2.9914]

RF 0.8270 [0.8187; 0.8353] 0.5464 [0.5358; 0.5569] 7.1375 [6.5862; 7.6888]

SVM 0.8017 [0.7925; 0.8109] 0.6202 [0.6105; 0.6300] 8.1844 [7.6207; 8.7481]

LM 0.6567 [0.6450; 0.6684] 0.6871 [0.6771; 0.6972] 7.1923 [6.6648; 7.7198]

PART 0.7031 [0.6914; 0.7149] 0.4532 [0.4407; 0.4658] 2.9037 [2.6924; 3.1150]

(C) >age 5 years

Naïve Bayes 0.6757 [0.6665; 0.6849] 0.5692 [0.5610; 0.5775] 4.2905 [4.0193; 4.5616]

C-tree 0.5071 [0.4867; 0.5275] 0.5468 [0.5290; 0.5645] 1.6693 [1.5826; 1.7559]

RF 0.5881 [0.5780; 0.5982] 0.5248 [0.5157; 0.5339] 2.3622 [2.2069; 2.5175]

SVM 0.5878 [0.5780; 0.5976] 0.6295 [0.6208; 0.6382] 3.9369 [3.6500; 4.2238]

LM 0.6039 [0.5939; 0.6139] 0.6022 [0.5933; 0.6112] 3.7105 [3.4456; 3.9755]

PART 0.5264 [0.5143; 0.5386] 0.5367 [0.5260; 0.5474] 2.0030 [1.8714; 2.1347]

Compared classification algorithms: Naïve 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% CI.

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.o. and ≥ 5 y.o.) 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 β-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 β-oxidation are a group of IEM
caused by failure of a single mitochondrial enzyme of
β-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 β-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 β-oxidation (41)
particularly VLCAD (42) and LCHAD (43) suggests that
impaired mitochondrial β-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).

(2) 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.

(3) 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 ß-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 β-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 β-oxidation in controlling
NSC-to-IPC transition in mammalian embryonic and
adult brain, and propose NSC self-renewal as a cellular

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 β-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 β-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) andwithout (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 2 h 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/6J 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 2 h. All
cage-mate animals received the same treatment—either Immo
or handling. Handling lasted ∼1min 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 naïve 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 30.5 cm
(L) × 24.1 cm (W) × 21.0 cm (H) for 10min on 2 consecutive
days prior to fear conditioning. Fear conditioning consisted of
five trials of a novel tone conditioned stimulus (CS; 30 s tone,
6 kHz, 70 dB), which co-terminated with a foot-shock (500ms,
0.6mA) 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 180 s and a variable inter-trial interval (ITI) was
used between each CS-US pairing to result in a total conditioning
session which lasted 840 s. The apparatus was cleaned with
Quatricide R© after each mouse.
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Mice were sacrificed under basal conditions (HC group) or
2 h 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,<30 s, followed by decapitation
and trunk blood collection. Trunk blood from two mice of the
same behavioral group was collected into a single 3ml EDTA
BD-Vacutainer tubes. A 250 µL 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
OTC, and sectioned slowly to approximately Bregma −1.34mm
(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 1mm, 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 GLOBINclearTM-
Mouse kit (Ambion, Austin, TX) according to the manufacturer’s
instructions. Briefly, 1 µg of total RNA was treated with
biotinylated oligonucleotides to selectively deplete the α- and
β-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) TruSeqTM RNA kit as permanufacturer’s instructions.
Briefly, 250 ng of total RNA was used for library preparation.

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 log2 fold change for differently

expressed genes, and the vertical axis is the negative-log10 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 FEa p-valueb

AMYGDALA

GO:0007611 Learning or memory 8.20 4.18 × 10−4

GO:0008306 Associative learning 8.47 0.010

GO:0007268 Chemical synaptic transmission 3.65 0.008

GO:0003007 Heart morphogenesis 5.99 0.008

GO:0035556 Intracellular signal transduction 2.44 0.012

GO:0055085 Transmembrane transport 2.49 0.023

GO:0007507 Heart development 2.80 0.025

GO:0048511 Rhythmic process 3.81 0.025

GO:0007612 Learning 5.28 0.030

GO:0007157 Heterophilic cell-cell adhesion via plasma membrane cell adhesion molecules 6.03 0.027

GO:0045944 Positive regulation of transcription from RNA polymerase II promoter 1.75 0.036

GO:0006811 Ion transport 2.03 0.036

GO:0006351 Transcription, DNA-templated 1.50 0.041

GO:0045053 Protein retention in Golgi apparatus 27.87 0.040

GO:0007626 Locomotory behavior 3.87 0.045

BLOOD

GO:0007156 Homophilic cell adhesion via plasma membrane adhesion molecules 12.4 1.63 × 10−26

GO:0002376 Immune system process 3.07 0.009

aFE, Fold Enrichment.
bp-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 R© 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 10mm 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 (q < 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 t-
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 naïve, home-cage control animals was handled
and removed from the vivarium but not exposed to any
behavioral intervention (HC). All mice were sacrificed together
2 h 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 q-value Fold change p-value q-value

Nxpe4 −0.39 0.0003 0.010 −1.27 5.00E−05 0.002

Plxnd1 −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 −0.53 0.001 0.030

Dmxl2 −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

Galnt9 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

Klf11 −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

Pds5a −0.29 0.0001 0.005 0.39 0.023 0.248

Sdf2l1 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

Guf1 −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; Dmxl2, 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. bC1ql3 (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 × 10−4), and associative learning
(p= 0.01).

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 × 10−26), 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 (Immo+FC) prior to fear conditioning (FC). The horizontal axis of the Volcano

plot is log2 fold change for differently expressed genes, and the vertical axis is the negative-log10 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.

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.,
DRD2 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 (Table 4) 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, Dmxl2, Trps1, 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 (Pde7b),
corticosterone homeostasis, and steroid transportation (Lcn2
and Soat1; Figure 5). 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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FIGURE 3 | Genes in the Amygdala traditionally associated with PTSD or psychiatric stress phenotypes. Box and Whiskers plots of gene expression in FC and

Immo+FC animals for (a) 2 genes traditionally associated with PTSD (Htr2a and Drd2), and (b) 4 genes associated with stress phenotypes (Igf2, Grm2, Trhr, and

Clock). On the y-axis, gene expression values from the different animal groups. The box represents their quartiles; whiskers the variability outside the upper and lower

quartiles; the horizontal line represents the median.

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 (30min
or 1 h) to fear conditioning and more distant (6 h and 24 h) to
examine transcriptional changes, and have also demonstrated
conditioning related down-regulation and up-regulation of gene
targets (10, 37–39). Therefore, while 2 h 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 FEa p-valueb

AMYGDALA

GO:0008285 Negative regulation of cell proliferation 3.43 0.004

GO:0006457 Protein folding 5.61 0.010

GO:0006986 Response to unfolded protein 9.39 0.014

GO:0042493 Response to drug 3.18 0.029

BLOOD

GO:0002376 Immune system process 6.51 2.29 × 10−25

GO:0045087 Innate immune response 6.01 6.40 × 10−23

GO:0006954 Inflammatory response 5.83 3.38 × 10−18

GO:0052697 Xenobiotic glucuronidation 39.59 5.18 × 10−8

GO:0032496 Response to lipopolysaccharide 4.97 1.61 × 10−6

GO:0030593 Neutrophil chemotaxis 8.39 1.40 × 10−5

GO:0006955 Immune response 3.93 1.72 × 10−5

GO:0006935 Chemotaxis 6.04 1.70 × 10−5

GO:0042742 Defense response to bacterium 4.66 1.54 × 10−5

GO:0032760 Positive regulation of tumor necrosis factor production 9.06 1.47 × 10−5

GO:0009813 Flavonoid biosynthetic process 16.97 4.82 × 10−5

GO:0052696 Flavonoid glucuronidation 16.97 4.82 × 10−5

GO:0071223 Cellular response to lipoteichoic acid 29.69 1.19 × 10−4

GO:0009615 Response to virus 6.36 4.56 × 10−4

GO:0050729 Positive regulation of inflammatory response 7.07 0.0017

GO:0032755 Positive regulation of interleukin-6 production 7.71 0.0028

GO: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

GO:0050830 Defense response to Gram-positive bacterium 5.27 0.0051

GO: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

GO:0050873 Brown fat cell differentiation 9.17 0.009

GO:0010628 Positive regulation of gene expression 2.57 0.009

GO:0050728 Negative regulation of inflammatory response 5.12 0.013

GO:0042535 Positive regulation of tumor necrosis factor biosynthetic process 17.13 0.013

GO:0002548 Monocyte chemotaxis 7.79 0.020

GO:0034341 Response to interferon-gamma 10.28 0.019

GO:0071222 Cellular response to lipopolysaccharide 3.20 0.021

GO:0008360 Regulation of cell shape 3.84 0.022

GO:0007165 Signal transduction 1.70 0.026

GO:0006898 Receptor-mediated endocytosis 5.94 0.026

GO:0051607 Defense response to virus 3.47 0.026

GO:0043123 Positive regulation of I-kappaB kinase/NF-kappaB signaling 3.59 0.035

GO:0032494 Response to peptidoglycan 22.27 0.036

GO:0050766 Positive regulation of phagocytosis 6.49 0.041

GO:0035456 Response to interferon-beta 19.79 0.050

GO: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, Trhr1) 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 Receptor1 (Trhr1) 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-3β
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-3β 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 (Soat1) 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 q-value Fold change p-value q-value

Dmxl2 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

Lcn2 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

Sdf2l1 0.39 7E-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

Prkdc 0.29 1E-03 0.031 −0.37 3E-02 0.310

Hpcal1 −0.31 5E-05 0.003 0.33 3E-02 0.311

Nr4a1 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: Dmxl2, 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; Sdf2l1, stromal cell-derived factor 2-like 1; Thbd, thrombomodulin;

Trps1, trichorhinophalangeal syndrome I.

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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FIGURE 5 | Common Signals in Amygdala and Blood prior stress sensitization in representative genes. Box and Whiskers plots depict gene expression (y-axis) in FC

and Immo+FC animals. Representative genes that associate with prior immobilization in both amygdala and blood are shown. On the y axis, gene expression values

from the different animal group. The box represents their quartiles; whiskers the variability outside the upper, and lower quartiles; the horizontal line represents the

median; outliers are indicated by single dots.

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 conformwith 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 70min) 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/β-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 β (S100β) 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 andmore 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 (HMGB1)
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 HMGB1 expression (56); similarly,
human studies have shown that plasma HMGB1 levels are
correlated with the level of inflammation in both non-cardiac
surgery and non-surgical inflammatory states (57). In rodents,
elevations of HMGB1 are associated with cognitive deficits
(58), which can be mitigated in the presence of HMGB1
inhibitors (4, 59). These results are corroborated by evidence
that HMGB1 levels are elevated in patients with POCD following
gastrointestinal surgery (60).

When bound by HMGB1, both TLR-4 and RAGE activate
nuclear factor kappa B (NF-κB), a transcription factor which
regulates the expression of pro-inflammatory cytokines
(Figure 1). Normally, cytosolic NF-κB is bound to the NF-
κB inhibitor IκB in an inactive state; however, when IκB is
phosphorylated by IκB kinase (IKK), NF-κB is released and enters
the nucleus, causing pro-inflammatory cytokine upregulation
(55). Once activated by NF-κB, the pro-inflammatory cytokines
interleukin-1 beta (IL-1β), IL-6, and tumor necrosis factor
alpha (TNFα) cause further release of HMGB1 in a positive
feedback loop, amplifying the inflammatory response (57).
Additionally, IL-1 and TNFα can cause further activation of NF-
κB, 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-κB and pro-inflammatory cytokines has been associated

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-κB) signaling pathways in bone

marrow derived monocytes (BMDMs), causing nuclear translocation of NF-κB,

increased expression of cyclooxygenase 2 isozyme (COX-2) upregulation, and

expression of pro-inflammatory cytokines interleukin-1 beta (IL-1β), interleukin

6 (IL-6), and tumor necrosis factor alpha (TNFα). 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, IκB kinase; IL-6R, IL-6

receptor; P, phosphate group; RAGE, receptor for advanced glycosylation end

products; TLR-4, Toll-like receptor 4; TNFαR, TNFα 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 (i.e., 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 TNFα can
upregulate COX-2 in neurovascular endothelial cells, which
promotes local prostaglandin synthesis (68) and disrupts BBB
permeability (69) (Figure 2). TNFα, IL-1β, 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 S100β and neuron-specific enolase
(NSE) are found in plasma following cardiac and non-cardiac
surgery in patients with POCD (43, 75, 76). TNFα 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-Cmotif ligand 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-κB 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 BMDMs 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 CX3CR1 protein to the microglial CX3CR1
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 TNFα or lipopolysaccharide
promote microglial differentiation into the M1 phenotype (91).
Moreover, TNFα 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
HMGB1, TNFα, and IL-1β 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 TNFα/IL-
1 expression, and activated microglia recruit more BMDMs
into the CNS via reciprocal TNFα 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

(TNFα) are secreted by bone marrow derived monocytes (BMDMs) and cause upregulation of nuclear factor-kappa B (NF-κB) and matrix metalloproteinase (MMP)

expression in vascular endothelial cells. NF-κB 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 TNFα promote the activation of quiescent microglia. These microglia promote further release of IL-1 and TNFα from BMDMs, 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,

prostaglandin E2; PGH2, prostaglandin H2; TLR-4, Toll-like receptor 4.

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 HMGB1
(107) and S100β (108). Of note, activated microglia are known
to release HMGB1 (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 CA1 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 TNFα 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, TNFα 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) (Figure 3). 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 β2 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
(α7 nAChRs). Ultimately, activation of α7 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-
1β and TNF α 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
α7 nAChR-expressing cells, maresins can inhibit NF-kB activity
in macrophages and help promote microglial differentiation

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 β2 adrenergic receptors (β2-ARs). The expressed ACh can activate circulating macrophages via alpha-7 nicotinic ACh receptors (α7

nAChRs). Activation of α7 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

receptor 4; TNFα, tumor necrosis factor alpha.
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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-
1β, IL-6, and TNFα (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-1β, and TNFα 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, TNFα, 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 5 h 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 POCDwere 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
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TABLE 1 | Selected relevant pre-clinical studies on etiology of POCD.

Study Animal model Experimental model Cognitive testing Cellular/Molecular

findings

Neurocognitive findings

Cao et al. (70) Adult (3–6 month) and

aged (20–24 month)

old Sprague Dawley

rats

Partial hepatectomy under

sevoflurane anesthesia vs.

sevoflurane alone

Morris water maze Upregulated expression of

IL-1β and IL-6 on

postoperative day 1 in all

rats, and in aged rats until

postoperative day 3

Surgery and anesthesia, but

not anesthesia alone,

caused impairments in

latency and distance in all

rats on postoperative day 1,

and in aged rats until

postoperative day 3

He et al. (56) 22–23 month old

Sprague-Dawley rats

Splenectomy under general

anesthesia vs. 2 h isoflurane

anesthesia vs. naïve control

Reversal learning

version of Morris

water maze

Upregulation of HMGB1 and

RAGE levels in surgical

group

BBB disruption (by TEM) in

surgical group

Surgery and anesthesia, but

not anesthesia alone,

caused cognitive

impairments from surgery to

postoperative day 3

Qian et al. (139) 20–22 month old

BALB/c mice

Splenectomy with isoflurane

vs. isoflurane alone vs.

control

Y-maze testing Splenectomy increased

hippocampal expression of

IL-1β and TNFα

Splenectomy with

anesthesia and anesthesia

alone both impaired

cognitive testing on

postoperative days 1 and 3

Tasbihgou et al.

(138)

Adult male Wistar rats Deep vs. light propofol

anesthesia, with and

without subsequent

exposure to hypoxia

Novel object

recognition test

Light anesthesia group with

hypoxia had lower

neurogenesis, but higher

BDNF and

microglia-ramification

No impairment in cognitive

function in either deep or

light anesthesia

Walters et al. (136) Adult Sprague-Dawley

rats

Four exposures to isoflurane

anesthesia (2, 2, 4, and 6 h)

over 7 weeks

Fixed consecutive

number,

incremental

repeated

acquisition,

progressive ratio

tasks†

none No deficits in any cognitive

tasks after single or repeat

anesthetic exposure

Wang et al. (135) 6–8 month old male

C57BL/6 mice; 14

month old male

C57BL/6 mice

Isoflurane vs. no anesthetic

exposure

Morris water maze Older but not younger mice

had increased hippocampal

expression of NLRP3‡

Older but not younger mice

had cognitive impairment

after isoflurane anesthesia

compared to no anesthetic

exposure

Xu et al. (71) 9 and 18 month old

female C57BL/6J mice

Laparotomy under local

anesthesia (no sedation) vs.

sham procedure (no

incision)

Fear conditioning

system

Surgery increased

hippocampal levels of IL-6

and TNFα in all mice, with

larger increases in older

mice

Cognitive deficits with

surgery alone in both young

and older mice

Zhang et al. (63) 4 month old male

Fischer 344 rats

Right carotid exploration

with propofol and

buprenorphine anesthesia

vs. anesthesia alone

Barnes maze

Fear conditioning

system

Surgery decreased

cytoplasmic hippocampal

NF-κB, increased IL-1β,

IL-6, MMP-9

Surgery and anesthesia, but

not anesthesia alone

caused impairments in

cognitive metrics

Zhang et al. (131) 20 month old male

Fischer 344 rats

Right carotid exploration

with propofol-buprenorphine

anesthesia vs.

isoflurane-buprenorphine

anesthesia

Barnes maze

Fear conditioning

system

No difference in

hippocampal TNFα and

IL-1β expression in propofol

vs. isoflurane anesthesia

Surgery caused

impairments in cognitive

metrics independent of

anesthetic type

Zhu et al. (137) Adult male Wistar rats Transient coronary artery

occlusion with and without

sevoflurane preconditioning

vs. sham operation

N/A Coronary occlusion

increased hippocampal

TNFα and IL-1β mRNA

expression 1–3 days

postoperatively; cytokine

levels attenuated by

sevoflurane

Coronary occlusion inhibited

LTP compared to sham

operation; sevoflurane

preconditioning reversed

this effect on postoperative

days 1 and 3

BBB, blood-brain barrier; BDNF, brain-derived neurotrophic factor; HMGB1, high mobility group box-1 protein; IL-1β, interleukin-1 beta; IL-6, interleukin 6; LTP, long-term potentiation;

MMP-9, matrix metalloproteinase 9; N/A, non-applicable; NF-κB, nuclear factor-kappa B; NLRP3, NOD-like receptor protein 3 inflammasome; RAGE, receptor for advanced glycosylation

end products; TEM, transmission electron microscopy; TNFα, 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-1β 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
TM

(BIS
TM

) 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
TM

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 β and TNFα 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-1β, 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-1β, IL-6,
and TNFα, 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

(n)

Surgical

procedure(s)

Anesthetic exposure Cognitive metrics Key findings

Evered et al. (7) Prospective

observational

CABG, hip

replacement:

adults > 55 CA:

adults > 50

636 Elective CABG, hip

replacement, CA

CABG: general

anesthesia

Hip replacement: spinal

anesthesia

CA: sedation

Battery of seven

neuropsychological

tests

No difference in POCD

rates between groups

(CABG−16%; hip

replacement−16%;

CA−21%)

Geng et al. (144) Prospective

randomized

Adults > 60 150 Laparoscopic

cholecystectomy

Propofol vs.

sevoflurane vs.

isoflurane anesthesia

Battery of eight

neuropsychological

tests

Lower POCD in

propofol compared to

sevoflurane or

isoflurane on

postoperative days 1

and 3

Hirsch et al. (42) Prospective

observational

Adults ≥ 55 10 Elective major knee

surgery

Spinal anesthesia with

propofol sedation and

femoral nerve catheter

Word list test

Verbal fluency test

Digit symbol test

40% POCD on

postoperative day 1;

20% POCD on

postoperative day 2;

40% POCD on

postoperative day 3

Hou et al. (147) Prospective

randomized

Adults ≥ 60;

ASA 1-2

66 Elective total knee

arthroplasty

Deep vs. light

anesthesia† with

sevoflurane and

propofol, femoral and

sciatic nerve blocks

MoCA Z-score < 1.96 Higher POCD in deep

(20%) compared to

light (3%) anesthesia

Ji et al. (41) Prospective

observational

Adults ≥ 65 83 Elective total hip

replacement

Spinal anesthesia Digit symbol

substitution test

Concentration

endurance test

Number connection

test‡

POCD rate 24.6% on

postoperative day 7

Qiao et al. (145) Prospective

randomized

Adults 65–75 90 Esophageal resection Sevoflurane vs.

methylprednisone and

sevoflurane vs. propofol

MoCA

MMSE

Higher POCD in

sevoflurane group on

postoperative days 1,

3, 7

Shu et al. (146) Prospective

randomized

Females 20–60 192 Gynecologic

laparoscopic surgery

Sevoflurane with

remifentanil, titrated to

BIS††

MMSE

Trail-making test

Lower POCD in 40 ≤

BIS ≤ 50 group on

postoperative day 1

Silbert et al.

(142)

Prospective

randomized

Adults > 55

without previous

neurologic deficit

100 Extracorporeal shock

wave lithotripsy

General vs. spinal

anesthesia

Battery of eight

neuropsychological

tests

No difference in POCD

rates between groups

Silbert et al.

(143)

Prospective

randomized

Adults > 55

without previous

neurologic deficit

350 Elective CABG High-dose vs.

low-dose fentanyl

anesthesia

Battery of eight

neuropsychological

tests

Higher POCD in

low-dose fentanyl

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.
†
Deep vs. light anesthesia determined by BIS values 40–50 vs. 55–65, respectively.

††
BIS 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 8mg of dexamethasone following anesthesia

induction vs. no injection and measured POCD via a cognitive
battery up to 180 days post-surgery. Currently no results are
reported.

Cholinergic Agents
The cholinergic anti-inflammatory pathway provides a variety
of potential therapeutic targets for POCD. Both the α7 nAChR
agonist PHA 586487 (176) and physostigmine (125) have been
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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 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

Minocycline none NCT02928692: preoperative minocycline vs. no treatment in

colorectal surgery

Dexamethasone Ottens et al. (154): intraoperative dexamethasone bolus vs. no

treatment during cardiac surgery (no difference in cognitive

performance at 1 and 12 months postoperatively)

NCT01332812: intraoperative dexamethasone bolus vs. no

treatment in general surgery

Cholinergic agents Doraiswamy et al. (155): 12-week course of donepezil >6 months

vs. no treatment after CABG (improved memory recall, no improved

cognition)

NCT02419352: sugammadex vs. neostigmine/atropine at end of

general anesthesia

NCT02927522: donepezil vs. placebo for 7 days following general

surgery

Targeted cytokine inhibition None None

ANTIOXIDATIVE

Statins Das et al. (156): postoperative statin vs. placebo in off-pump CABG

(reduced POCD on postoperative day 6)

None

N-acetylcysteine None PANACEA trial ACTRN12614000411640: NAC vs. placebo twice

daily for 4 days beginning on day of non-cardiac surgery

Edaravone None None

PRO-NEURONAL

Dexmedetomidine 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

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

Amantadine None NCT03527134: five-day postoperative amantadine vs. no

treatment in general surgery

Enhancing cognitive reserve None NCT02747784: three-month postoperative cognitive training

regimen vs. no treatment in breast/urogynecological surgery

VARIOUS TARGETS

Local anesthetics 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)

NCT00975910: lidocaine bolus and intraoperative infusion vs.

placebo in supratentorial craniotomy

NCT02848599: bupivacaine vs. morphine PCA for 72 h following

general surgery

Ketamine 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)

NCT02892916: ketamine bolus following anesthetic induction vs.

placebo in elective orthopedic surgery

Lipid mediators none None

Cannabinoid receptors none none

Melatonin 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

Turmeric none none

Acupuncture 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

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-TNFα antibody Etanercept (also used in RA) may be
another target for POCD, as preoperative administration of
anti-TNFα antibody inhibited IL-1β 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
off-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 reducemicroglial 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 1,200mg 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 α2 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 HMGB1 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 ofmemory 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
NCT00975910), 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 byMoCA 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, andmaresins 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 A1 was shown to (1) reduce systemic and neural pro-
inflammatory cytokines due to inhibition of NF-κB, (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 460–480 nm 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-κB (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 α7 nAChRs, downregulates TNFα
and IL-1β 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,

neuroinflammation has been shown to be a common feature
underlying many chronic and neurodegenerative diseases; a
better understanding of such mechanisms may aid in improved
diagnosis and treatment of a family of neurocognitive disorders.

The neuroinflammatory hypothesis has already generated a
variety of potential candidates for treatment of POCD. The
utility of many of these proposed treatment options have shown
promising results in animal studies, however when applied to
human populations, the treatment options yield more modest
results. At this time, the lack of a formal definition of POCD is
a critical barrier to future research; without a formal definition,
the results of any one study may not be applicable to any other
population than the one tested. Moreover, without a formal
definition our understanding of the pathogenesis of POCD lacks
generalizability to other neurodegenerative disorders that share
common cellular mechanisms and clinical features. Only by
standardizing our metrics and timepoints of POCD assessment
will we be able to better understand the true incidence of POCD,
compare the contributions of potential risk factors, and evaluate
treatments across a large patient cohort (49, 221). Nevertheless,
the sheer number of proposed treatments is suggestive of a
growing interest in understanding POCD, and will hopefully
benefit patients via a diverse array of therapies.
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Autism spectrum disorder (ASD)7 is associated with multiple physiological abnormalities,

including immune dysregulation, andmitochondrial 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-1ß/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-1ß/IL-10 ratio ASD subgroups than controls. Associations

between mitochondrial parameters and monocyte cytokine profiles differed markedly

across the IL-1ß/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-1ß/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.
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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-1ß/IL-10 ratios produced by PBMo
may serve as a marker of immune activation or immune
mediated inflammation in individuals with ASD. Deviated IL-
1ß/IL-10 ratios were seen in up to 40% of ASD subjects in
our previous study (4). IL-1ß is a representative inflammatory
cytokine, and IL-10 is a representative counter-regulatory
cytokine. Thus, IL-1ß/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-1ß/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;

PBMCs, 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; TGF, transforming growth

factor; TLR, toll like receptor; TNF, 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-1ß/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-1ß/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-1ß/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-1ß/IL-10 ratios in ASD PBMo, are associated with
alterations in mitochondrial respiration. This study
examines our hypothesis by evaluating associations
between IL-1ß/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-1ß 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 AutismDiagnostic 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
2 h) 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.

ASDa subjects

(N = 112)

Non-ASD

controls (N = 38)

AGE (YEARS)

Median (range) 12.3 (2.5–30.3) 13.4 (3.9–29.7)

Mean ± SD 12.6 ± 5.9 13.8 ± 7.2

Gender (M:F and %) 97:15 (86.6%:

13.4%)

26:12 (68.4%:

31.4%)

Ethnicity AA 6, Asian 21,

Mixed 2, C 83

Asian 3, Mixed 3,

C 32

Cognitive activity <1% 83/112 (74.1%) 0

Disturbed sleep 34/112 (30.4%) N/A

GI symptoms 75/112 (67.0%) Unknownc

Seizure disorders 14/112 (12.5%) 0

Specific antibody deficiency 18/112 (16.1%) 0

Asthmab 12/112 (10.7%) Unknown

Allergic rhinitisb 23/112 (20.5%) Unknown

aAA, 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.
cNo 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 (>1.3µg/mL) to more than 11 of 14
serotypes of Streptococcus pneumonia, following a booster dose
of Pneumovax R© (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 R©).

Cell Cultures
PBMCs were isolated by Ficoll-Hypaque density gradient
centrifugation. PBMowere 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 × 105 cells/ml) overnight with a TLR4
agonist (LPS; 0.1µg/ml, GIBCO-BRL, Gaithersburg, MD, USA),
a TLR2/6 agonist (zymosan; 50µg/ml, Sigma-Aldrich, St. Luis,
Mo), and a TLR7/8 agonist (CL097, water-soluble derivative
of imidazoquinoline, 20µM, InvivoGen, San Diego, CA,
Unites States) in RPMI 1640 with additives as previously
described (26). Overnight incubation (16–20 h) 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 (+) 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-α (TNF-α),
IL-1β, IL-6, IL-12p40, and IL-23] and counter-regulatory [IL-10,
transforming growth factor-ß (TGF-ß) and soluble TNF receptor
II (sTNFRII)] cytokines were measured by enzyme-linked
immuno-sorbent assay (ELISA);10–100µl/well supernatant were
used for ELISA, depending on culture conditions. The ELISA,

OptEIA
TM

Reagent Sets for IFN-γ, IL-1ß, IL-5, IL-6, IL-10, IL-
12p40, and TNF-α (BD Biosciences, San Jose, CA, USA), and
for sTNFRII, IL-17 (IL-17A), and TGF-ß 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-1ß/IL-10 Ratios
Previously, we observed both high and low IL-1ß/IL-10 ratios
in subsets of ASD PBMo as compared to non-ASD controls
(8). We found changes in IL-1ß/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-1ß/IL-10 ratios in some ASD PBMo, as compared
to control PBMo (Supplemental Figure 1). To assess whether
there was an association between IL-1ß/IL-10 ratios produced by
PBMo and mitochondrial respiration exhibited by PBMCs, we
subdivided ASD samples into subgroups based on the IL-1ß/IL-
10 ratios produced by ASD PBMo as described below, following
the criteria used in our previous study (4, 8).

High IL-1ß/IL-10 Ratio
IL-1ß/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-1β/IL-10 Ratio
IL-1ß/IL-10 ratios between−1 SD< IL-1ß/IL-10 ratios<+1 SD
under all the culture conditions, or +1 SD < IL-1ß/IL-10 ratios
< +2 SD under only one culture condition.

Low IL-1β/IL-10 Ratios
IL-1ß/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-1β/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 × 106 cells) were suspended in bio-freezing medium
(90% heat-inactivated fetal calf serum and 10% DMSO) and
kept in −20◦C for about 1 h 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 18min 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 FCCPOCR. 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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themitochondrial 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 (Figure 2A). 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 someASD
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-1ß and
IL-6 levels under LPS stimulated cultures, and mitochondrial
respiratory parameters. Specifically, negative associations were
observed between PLR and IL-1ß/IL-10 ratio and IL-1ß levels
under LPS stimulated cultures in ASD samples. On the other
hand, no significant associations between these parameters were

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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FIGURE 2 | An association between ALR and PLR OCR (pmol/min) are shown in non-ASD (A) and ASD (B) PBMCs. An association between MRC and PLR OCR

(pmol/min) are also shown in non-ASD (C) and ASD (D) PBMCs. Correlation Co-efficient and p-values shown were by Spearman test.

observed in non-ASD controls, except for associations between
MRC and TNF-α (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-1ß/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
profiles andALR/PLR,MRC/PLR, and RC/PLR ratios, asmarkers
of ETC efficiency. We observed positive associations mainly
between these ETC efficiency markers and IL-1ß 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 betweenMRC/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-1ß/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-1ß/IL-10 ratios by PBMo.

Total ASD samples

(N = 136)

Non-ASD

controls (N = 38)

Statistics

(mann-whitney test)

ALR/PLR ratioa,b 5.4 ± 11.1 4.9 ± 3.1 p = 0.8949

MRC/PLR ratio 19.6 ± 37.7 8.8 ± 14.0 p = 0.0558

RC/PLR ratiob 13.2 ± 27.1 4.4 ± 8.6 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-1ß/IL-10 ratios by PBMo.

Correlation

coefficient ASD

samples (N = 136)

Correlation

coefficient non-ASD

controls (N = 38)

PLRc

Ratio (medium) 0.1855 (p < 0.05)a,b 0.1133

Ratio (LPS) −0.3266 (p < 0.0001) 0.1882

IL-1ß (LPS) −0.2742 (p < 0.005) 0.1242

TGF-ß (zymosan) 0.2067 (p < 0.02) −0.1636

ALR

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

MRCd

IL-1ß (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-α (zymosan) −0.2278 (p < 0.01) −0.3681 (p < 0.05)

CCL2 (medium) −0.1284 −0.4162 (p < 0.01)

ALR/PLR

IL-1ß (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-1ß (LPS) 0.2462 (p < 0.005) −0.1417

IL-6 (LPS) 0.2263 (p < 0.01) 0.1668

aValues 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.
dCorrelations 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-1ß/IL-10 ratio based
ASD subgroups.

Mitochondrial Respiration in IL-1ß/IL-10
Ratio ASD Subgroups
In this study, we found a distribution of ASD PBMo samples
into the high, normal, or low IL-1ß/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-α, and CCL2) across the IL-1ß/IL-10 ratio based ASD
subgroups (Supplemental Table 1).

Given these results, we then assessed mitochondrial
parameters in the IL-1ß/IL-10 based ASD subgroups as
summarized in Table 5. MRC and RC differed among
the ASD subgroups. Specifically, the high and normal IL-
1ß/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-1ß/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-1ß/IL-10 Based
ASD Subgroups
As shown in Table 4, ASD samples as a whole, revealed
associations only between PLR and IL-1ß/IL-10 ratios. In
contrast, in the IL-1ß/IL-10 based ASD subgroups, ALR and
MRC revealed significant associations with the IL-1ß/IL-10
ratios, but not PLR (Table 7). Moreover, associations differed
across the IL-1ß/IL-10 based ASD subgroups. Since MRC and
RC revealed almost identical results, in this analysis, the results
of associations between RC and IL-1ß/IL-10 ratios are not shown
in the Table 7.

Multiple cytokines (IL-1ß, IL-10, IL-6, TNF-α, and TGF-
ß) under various culture conditions revealed positive or
negative associations with mitochondrial parameters in the
IL-1ß/IL-10 ratio based ASD subgroups (Table 8). Moreover,
associations differed markedly across the IL-1ß/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 (Table 8). The high ratio ASD
subgroup mainly revealed negative associations between ALR
and spontaneously produced IL-1ß and IL-6. In contrast,
the normal and low ratio ASD subgroups revealed positive
associations between ALR and IL-1ß 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-α 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 GI (diarrhea alternating with constipation) symptoms.

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-1ß/IL-10 ratio based ASD
subgroups. The associations between monocyte cytokine profiles
and ETC efficiency markers differed across the IL-1ß/IL-10
ratio based ASD subgroups (Table 9). 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-1ß levels and IL-1ß/IL-
10 ratios under LPS stimulated cultures. In the low ratio
ASD subgroup, positive associations were observed between
ETC efficiency parameters and IL-1ß levels under zymosan-
stimulated cultures. The most striking positive associations were
observed between IL-1ß/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-1ß/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 ofmitochondrial
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-1ß/IL-10 ratios groups.

ASD subjects subgrouped based on IL-1ß/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) 13.4 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 AAa 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%)c

GI 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%)b

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 11/51 (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; GI, gastrointestinal; NFA, non-IgEmediated food allergy; SAD, specific antibody deficiency; SD, standard deviation.
bSignificantly different in frequencies by Chi-Square test and Likelihood Ratio (p < 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).
dGI symptoms present at the time of sample obtainment: Constipation is the most common complaint.

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

IL-1ß/IL-10 ratioa based ASD cell subgroups Non-ASD controls (N = 38) Krushkal wallis test

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

IL-1ß/IL-10 RATIOS CULTURED WITH P-VALUE

medium 1.54 ± 2.03d 0.79 ± 1.12 0.32 ± 0.30 0.88 ± 0.92 <0.00001

LPSc 2.03 ± 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 ± 2.84 2.72 ± 2.19 3.95 ± 2.77 0.00061

MITOCHONDRIAL RESPIRATIONb P-VALUE

PLR 6.2 ± 5.2 8.3 ± 5.2 7.5 ± 3.8 7.9 ± 5.8 0.06771

ALR 27.2 ± 10.8 31.2 ± 14.0 27.3 ± 15.7 27.7 ± 13.2 0.5153

MRCf 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 35.1 ± 33.6 0.00788

a IL-1ß/IL-10 ratios are those obtained from purified ASD monocytes cultured with medium only, LPS (0.1µg/ml), zymosan (50µg/ml), or C097 (20µM) as detailed in the materials and

methods section. IL-1ß/IL-10 ratios were calculated as IL-1ß 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 CL097.
bMitochondrial respiration parameters were measured in PBMCs.
cAbbreviations 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.
e In 10 ASD subjects, samples were obtained at 2 time points, and in 3 ASD subjects. samples were obtained at 3 time points.
fMRC and RC were higher than non-ASD controls in the high (p < 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
abnormalities in the respiratory chain when examined (29, 30).
Furthermore, converging evidence from several human tissues
(lymphoblastic cell lines, buccal endothelium muscle, fibroblasts,
and postmortem brain) demonstrate that the mitochondria may
have atypical over-activity of the respiratory chain which may
result in a vulnerability to oxidative insults (16). References

of mitochondrial dysfunction in ASD subjects are summarized
in Supplemental Table 2. One important unanswered question
is the reason for these alterations in mitochondrial function,
especially given the fact that no clear genetic cause seems to
explain these changes.

Apart from changes in mitochondrial functions, immune
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-1ß/IL-10 ratios by PBMo.

IL-1ß/IL-10 ratio Non-ASD controls (N = 38) Statistics (krushkal-wallis test)

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

ALR/PLR RATIOa

4.3 ± 11.1c 6.8 ± 12.6 4.7 ± 4.8 4.9 ± 3.1 p = 0.9186

MRC/PLR RATIO

17.3 ± 38.5 23.3 ± 42.0 15.6 ± 20.0 8.8 ± 14.0 p = 0.1583

RC/PLR RATIOb

12.0 ± 27.7 15.6 ± 30.0 9.8 ± 15.3 4.4 ± 8.6 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-1ß/IL-10 ratio ASD

subgroups.
bRC/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).
c The results were expressed as a mean ±SD.

TABLE 7 | Associations between parameters of mitochondrial respiration (PLR, ALR, and MRC) and IL-1ß/IL-10 ratios by PBMo under various culture conditions.

IL-1ß/IL-10 ratio correlation with PLR,

ALR, and MRCa
IL-1ß/IL-10 ratiod based ASD subgroups Non-ASD control cells (N = 38)

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

PLRc No association No association No association No association

ALR

Ratio (medium) −0.4379 (p < 0.001)b −0.0752 0.0594 0.1133

Ratio (LPS) −0.3638 (p < 0.01) 0.3294 (p < 0.02) 0.117 0.1882

MRCe

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 (CL097) −0.0323 −0.1066 −0.5885 (p < 0.005) −0.264

aValues 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
dDefinition of high, normal, and low ratio groups are detailed in the method section.
eCorrelations between RC and IL-1ß/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 inmitochondrial 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 MRCa

IL-1ß/IL-10 ratiod based ASD subgroups Non-ASD control cells (N = 38)

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

PLRc

IL-1ß (medium)a −0.2875 (p < 0.05)b 0.1494 −0.0744 0.1741

IL-1ß (LPS) −0.37 (p < 0.01) −0.0795 −0.2572 0.1242

CCL2 (LPS) 0.324 (p < 0.02) −0.2164 0.2668 0.1087

ALR

IL-1ß (medium) −0.422 (p < 0.001) 0.3825 (p < 0.005) −0.0311 0.0988

IL-1ß (LPS) −0.2535 0.4154 (p < 0.005) 0.1006 0.0551

IL-1ß (zymosan) −0.155 0.1213 0.5139 (p < 0.02) 0.1864

IL-10 (LPS) 0.1696 0.3293 (p < 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 (p < 0.02) 0.207

TNF-α (medium) −0.1248 0.0394 −0.6064 (p < 0.005) −0.0422

TNF-α (LPS −0.0696 0.0228 −0.5601 (p < 0.01) −0.1003

TNF-α (zymosan) −0.1351 −0.2718 (p < 0.05) −0.2154 −0.3078

TNF-α (CL097) 0.1403 0.1842 −0.4354 (p < 0.05) 0.2563

TGF-ß (CL097) 0.0274 −0.077 0.5093 (p < 0.02) −0.2786

MRCe

IL-1ß (medium) −0.2258 0.2971 (p < 0.05) 0.0184 −0.0078

IL-1ß (LPS) −0.0302 0.524 (p < 0.0001) 0.1423 0.0119

IL-1ß (zymosan) −0.1154 0.1638 0.5479 (p < 0.01) 0.1842

IL-10 (LPS) 0.2896 (p < 0.05) 0.4935 (p < 0.0001) 0.2101 0.0219

IL-6 (medium) −0.0622 0.4286 (p < 0.001) 0.1209 −0.1224

IL-6 (LPS) 0.1178 0.4402 (p < 0.005) 0.3073 0.1286

TNF-α (medium) −0.1054 0.0532 −0.5576 (p < 0.01) −0.1702

TNF-α (LPS) 0.0072 0.1358 −0.4588 (p < 0.05) −0.1959

TNF-α (zymosan) −0.1528 −0.3308 (p < 0.02) −0.1706 −0.3861 (p < 0.05)

TNF-α (CL097) −0.1009 0.1082 −0.5800 (p < 0.005) −0.3425

CCL2 (medium) −0.1445 0.1689 0.0164 −0.4162 (p < 0.01)

aValues 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
dDefinition of high, normal, and low ratio groups are detailed in the method section.
eCorrelations 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-1ß/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-1ß/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-
1ß/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/PLRa
IL-1ß/IL-10 ratiod based ASD subgroups Non-ASD controls (N = 38)

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

ALR/PLRc

Ratio (LPS) -0.1907b −0.359 (p < 0.01) 0.4033 –0.0631

Ratio (zymosan) −0.3285 (p < 0.02) −0.0309 0.0932 0.2167

IL-1ß (LPS) −0.0384 0.3122 (p < 0.02) 0.3303 −0.1191

IL-1ß (zymosan) 0.0289 0.0965 0.4783 (p < 0.05) 0.0379

IL-10 (LPS) 0.3468 (p < 0.01) 0.0506 0.2298 0.1267

MRC/PLR

Ratio (LPS) −0.1415 0.473 (p < 0.0005) 0.2569 −0.1251

Ratio (CL097) −0.0679 −0.0954 −0.5089 (p < 0.02) −0.0501

IL-1ß (LPS) 0.0019 0.392 (p < 0.005) 0.2976 −0.1587

IL-1ß (zymosan) 0.0267 0.1176 0.5088 (p < 0.02) 0.0333

IL-10 (LPS) 0.356 (p < 0.01) −0.024 0.2863 0.0123

RC/PLR

Ratio (LPS) –0.1201 0.5029 (p < 0.0005) 0.1836 −0.1067

Ratio (CL097) −0.0677 0.1154 −0.5345 (p < 0.01) −0.0992

IL-1ß (LPS) 0.025 0.4204 (p < 0.005) 0.2677 −0.1417

IL-1ß (zymosan) 0.0355 0.1225 0.4607 (p < 0.05) −0.0355

IL-10 (LPS) 0.3504 (p < 0.01) 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.
cAbbreviations used: please see Table 3.
dDefinition 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-1ß/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-1ß/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-1ß/IL-
10 based ASD subgroups, since our previous results indicated
that IL-1ß/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-1ß/IL-10 ratios (Table 5). We also determined whether
ALR/PLR, MRC/PLR, and RC/PLR ratios, as markers of ETC
efficiency, are altered in the IL-1ß/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-1ß/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-1ß/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-1ß/IL-10 ratios under different
culture conditions, we also observed differences of associations
between these two groups of parameters across the IL-1ß/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-1ß/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-1ß, IL-6, and TNF-α) and counter-regulatory (IL-10, TGF-ß,
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-1ß/IL-10 based ASD subgroups

(Table 8). Namely, only the high ratio ASD subgroup revealed
positive associations between PLR and IL-1ß. The above
described results may indicate a compensatory increase in
protein leak to reduce ROS with increase in production of IL-1ß,
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-1ß, 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-α under multiple culture conditions revealed
negative associations with ALR and MRC. TNF-α is a major
inducer of apoptosis and autophagy, affecting mitochondrial
functions (47). Inappropriate mitochondrial responses to TNF-
α 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-1ß/IL-10 ratios than the
normal ratio ASD subgroup (Table 4), 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-1ß/IL-10 ratio based ASD subgroups
(Table 9). Namely, the IL-1ß/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-1ß levels.
IL-1ß 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-1ß/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.
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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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Pyridoxine (vitamin B6)-responsive epilepsies are severe forms of epilepsy that manifest

as seizures immediately after birth, sometimes in utero, sometimes months, or years after

birth. Seizures may be treated efficiently by life-long supplementation with pyridoxine

or its biologically active form, pyridoxal phosphate, but even so patients may become

intellectually disabled, for which there currently is no effective treatment. The condition

may be caused by mutations in several genes (TNSALP, PIGV, PIGL, PIGO, PNPO,

PROSC, ALDH7A1, MOCS2, or ALDH4A1). Mutations in ALDH7A1, MOCS2, and

ALDH4A1 entail build-up of reactive aldehydes (α-aminoadipic semialdehyde, γ-glutamic

semialdehyde) that may react non-enzymatically with macromolecules of brain cells.

Such reactions may alter the function of macromolecules, and they may produce

“advanced glycation end products” (AGEs). AGEs trigger inflammation in the brain. This

understanding points to aldehyde-quenching, anti-AGE, or anti-inflammatory therapies

as possible strategies to protect cognitive development and prevent intellectual disability

in affected children. Studies on how aldehydes traverse cell membranes and how

they affect brain function could further the development of therapies for patients

with pyridoxine-responsive epilepsies.

Keywords: vitamin B6, pyridoxine-responsive epilepsy, intellectual disability, lysine metabolism, α-aminoadipic

semialdehyde, γ-glutamic semialdehyde, aldehydes, hyperprolinemia type II

INTRODUCTION

Pyridoxine-Responsive Epilepsy: Clinical Manifestations and
Underlying Molecular Causes
Pyridoxine-responsive epilepsy is a severe form of epilepsy that manifests as generalized seizures
immediately after birth, sometimes in utero. In some patients seizures begin some months or
years after birth (1, 2). Life-long treatment with high doses of pyridoxine (vitamin B6) or its
derivative pyridoxal 5′-phosphate (PLP) is efficient with respect to the epileptic seizures; withdrawal
of pyridoxine may precipitate life-threatening status epilepticus, which is only reversed when
pyridoxine is reinstated. Conventional antiepileptic drugs probably have no place in the treatment
of this disorder. Pyridoxine-responsive epilepsy may entail intellectual disability and other
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neurodevelopmental impairments, such as attention
deficit/hyperactivity disorder and autism (3, 4), which are
not prevented by pyridoxine treatment alone, pointing to
separate mechanisms underlying the epilepsy and the cognitive
impairment. Only in some cases is the metabolic disturbance
accompanied by structural changes (white matter changes,
hippocampal sclerosis) that may contribute to the epilepsy or the
intellectual disability.

PYRIDOXINE: THE BIOLOGICALLY ACTIVE
FORM AND ITS ENTRY INTO THE BRAIN

To be biologically active, pyridoxine must be converted to PLP.
This two-step conversion involves phosphorylation of pyridoxine
to pyridoxine 5′-phosphate, which is then oxidized to PLP.
PLP is a co-enzyme in more than 100 biochemical reactions,
many involving amino acid metabolism (5). With respect to
brain function, PLP is essential for the formation of various
neurotransmitters and neuromodulators that are amino acids
or derived from amino acids: monoamines, GABA, glutamate,
glycine, D-serine, and taurine (5, 6). Through its involvement in
amino acid metabolism PLP is necessary for energy production
in all brain cells.

Pyridoxine’s route from food ingredient to active coenzyme
in the brain is somewhat complex. Pyridoxine is taken up in
the gut and converted into PLP in the liver (Figures 1A,B). PLP
is given off to the circulation, but for PLP to enter the brain,
it has to lose its phosphate group and become pyridoxal. This
dephosphorylation (from PLP to pyridoxal) is performed by an
extracellular enzyme: tissue non-specific alkaline phosphatase,
which is attached to cell surfaces by glycosylphosphatidylinositol
(GPI) anchors. Once inside brain cells, pyridoxal is reconverted
to PLP by the enzyme pyridoxal kinase (7). Reduced expression
of pyridoxal kinase in mice leads to low levels of PLP in the
brain and severe seizures (8); a similar condition has not yet been
reported in humans.

GENETIC CAUSES OF
PYRIDOXINE-RESPONSIVE EPILEPSY:
SOME AFFECT METABOLISM OF
PYRIDOXINE, SOME LEAD TO BUILD-UP
OF REACTIVE METABOLITES THAT
INACTIVATE PLP

Pyridoxine-responsive epilepsy is caused by rare, mostly recessive
loss-of-function mutations in various genes. Some mutations
affect the metabolism of pyridoxine, whereas some lead
to accumulation of reactive metabolites that inactivate PLP
(Table 1). The PNPO gene encodes the enzyme pyridoxine 5

′
-

phosphate oxidase, which is rate-limiting for the formation of

Abbreviations: AGE, advanced glycation end product; CSF, cerebrospinal fluid;

GABA, γ-amino butyric acid; GPI anchors, glycosylphosphatidylinositol anchors;

MRI, magnetic resonance imaging; PLP, pyridoxal 5
′
-phosphate; P5C, 1

1-

pyrroline-5-carboxylate; P6C, L-11-piperidine-6-carboxylate; RAGE, receptor for

advanced glycation end products.

FIGURE 1 | Uptake, transport, and metabolism of pyridoxine and its

derivatives. (A) Pyridoxine (PN) (or its closely related form pyridoxamine), is

transported from the gut to the liver, where it is metabolized successively to

pyridoxine phosphate (PNP) and pyridoxal phosphate (PLP). PLP is given off to

the circulation, but cannot cross the blood-brain barrier and enter the brain

unless it is converted to pyridoxal (PL). Once inside brain cells, PL is

re-phosphorylated to PLP. (B) Molecular structures of pyridoxine and its

metabolites. PN is phosphorylated to PNP by pyridoxine kinase (a) in the liver.

PNP is oxidized to PLP by PNP oxidase (b). In brain capillaries, PLP is

dephosphorylated to PL by tissue non-specific alkaline phosphatase (c). In

brain cells, PL is re-phosphorylated to PLP by PL kinase (d). The circle shows

the OH group that gives rise to the aldehyde function in PLP and PL.

PLP in the liver (9) (Figure 1). Mutations affect the enzymes’
ability to bind its cofactor (flavin mononucleotide) and its
interaction with PLP-dependent enzymes (10). The result is
reduced formation of PLP, a low circulating level of PLP, and
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TABLE 1 | Genes whose mutations cause defective PLP metabolism or inactivation of PLP through accumulation of reactive compounds.

Gene Protein Protein function Effect of mutation

Mutations

related to

PLP

metabolism

PNPO Pyridoxine phosphate oxidase PLP synthesis from PNP Lack of PLP in liver and hence in blood

TNSALP Tissue non-specific alkaline phosphatase PL formation from PLP Lack of PL formed at the blood-brain barrier

PIGV, PIGL,

PIGO

GPI-anchors Anchoring tissue non-specific

alkaline phosphatase at

capillaries

Lack of PL formed at the blood-brain barrier

PROSC Proline synthase cotranscribed, aka

“Pyridoxal phosphate homeostasis

protein”

Cellular PLP homeostasis? Increased cellular PLP consumption?

PDXK Pyridoxal kinase PLP synthesis Lack of PLP in cells (only in knock-out mouse model)

Mutations

that cause

PLP

inactivation

ALDH7A1 α-Aminoadipic semialdehyde

dehydrogenase

α-Aminoadipate Accumulation of α-aminoadipic semialdehyde and P6C,

which inactivates PLP

MOCS2 Molybdenum cofactor synthesis 2 Involved in oxidation of sulphite

to sulfate

Accumulation of sulphite, which inactivates

α-aminoadipic semialdehyde dehydrogenase, causing

accumulation of α-aminoadipic semialdehyde and P6C,

which inactivates PLP

ALDH4A1 P5C dehydrogenase Metabolism of proline Accumulation of γ-glutamic semialdehyde and P5C,

which inactivates PLP

All mutations cause epilepsy, which (except in the case of experimental pyridoxal kinase deficiency) respond to pyridoxine therapy. GPI, glycosylphosphatidylinositol; PLP, pyridoxal

phosphate; PL, pyridoxal; PNP, pyridoxine phosphate; P6C, L-11-piperidine-6-carboxylate; P5C, 11-pyrroline-5-carboxylate.

a low availability of PLP (i.e., pyridoxal) to the brain. This
deficiency may be amended with administration of PLP rather
than pyridoxine.

The TNSALP gene encodes tissue non-specific alkaline
phosphatase, which is present at the blood-brain barrier, among
other tissues. This phosphatase dephosphorylates blood-borne
PLP to pyridoxal, which may enter the brain. Loss-of-function
TNSALP mutations lead to ineffective PLP dephosphorylation
to pyridoxal, reduced pyridoxal transfer into the brain, and
accumulation of PLP in blood (11). Pyridoxine treatment
alleviates the ensuing epilepsy (12) probably by raising the serum
level of PLP even further to achieve some increase in pyridoxal
level. This approach may be effective, because the mechanism
for transport of pyridoxal across the blood-brain barrier is not
saturated, so that any increase in serum pyridoxal concentration
will lead to increased uptake into the brain (13). The disorder,
which is termed hypophosphatasia due to the low circulating level
of alkaline phosphatase, may be treated with enzyme replacement
therapy (14), which reduces the need for pyridoxine therapy (12).

Several proteins are involved in the formation of GPI
anchors that tether extracellular tissue non-specific alkaline
phosphatase to the cell membrane. Mutations in some genes
(PIGV, PIGL, PIGO) (15, 16) that encode GPI-related proteins are
known to cause pyridoxine-responsive epilepsy (17). Suboptimal
GPI anchoring of tissue non-specific alkaline phosphatase
at the blood-brain barrier probably explains the pyridoxine-
responsiveness of the epilepsy of these patients (18). The
dysfunctional anchoring of alkaline phosphatase is also the
reason for the high circulating level of alkaline phosphatase in
this disorder known as hyperphosphatasia or Mabry syndrome.

The ALDH7A1 gene encodes the enzyme α-aminoadipic
semialdehyde dehydrogenase (aka antiquitin), which is involved
in lysine metabolism. The mutation, the incidence of which has

recently been estimated at 1.6:100 000 (19), causes build-up
of the lysine metabolite α-aminoadipic semialdehyde, its cyclic
form L-11-piperidine-6-carboxylate (P6C), and their common
precursor L-pipecolic acid. The level of these metabolites
in plasma, urine, and cerebrospinal fluid (CSF) is typically
elevated with ALDH7A1 mutations (20, 21). P6C has been
found to bind and inactivate PLP (22). This inactivation
is thought to underlie the pyridoxine responsiveness of the
seizures in this condition, which is often termed “pyridoxine-
dependent epilepsy.” A similar situation is caused by MOCS2
mutations, which lead to molybdenum cofactor deficiency and
sulphite accumulation. Sulphite has been shown to inhibit α-
aminoadipic semialdehyde dehydrogenase (23), causing build-
up of α-aminoadipic semialdehyde and hence of P6C, which
inactivates PLP (24). In hyperprolinemia type II, mutations in
ALDH4A1 (11-pyrroline-5-carboxylate dehydrogenase) lead to
accumulation of γ-glutamic semialdehyde and its cyclic form
pyrroline-5-carboxylic acid (P5C). P5C reacts with PLP in a
manner similar to P6C (25) to produces PLP deficiency in the
brain (26).

The PROSC gene encodes a cytosolic protein that binds
PLP. The function of the protein remains unknown,
but it has been suggested to act as an intracellular PLP
reservoir, preventing PLP, itself a reactive aldehyde, to react
spontaneously with other cell constituents (27). PROSC
mutations entail low CSF levels of PLP, possibly because PLP
is consumed through spontaneous reactions with other cell
constituents, and the epilepsy that accompanies the condition is
therefore pyridoxine-responsive.

Thus, it seems that a lack of PLP in the brain is the
cause of epilepsy in all the above-mentioned conditions: in
TNSALP mutations and in mutations causing dysfunctional
GPI anchoring of tissue non-specific alkaline phosphatase the
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transfer of PLP in the form of pyridoxal into the brain is
suboptimal; in PNPO mutations, PLP is not produced normally
in the liver; in ALDH7A1, MOCS2, and ALDH4A1 mutations,
PLP is inactivated by accumulating reactive metabolites. In
PROSC mutations PLP may be consumed as it acts as a
reactive metabolite toward other cell constituents (Table 1). In
all cases treatment with pyridoxine or PLP itself alleviates the
seizure tendency (2).

It has been hypothesized that a deficiency of PLP may
cause seizures through suboptimal inhibitory GABAergic
neurotransmission. However, in a study on one patient with
pyridoxine-responsive epilepsy (reported before the genetic
origin had been discovered) the CSF obtained by lumbar
puncture had a level of glutamate that was 200 times higher than
normal, indicative of dysfunctional glutamate metabolism, but
the level of GABA was normal (28). With pyridoxine treatment
the CSF level of glutamate was normalized, and that of GABA
remained normal. Realizing that PLP is essential in more than
100 enzymatic reactions (5), ascribing pyridoxine-responsive
seizures to one enzymatic dysfunction may seem reductionist.
Intriguingly, in four patients with hyperprolinemia type II and
pyridoxine-responsive epilepsy serum PLP was normal (29), and
in two other cases of pyridoxine-responsive epilepsy, the level of
PLP in CSF was normal (28, 30). The latter observation could
suggest that CSF levels of PLP do not reliably reflect intracellular
PLP levels in brain cells (which do not accumulate PLP, but
pyridoxal) (13), or that the biochemistry of the mutations is
more complex than one would expect from the (hitherto) known
functions of the genes.

INTELLECTUAL DISABILITY IN
PYRIDOXINE-RESPONSIVE EPILEPSY:
THE NEED FOR NOVEL THERAPIES

Pyridoxine-responsive epilepsy is often associated with
intellectual disability (2, 4, 10, 27, 29, 31). The intellectual
disability is not prevented by pyridoxine treatment alone,
and patients tend to be intellectually disabled although their
epilepsy is well controlled. These observations point to unique
mechanisms underlying the intellectual disability. Some effects
of the metabolic derangement may be unspecific, such as lesions
to periventricular white matter or to the hippocampus in the
form of hippocampal sclerosis (27, 32), and such structural
damage could play a role in the intellectual disability in addition
to the biochemical alteration. In many cases, however, magnetic
resonance imaging (MRI) of the brain is normal, and the cause
of intellectual disability must be sought elsewhere.

Intellectual disability is diagnosed when a person has an IQ
score below 70, when he/she has impaired adaptive skills, and
when the disability was manifest before the person reached 18
years of age (33). Intellectual disability implies that development
of complex brain functions, or cognitive functions, is slowed or
arrested (34). Intellectual disability encompasses impairment in
abstract thinking, language, numerical understanding, problem
solving, and learning i.e., intellectual skills. It further implies
impairment in executive functioning: the ability to initiate,

prioritize, plan, and carry out actions, and the ability to
regulate one’s own emotions and impulses, and it affects the
understanding of social cues and rules. Another area of disability
is visuospatial understanding, or the comprehension of space
and movement, manifesting as clumsiness in the execution
of practical work and problem solving. Intellectual disability
leaves the affected person with low psychomotor speed and
limited attention span and working memory, which lead to
slow information processing and vulnerability to distraction
and fatigability. The degree of disability ranges from mild,
through moderate and severe, to profound. Regardless of
degree, the all-encompassing nature of intellectual disability
renders the disabled person at an enormous disadvantage in
managing his/her own adult life in an independent manner.
Therefore, identification of ways to ameliorate or compensate
for metabolic dysfunctions that entail intellectual disability is
sorely needed. However, research into molecular mechanisms
that may form the basis for therapy is scant. Below we therefore
point to possibilities that arise from the understanding of the
reactivity of the metabolites that accumulate in some of the
pyridoxine-responsive epilepsies.

POSSIBLE TOXIC MECHANISMS OF
α-AMINOADIPIC SEMIALDEHYDE,
γ-GLUTAMIC SEMIALDEHYDE, P6C, AND
P5C. THERAPEUTIC POSSIBILITIES

Several mutations that cause pyridoxine-responsive epilepsy
lead to accumulation of reactive compounds: α-aminoadipic
semialdehyde and P6C in ALDH7A1 andMOCS2mutations (20,
23), γ-glutamyl semialdehyde and P5C in ALDH4A1 mutations
(25). These compounds must be assumed to accumulate in brain
cells, and they emerge as likely pathogenic factors underlying the
intellectual disability that accompanies pyridoxine-responsive
epilepsy. Their levels would not be expected to decrease with
pyridoxine therapy. An important mechanistic observation has
come from intervention studies on patients with ALDH7A1
mutations. These patients seem to improve cognitively on a
diet that is poor in lysine, but enriched in arginine (32). The
dose of dietary arginine was 150mg arginine/kg bodyweight/day
or higher in children that were from 288 days to 8 years of
age (32). Arginine supplementation probably inhibits transfer
of lysine across the blood-brain barrier, as the two amino
acids travel competitively on the same transporter (35). The
net result would be a reduction of the exposure of the
brain to lysine, pointing to lysine metabolites (α-aminoadipic
semialdehyde and its derivatives) as an important cause of
intellectual disability in in ALDH7A1 mutations. It cannot
be ruled out, however, that such dietary measures may have
biological effects in themselves that are not related to the
effects of ALDH7A1 mutations. Arginine supplementation has
a number of biological effects in humans (36, 37), some of
which may be related to arginine’s role as a precursor for
nitric oxide.

α-Aminoadipic semialdehyde and γ-glutamic semialdehyde
may, because of their aldehyde groups, react non-enzymatically
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with proteins and probably other macromolecules, such as
DNA, RNA and phospholipids, and with glutathione and
other –SH-group-containing molecules (38–40). The reaction
of proteins and other molecules with an aldehyde may change
their function or turnover. Such reactions further lead to
the formation of “advanced glycation end products” (AGEs).
Other endogenous aldehydes, such as glucose in its open chain
form (41), methylglyoxal (42), glyceraldehyde (43–45), and
acetaldehyde (46), are known to participate in the formation
of AGEs, a reactivity that is an important aspect of their
pathogenicity. AGEs may trigger pathological inflammation
reactions through their activation of AGE receptors [RAGEs;
(47)]. This mechanism has been proposed to contribute
to the cognitive derangement in Alzheimer disease and in
the neuronal dysfunction observed in diabetes (44, 48). At
present, a pathogenic role of spontaneous reactions between
aldehydes and other cell constituents is only hypothetical.
Even so, two possible therapeutic strategies emerge in the
subset of pyridoxine-responsive epilepsies that are associated
with aldehyde accumulation: prevention of AGE formation and
inhibition of the downstream inflammatory reactions that AGEs
may precipitate.

Prevention of AGE formation or inactivation of AGEs has
proved possible with both metformin (49), a commonly used
antidiabetic drug, and with trans-resveratrol, a polyphenol found
in berries, and hesperetin, a flavonoid found in citrus fruit
(50). Some studies suggest an anti-AGE effect of pyridoxine
itself (51–53), while others do not confirm this (54–56). It
may be possible to scavenge α-aminoadipic semialdehyde and
γ-glutamic semialdehyde by other means as well, e.g., by
increasing the availability of free SH groups in the form of
glutathione or N-acetyl-cysteine. The reactivity of α-aminoadipic
semialdehyde and γ-glutamic semialdehyde toward free –SH
groups has not been determined, however. Treatments or
diets that reduce the total exposure of the brain to AGE-
forming compounds (e.g., from glucose, fructose, or their
metabolites glyceraldehyde and methylglyoxal) may be beneficial
when the level of α-aminoadipic semialdehyde or γ-glutamic
semialdehyde is high. Such a diet may be one that keeps serum
glucose low (57). The downstream inflammatory response to
AGE formation may possibly be targeted by anti-inflammatory
drugs, scavengers of reactive oxygen species, and RAGE
antagonists (58–60).

The cyclic forms of α-aminoadipic semialdehyde, P6C, and γ-
glutamic semialdehyde, P5C, are reactive toward PLP (22, 25),
probably reflecting a general reactivity that could lead these
compounds to modify other metabolites or cell constituents as
well. However, this has not yet been studied in much detail.

It is not known where in the brain α-aminoadipic
semialdehyde and γ-glutamic semialdehyde may exert their
(supposed) toxic action, for instance, whether it occurs intra-
or extracellularly. One missing factor that is necessary for the
understanding of the toxicity of aldehydes is knowledge of how
aldehydes cross cell membranes in the brain. From toxicological
and metabolic studies (42, 61) it is clear that various aldehydes
do cross cell membranes, but the transfer mechanism remains
unknown and therefore escapes therapeutic manipulation.

A PATHOGENIC LACK OF DOWNSTREAM
PRODUCTS DURING ENZYME
DYSFUNCTION?

Although accumulation of toxic metabolites may be a primary
mechanism of pathology in enzyme deficiencies, it cannot be
ruled out that reduced formation of downstream metabolites
contributes to the overall phenotype. In ALDH7A1 mutation, α-
aminoadipic semialdehyde is not converted into α-aminoadipate
(and hence α-ketoadipate) at a normal rate. α-Aminoadipate may
have important physiological functions as it may act as a ligand
at the NMDA-type glutamate receptor, and it may modulate
kynurenate metabolism (62). Further, α-aminoadipate is noted
for its fairly selectively toxic effects on glial cells (63), which
may be a reflection of a hitherto unexplored physiological effect
of α-aminoadipate at lower concentrations. Therefore, a lack of
α-aminoadipic semialdehyde dehydrogenase function may have
biological consequences caused by downstream effect as well as
by the accumulation of aldehyde substrate. A recently developed
aldh7a1 knock-out zebra fish (64) could be a suitable model for
the testing of therapeutic effects of α-aminoadipate in loss of
α-aminoadipic semialdehyde dehydrogenase function.

CAVEATS IN THE TREATMENT OF
PYRIDOXINE-RESPONSIVE EPILEPSIES
AND ASSOCIATED INTELLECTUAL
DISABILITY

The use of pyridoxine at high doses must take into account
that pyridoxine itself may be neurotoxic in the long run,
causing polyneuropathy (65, 66), for which patients should be
monitored. Further, the use of a diet that is rich in arginine
to reduce transport of lysine across the blood-brain barrier
(31) may lead to higher levels of γ-glutamic semialdehyde (and
P5C), an arginine metabolite, that may lead to AGE formation.
Lastly, the use of scavengers to reduce tissue concentration
of α-aminoadipic semialdehyde in ALDH7A1 mutations or γ-
glutamic semialdehyde in ALDH4A1 mutations must take into
account that the scavenger might react with PLP itself, reducing
the effectiveness of pyridoxine treatment.

The published reference values for PLP in CSF obtained
through lumbar puncture cover a fairly narrow concentration
range: 11–46 nmol/L in adults (67), 32–89 nmol/L (68), or 23–
64 nmol/L (29) in children. In a recent study, we used HPLC and
tandemmass spectrometry to measure PLP and other pyridoxine
metabolites in CSF from the cerebral ventricles of 15 patients
undergoing CSF drainage because of raised intracranial pressure
(69); at the time of sampling the intracranial pressure was
normal, and the CSF was clear and colorless. The range of PLP
values in ventricular CSF was great: 3.65–132 nmol/L (median
11.3 nmol/L); pyridoxal range was 6.4–51 nmol/L (median 20
nmol/L); the range for pyridoxic acid, the metabolic product of
pyridoxal, was 0.32–14.5 (median 1.77 nmol/L). Similar findings
for PLP were reported by Footitt et al. (70). Thus, with a 36-fold
difference between the lowest and the highest PLP value, it may
be that the natural variation in CSF levels of PLP may explain
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differences in pyridoxine requirement among patients, and it
may explain why some patients develop intellectual disability and
others do not.

With respect to dietary treatment of patients suffering
from ALDH7A1 mutations with lysine restriction and arginine
supplementation it should be realized that results on intellectual
disability are preliminary, and that a better understanding of the
variation in clinical response as well as possible side effects of the
treatment is needed.

CONCLUSION

Pyridoxine-responsive epilepsies are often compounded by
neurodevelopmental disorders, most importantly intellectual
disability. The epilepsies may be treated efficiently with
pyridoxine or PLP, but the intellectual disability does not respond
to such treatment. In some forms of pyridoxine-responsive
epilepsy the underlying mutation entails accumulation of
certain aldehydes that may react non-enzymatically with brain
cells constituents, altering their function. Alternatively, the
aldehydes may, after binding to proteins and forming AGEs,
produce inflammation upon activation of AGE receptors.

Dietary measures to reduce the brain’s exposure to lysine
metabolite α-aminoadipic semialdehyde in ALDH7A1mutations
has shown promise with respect to ameliorating intellectual
disability; this was achieved by reducing dietary lysine and by
dietary arginine supplementation upwards of 150mg arginine/kg
bodyweight/day in children that were from 288 days to 8 years
of age (32).

Future therapies aimed at protecting cognitive development
in affected children may exploit the possibility of inactivating
the accumulating aldehydes, inhibiting AGE formation or
AGE receptors, or dampening the inflammatory response that
follows from AGE receptor activation.
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New treatments are urgently needed for serious mental illnesses including bipolar

disorder and schizophrenia. This review proposes that Garcinia mangostana Linn.

(mangosteen) pericarp is a possible adjunctive therapeutic agent for these disorders.

Research to date demonstrates that neurobiological properties of the mangosteen

pericarp are well aligned with the current understanding of the pathophysiology of

bipolar disorder and schizophrenia. Mangosteen pericarp has antioxidant, putative

neuroprotective, anti-inflammatory, and putative mitochondrial enhancing properties,

with animal studies demonstrating favorable pharmacotherapeutic benefits with respect

to these disorders. This review summarizes evidence of its properties and supports the

case for future studies to assess the utility of mangosteen pericarp as an adjunctive

treatment option for mood and psychotic disorders.

Keywords: mangosteen pericarp, bipolar disorder, schizophrenia, psychiatry, oxidative stress, inflammation,

mitochondria

INTRODUCTION

Serious mental illness, generally defined as disorders with psychotic or high severity symptoms
(such as bipolar disorder and schizophrenia), contribute significantly toward disease burden
worldwide (1). Importantly, those living with serious mental illnesses often experience suboptimal
responses to conventional treatments (2, 3), and treatment options are limited (2, 4). The
developmental pipeline for conventional psychiatric medications, historically driven by large
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pharmaceutical companies, is dwindling (5, 6); as such,
the investigation of novel therapeutics is both warranted,
and needed. One promising avenue of research is in the
potential use of nutraceutical agents, as adjunctive therapies,
that target biological pathways known to be dysregulated in
neuropsychiatric disorders (7).

This narrative review explores the neurobiological properties
and therapeutic potential of an extract derived from the
pericarp of Garcinia mangostana Linn. (mangosteen) for serious
mental illness. Due to its bioactive components and the
parallels with the current understanding of the pathophysiology
of both schizophrenia and bipolar disorder, the mangosteen
pericarp may be or may contain a useful adjunctive therapeutic
agent for these disorders. The salient neurobiological targets
that overlap in serious mental illness include; oxidative
stress, neuroinflammation, neurogenesis and apoptosis, and
mitochondrial dysfunction. The potential therapeutic value of
mangosteen pericarp will be explored within the context of
these factors.

BIPOLAR DISORDER AND
SCHIZOPHRENIA: SHARED PHYSIOLOGY

Major neuropsychiatric disorders appear to share much of
their basic neurobiology, suggesting that nutraceutical and
other agents may have broad utility. Schizophrenia and bipolar
disorder exhibit shared genetic and neurocognitive factors and
clinical symptoms (8, 9). Similarly, schizophrenia and bipolar
disorder have overlapping biological aberrations demonstrated
by the use of some drugs to treat both conditions (e.g., atypical
antipsychotics) (10).

Monoamine Disturbances
Monoamines play a critical role in the pathophysiology of bipolar
disorder and schizophrenia (11, 12). Glutamatergic dysregulation
has also been implicated in the pathophysiology of bipolar
disorder (13–15) and schizophrenia (16). Excess mesolimbic
dopaminergic activity is implicated in the pathophysiology
of psychosis (17). Serotonergic dysregulation has also been
implicated in bipolar disorder and schizophrenia including
alterations in 5-HT2A, 5-HT1A, and 5-HT1B receptors in
the prefrontal cortex and hippocampus (18). Some common
psychotropic medications target these pathways but are not
effective for everyone. Therefore, new therapies should aim to
address critical biological targets which are not addressed by this

Abbreviations: 3-NP, 3-nitropropionic acid; Bcl-2, B-cell lymphoma 2; COX-2,

Cyclooxygenase-2; CRP, C-reactive protein; DPPH, 11-diphenyl-2-picrylhydrazyl;
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Signal-regulated Kinase; GPx, Glutathione peroxidase; GSH, Glutathione

peroxidase; H2O2, Hydrogen peroxide; IBA-1, Ionized calcium binding adaptor

molecule 1; IL, Interleukin; iNOS, Inducible nitric oxide synthase; JNK, c-Jun
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common monoamine theory (19), but instead mediate changes
through the biological processes outlined from here in.

Oxidative Stress
Altered oxidative biology in serious mental illness is indicated
by a reduction in antioxidant levels, including glutathione
and glutathione transferase (20, 21) and increased reactive
oxygen species (ROS) and reactive nitrogen species (RNS) (20).
There may also be a rise in oxidative stress markers such
as malondialdehyde (MDA) and thiobarbituric acidic reactive
substances (TBARS). Redox markers (20), including nitric oxide,
superoxide dismutase, catalase, and glutathione peroxidase are
altered in serious mental illness (20, 22, 23). It has been suggested
that the variability in redox markers may to some extent be due
to differences between early and late stages of the disorder (19).

The high levels of oxidative stress may, in part, originate in
mitochondria and are associated with mitochondrial dysfunction
(19). Aberrations in neurotransmitters such as glutamate are also
associated with altered redox state and this ties into changes
in monoamines seen in serious mental illness (13). Targeting
redox imbalance has been shown to be a useful therapeutic
pathway, exemplified by agents such as N-acetyl cysteine that
have conferred some benefits in schizophrenia and bipolar
disorder (20, 24–27).

Inflammation and Neurogenesis
In both schizophrenia and bipolar disorder, there is evidence
of raised inflammatory cytokines both in the central nervous
system and peripheral circulation (21, 28–32). The effects of
neuroinflammation include lowering mitochondrial energy
generation, increased free radicals and lipid peroxidation and
increased neuroexcitation which may lead to neurodegeneration
and apoptosis through raising intracellular calcium and
glutamate levels (21, 33, 34). Inflammation can also lead to
higher levels of NO being produced by inducible nitric oxide
synthase (iNOS) (35). A recent meta-analysis found that acute
illness in schizophrenia was associated with elevated levels
of the peripheral proinflammatory cytokines interleukin (IL)
6 and tumor necrosis factor alpha (TNF-α), and elevated
levels of cytokine receptor antagonist (IL-1Ra) and soluble
cytokine receptor (36). In chronically ill patients, peripheral
IL-6, IL-1β, and soluble cytokine receptor levels were persistently
elevated (36).

Serious mental illnesses are also associated with higher rates
of programmed cell death or apoptosis than healthy controls
(37, 38), with irregularities in apoptotic and metabolic markers
observed in schizophrenia (39). For example, evidence indicates
activated apoptotic programmed cell death pathways in the
anterior cingulate cortex and hippocampus of patients with
schizophrenia (40). Alterations in neurotrophins, which protect
against neuronal apoptosis, have been reported in bipolar
disorder. For example, brain derived neurotrophic factor, B-
cell lymphoma 2 (bcl-2), and vascular endothelial growth factor
(VEGF) are decreased during acute phases of bipolar disorder
(both mania and depression) (21).

Mitogen-activated protein kinases (MAPK) regulate cell
survival and apoptosis via gene expression, cell proliferation,

Frontiers in Psychiatry | www.frontiersin.org 2 March 2019 | Volume 10 | Article 11587

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


Ashton et al. Therapeutic Potential of Mangosteen Pericarp

cell survival, and death, and thus, are important for neuronal
plasticity (37). Other MAPKs, including p38 and c-Jun N-
terminal (JNK), are also possible mediators of mitochondrial-
induced apoptosis (41). Neuroleptic medications used in bipolar
disorder and schizophrenia (e.g., olanzapine and haloperidol) can
activate the MAPK pathway (42).

Heightened neuroinflammation, and indeed microglial
activation are associated with inhibition of neurogenesis
(43, 44). Some evidence suggests that altered neurogenesis,
particularly in the hippocampus, occurs in schizophrenia.
For example, a significant reduction in Ki67+ cells (a
marker for cell proliferation) was observed in post-mortem
hippocampal tissue of patients with schizophrenia (45, 46).
Altered postnatal neurogenesis in the striatum was also
proposed as an explanation for the dopaminergic deficits
commonly reported in schizophrenia (43), in addition to gross
hypodopaminergia in the frontal cortex, and hyperdopaminergia
in the striatum (16).

Adjunctive treatments targeting inflammation (and
consequently neuroprotection), for example celecoxib (COX-2
inhibitor) and minocycline (tetracyclic antibiotic), have shown
some efficacy in treating schizophrenia and bipolar disorder
[see Müller (47); Sommer et al. (48) for discussion]. Other
adjuncts with anti-inflammatory effects, including aspirin,
N-acetylcycteine, and estrogen modulating treatments were also
shown to have potential efficacy (48–51).

Mitochondrial Dysfunction
Mitochondria are essential contributors to cellular energy
metabolism, synaptic transmission and neuronal growth and
are involved in oxidative stress and apoptotic pathways.
Overproduction of ROS can cause mitochondrial dysfunction
by damaging mitochondrial DNA and mitochondrial respiratory
chain (leading to a reduction in energy production). Lipid
peroxidation can also occur due to ROS and increase the
mitochondrial membrane permeability leading to a disruption
in Ca2+ homeostasis (52). Elevation in intracellular Ca2+

levels can cause neuronal degeneration and cell death and can
lead to the production of superoxide ion radicals, forming
a vicious cycle (52, 53). Differences in the size, shape, and
distribution of mitochondria has been reported in post-mortem
prefrontal cortex of participants with bipolar disorder compared
to healthy controls (54). There is a shift toward glycolysis
within the mitochondria which is associated with an impairment
of oxidative phosphorylation with lactate accumulation and
decreased energy production (55).

Accumulating evidence suggests that differences in
mitochondrial abundance, function, and morphology are
associated with the onset and pathophysiology of schizophrenia
(56, 57). Post-mortem studies of schizophrenia patients
have reported region-specific differences in mitochondrial
abundance, localization, size, and function across a number of
cell types and brain regions [see Roberts (58) for review].
There is also some evidence to suggest a link between
schizophrenia symptoms and mitochondrial pathology in
the periphery, for example altered microstructure as well as
a decreased density of mitochondria in blood lymphocytes,

corresponding to dysregulated energy metabolism (59, 60).
Medications targeting mitochondria, such as L-acetyl-
carnitine (61) and methylene blue (62, 63), have demonstrated
therapeutic utility as antidepressants, antipsychotics, and
mood stabilizers.

In bringing together the aforementioned relevant information
regarding the known pathophysiology of serious mental illness
and the known bioactivity of mangosteen pericarp, this review
sets the scene for exploring the potential use of mangosteen
pericarp for the treatment of serious mental illness. The wide
variety of pathophysiological targets discussed, likely combined,
may highlight one of the most important and still unsolved
problems in the development of psychotropic medications. New
developments targeting these pathways in combination, may
help to improve treatment response and fill the gap left by
conventional treatments.

GARCINIA MANGOSTANA LINN.
(MANGOSTEEN) PERICARP

Garcinia mangostana Linn, more commonly known as
mangosteen, is a tropical fruit affectionately referred to as
the “Queen of the Fruits” (64, 65). The flesh of the fruit is
contained within a husk (pericarp). Mangosteen pericarp has
historically been used for its antimicrobial effects in South East
Asia to treat skin infections, wounds and dysentery (64). The
mangosteen pericarp contains at least 50 different bioactive
compounds including polyphenol-subclasses, xanthones and
catechins (64). Several of these compounds are reported in
this review, including α-mangostin, γ-mangostin, gartanin,
8-deoxygartanin, garciniafuran, garcinone C, and garcinone
D (66), 7-O-demethyl mangostanin (67), mangostenone F
(68, 69), and mangostenone G (69). Compared to the edible
aril part of the fruit, the pericarp contains 10 times more
phenolic compounds and 20 times more antioxidant activity
(70). It is noteworthy that xanthones are tricyclic compounds
and their biological activities might be associated with this
chemical structure (64). The most prominent xanthones in
the mangosteen pericarp are α-mangostin and γ-mangostin
(64). There have been many reports of the potential benefits of
xanthones of the mangosteen pericarp, including properties that
are antioxidant, anti-inflammatory and anti-apoptotic (64, 71).
The properties of mangosteen pericarp have been summarized
in Table 1.

To further illustrate the biomarkers andmechanistic pathways
mangosteen pericarp may have an effect on, Figure 1 provides
a summary of the molecular pathways implicated in oxidative
stress, inflammation and mitochondrial function and which may
be targeted by mangosteen pericarp.

The Neuroreceptor Profile of Mangosteen
Pericarp Extract
Studies have demonstrated that α- and γ-mangostin have anti-
histaminergic properties and can selectively block serotonin type
2A (5-HT2A) receptors in rabbit aorta, a pathway that is a
feature of some atypical antipsychotics (96, 97). Furthermore,
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TABLE 1 | Summary of neurobiological activity of Garcinia mangostana Linn. (mangosteen).

Paper Mangosteen compound Pathway/marker Method Interpretation

Marquez-Valadez et al.

(72)

α-mangostin ↓TBARs

↓ mitochondrial dysfunction

Rats received pro-oxidant

agents: ferrous sulfate,

quinolinic acid and 3-NP

(n = 60)

Antioxidant properties,

reduced mitochondrial

dysfunction

Marquez-Valadez et al.

(73)

α-mangostin CH2Cl2–MeOH

(dichloromethane) solution extraction

↓GSH

↓GPx

∼ Glutathione S-transferase

In vitro Rats administered

ferrous sulfate, or 3-NP, in

addition to α-mangostin and

compared to control of

only α-mangostin

Selective modulation of

GSH system,

antioxidant properties

Moongkarndi et al. (65) α-mangostin Comparing ethyl acetate

vs. water extract

↓DPPH (↑ROS scavenging; water

extract only)

↓ cancer cell production

In vitro Breast cancer

(SKBR3) cells

Antioxidant properties

Lee et al. (74) α-mangostin ↓Bcl-2

↑Bax

↓MAPk and ERK pathways,

↑apoptosis

In vitro—tongue carcinoma

cells

Yang et al. (67) 7-O-Demethyl mangostanin ↑apoptosis In vitro Cancer cells

Shin-Yu et al. (75) α-mangostin ↓TBARs

↑ GSH, GPx, glutathione reductase,

SOD, and catalase

In vitro. High fat diet with

mangosteen vs. High fat

diet without mangosteen

and compared to regular

diet control.

Antioxidant properties

Oberholzer et al. (76) Mangosteen pericarp extract ↓ hippocampal lipid peroxidation In vivo: Flinders sensitive line

rats, compared with

imipramine (tricyclic

antidepressant)

Antioxidant properties

Harvey et al. (77);

Lotter et al. (78)

Raw mangosteen pericarp (50 mg/kg) ↓IL-6 and TNF-α

↓ cortico-striatal lipid peroxidation

In vivo inflammatory rat

model of schizophrenia cf.

haloperidol

Antioxidant and

Anti-inflammatory

properties

Wang et al. (66) α-Mangostin, 8-Deoxygartanin,

Gartanin, Garciniafuran, Garcinone C,

Garcinone D, and γ-Mangostin

↓β-amyloid build up

↓ DPPH ↑ROS scavenging (↓

oxidative stress)

↑neuroprotective properties

In vitro Antioxidant and

Neuroprotective

properties

Catorce et al. (79) α-Mangostin ↓IL-6 and COX-2

∼IL-β and TNF-α,

In vivo 18 mice with LPS

induced neuroinflammation.

Anti-inflammatory

properties

Gutierrez-Orozco et al.

(80)

α-mangostin ↓IL-8 and TNF-α

↑ TNF-α in monocyte-derived

macrophages cells

In vitro. LPS-induced

inflammation in human cells.

Anti-inflammatory

properties

Tewtrakul et al. (81) Mangosteen pericarp

(ethanoic extract) α-mangostin

γ-mangostin

↓NO, PGE2, TNF-α, IL-4

↓iNOS (α- and γ-mangostin)

↓ COX-2 (α-mangostin only)

In vitro. LPS-induced

inflammation in murine

RAW264.7 macrophage

cells.

Anti-inflammatory

properties

Chen et al. (82) α- and γ-mangostin (ethyl acetate

extract)

↓NO, PGE2
↓ iNOS

∼ COX-2

In vitro. LPS-induced

inflammation in murine

RAW264.7 macrophage

cells.

Anti-inflammatory

properties

Cho et al. (68) Mangostenone F ↓ NO, TNF-α, IL6 and IL-1β,

↓ iNOS

↓ NF-κB (via p65 and IκB-α)

↓ MAPK (vis AP-1)

In vitro. LPS-induced

inflammation in murine

RAW264.7 macrophage

cells.

Anti-inflammatory

properties

Bumrungpert et al. (83) α- and γ-mangostin ↓IL-6, IL1β, interferon-γ and TNF-α

↓ MAPK, NF-κB

In vitro Anti-inflammatory

properties

Hu et al. (84) α-mangostin (1, 10, and 100 nM). ↓ IBA-1 and iNOS production

↓ H2O2 (reduced ROS)

↑ Dopamine uptake

In vitro—wild-type

Sprague-Dawley rat cells

treated with α-synuclein

induced inflammation.

Anti-inflammatory

properties

Weecharangsan et al.

(85)

Mangosteen pericarp extracted by:

Water vs. 50% ethanol vs. 95%

ethanol vs. ethyl acetate

↓ DPPH free radical scavenging.

↓NG108-15

(water and 50% ethanol superior)

↓ H2O2 Cell death

In vitro NG108-15 cells

treated with H2O2

Neuroprotective and

antioxidant properties

(Continued)
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TABLE 1 | Continued

Paper Mangosteen compound Pathway/marker Method Interpretation

Janhom et al. (86) α-mangostin ↓ apoptosis and ROS

↓Bax, Bax/Bcl-2, p53, and caspase 3

↑ Bcl-2

In vitro human SH-SY5Y

neuroblastoma cells in an

MPP+ Parkinson’s Disease

like state

Neuroprotective and

anti-apoptotic

properties

Phyu and Tangpong

(87)

Xanthones from aqueous extract of

mangosteen pericarp

↓acetylcholinesterase

↓MDA

N = 42 lead-poisoned mice Antioxidant and

neuroprotective

properties

Sattayasai et al. (88) Mangosteen pericarp extract ↓ROS In vivo and In vitro memory

impaired mice

Antioxidant and

neuroprotective

properties

Wihastuti et al. (89) Mangosteen pericarp extracted by

ethanol solution

↓ VEGFR-1, NF-κB In vivo 20 male

rats-−5 groups:

Normal diet

High cholesterol diet

High cholesterol and

mangosteen pericarp 200

mg/kg

High cholesterol and

mangosteen pericarp 400

mg/kg

High cholesterol and

mangosteen pericarp

800 mg/kg

Neurogenesis,

anti-oxidative and

anti-inflammatory

properties

Huang et al. (90) Mangosteen pericarp extract ∼ JNK, ERK

↓ROS, COX-2 and IL-6

↑GSH, brain derived neurotropic

factor, and serotonin

In vivo and In vitro: 3xTg-AD

mouse model of Alzheimer’s

Disease. Hippocampal cells

and serum.

Antioxidant and

neuroprotective

properties

Jariyapongskul et al.

(91)

α-mangostin ↓ VEGF, TNF-α, MDA, and fasting

glucose

In vivo: 56 type 2 diabetic

rats, retinal blood.

Neurogenesis,

anti-inflammatory,

antioxidant, and

anti-hyperglycemic

properties

Aisha et al. (92) combination of α- and γ-mangostin

(81 and 16%, respectively)

↑caspases-3/7

↑MAPK, ERK and p52

In vitro: human colon cancer

cells

Activate mitochondrial

pathway of apoptosis

Tang et al. (93) Commercially available Mangosteen

juice (Mangosteen PlusTM with

Essential Minerals® ), main xanthone:

β-mangostin

↓IL-1α ↓CRP

∼ IL-β and IL-2

Randomized, double-blind,

placebo-controlled trial

(n = 60)

Anti-inflammatory

properties

Xie et al. (94) Mangosteen-based drink (Verve® ) ↓Peroxyl radical scavenging capacity

(antioxidant activity)

↓CRP

∼ IL- 1α, IL- 1β, and IL- 2

Randomized, double-blind,

placebo-controlled trial

(n = 60)

Antioxidant and

anti-inflammatory

properties

Udani et al. (95) Mangosteen juice from whole fruit,

combined with other fruit juices

(XanGo JuiceTM )

↓CRP (18 oz/day group only),

IL-12p70

↓ Body mass index (for 6oz group

only)

∼ENA-78 and lipid peroxidation

Randomized, double blind

placebo-controlled pilot of

obese participants (n = 40)

Anti-inflammatory

properties

3-NP, 3-nitropropionic acid; Bcl-2, B-cell lymphoma 2; COX-2, cyclooxygenase-2; CRP, C-reactive protein; DPPH, 1,1-diphenyl-2-picrylhydrazyl; ENA, epithelial Cell-Derived Neutrophil-

Activating Protein; ERK, extracellular Signal-regulated Kinase; GPx, glutathione peroxidase; GSH, glutathione peroxidase; H2O2, hydrogen peroxide; IBA-1, ionized calcium binding

adaptor molecule 1; IL, interleukin; iNOS, inducible nitric oxide synthase; JNK, c-Jun N-terminal; LPS, lipopolysaccharide; MAPK, Mitogen-activated protein kinases; MDA,

malondialdehyde; NF-kB, nuclear factor kappa B; NO, nitric oxide; PGE2, prostaglandin E2; ROS, reactive oxygen species; SOD, superoxide dismutase; TBARS, thiobarbituric acidic

reactive substances; TNF-α, tumor necrosis factor; VEGF, vascular endothelial growth factor.

α- and γ-mangostin have demonstrated some inhibitory effects
on cyclic adenosine monophosphate (cAMP) phosphodiesterase

(98, 99), a property shared with another putatively psychoactive
plant, sceletium tortuosum (100). Indeed, cyclic adenosine

monophosphate cAMP phosphodiesterase inhibitors, such as

rolipram, have antidepressant and anti-inflammatory activity
(101). Targeting these pathways is implicated in antidepressant

and antipsychotic treatments (97).

Antioxidant Properties of Mangosteen
Pericarp
Marquez-Valadez et al. (72) explored α-mangostin as a
treatment to reduce oxidative damage in homogenized rat brain
tissue (cerebellum removed) and synaptosomal P2 fractions,
in a model of neurotoxicity. Following administration of
various neurotoxins, viz. ferrous sulfate, quinolinic acid, and
3-nitropropionic acid (3-NP), administration of α-mangostin
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FIGURE 1 | Proposed neurobiology of bipolar disorder and schizophrenia and associated mechanisms of mangosteen pericarp (purple italics). These major

psychiatric disorders have been shown to have aberrations in oxidative biology, mitochondrial function and neurogenesis/apoptosis. The purple italicized text indicates

the points at which mangosteen pericarp has mechanistic actions that may benefit these disorders. Complexes I, II, II, and IV; CoQ, Coenzyme Q; C, cytochrome C;

Fe2+, ferrous ion; GPx, glutathione peroxidase; GSH, reduced glutathione; GSSG, oxidized glutathione; H2O, water; H2O2, hydrogen peroxide; NADH, nicotinamide

adenine dinucleotide (phosphate); NO, nitric oxide; Nox, NADH, Reduced Nicotinamide adenine; O2, Superoxide anion; OH, Hydroxyl radical; ONOO, peroxynitrite;

SOD, Superoxide dismutase.

(25–500 uM) resulted in a reduction in toxin-induced oxidative
stress as measured by TBARs formation, with all doses
being effective. α-Mangostin also reduced quinolinic acid and
3-nitropropionic acid induced mitochondrial dysfunction as
assessed by 3-(2,5-dimethylthiazol-1-yl)2,5-diphenyltetrazolium
(MTT) reduction. It was concluded that α-mangostin was
effective as a broad-spectrum antioxidant.

Marquez-Valadez et al. (73) then examined α-mangostin
modulation of the GSH system and antioxidant properties in
rat brain tissue prepared as above (72). Rats (n = 4–5 per
group) received varying doses of α-mangostin (10, 25, and
50µM) either alone or with ferrous sulfate or with 3-NP.
Synaptosomal fractions were analyzed for glutathione (GSH),
glutathione peroxidase GPx, and glutathione S-transferase (GST)
levels. All doses of α-mangostin reduced GSH levels compared to
controls when tested alone (no ferrous sulfate or 3-NP). In the
ferrous sulfate studies, α-mangostin at doses of 25 and 50µM
returned GSH levels to control levels and were significantly
higher than that of the ferrous sulfate group. Similar results were
found with respect to GSH levels following 3-NP challenge for
all doses of α-mangostin. GPx activity was increased only in the
α-mangostin 25 and 50µM doses compared to controls, but this
effect was lost when administered alongside ferrous sulfate. There
were no differences in glutathione S-transferase activity across

any of the groups. Due to the varying effects of α-mangostin
on redox activity, the authors concluded that α-mangostin was
selectively modulating the GSH system to preferentially raise
protective GSH levels, thereby highlighting a putativemechanism
for α-mangostin’s antioxidant properties.

Moongkarndi et al. (65) compared 25µg/ml doses of purified
α-mangostin with mangosteen pericarp extracts using two
different solvents—ethyl acetate and water to explore the
bioactive components in SKBR3 cells, a breast cancer cell line.
The ethyl acetate-soluble extract, noted to contain low polar
constituents, appeared to inhibit cancer cell proliferation. The
purified α-mangostin and the water extract of mangosteen
pericarp that contains high polar constituents both demonstrated
antioxidant activity. In particular, the water-soluble extract
demonstrated the most pronounced free-radical scavenging
activity against 1,1-diphenyl-2-picrylhydrazyl (DPPH). It was
concluded that purified α-mangostin showed superior activity
in reducing cytotoxicity, apoptosis, and antioxidative activity
in cancer cells, compared to the water extract. Previous cancer
studies have shown mangosteen pericarp to be pro-apoptotic in
certain laboratory conditions [e.g., Lee et al. (74) and Yang et al.
(67)]. Differences in tissue type (e.g., cancer cells), dosing and
other parameters complicate the interpretation of these studies
within the context of neurobiology. Similarly, biological agents

Frontiers in Psychiatry | www.frontiersin.org 6 March 2019 | Volume 10 | Article 11591

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


Ashton et al. Therapeutic Potential of Mangosteen Pericarp

often have both beneficial and detrimental effects, dependent
on these factors. For example, in an environment of oxidative
stress, N-acetylcycteine has beneficial effects but can be toxic
(due to oversupply of cysteine) under conditions of normal redox
homeostasis (102).

Shin-Yu et al. (75) fed mangosteen pericarp extract (85% α-
mangostin; 25 mg/day) to rats in addition to a high-fat diet and
compared changes in oxidative stress and mitochondrial activity
among rats fed a high fat diet and a group on AIN-93M control
diet. Results showed significantly reduced liver TBARS levels in
mangosteen fed rats compared with the high-fat diet group (and
were similar levels to controls). The authors posited that the
reduction in oxidative stress and increased cellular protection
(measured by TBARS) could be due to mangosteen pericarp-
induced increases in cellular oxidative defense mechanisms. All
antioxidant enzymes explored were significantly higher in the
mangosteen pericarp extract group than that described in the
high-fat diet group (i.e., GSH, GPx, glutathione reductase, SOD,
and catalase; CAT). This study also suggested the potential utility
of mangosteen pericarp in a population that has high co-morbid
obesity and metabolic disorders (30).

Anti-inflammatory Properties of
Mangosteen Pericarp
Catorce et al. (79) explored the anti-inflammatory properties
of α-mangostin in a murine model. They administered
lipopolysaccharide (LPS) to mice (n = 18) to induce
neuroinflammation. Results showed that oral gavage
administration of α-mangostin significantly inhibited the
LPS-induced increase in IL-6 in the brain. The levels of other
inflammatory cytokines studied (IL-1β and TNF-α) were not
affected by α-mangostin administration. This study further
demonstrated α-mangostin-associated reduction in the levels of
the inflammation-associated enzyme COX-2, in the brain.

The anti-inflammatory effects of α-mangostin have also
been observed in human cells challenged with LPS (80), where
α-mangostin was found to significantly reduce the release of
pro-inflammatory cytokines IL-8 and TNF-α. Interestingly,
these results were only true for THP-1 (monocyte-like
leukemia), HepG2 (hepatocellular carcinoma), and Caco-2
HTB-37 (colorectal adenocarcinoma with enterocyte-like
phenotype) cells, but not for other cell-lines such as monocyte-
derived macrophages. These results suggest the effects of
α-mangostin may differ depending on cell type. In contrast, α-
mangostin stimulated the release of TNF-α in monocyte-derived
macrophages cells.

In a study by Tewtrakul et al. (81), an ethanolic extraction
of mangosteen pericarp and α- and γ-mangostin isolations were
administered to murine RAW264.7 macrophage cells to explore
the pathway of anti-inflammatory action of the compounds.
LPS was first used to produce an increase in inflammatory
molecules NO, prostaglandin E2 (PGE2), TNF-α, and IL-4, with
mangosteen pericarp and its isolates administered in different
concentrations (0, 0.3, 1, 3, 10, 30, and 100µM). Release of
NO was significantly inhibited by α-mangostin (3, 10, 30, and
100µM), and by γ-mangostin and mangosteen pericarp (10, 30,

and 100µM). Release of PGE2 was significantly inhibited by
all compounds at all doses. Pro-inflammatory cytokine TNF-α
release was inhibited by mangosteen pericarp (10 and 30µM)
and by α- and γ-mangostin (30 and 100µM). All extracts
significantly inhibited release of IL-4 (10, 30, and 100µM).
However, the inhibition of TNF-α and IL-4 were only of
moderate effect. Lastly, inducible iNOS and COX-2 expression
were inhibited by α-mangostin, with γ-mangostin only inhibiting
iNOS. Similar studies found an ethyl acetate extract of α- and
γ-mangostin inhibited LPS induced NO and PGE2 production
and iNOS (but not COX-2) expression in murine RAW264.7
cells (82). Therefore, the authors concluded that mangosteen
pericarp and, in particular, α- and γ-mangostin have potential
anti-inflammatory activity.

Cho et al. (68) also investigated the effects of the xanthone,
mangostenone F, an isolated compound of the mangosteen
pericarp, on LPS-induced inflammation in murine RAW264.7
macrophage cells. The RAW264.7 cells were pre-treated with
mangostenone F (0, 10, 20, 30, 40, 60, 80, and 100µM) for
24 h. Mangostenone F significantly inhibited the production of
NO in a dose dependent manner by decreasing the expression
of iNOS. To explore the effects of mangostenone F on the
pro-inflammatory cytokines TNF-α, IL6, and IL-1β, the cells
were pre-treated at doses of 20, 40, and 60µM. There was a
dose dependent reduction in all pro-inflammatory cytokines by
mangostenone F. There was also a dose dependent reduction in
NF-κB DNA binding activity, via p65 and IκB-α. Lastly, AP-1
reporter activity was inhibited by the mangostenone F, suggesting
suppression of the MAPK signaling pathway. Therefore, it
was suggested that the anti-inflammatory response was via
suppression of MAPK and NF-κB activation. In agreement
with afore-noted findings, an in vitro study in human cells
examined whether α- and γ-mangostin could reduce obesity-
associated inflammation (83). The study found that the reduction
in inflammation was possibly due to the mangosteen pericarp
extract preventing MAPK and NF-κB activation which in turn
reduced levels of IL-6, IL-1β, interferon-γ and TNF-α (83).

A study investigating a cell culture model of Parkinson’s
disease included investigations of NO and iNOS response
to α-mangostin (84). There was a significant dose-dependent
reduction of iNOS by α-mangostin, showing the effects of
α-mangostin to reduce immunologically-induced NO release.
The authors also explored the NF-κB signaling pathway
via IκB-α and p65 in the cytosol and found α-mangostin
had a concentration dependent beneficial effect on these
pathways. Therefore, this may be a pathway for α-mangostin
reduction of pro-inflammatory cytokines and NO production.
In addition, they noted that ROS was significantly reduced
by α-mangostin in a dose dependent manner in microglial
cells, demonstrated by reduction of H2O2. The authors posited
that this may be due to α-mangostin targeting NADPH-
oxidase (NOX). Reduced dopamine uptake induced by α-
synuclein was also increased by α-mangostin, with α-mangostin
significantly protecting dopamine neurons from apoptosis in
a dose-dependent manner. It was concluded that α-mangostin
has demonstrated capacity as a neuroprotective agent in
neurodegenerative disorders via microglial activation pathways
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of neuroinflammation and serves as an anti-inflammatory and
antioxidant agent.

Production of NO through iNOS and inflammatory process
have been implicated in both psychosis and depression (23,
103). It is relevant to note that diverse antidepressants
(104) and antipsychotics (105) target the NO system, while
selectively targeting the NO system has been implicated in
the antidepressant and antipsychotic actions of methylene
blue (62, 63).

Neuroprotective and Anti-apoptotic
Properties of Mangosteen Pericarp
Effective neuroprotective compounds will impede or stop the
progression of an illness (44). Neuroprotective compounds can
modulate antioxidant systems (85) and inflammatory systems
(44). Weecharangsan et al. (85) investigated the neuroprotective
properties of four mangosteen pericarp extractions: distilled
water, 50% ethanol, 95% ethanol or ethyl acetate. Each treatment
group was assessed for antioxidant activity through DPPH free
radical scavenging and for neuroprotective activity in NG108-
15 cells treated with hydrogen peroxide (H2O2). Both the water
and 50% ethanol extracts dose-dependently exhibited superior
free radical-scavenging activities and inhibited H2O2-induced
cell death, compared to the other extracts.

Xanthones extracted from mangosteen pericarp (aqueous
extraction) were explored for neuroprotective properties in
lead-poisoned mice (87). Lead results in cognitive impairments
by inhibiting antioxidant function and increasing free radical
production. This is achieved by lead competitively inhibiting
calcium binding sites on acetylcholinesterase, leading to oxidative
damage. Xanthone treatment (administered orally, in drinking
water) had a significant dose-dependent effect on increasing
acetylcholinesterase activity in the blood and brain of lead-treated
mice. Oxidative stress in the mangosteen pericarp treatment
groups was significantly reduced as shown by MDA reduction.
Thus, the authors concluded that the xanthone component
of mangosteen pericarp has neuroprotective properties while
reducing cognitive impairment by inhibiting oxidative stress.
In addition to these results, depressive-like behavior in lead-
intoxicated mice as demonstrated using the forced swim test was
significantly reversed by the xanthone extract group compared to
control groups (87).

In an in vivo study by Wihastuti et al. (89), the effect of
mangosteen pericarp on neurogenesis was explored. Varying
doses (200, 400, and 800 mg/kg) of mangosteen pericarp
extracted by an ethanol solution were trialed via gavage in
rats fed a high-cholesterol diet (and compared to a normal
diet, negative control group and high-cholesterol diet, positive
control group). The VEGF receptor 1 and NF-κB were
measured. VEGF receptor 1 is expressed in inflammatory
cells including macrophages and monocytes. The protein
NF-κB responds to free radicals and is involved in the
production of cytokines and influences synaptic plasticity and
memory. Mangosteen pericarp extract significantly inhibited
the formation of VEGF receptor 1, and reduced NF-κB,
iNOS, H2O2, and H1F1-α expression. The highest dose (800

mg/kg) was most effective in terms of anti-oxidative and anti-
inflammatory activities.

Huang et al. (90) investigated the effects of a mangosteen
pericarp extract rich in xanthones and polyphenols in a 3xTg-AD
mouse model of Alzheimer’s Disease to explore neuroprotective
and anti-apoptotic properties. Mice received the mangosteen
pericarp extract in addition to a regular diet and were compared
to a control group fed only the regular diet. Analyses were
conducted both in vitro in hippocampal cells and in vivo with
respect to serum markers. In hippocampal cells, no differences
in JNK or ERK pathways were noted in the hippocampal cells,
although an increase in GSH levels was observed. However, the
results in serum showed a reduction in ROS, cyclooxygenase-2
(COX-2), and IL-6, as well as an increase in GSH and serotonin.
Lastly, mice treated with the mangosteen pericarp dietary
supplement presented with reduced cognitive impairment and
spatial memory retrieval deficit compared to untreated controls.
It was concluded the mangosteen pericarp extract demonstrated
antioxidative, anti-inflammatory and neuroprotective properties.

To test for anti-inflammatory, antioxidant, and anti-
hyperglycemic properties of the mangosteen pericarp,
Jariyapongskul et al. (91) investigated the effects of α-mangostin
on inflammatory cytokines, oxidative stress markers, and
neurotrophins in the retina of streptozotocin-induced diabetic
mice. In an in vivo study, within 8 weeks of intraperitoneally
injecting rats with streptozotocin, α-mangostin was administered
via gavage to type-2 diabetic rats (n = 56). The treatment with
α-mangostin reduced ocular degeneration, a manifestation
that can occur in early stages of type 2 diabetes. The authors
found that α-mangostin treatment reduced levels of VEGF,
TNF-α, and MDA. Whilst α-mangostin significantly reduced
fasting glucose levels of the diabetic rats, there was no difference
between non-diabetic rats and control rats, suggesting a role in
glucose regulation. Whilst this study illustrates some promise as
a treatment option in type 2 diabetes, further research is needed
to determine if it may also be a preventative strategy for the
disorder and for the development of vascular abnormalities.
Due to the relationship between general medical conditions,
including metabolic disorders such as diabetes and bipolar
disorder and schizophrenia, this study highlights the potential
symbiosis of treating the disorders together (41).

Mitochondrial Enhancing Properties of
Mangosteen Pericarp
Many of the biological targets for mangosteen pericarp and
its isolates involve the mitochondria. For example, when
mitochondrial dysfunction was induced in vitro via 3-NP,
increased oxidative stress was mitigated by α-mangostin (72, 73,
75). It was further suggested that α-mangostin may modulate
apoptosis associated with mitochondrial pathways (86). This
shows how complex and inter-related the mitochondrial,
oxidative stress, and inflammation pathways are, and suggests the
potential of treatments that can target these pathways.

To better inform the therapeutic potential of mangosteen
pericarp in psychiatry, we investigated other fields where
mangosteen pericarp has been shown to have relevant actions.
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Cancer cells studies can demonstrate the relationship between
apoptosis and the mitochondria, relevant to psychiatry. Aisha
et al. (92) explored the anti-colon cancer effects of a combination
of α- and γ-mangostin (81 and 16%, respectively) through in
vitro and in vivo experiments. For the in vitro study, human
colon cancer cells were treated with the xanthone extract of
mangosteen pericarp and α-mangostin and compared to the
chemotherapy medication, cisplatin as a positive control. The
treatment with xanthones killed the cancer cells and did so at
a lower concentration than cisplatin. Their findings suggested
an action mediated by enhancing executioner caspases-3/7 and
by activating the initiator caspase-9 leading to apoptosis of
cancer cells. The authors postulated that mitochondria-mediated
cytotoxicity was involved. Apoptosis was further analyzed
through the upregulation of the MAPK/ERK and p53 pathways,
showing potent, selective, and dose dependent cytotoxicity due
to the enhancement and activation of mitochondrial pathways
of apoptosis.

This review outlines pathways implicated in oxidative
stress, inflammation and mitochondrial function. Importantly,
these pathways are also directly or indirectly linked to
monoamine release and/or function. As previously mentioned,
α-mangostin has a tricyclic structure (64) which is relevant
to existing medications (e.g., tricyclic antidepressants) which
block serotonin re-uptake. However, we believe that because
mangosteen has other important biological properties in addition
to potentially modulating monoamines, mangosteen pericarp
may be a novel and indeed highly efficacious adjunctive therapy.

THERAPEUTIC POTENTIAL OF
MANGOSTEEN PERICARP

Mangosteen Pericarp as an Antidepressant
Recent preclinical evidence has demonstrated the antidepressant
andmemory enhancing actions of mangosteen pericarp, together
with a suppression of hippocampal lipid peroxidation, in a
rodent model of depression (76). In this study, an extract of
mangosteen pericarp at an acute dose of 50 mg/kg administered
by oral gavage was found to be an effective antidepressant
in Flinder’s Sensitive Line rats (a model of depression). The
raw pericarp extract contained predominantly α- and γ-
mangostin. A 14-day treatment regimen of mangosteen pericarp
extract (50 mg/kg per day) displayed sustained antidepressant
and pro-cognitive effects in the forced swim test and novel
object recognition test, respectively, while demonstrating parity
with the reference tricyclic antidepressant, imipramine (76).
Behavioral and regional brain monoamine assessments suggested
a more prominent serotonergic action for mangosteen pericarp
extract as opposed to the noradrenergic action of imipramine,
with both imipramine andmangosteen pericarp extract reversing
hippocampal lipid peroxidation in rats. Indeed, the hippocampus
is highly vulnerable to oxidative stress while being a key factor
in memory. Moreover, both memory and hippocampal structure
and function are compromised in patients with depression
(106). This work confirms the antidepressant activity of raw
mangosteen pericarp, while linking this therapeutic action to

correction of disordered brain monoamines as well as the
restoration of cellular damage brought on by oxidative stress
(76). Interestingly, disordered redox status is known to mediate
changes in brain monoamines (107) that in turn can drive
changes in behavior (108).

Mangosteen Pericarp as an Antipsychotic
Concerning schizophrenia, preclinical findings in a maternal
immune-activation (MIA) rat model of schizophrenia found that
chronic oral dosing of haloperidol (2 mg/kg for 14 days) and
raw mangosteen pericarp (50 mg/kg for 14 days) were equally
effective in reversing MIA-induced deficits in sensorimotor
gating and depressive-like behavior, with haloperidol plus
mangosteen showing a more pronounced response (77, 78).
MIA-induced elevations in IL-6 and TNF-α levels and cortico-
striatal lipid peroxidation were reversed by haloperidol,
mangosteen, and haloperidol plus mangosteen. The authors
suggested that, at least in this model, depressive manifestations
are more responsive to mangosteen than sensorimotor gating
deficits, implicating promise in the management of mood-related
deficits in schizophrenia (77, 78).

Mangosteen Pericarp as a Treatment for
Neurodegenerative Disorders
The neuroprotective effects of α-mangostin were investigated in
a cellular model of Parkinson’s disease (86) by exposing human
SH-SY5Y neuroblastoma cells to 1-methyl-4-phenylpyridinium
(MPP+). α-mangostin was then administered for 24 h (doses 2.5,
5, 10, 20, and 40µM). Doses of 20 and 40µM α-mangostin
induced significant loss of cell viability and were excluded from
further experiments. All other doses of α-mangostin significantly
decreased ROS induced apoptosis in an MPP+ model designed
to trigger apoptosis. α-mangostin also significantly reduced
MPP+ induced Bax, Bax/Bcl-2, p53, and caspase-3 expression.
Therefore, the study suggests the ability of α-mangostin to reduce
apoptosis, potentially via mitochondrial pathways and reduction
of oxidative stress. Of interest, Parkinson’s disease has been
viewed as a biological parallel to bipolar disorder because of the
dopaminergic pathology and the cyclical nature of depression
which occurs in the on-off phenomenon in Parkinson’s disease
(11). In fact, novel methylene blue analogs which inhibit nitric
oxide synthase (NOS) and inhibit monoamine oxidase have been
synthesized to address such a comorbid condition by virtue of
their neuroprotective actions and restoration of mitochondrial
function (62).

In the study utilizing a Parkinson’s disease model, the
effects of α-mangostin on neuroinflammation via the microglial
activation pathway was investigated (84). In this study, wild-
type Sprague-Dawley rat cells were treated with α-synuclein to
induce inflammation and then treated for 24 h with α-mangostin
at 1, 10, and 100 nM doses. Results showed a significant dose
dependent reduction in pro-inflammatory cytokines IL-6, IL-
1β, and TNF-α in the α-mangostin treated group. The 100 nM
dose of α-mangostin reduced microglial activation by inhibiting
production of a marker of ionized calcium binding adaptor
molecule 1(IBA-1), a microglial specific protein.
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Mangosteen pericarp has been investigated as a treatment
for Alzheimer’s disease (66). In one in vitro study, the
seven most common xanthones were isolated (α-mangostin, 8-
deoxygartanin, gartanin, garciniafuran, garcinone C, garcinone
D, and γ-mangostin) and assessed for their ability to inhibit β-
amyloid-related cell damage, as well as their metal chelating,
antioxidant and neuroprotective properties in an Alzheimer’s
Disease model (66). Results demonstrated that mangosteen
pericarp reduced β-amyloid build up and reduced glutamate-
induced cell damage by scavenging ROS (assessed by DPPH). Of
the isolated xanthones, α-mangostin, gartanin, garcinone C, and
γ-mangostin showed the greatest antioxidant properties.

Similar protective effects of mangosteen pericarp extract were
explored in vitro and in vivo in mice in a study by Sattayasai et al.
(88). Mice were administered scopolamine to induce memory
impairments in an attempt to model the cognitive symptoms
of Alzheimer’s disease through central cholinergic muscarinic
receptor antagonism. Afflicted mice were administered either
mangosteen pericarp extract at 100 mg/kg via oral gavage or
water as a control. Results obtained using the Morris water maze
test for spatial memory and passive avoidance (fear) tests showed
mangosteen pericarp extract protected mice from the memory
degrading effects of scopolamine, leading to improved memory
retention. In the in vitro arm of the study, mangosteen pericarp
was protective against H2O2 and polychlorinated biphenyl
induced oxidative stress in SK-N-SH (human blastoma cells)
cells pre-incubated with mangosteen pericarp extract as shown
by reduced ROS. This study demonstrated not only the anti-
oxidative and neuroprotective properties of mangosteen pericarp
extract, but also its memory protecting capacity, and thus is
congruent with the in vivo depression model data described in
Flinder’s Sensitive Line rats by Oberholzer et al. (76).

CLINICAL TRIALS OF MANGOSTEEN
PERICARP

Mangosteen pericarp, as well as isolated compounds such as α-
mangostin, have been demonstrated in both animal and in vitro
studies to favorablymodulate pathways relevant tomitochondrial
function, inflammation, and oxidative stress. However, clinical
trials are required to confirm whether these properties are
clinically relevant. The following sections will provide an
overview of the existing clinical trial data and its relevance
to psychiatry, in particular bipolar disorder and schizophrenia.
The behavioral effects of mangosteen pericarp are summarized
in Table 2.

Use of Mangosteen Pericarp in General
Health
Mangosteen pericarp has been investigated in general medicine.
Given these data are predominantly in healthy individuals,
caution needs to be taken regarding the specific applicability
to psychiatric disorders. However, to provide a comprehensive
overview of the potential mechanisms by which mangosteen
pericarp may be beneficial for psychiatric disorders these data
have been included in this review.

A randomized, placebo-controlled, double blind trial studied
the effects of 30 days of treatment with a commercially available
mangosteen juice (Mangosteen PlusTM with EssentialMinerals R©;
mixed with vitamins A, B-6, C, D, E, selenium, folate, and
thiamine; 59ml) on immunity in 60 healthy human participants
aged 40–60 years (93). Fructose liquid (59ml) was used as a
placebo control. The most prominent bioactive substances in
the juice were β-mangostin and catechins. The mangosteen
juice group had significantly higher levels of inflammatory
cytokines IL-1α and IL-1b compared to placebo. To note, anti-
inflammatory medications are adept at reducing heightened
inflammation. If there is no inflammation in the system then
adding anti-inflammatories may be detrimental, or even toxic
(e.g., as with N-acetylcycteine (102). The mangosteen juice
group also reported a reduction in inflammatory biomarker C-
reactive protein (CRP) compared to baseline. There were no
significant group differences with respect to IL-1β and IL-2.
Interestingly, all participants in the mangosteen juice group self-
reported an increase in subjective health status compared to the
placebo group.

A randomized, double-blind, placebo controlled clinical
trial explored antioxidant and anti-inflammatory biomarkers
in healthy adults who were administered a mangosteen-based
drink (94). Whilst mainly containing mangosteen, the drink also
included vitamins, green tea, aloe vera, and a caffeinated energy
blend. A total of 60 adult participants (30 men, 30 women) were
administered 245ml of either the mangosteen-based drink or
placebo (fructose liquid) daily for 30 days together with pre-
and post-administration blood analyses. After 30 days, results
showed significantly more antioxidant activity, as measured by
an increase in the peroxyl radical scavenging capacity, in the
mangosteen-based drink group compared to the placebo arm.
CRP levels significantly decreased in themangosteen-based drink
group and were not changed in the placebo group. There was no
significant change in immunity markers IgA, IgG, IgM, C3, C4;
and no significant change in inflammatory markers IL- 1α, IL-
1β, and IL- 2 across groups and time points.

Udani et al. (95) conducted a randomized, double-blind,
controlled pilot study of commercially available mangosteen juice
(XanGo JuiceTM), a whole fruit juice blended with other fruit
juices, in obese participants. A combination of fruit juices and
sucrose was used as a control. A total of 40 participants who
agreed to not change any current diet or exercise regimes and
ceased any anti-inflammatory agents completed the study, all
of whom were obese and had an elevated CRP score of ≥3.
This was a 4-arm study: control, 3, 6, or 9 oz XanGoTM juice
whereby participants drank the intervention or control juice
twice a day for 8 weeks. The combination juice used as a control
was added to each of the lower mangosteen doses so each total
individual serving volume was 9 oz liquid. As a result, participant
received total daily doses of XanGOTM juice at 6 oz, 12 oz
or 18 oz, or control juice. Results showed a non-significant
increase in CRP for the placebo group as well as a non-significant
decrease in CRP for all doses of the mangosteen juice. There
was a significant difference between changes in CRP across the
8 weeks in the control and the 18 oz/day group. Changes in
body mass index and body fat were only significantly reduced
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TABLE 2 | Summary of behavioral evidence for Garcinia mangostana Linn. (mangosteen).

Paper Mangosteen compound Outcome Method

Oberholzer et al. (76) Mangosteen pericarp extract ↓ Depressive-like behaviors,

↑ Recognition memory

In vivo: Flinders sensitive line rats,

compared with imipramine (tricyclic

antidepressant)

Harvey et al. (77);

Lotter et al. (78)

Raw mangosteen pericarp (50 mg/kg) ↓ Depressive-like behaviors In vivo inflammatory rat model of

schizophrenia cf. haloperidol

Phyu et al. (87) Xanthones from aqueous extract of

mangosteen pericarp

↓ Depressive-like behaviors In vivo lead-poisoned mice (n = 42)

Sattayasai et al. (88) Mangosteen pericarp extract ↑ Memory In vivo and In vitro memory impaired

mice

Huang et al. (90) Mangosteen pericarp extract ↓ Cognitive impairment and spatial memory

recall

In vivo and In vitro: 3xTg-AD mouse

model of Alzheimer’s Disease.

Hippocampal cells and serum.

Chang et al. (109) Mangosteen-based juice blend (containing

305mg of α-mangostin and 278mg of

hydroxycitric acid)

∼ Physical fatigue, heart rate,

↓ Mental fatigue

Randomized, double-blind,

placebo-controlled trial healthy adults

(n = 12)

Watanabe et al. (110) Mangosteen pericarp (40% α- and

γ-mangostin)

↓ Insulin levels and insulin resistance

∼ Glucose levels, weight loss, waist

circumference, body composition, LDL, HDL,

triglycerides

Randomized controlled pilot study

(n = 20)

Kudiganti et al. (111) Meratrim (Sphaeranthus indicus flower and

mangosteen pericarp at 3:1 ratio)

↓ Total mood disturbance Randomized, double-blind,

placebo-controlled trial in healthy

overweight subjects (n = 60)

Laupu (112) 1,000 mg/day Mangosteen pericarp ↓ Depressive-like behaviors, positive and

negative symptoms of schizophrenia,

↑ Life satisfaction and general functioning

Randomized, double-blind,

placebo-controlled trial in

schizophrenia/schizoaffective

population (n = 80)

in the 6 oz/day group compared to placebo. There were no
significant differences between groups for lipid peroxidation and
Epithelial Cell-Derived Neutrophil-Activating Protein (ENA)-78.
There was a significant reduction of IL-12p70 levels across time
in all active groups.

Due to the association between ROS and fatigue during
exercise, Chang et al. (109) trialed mangosteen in 12 healthy
adults. Participants were randomized to receive an acute dose of
either a mangosteen juice blend or a diluted drink that replaced
50% mangosteen juice with water. There was no significant
difference in time to exhaustion or other measures of physical
performance (e.g., heart rate).

Mangosteen pericarp has been trialed in a combination
treatment for weight loss in two human trials (111, 113) and
mangosteen pericarp alone in one insulin resistance study (110)
and all showed some promising results. In a population of
obese female adults with insulin resistance (but not diabetes)
mangosteen pericarp was trialed as a treatment for insulin
resistance, reducing inflammatory markers and participant
weight in a 26-week randomized controlled pilot study (110).
All participants in the study (n = 20) received a lifestyle
intervention delivered by a dietician focusing on physical
activity and caloric restriction. Participants were randomized to
receive either 400 mg/day mangosteen pericarp (40% α- and
γ-mangostin) in addition to the intervention or no additional
study medication. Participants in the mangosteen pericarp group
showed significantly reduced insulin levels and demonstrated
reduced insulin resistance. However, there were no significant

differences in body fat percentage, waist circumference, or
weight loss between participants in the mangosteen pericarp
arm and control arm. There were no significant differences
in glucose markers or in cholesterol markers and triglycerides
levels when comparing the mangosteen pericarp and control
groups. This study would have benefited from a placebo
control to include blinding and reduce placebo response from
the mangosteen administration. Given the lack of placebo,
small sample size and female only sample, results from this
study are cautiously interpreted as showing some efficacy in
reducing insulin and insulin resistance and appears to be
well tolerated.

These trials provide preliminary clinical evidence to suggest
that mangosteen juice and mangosteen pericarp extract can alter
inflammatory markers in vivo. However, due to most studies
providing mangosteen in combination with other bioactive
compounds, further trials are required to determine the effect
of mangosteen pericarp or mangosteen juice as a standalone
intervention for inflammation. Furthermore, the small sample
sizes and predominately healthy populations included in these
studies suggest that they may be underpowered.

It has been highlighted that the anti-inflammatory and
antioxidant properties of varying extracts of mangosteen pericarp
can also help to reduce co-morbid metabolic disorders common
in those with bipolar disorder (114). Shandiz et al. (114) discussed
this in their review on the metabolic effects of mangosteen
pericarp extract in vitro and in vivo. Their review concluded that
the reduction in metabolic disorders may occur by inhibiting
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inflammatory cytokines, reducing body weight and fat storage,
and altering glucose metabolism.

Use of Mangosteen Pericarp in Mental
Health
In the study by Chang et al. (109) where the effect of mangosteen
juice was explored in a small placebo-controlled trial for exercise
fatigue in healthy adults, self-reported mood, and fatigue were
assessed as a secondary outcome using the Profile of Mood
States. There were no significant differences between depression
scores of the mangosteen juice vs. placebo groups at any
time point. Whilst both groups had an increase in fatigue
following the exercise, those who received mangosteen had
significantly less mental fatigue (measured on the Profile ofMood
States scale) compared to the control intervention. Both groups
also reported improvements in vigor and fatigue compared to
baseline (109).

Mental health was assessed as a secondary outcome in
a randomized controlled trial of a combination herbal
treatment containing mangosteen pericarp (Meratrim R©)
in a healthy overweight human sample (111). The primary
outcomes of the study were reduction in weight, body
mass index, waist, and hip size which were all significantly
improved in the Meratrim R© group compared to placebo.
Participants (n = 60) were randomized to receive 400mg,
twice a day Meratrim (combination of Sphaeranthus
indicus flower and mangosteen pericarp extract in a
3:1 ratio) or placebo. Participants receiving Meratrim
reported reduced mood disturbances as measured by the
Short form of the Profile of Mood States when compared
to placebo.

In a double-blind placebo-controlled randomized trial,
adjunctive mangosteen pericarp (1,000mg) was investigated in
participants with schizophrenia receiving second generation
antipsychotic treatment (n = 80) (112). The mangosteen
pericarp group performed significantly better than the placebo
group across all outcomes including the primary outcome,
the Positive and Negative Syndrome Scale and secondary
outcomes including Montgomery Åsberg Depression Rating
Scale, positive, negative, and general subscales of the Positive
and Negative Syndrome Scale, Clinical Global Impression
Severity and Improvement, Self-rated Life Satisfaction Scale,
and Global Assessment of Functioning. Therefore, the study
concluded there was a significant reduction in symptoms
of depression and symptomatology of schizophrenia and
schizoaffective disorder. The study was limited due to its
small sample size, and while symptoms of depression were
a secondary outcome, participants on average had mild
depression at baseline as measured by the Montgomery Åsberg
Depression Rating Scale. To date, this is the only study
which directly assesses the potential of mangosteen pericarp
at treating a serious mental illness. Due to the small sample
size combined with promising results, this study provides
significant impetus for further research of mangosteen pericarp
for the treatment of bipolar disorder, schizophrenia, and other
psychiatric disorders.

Safety Profile of Mangosteen Pericarp
Whilst current clinical evidence is limited, several studies
demonstrate that mangosteen pericarp appears to have a good
safety profile and is well-tolerated. In animal models, mangosteen
pericarp has been shown to reduce blood glucose levels,
suggesting it could be used as a treatment for diabetes mellitus
and that consumption of mangosteen pericarp may need to
be supervised in patients undergoing insulin therapy (91, 115).
In the insulin resistance study (110), gastrointestinal upset
were the only reported adverse events and this occurred across
both groups.

Suthammarak et al. (116) investigated the safety and
antioxidant effects of mangosteen pericarp. Participants
were orally administered polar (water-soluble) fractions of
mangosteen pericarp in capsule form for 24 weeks. For the
first three months, participants weighing under 55 kg received
a 220mg dose and those over 55 kg received 280mg. After 3
months, all participants had their doses doubled. Participants
were monitored at weeks 0, 1, 4, 12, 16, and 24. The study
was limited by the lack of a placebo control group and a small
sample size (n = 11) making it difficult to relate the emergence
of adverse events to an association with the mangosteen
pericarp. In addition, a small dose of mangosteen pericarp was
used. Nevertheless, no major adverse events or medical issues
were reported.

In a pilot study of 1,000mg mangosteen pericarp for the
adjunctive treatment of schizophrenia, there was no significant
difference of reported adverse events between the placebo and the
active groups (112). Only 2 adverse events were reported in this
study (viz. headache and thoughts of self-harm). However, given
the nature of the population, it is probable that adverse events
could have been under-reported.

No adverse events were reported in a placebo-controlled
randomized control trial of mangosteen juice in adults aged
40–60 years (93). Nor were there any adverse events in a
similar study with a mangosteen-based drink (Verve R©) (94).
The mangosteen-based drink study also showed no significant
difference compared to the placebo group for weight, body mass
index, heart rate or blood pressure (94). Another mangosteen
juice study again had no side effects reported and no clinically
significant changes in electrocardiograms (95). In a study of 400
mg/day capsules of Meratrim for weight loss (n = 60), there
was no significant difference in adverse events or liver, heart,
kidney, or metabolic function, compared to the placebo group
(113). This safety profile held true for another study of Meratrim
at 800 mg/day (111). Interestingly, mangosteen pericarp has also
been associated with increased renoprotection due to reduction
in inflammation and oxidative and/or nitrosative stress (117).
Hence, the current evidence suggests that mangosteen pericarp
is well-tolerated with no known side effects. However, given the
limited evidence base, particularly within clinical populations
and those with polypharmacy, future trials are required to
evaluate the long-term safety of this intervention across a
range of doses and treatment durations. This is especially true
when considering that the clinical application for mangosteen
will be adjunctive to conventional treatments. With the recent
study in animals suggesting increased serotonergic activity in
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mangosteen pericarp-treated depressed rats (76), and given the
unknown interactions of mangosteen pericarp with conventional
serotonergic agents, the possibility of drug-drug interactions
should be considered.

Use of Mangosteen Pericarp as an
Adjunctive Treatment for Serious Mental
Disorders
In summary, this review has summarized a number of properties
of the mangosteen pericarp that could target known aberrations
in bipolar disorder and schizophrenia. In terms of biological
processes, bipolar disorder, and schizophrenia share heightened
oxidative stress including an increase in ROS, RNS, TBARS, and
MDA which may be modulated by the glutamatergic system.
Mangosteen pericarp in animal models reduces ROS, TBARS,
MDA, and has demonstrated effects on the glutamatergic system.
Inflammation is present in bipolar disorder and schizophrenia
indexed by inflammatory cytokines IL-6, IL-1Ra, IL-1β TNF-
α, and also by NO production via iNOS, superoxide dismutase
catalase, and glutathione peroxidase. Our review collates results
showing mangosteen pericarp can also have an effect on IL-
6, IL-1β TNF- α, NO, catalase, and glutathione peroxidase,
in addition to IL-2, IL-8, COX-2, and NF-κB. Alterations in
apoptosis and neurogenesis are demonstrated by changes in
Ki67+ cells as well as relevant markers including VEGF, bcl-2,
MAPK, and JNK. Mangosteen pericarp has demonstrated effects
on VEGF, bcl-2, and MAPK. However, there were no significant
demonstrated effects of mangosteen pericarp on JNK. Lastly,
the mitochondrial disturbances observed in bipolar disorder
and schizophrenia may be targeted by mangosteen via the
mitochondrial pathway to apoptosis. In addition to the biological
pathways, mangosteen pericarp has demonstrated potential in
reducing depression which is a key phase in bipolar disorder and
in negative symptoms of schizophrenia. However, future research
is required to observe the efficacy of mangosteen pericarp across
the scope of the disorders and in human participants.

FUTURE DIRECTIONS

Mangosteen pericarp is a potential adjunctive treatment option in
bipolar disorder and schizophrenia. Given only one randomized
controlled trial has been completed in the field (112), future
work could target the limitations of research such as the
small sample sizes, lack of comparable outcomes, and non-
standardization in the extraction process. Currently, a range of
mangosteen pericarp extracts have been utilized which are either
whole compound or isolated components (such as α- and γ-
mangostin). Further research must be undertaken to discern the
optimal dosing and extraction of the bioactive components, if
separate, or if the bioactivity comes from a combination of the
components working together in the compound. Mangosteen
pericarp has been posited for use in neurodegenerative disorders
such as Alzheimer’s (66, 88, 90) and Parkinson’s disease (84, 86).
In animal models, mangosteen pericarp has been trialed for
cognitive decline (87) and memory impairments (88). More
recently, mangosteen pericarp displayed marked antidepressant

and pro-cognitive effects in the Flinders Sensitive Line rat,
a genetic animal model of depression (76). In addition, a
reduction of hippocampal lipid peroxidation and correction of
disordered regional brain monoamines and sensorimotor gating
and depressive-like symptoms were reduced in an inflammatory
rat model of schizophrenia (77, 78). Future directions could
directly trial mangosteen pericarp as an adjunctive antidepressant
in human trials for major depressive disorder and bipolar
disorder. There are no animal studies utilizing the effects of
mangosteen pericarp in a bipolar disorder model, however, due
to the psychosis overlap with schizophrenia models, and the
depressive phase of the illness, symbiotic benefitsmay be inferred.
There is a need to demonstrate these findings from animal
models in human studies. There are currently two studies directly
trialing the effect of mangosteen pericarp on schizophrenia
(118) (Trial registry ID: ACTRN12616000859482) and bipolar
depression (119) (Trial registry ID: ACTRN12616000028404),
both in adult populations.

CONCLUSION

The evidence of the bioactivity and neurobiology of mangosteen
pericarp is rapidly emerging. Mangosteen pericarp has produced
promising results in animals, and has been demonstrated to have
antioxidant, anti-inflammatory, anti-apoptotic, neuroprotective,
and mitochondrial enhancing properties. Taken together,
the theoretical biological rationale of psychiatric disorders,
bioactivity of mangosteen pericarp extract and the available
preclinical data, support the therapeutic potential as an
adjunctive psychiatric treatment. As the clinical evidence base
for mangosteen pericarp as an adjunctive psychiatric treatment
is scarce, future research requires human clinical trials to explore
the risks and benefits of treatment and assess the potential for
translation into clinical care.
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Thiamine (vitamin B1) is an essential nutrient that serves as a cofactor for a number of 
enzymes, mostly with mitochondrial localization. Some thiamine-dependent enzymes are 
involved in energy metabolism and biosynthesis of nucleic acids whereas others are part 
of the antioxidant machinery. The brain is highly vulnerable to thiamine deficiency due 
to its heavy reliance on mitochondrial ATP production. This is more evident during rapid 
growth (i.e., perinatal periods and children) in which thiamine deficiency is commonly 
associated with either malnutrition or genetic defects. Thiamine deficiency contributes 
to a number of conditions spanning from mild neurological and psychiatric symptoms 
(confusion, reduced memory, and sleep disturbances) to severe encephalopathy, ataxia, 
congestive heart failure, muscle atrophy, and even death. This review discusses the 
current knowledge on thiamine deficiency and associated morbidity of neurological and 
psychiatric disorders, with special emphasis on the pediatric population, as well as the 
putative beneficial effect of thiamine supplementation in autism spectrum disorder (ASD) 
and other neurological conditions.

Keywords: autism spectrum disorders, brain, depressive disorders, encephalomyopathies, Krebs cycle, pentose 
phosphate pathway, thiamine transporter

INTRODUCTION

The essential nutrient thiamine (vitamin B1) is a water-soluble, sulfur-containing vitamin belonging 
to the vitamin B complex family (Figure 1A). Not being endogenously synthesized, the only available 
source of thiamine is dietary (beef, poultry, cereals, nuts, and beans). The body does not store 
thiamine in levels >30 mg, and the half-life for thiamine is only 9–18 days. For an average of ~2,000 
kcal consumed daily, the minimum thiamine requirement is calculated at 0.66 mg (1), although 
the recommended daily intake for adult men and women is 1.2 and 1.1 mg, respectively (1,  2). 
During pregnancy or breast-feeding, this requirement increases to 1.4 mg/day (1). In children, the 
recommended dietary allowance (RDA) is age-dependent and spanning from 0.2 mg (from birth up 
to 6 months old) to 0.6 mg (from 6 months old to 8 years old) (3). In the human body, thiamine-rich 
tissues are skeletal muscles, heart, liver, kidney, and brain (4).

Despite the availability of dietary thiamine in wealthy countries, thiamine deficiency 
represents an important and usually overlooked issue. In developed countries, the predominant 
use of industrial food processing often depletes thiamine content along with other vitamins and 
nutrients. An increased consumption of processed food in the form of simple carbohydrates, not 
supplemented with adequate levels of thiamine, has been named “high calorie malnutrition” (7, 8). 
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Thus, despite the caloric density, the diet is often of poor nutrition 
quality and does not meet recommended dietary guidelines for 
micronutrient intake, making this an at-risk population for 
micronutrient malnutrition (8). For instance, at least 29% of 
obese subjects that will undergo bariatric surgery have been 

reported as thiamine deficient (9). This condition highlights 
the fine balance between adequate caloric intake and balanced 
nutritional diet. As thiamine is a key factor in the metabolism 
of glucose, an increased carbohydrate intake will proportionally 
increase thiamine’s dietary demand (a minimum of 0.33 mg per 

FIGURE 1 | Thiamine metabolism. (A) Chemical structure of thiamine and phosphorylated derivatives. (B) Absorption and cellular uptake of thiamine. 
Dietary thiamine is mainly in the form of phosphate derivatives and, before absorption, these are converted to free thiamine by intestinal phosphatases. 
Mammalians utilize THTR1 and THTR2 to transport thiamine. The THTR1 appears to function in the micromolar range, whereas the THTR-2 appears to 
function in the nanomolar range. Both transporters are expressed in the human small and large intestine, and the expression of THTR1 is higher than that of 
THTR2, with THTR1 found at both the apical and basolateral membranes of enterocytes (somewhat higher expression at the latter compared to the former 
domain). Expression of the THTR2 protein was found to be restricted to the apical membrane domain only [see (5) and references therein]. Free thiamine is 
converted to TPP by the action of TPK1 in the cytosol and dephosphorylation of TPP to TMP and thiamine by ACPP. At higher concentrations of thiamine, 
simple passive diffusion takes place [see (6) and references therein]. From blood, thiamine is taken up by either transporter (THTR1 or THTR2). Both carriers 
are widely distributed in the body, but the levels differ in different tissues. Once inside the target cells, thiamine is phosphorylated to TPP by TPK1 and to 
TTP by TDPK. Both TPP and TTP can be dephosphorylated by ACPP and THTPA, respectively. TPP in the cytosol is utilized as a cofactor for TKT, but it 
is also required as a cofactor in the mitochondrial compartment; hence, the mitochondrial SLC25A19 exists at the inner mitochondrial membrane. TPP 
must be bound to HACL1 and HACL2 for its transport to the peroxisomes. Abbreviations: ACPP, prostatic acid phosphatase; ADP, adenosine diphosphate; 
AMP, adenosine monophosphate; ATP, adenosine triphosphate; T, thiamine; TDPK, thiamine diphosphokinase; THTPA, thiamine triphosphatase; THTR, 
thiamine transporter; TMP, thiamine monophosphate; TPP, thiamine pyrophosphate. (C) Pathways involving TPP-dependent enzymes. In the cytosol, TPP 
is the cofactor of transketolase (TKT), an enzyme involved in the pentose phosphate pathway (PPP). The PPP produces nicotinamide adenine dinucleotide 
phosphate (NADPH) and ribose 5-phosphate (R5P), essential for antioxidant defense and fatty acid synthesis, and precursor in the biosynthesis of 
nucleotides, respectively. In mitochondria, TPP acts as a cofactor for branched-chain α-ketoacid dehydrogenase (BCKDH) complex, pyruvate dehydrogenase 
(PDH) complex, and α-ketoglutarate dehydrogenase. In peroxisomes, TPP is a cofactor for 2-hydroxyacyl-CoA lyase 1 (HACL1) as part of the fatty acid 
α-oxidation pathway.
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1,000 kcal) (1). Thus, rather than focusing on thiamine’s RDA, it 
is critical to match its intake with carbohydrate consumption as 
well as total caloric intake.

In developing countries, thiamine deficiency remains a 
widespread concern due to high rates of white rice consumption 
(3). As home-pounding techniques are replaced with industrial 
rice milling and processing, essential nutrients (such as thiamine) 
within the bran are stripped away (10). Asian countries consume 
about 90% of the rice produced worldwide, fulfilling an estimated 
60% of the population’s daily dietary energy intake requirement, 
and consequently, thiamine deficiency has become prevalent 
in the 15% of the adolescent population (using the most 
conservative approximation) (11). Thiamine deficiency may 
develop by ingesting diets either contaminated with thiamine-
metabolizing enzymes (e.g., thiaminase) (12) or that underwent 
thiamine inactivation by heat and/or sulfur dioxide (13). Heavy 
consumption of tannin-containing or food rich in caffeine, 
theobromine, and theophylline (such as those present in coffee, 
chocolate, and tea, respectively) can inactivate thiamine, thereby 
compromising the thiamine status (7, 14, 15).

Other risk factors that increase the likelihood of insufficient 
thiamine intake include aging, economic status, eating disorders, 
medical conditions affecting the gastrointestinal tract, subjects 
receiving parental nutrition, bariatric surgery, diabetes, and 
alcohol abuse (9, 16–23). Unmet needs for increasing the 
nutritional intake of thiamine are reported during lactation, 
pregnancy, and increased physical activity (11, 24). During 
lactation, infants have increased risks of developing beriberi from 
newly deficient but asymptomatic mothers (11). For instance, 
27% of women of childbearing age are considered thiamine 
deficient in Cambodia, with 38% of infants being diagnosed as 
severely deficient in thiamine, a critical issue that contributes 
significantly to the mortality of 3-month-old babies (11).

However, even in the presence of an adequate thiamine intake, 
its deficiency can result from genetic factors, i.e., pathogenic 
gene mutations in key regulators of the thiamine pathway, 
including thiamine pyrophosphokinase 1 (TPK1), thiamine 
diphosphate kinase (TDPK), thiamine triphosphatase (THTPA), 
and thiamine transporters (SLC25A19, SLC19A2/THTR1, 
and SLC19A3/THTR2; Figure 1B). More recently, the organic 
cation transporter 1 (OCT1) has been claimed to act as a hepatic 
thiamine transporter (25).

Regardless of the underlying cause, thiamine deficits may 
have severe detrimental effects, with most of the symptoms 
manifesting at the neurological level (24, 26). Thiamine deficiency 
might cause brain tissue injury by inhibiting brain energy 
utilization given the critical role of thiamine-dependent enzymes 
associated within glucose utilization (27). This is supported 
by the significant rate of thiamine uptake by the blood–brain 
barrier emphasizing the high brain demand for thiamine and the 
need for its supply to sustain adequate brain functions (28, 29), 
especially in those brain areas with both high metabolic demands 
and high thiamine turnover (30–32).

This review will discuss the physiological and biochemical 
bases of thiamine metabolism and explore the pathophysiological 
implications of thiamine deficiency. In particular, we will 
highlight the effect of thiamine supplementation as a therapeutic 

strategy in the management of neurological disorders, with 
special emphasis on the pediatric population.

BIOCHEMICAL BASIS OF THIAMINE’S 
CELLULAR ROLE

Dietary Availability, Absorption, 
and Cellular Uptake
As with most hydrophilic micronutrients, thiamine absorption 
occurs mainly in the jejunum (33). Throughout the digestive 
tract, dietary proteins get hydrolyzed, releasing thiamine. In the 
intestinal lumen, alkaline phosphatases catalyze the hydrolysis 
of thiamine-phosphorylated derivatives into free thiamine (34). 
Unphosphorylated, free thiamine at concentrations higher than 
1 µM enters the enterocyte by passive diffusion, whereas at lower 
levels, it is transported via the saturable thiamine/H+ antiport 
system (thiamine transporter 1 or THTR1) through an energy-
dependent process (33). Under conditions of thiamine deficiency, 
an upregulation of the expression of the thiamine transporter 
2 (THTR2) was observed in Caco2 cells in culture, suggesting 
that diet can modulate the expression of this transporter 
(35). Within the enterocyte, thiamine is phosphorylated to 
thiamine pyrophosphate (TPP) by TPK1. Then, most TPP is 
dephosphorylated to thiamine monophosphate (TMP) to cross 
the basal membrane of the enterocyte. The TMP is released into 
the bloodstream through an ATPase-dependent transport system 
(36) (Figure 1B). Free thiamine can also reach the bloodstream 
via the thiamine transporter 2 (THTR2) located mainly at the 
basolateral membrane of the enterocyte. Once in blood, while very 
low levels of TMP and thiamine circulate free in plasma or serum, 
more than 90% of the phosphorylated thiamine (in the form of 
TPP) is present in erythrocytes and leukocytes (37). Notably, the 
isoform 3 of the carrier SLC44A4 has recently been described as 
a TPP carrier in the colon. Originally, SLC44A4 was described 
as a choline transporter linked to the non-neuronal synthesis of 
choline (38) and required to the efferent innervation of hair cells 
in the olivocochlear bundle for the maintenance of physiological 
function of outer hair cells and the protection of hair cells from 
acoustic injury (39). Recent evidence indicates that this carrier may 
mediate the absorption of microbiota-generated TPP (especially in 
infants) and contribute to host thiamine homeostasis (40).

The cellular uptake of thiamine from the bloodstream can 
be mediated by any of the two high-affinity carriers: THTR1 
[encoded by SLC19A2 (41)] and THTR2 [encoded by SLC19A3 
(42, 43)]. These transporters are ubiquitously expressed (42–44), 
but THTR1 is most abundant in the intestine, skeletal muscle, 
nervous system, and eye followed by the placenta, liver, and kidney, 
whereas THTR2 is located mostly in adipose tissue, breast tissue, 
liver, lymphocytes, spleen, gallbladder, placenta, pancreas, and 
brain (information collected from GeneCards). Once transported 
intracellularly, free thiamine is rapidly phosphorylated to TPP by 
thiamine pyrophosphokinase (TPK1). A second kinase, TDPK, 
adds a phosphate group to TPP to generate thiamine triphosphate 
(TTP). TPP and TTP can be dephosphorylated to, respectively, 
TMP and TPP by phosphatases [Prostatic Acid Phosphatase 
(ACPP) and THTPA, respectively; Figure 1B].
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Biochemical Roles of Phosphorylated 
Forms of Thiamine
Up to 90% of the total thiamine in the body remains in its 
diphosphate, metabolically active form (TPP), whereas the rest is 
found as TMP and TTP (45). TPP is a cofactor of several thiamine-
dependent enzymes involved in carbohydrate and fatty acid 
metabolism, namely, cytosolic transketolase (TKT), peroxisomal 
2-hydroxyacyl-CoA lyase 1, and three mitochondrial enzymes 
(pyruvate dehydrogenase, α-ketoglutarate dehydrogenase, and 
branched-chain α-ketoacid dehydrogenase complexes; Figure 1C). 
As the biochemical role of TPP is well understood, the biological 
significance and contribution of TTP is not entirely clear. It 
was previously considered to be a specific neuroactive form of 
thiamine, but more recently, it has been reported that TTP (which 
is ~10% of the total brain thiamine pool) is involved in membrane 
excitability and nerve conduction by acting as a modulator of the 
permeability of sodium chloride channels (29, 32, 46).

Intracellular Location of TPP-Dependent Enzymes
Cytosol
In the cytosol, TPP acts as a cofactor for TKT, a key enzyme 
of the non-oxidative branch of the pentose phosphate pathway 
(PPP). This metabolic pathway generates nicotinamide adenine 
dinucleotide phosphate (NADPH) and ribose 5-phosphate (R5P) 
(47). NADPH is a key reducing agent in biosynthetic reactions 
and is a co-substrate of biosynthetic enzymes (fatty acid synthesis) 
and antioxidant enzymes such as the glutathione peroxidase–
reductase system and thioredoxin peroxidases, among others. The 
crucial involvement of R5P in the biosynthesis of DNA and RNA 
highlights the critical role of thiamine in high-proliferating tissues.

Based on its role in the abovementioned biochemical 
pathways, it is expected that thiamine deficiency will result in 
increased oxidative stress and lower cell proliferation, as well 
as decreased fatty acid synthesis (including myelin) with severe 
consequences especially during brain development. Consistent 
with this premise, thiamine deficiency decreases TKT activity 
and leads to PPP impairment and reduced neurogenesis in 
murine cortex and hippocampus during neurodevelopment (48).

Peroxisomes
Peroxisomes play an important role in the catabolism of hydrogen 
peroxide, as well as in the shortening of very long fatty acids (which 
cannot undergo a direct mitochondrial β-oxidation catabolism) 
and α-oxidation (49). In the latter process, the TPP-dependent 
enzyme 2-hydroxyacyl-CoA lyase 1 (HACL1) catalyzes the cleavage 
of 3-methyl-branched and straight chain 2-hydroxy long-chain 
fatty acids (50). Phytanic acid (a 3-methyl-substituted, 20-carbon 
branched-chain fatty acid), unlike most fatty acids, is unable to 
undergo β-oxidation because of an existing methyl group in the 
3-position (51). As such, it is broken down by HACL1 by an initial 
α-oxidation (52, 53). This branched-chain fatty acid is obtained 
through the diet, specifically from dairy products and red meat. The 
disruption of phytanic acid catabolism, due to inadequate levels of 
TPP, leads to triglyceride accumulation, which may cause deleterious 
effects such as cerebellar ataxia, peripheral polyneuropathy, 
vision and hearing loss, anosmia, and, in some instances, cardiac 
dysfunction and epiphyseal dysplasia (54). The symptoms caused 

by thiamine deficiency are shared by Refsum’s disease, which 
is caused by pathogenic mutations in HACL1 (55). Some of the 
symptoms are also observed in the autosomal recessive systemic 
disorder Zellweger syndrome and other peroxisomal-related 
diseases including the neonatal adrenoleukodystrophy. Zellweger 
syndrome is caused by pathogenic mutations in the pexin genes, 
which encode for proteins essential for the assembly of functional 
peroxisomes. It is characterized by deficits in the peroxisomal 
fatty acid oxidation pathway causing severe neurological and liver 
dysfunction as well as craniofacial abnormalities.

Mitochondria
Most (~90%) of the cytosolic TPP is transported into mitochondria 
via the mitochondrial thiamine pyrophosphate transporter 
[MTPPT, product of the SLC25A19 gene (56)]. This transporter 
mediates the exchange of cytosolic TPP for the mitochondrial 
TMP; once in the cytosol, TMP is metabolized and converted 
back to TPP (56). In mitochondria, TPP is a critical cofactor for 
three enzymes, namely, pyruvate dehydrogenase, α-ketoglutarate 
dehydrogenase, and branched-chain α-ketoacid dehydrogenase 
(PDH, αKGDH, and BCKDH, respectively).

Studies in SLC25A19 knockout mice and in carriers of 
the SLC25A19 mutation, responsible for the Amish lethal 
microcephaly (MCPHA, see below) show, respectively, virtually 
undetectable and markedly reduced mitochondrial TPP levels 
in mouse embryonic fibroblasts and human lymphoblasts (56), 
which were completely restored upon addition of TPP to the 
PDH and KGDH complex assay mixtures (56).

Pyruvate dehydrogenase complex.  This multisubunit complex 
catalyzes the TPP-dependent decarboxylation of pyruvate, generating 
acetyl-CoA, which then enters the Krebs cycle. The regulation of PDH 
activity constitutes a key metabolic switch influencing fuel choice, 
i.e., between fatty acid oxidation and glycolytic flux (57). The inability 
to adjust the choice of fuel for metabolic energy production has been 
proposed to underlie the “metabolic inflexibility” leading to the 
morbidity of metabolic disorders (58). Hence, thiamine-deficiency-
mediated inhibition of the PDH complex will lock the system into 
the oxidation of glucose to pyruvate, leading to increases in lactate 
and decreases in cellular ATP production (59). As expected, in 
severe cases, the metabolic deficit presents as a fatal lactic acidosis in 
newborns, whereas in milder cases, neurological conditions may 
lead to structural abnormalities in the central nervous system 
(CNS), seizures, mental disability, and spasticity (60, 61).

α-Ketoglutarate dehydrogenase complex.  This TPP-
dependent enzyme catalyzes the formation of succinyl-CoA from 
α-ketoglutarate in the Krebs cycle and the consequent production 
of reduced nicotinamide adenine dinucleotide (NADH). Low TPP 
levels notably decrease αKGDH activity, thereby decreasing energy 
production and causing glutamate to accumulate (62), hampering 
oxidative metabolism and leading to neurodegeneration (63).

Branched-chain α-keto dehydrogenase complex.  The TPP-
dependent BCKDH enzyme, localized at the inner mitochondrial 
membrane, catalyzes one of the steps of the essential branched-
chain amino acid (BCAAs; leucine, isoleucine, and valine) catabolic 
pathway. These amino acids are required for protein synthesis, 
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and  some of their catabolic products can be used for energy 
production via the citric acid cycle. In addition, their carbon 
skeletons (except Leu) can be used as precursors for gluconeogenesis 
(64). In a thiamine deficiency experimental model, medial thalamus 
was the brain region that shows the lowest levels of BCKDH with 
fivefold accumulation of Leu. This study suggested that the lower 
activity of this enzyme may be responsible for thalamic neuronal 
cell death observed in human cases of thiamine deficiency (65).

Similarly, a homozygous mutation in the BCKDH E1 α subunit 
results in the so-called maple syrup urine disease (MSUD, due to 
the distinct maple syrup smell to the urine as a result of keto acid 
buildup from unprocessed BCAA), characterized by physical 
and mental disabilities. A mild form of MSUD, called thiamine-
responsive MSUD, is currently the only recognized variant 
that can be successfully treated with thiamine supplementation 
(OMIM 248600).

HIERARCHICAL ORDER OF THIAMINE-
DEPENDENT ENZYMATIC DEFICIENCIES: 
EFFECT OF SPECIES, TISSUE, AND 
SUBCELLULAR COMPARTMENT

While it could be assumed that a deficiency in a given 
micronutrient affects its dependent enzymes equally, experimental 
evidence indicates otherwise. For instance, copper deficiency 
severely reduces cytochrome c oxidase activity affecting copper/
zinc-superoxide dismutase to a lesser extent (66). Moreover, this 
hierarchical order is also tissue-specific as different brain areas 
(66). Similarly, in the case of thiamine deficiency, the most affected 
brain regions seem to be cerebellum, mammillary bodies, thalamus, 
hypothalamus, and brainstem in adults (1, 67). In children, MRI 
studies showed primary involvement of mammillary bodies as well 
as basal ganglia (68, 69) [preferentially the striatum and, to a lesser 
extent, the globus pallidus (68)], in addition to frontal lobes (69).

With regard to thiamine deficiency, Zhao et al. showed that, in 
mice, thiamine deprivation for 14 days led to different degrees of 
enzymatic deficiencies when testing for TKT, PDH, and αKGDH 
activities in the cortex and hippocampus (48). TKT activity 
was significantly more reduced in both brain regions compared 
to both mitochondrial enzymes PDH and αKGDH (48). Two 
studies reporting on a genetic mutation in SLC19A3.1 resulted in 
thiamine-deficient Alaskan huskies (26, 70). A greater reduction 
in TKT versus PDH activity was observed in the cortex. In the 
thalamus, however, PDH activity was affected twice as much as 
TKT activity (26). These studies support the concept of tissue-
specific deficits of thiamine deficiency and also point to the 
species-specific differences that should be taken into account 
when making extrapolations to human studies.

In cases of severe thiamine deficiency, however, a broad 
enzymatic deficiency encompassing all three mitochondrial TPP-
dependent enzymes would be expected to result in symptoms 
similar to those of the genetic disorder dihydrolipoamide 
dehydrogenase (DLDD) deficiency (OMIM 246900). This 
pathogenic mutation affects the E3 subunit, common to all three 
TPP-dependent dehydrogenases. Patients clinically present with 
lactic acidosis and neurodegeneration from inefficient oxidative 

metabolism, as well as increased BCAA concentrations and α-keto 
acids in the urine, with many of the same symptoms as MSUD, but 
with a more severe phenotype (71).

While BCKDH and HACL1 are (as indicated above) TPP-
dependent enzymes, their activity is rarely reported in the 
context of thiamine deficiency, with the majority of studies 
focusing on TKT and PDH or αKGDH as indicators of oxidative 
stress (TKT) and mitochondrial dysfunction (PDH or αKGDH). 
However, a study by Navarro et al. noted significantly reduced 
BCKDH activity in the medial thalamus (compared to frontal 
cortex) accompanied by a fivefold increase in Leu levels following 
administration of a thiamine antagonist (65).

The consequences of thiamine deficiency on HACL1, however, 
remain mostly obscure. Recent work in HACL1-deficient mice 
revealed the presence of an additional TPP-dependent enzyme with 
lyase activity, localized in the endoplasmic reticulum, able to cleave 
2-hydroxyphytanoyl-CoA (72). This process is not exactly like the one 
catalyzed by the peroxisomal HACL1 and involves a hydroxylation 
at position C2 carried out by the fatty acid 2-hydroxylase (FA2H), 
followed by the cleavage catalyzed by HACL1 (73). More recently, 
an orphan enzyme (HACL2) located in the endoplasmic reticulum 
known as bacterial acetolactate synthase-like was reported to 
cleave straight chain 2-hydroxyacyl-CoAs (74), and it is likely to be 
identical to the HACL1-like enzyme. A strong inverse association of 
C17:0 with diabetes and cardiovascular risk has been observed, 
suggesting a metabolic link between α-oxidation and these 
diseases (75, 76). More research is needed to elucidate the role 
of HADCL1 and HADCL2 in the context of thiamine deficiency.

DEFECTS IN GENES ASSOCIATED 
WITH THIAMINE METABOLISM

Pathogenic mutations in genes encoding for enzymes and 
transporters involved in thiamine metabolism result in symptoms 
similar to those found in nutrition-based thiamine deficiency and 
overlaps with disorders of mitochondrial dysfunction (Table  1). 
Those mutations affecting genes responsible for thiamine 
transporters 1 (SLC19A2; OMIM 249270) and 2 (SLC19A3; OMIM 
607483) constitute the main cause of suboptimal intestinal thiamine 
absorption and, as a result, insufficient cellular distribution of 
thiamine through the body.

Carriers of homozygous or compound heterozygous loss-
of-function or missense mutations in SLC19A2 develop a rare 
condition known as thiamine-responsive megaloblastic anemia 
(TRMA) or Rogers syndrome (OMIM 249270). Most cases are 
currently found in isolated populations with consanguineous 
partners (85). This early-onset, autosomal recessive disorder is 
characterized by megaloblastic anemia, macrocytosis, diabetes 
mellitus, and sensorineural deafness. Other, more variable 
features include optic atrophy, congenital heart defects, short 
stature, and significant neurological deficits such as stroke and 
epilepsy during infancy (77, 86). The term “thiamine-responsive” 
refers to the observation of clinical, symptomatic improvement 
after administration of high doses of thiamine (86, 87).

The biotin–thiamine-responsive basal ganglia disease (BTBGD; 
OMIM: 607483) is a neurometabolic autosomal recessive disorder 
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caused by a mutation in the SLC19A3 gene, characterized by 
subacute encephalopathy with confusion, convulsions, muscle 
rigidity, ataxia, dysarthria, and dystonia, which can be fatal if left 
untreated. However, the disorder is completely reversible within 
by early treatment with biotin (5–10 mg/kg/day) in combination 
with thiamine [from 100–200 mg (79) to 300–900 mg (78); 
Table 1], underscoring the critical nature of a timely diagnosis. 
Signs and symptoms usually appear during childhood (between 
the ages of 3 and 10 years), although onset of the disease can vary 
between newborn period and adulthood (78, 88).

The Amish lethal microcephaly (MCPHA; OMIM 607196), 
also known as thiamine metabolism dysfunction syndrome-3 
(THMD3; Table 1) (56), is caused by homozygous mutation in the 
SLC25A19 gene. Amish type microcephaly is a severe autosomal 
recessive metabolic disorder characterized by severe microcephaly 
apparent at birth, profoundly delayed psychomotor development, 
brain malformations, and episodic encephalopathy associated 
with lactic acidosis and α-ketoglutaric aciduria (89). The clinical 
management is achieved by administering a high-fat diet (81), 
which sustains the production of ATP by mitochondria primarily 
through fatty acid β-oxidation, bypassing PDH to directly enter 
the Krebs cycle. Importantly, the metabolic similarity of MCPHA 
to PDH deficiency (OMIM 312070) indicates the relevance of 
administering a low-carbohydrate diet to patients with MCPHA 
to avoid a risk of exacerbating the lactic acidemia.

A less severe variant of the disease, thiamine metabolism 
dysfunction syndrome 4 (THMD4; OMIM 613710), is similarly 

caused by a homozygous mutation in the SLC25A19 gene (Table 1). 
In THMD4, mitochondrial TPP uptake is reduced but not 
completely abolished. The disorder is characterized by childhood 
onset of episodic encephalopathy, causing transient neurologic 
dysfunction and a slight increase in cerebrospinal fluid (CSF) 
lactate levels during the acute phase of the disease. Most patients 
fully recover without therapeutic intervention; however, in some 
instances, mild residual weakness may persist (82).

Genetic defects in TPK1 (also known as THMD5) prevent 
the phosphorylation of thiamine to TPP, the active cofactor. It 
usually presents during childhood with acute encephalopathic 
episodes associated with increased serum and CSF lactate. These 
episodes result in progressive motor dysfunction (e.g., gait 
defects, ataxia, dystonia, and spasticity) associated with striatal, 
basal ganglial, and cerebellar regions of the brain, but cognition 
appeared to remain intact. Given that the phenotype is highly 
variable, it is likely that residual TPK1 activity and/or other 
cellular kinases (albeit at a lower extent and favored by the mass 
action of high thiamine doses) may also phosphorylate thiamine, 
thereby partly circumventing the metabolic block. This is based 
on the fact that i) some affected subjects improved with thiamine 
treatment [100–200 mg/day or 200 mg/twice daily (90, 91)] or 
with supplementation with thiamine and niacin, biotin, α-lipoic 
acid, and ketogenic diet (90), whereas others did not (83); and 
ii) deficiencies in other TPP-dependent enzymes, TKT and 
BCKADH, have not been observed in subjects with pathogenic 
mutations in TPK1 (83).

TABLE 1 | Genetic mutations affecting thiamine metabolism.

Name of disease Mutation Protein Age at onset Clinical symptoms Management (dose) 
(reference)

TRMA/Rogers 
syndrome

SLC19A2 THTR1 Birth to adolescence Megaloblastic anemia, diabetes mellitus, 
sensorineural deafness, optic atrophy, 
congenital heart defects, short stature

Thiamine (50–100 mg/day) (77)

Biotin–thiamine-
responsive basal ganglia 
disease

SLC19A3 THTR2 Birth to adolescence Episodic encephalopathy associated 
with febrile illness, seizures, external 
ophthalmoplegia, dysphagia, gait ataxia, 
bilateral lesions of the basal ganglia

– Biotin (5–10 mg/kg/day), 
thiamine (300–900 mg) (78)
– Biotin (5–10 mg/kg/day), 
thiamine (100–200 mg) (79)

Amish lethal 
microcephaly/THMD3

SLC25A19 Mitochondrial 
TPP carrier

Birth Episodic encephalopathy associated with 
lactic acidosis and alpha-ketoglutaric 
aciduria, microcephaly, delayed 
psychomotor development, seizures, 
increased urinary lactate

– Phenobarbital (for seizures) 
and physical therapy (80)
– High-fat diet (81)

Thiamine metabolism 
dysfunction syndrome 
4/THMD4 (progressive 
polyneuropathy type)

SLC25A19 MTPC Adolescence Episodic encephalopathy associated 
with febrile illness, transient neurologic 
dysfunction, residual weakness, 
progressive axonal polyneuropathy, 
bilateral striatal degeneration 

High-dose thiamine 
administered at the time of the 
study. Outcome not available 
(82)

Thiamine metabolism 
dysfunction syndrome 5 
(episodic encephalopathy 
type) THMD5

TPK1 Thiamine 
phosphokinase 1

Early childhood Episodic encephalopathy (Leigh-like) 
associated with high serum and CSF 
lactate with progressive neurologic and 
motor dysfunctions (gait disturbances, 
ataxia, dystonia, and spasticity, which, 
in some cases, may result in loss of 
ability to walk) triggered by infections. 
Cognitive function usually preserved; some 
developmental delay. Some patients may 
recover from some neurologic deficits; in 
others, the outcome is fatal.

Oral thiamine (100–200; 
500 mg/day) (83, 84)
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PATHOLOGY OF THIAMINE DEFICIENCY

As indicated above, the pathology of thiamine deficiency entails 
impaired energy-production from mitochondria in the form of 
ATP when using pyruvate-generating substrates (e.g., glucose) as 
well as increased oxidative stress (27). Under these conditions, 
glucose via glycolysis generates pyruvate, which cannot enter the 
Krebs cycle as acetyl-CoA due to the low activity of PDH. As 
such, pyruvate is transaminated to Ala or reduced to lactate via 
lactate dehydrogenase. This is consistent with the elevated lactate 
and organic acids observed in CSF, urine, and blood during 
thiamine deficiency (92–94).

Thiamine deficiency has been show to stabilize HIF-1α under 
normoxic conditions, thereby upregulating the expression of the 
glucose transporter GLUT1, VEGF, aldolase A, LDH, and THTR2 
(95). This stabilization might be achieved by the inhibition of prolyl 
hydroxylase by increased oxidative stress conditions originated 
from the lower TKT activity within the PPP. These changes may 
be accompanied by increased glycolysis and fatty acid oxidation 
to sustain the cellular energy needs. The latter process may ensue 
with the ultimate formation of acetyl-CoA, skipping the PDH-
catalyzed step. The increased flux of acetyl-CoA will then build 
up the levels of Krebs’ intermediates including fumarate and 
succinate (also inhibitors of prolyl hydroxylase), especially if 
the biotin-dependent pyruvate carboxylase cannot sustain the 
production of oxaloacetate, the most limiting substrate of the 
cycle. This also provides a biochemical explanation for the efficacy 
of the biotin and thiamine supplementation in the treatment of 
the biotin–thiamine-responsive basal ganglia disease. Although 
lower thiamine deficiency also affects α-KGDH activity, which 
is essential to maintain the levels of Glu, Asp, and GABA, its 
activity seems to be less affected than PDC, thus providing an 
operational Krebs cycle albeit at a lower efficiency. The lower 
activity of BCKADH can explain the higher levels of BCAA (Leu, 
Ile, and Val) in human fluids.

The human central nervous system has a high-energy demand, 
with 2% of the body mass overseeing about 20% of the total 
metabolic expenditure, the majority of which is spent on firing 
action potentials, on neuron communication, through chemical 
synapses, axon growth, and myelination (96). With glucose being 
the primary fuel for energy production in the brain, it is not 
surprising that mitochondrial dysfunction and the consequent 
impaired glucose metabolism have been associated with several 
neurological and neurodevelopmental conditions (97) and major 
psychiatric illnesses, such as depression (98) and schizophrenia 
(99). The neurological symptoms in thiamine deficiency are similar 
to defects of PDH, which most frequently present as Leigh-like 
syndrome with basal ganglia involvement. Therefore, the nervous 
system, which is highly specialized in the use of glucose for energy 
generation, seems to be most vulnerable to PDHC deficiency due 
to TPP depletion. In the brain, the lower mitochondrial ATP 
production will limit the maintenance of membrane potential via 
the action of the Na+,K+-ATPase, thereby compromising nerve 
conduction and chemical synapses. Moreover, the increased 
oxidative stress due to the lower TKT activity will damage 
critical biomolecules, initiating lipid peroxidation and oxidative 
damage to proteins resulting in fragmentation, posttranslational 

modifications, and cross-linkings. The modification of epitopes 
on normal, endogenous molecules may result in the activation of 
the microglia and immune cells, compounding oxidative stress-
mediated damage. The lower TKT has additional detrimental 
actions: by providing a suboptimal NADPH supply, biosynthetic 
reactions (nucleic acids and lipids) are undermined. This will 
limit not only cell proliferation but also the synthesis of fatty acids 
critical for the myelin sheath of axons. Thus, the combination of 
increased lipid peroxidation and the decreased fatty acid synthesis 
can result in demyelination, explaining some of the neurological 
issues caused by thiamine deficiency.

Altered thiamine metabolism has also been linked to 
growth of both neuronal soma and dendritic arbors in murine 
hippocampal neurons in culture. The individual silencing of 
TPK1 or each of the TPP carriers Slc25a19 and Slc19a3 in 
neurons significantly decreased dendrite arborization and soma 
size compared to controls (100). Conversely, overexpression of 
TPK1, Slc25a19, and Slc19a3 significantly reversed these changes, 
leading to increased dendritic branch length and number as 
well as soma size. Notably, these pathways are independent and 
nonredundant, as the overexpression of any of the proteins did 
not improve the dendritic damage caused by suppression of the 
other two. These findings are indicative of the crucial role that 
thiamine metabolism plays in soma and dendrite growth (100), 
and they are consistent with the microcephaly and neuronal 
damage reported in cases of thiamine deficiency.

In Adults
Symptoms and Consequences of Thiamine 
Deficiency
Thiamine deficiency can present with a broad range of 
neurological signs in children, such as anorexia, irritability, 
agitation, muscle pain, diminished or abolished deep tendon 
reflexes, ataxia, paralysis, and a progressively altered level 
of consciousness. Lactic acidosis may explain some of the 
generalized symptoms, including lethargy, irritability, anorexia, 
tachycardia, and tachypnea. These clinical manifestations are 
probably secondary to mitochondrial dysfunction in the heart 
and smooth muscle (particularly the gastrointestinal tract) and 
an autonomic nervous system insult (neurotransmitters). Others 
such as mood changes (agitation, confusion, and generalized 
malaise) may result from brain energy deficits as well as from 
a compromised synthesis of neurotransmitters (glutamate and 
GABA). Given the above-described varied clinical presentations, 
especially in children, any unexplained severe neurological signs 
or symptoms should raise the suspicion of thiamine deficiency 
[see Hiffler et al. (3) and references therein].

Generally, in blood from healthy adults, TPP levels <70 nmol/L 
are suggestive of thiamine deficiency [reference values: 70–180 
nmol/L; https://www.mayocliniclabs.com (101, 102)]. Thiamine 
levels have also been assessed in CSF, in the context of Alzheimer’s 
disease and in instances of SLC19A3 mutations (103, 104). 
Although no universally accepted reference values exist for CSF, 
thiamine levels of 5–7 nM are considered normal in adults (105).

Blood and CSF thiamine levels provide limited information when 
assessing the thiamine status of a subject, as they not necessarily 
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reflect thiamine metabolic function (102) or a direct association to  
its levels in the tissues. As such, assessments of erythrocytes’ TKT 
and, if available, that of other tissue-specific TPP-dependent enzymes 
(PDH, αKGDH) are considered gold standards (24, 26). Basic TKT 
activity is usually expressed as units per gram of hemoglobin (g Hb), 
but more importantly, the percentage of activation of TKT to TPP 
supplementation are calculated (with 0–15% considered normal). 
One study reported that the HPLC detection of TPP in whole blood 
or red blood cells is equally effective to the TKT activation ratio at 
determining thiamine deficiency (37).

The TKT activation ratio (red blood cells) and/or the activities 
of TPP-dependent enzymes (leukocytes, skin fibroblasts, and 
muscle biopsies) are usually accompanied by testing the levels 
of serum lactate and pyruvate, BCAAs, organic acids, as well as 
brain imaging. The only cases in which the evaluation of free 
thiamine in plasma/serum and CSF seems to provide a valuable 
diagnostic tool is when dealing with pathogenic mutations in 
SLC19A3 (104). Similarly, urinary excretion of thiamine is also 
not a reliable method for the assessment of its bodily levels as it is 
dependent on its intake and absorption. Generally, it is expressed 
per unit of creatinine to account for renal function, and age 
should be taken into account as normal values differ in children 
[120 nmol/mmol creatinine in 1–13 years old (105)] and adults 
[220 nmol/mmol creatinine in >18 years old (105)].

Unfortunately, early symptoms of thiamine deficiency are not 
pronounced or distinctive enough to warrant a direct diagnosis. 
They include loss of appetite, nausea, weakness, apathy, fatigue, 
irritation, sleep disturbances, anorexia, and abdominal discomfort 
(106). Furthermore, the identification of specific clinical symptoms 
of thiamine deficiency is problematic because it is obscured by 
the contribution of other confounding conditions (comorbidities) 
such as infections and/or multiple nutritional deficiencies.

The clinical classification of thiamine deficiency falls usually 
into dry (or neuritic, characterized by polyneuropathy, reduced 
knee jerk and other tendon reflexes, and progressive severe 
weakness of muscles) and wet (or cardiac, characterized by edema 
of the legs, trunk, and face; high cardiac output; ventricular 
failure; and pulmonary congestion). This classification is based 
on the amount of fluid that accumulates in the body due to 
factors like cardiac function and kidney lesions, among others 
(107). However, many cases of thiamine deficiency are amply 
systemic and encompass the nervous and cardiovascular system, 
as well as the gastrointestinal tract (with symptoms spanning 
from anorexia, abdominal pain, and constipation) (108). Long-
term consequences of severe thiamine deficiency are manifested 
by the appearance of hemorrhagic and/or necrotic lesions with 
neuronal and dendritic spine loss in the thalamus, hypothalamus, 
and cerebellum (109–111), as well as polyneuritis, peripheral 
edema, cardiac enlargement, and ophthalmoplegia (27).

When early, generalized thiamine deficiency is suspected, 
prompt administration of thiamine is advised and typically an 
effective treatment. A wide range of therapeutic approaches and 
thiamine doses are reported in the literature, spanning from 
1.5 to 600 mg/day (112), with 10–20 mg/day as divided doses 
for several weeks for mild polyneuropathy and 20–30 mg/day 
for moderate to severe, usually until after disappearance of 
symptoms (106). Generally, thiamine deficiency is approached 

with doses of 5–30 mg/day intravenously (IV) or intramuscularly 
(IM), three times daily, followed by 5–30 mg/day orally until 
after disappearance of symptoms (112). However, this approach 
is notably less effective for individuals with chronic forms of 
thiamine deficiency-related disorders involving encephalopathies 
(see the section Wernicke Encephalopathy) (113) or TPK1 
deficiencies. In the latter case, it would be worth to explore a 
treatment directly with TPP; however, it is not clear whether 
this phosphorylated thiamine form would cross the blood–brain 
barrier and/or reach subcellular targets such as PDH.

Wernicke Encephalopathy
Wernicke encephalopathy (WE) is a thiamine-deficiency-
related acute neuropsychiatric condition, often associated with 
alcohol abuse (114). It is characterized by ataxia, loss of muscle 
coordination, memory loss, confusion, and ocular abnormalities 
(ophthalmoplegia). Failure to timely diagnose the disease and 
the lack of an appropriate therapy result in death in 17% of 
the cases, while 84% will undergo permanent brain damage 
involving severe short-term memory loss and hallucinations 
[or Korsakoff ’s syndrome (KS)], residual syndrome in 
patients previously affected with WE (115). Because of the 
close association between these two conditions, they often get 
referred to as Wernicke–Korsakoff syndrome (WKS). Recently, 
it has been suggested that WE may be underdiagnosed (116), 
with similar incidence in both adults and children (117), with 
ratification of the diagnosis in 0.4–2.8% of postmortem cases, but 
recognized only in 32% and 6% of patients with and without 
alcoholism, respectively. In particular, it would be critical 
to consider WE in any patient showing two of the following 
characteristics: nutritional deficiency, cerebellar or oculomotor 
abnormalities, or impaired mental state or memory (116). 
Only 16% of the WE cases are expected to fully recover after 
thiamine supplementation. As oral absorption is highly variable 
and patient-dependent (116), parenteral treatment is highly 
recommended with daily doses of 100–200 mg thiamine (IV) for 
non-alcoholics and 500 mg (up to three administrations daily) 
for alcoholics (114).

A substantial body of literature has been published in the past 
>50 years regarding WE. A detailed description of the clinical 
features, pathophysiology, and treatment of this syndrome is 
beyond the scope of this review.

Depression
A number of studies have shown an inverse association between 
thiamine levels and symptoms of depression in adults. A cross-
sectional study on >1,500 elderly Chinese (age 50–70 years) 
showed that subjects with lower levels of erythrocyte thiamine 
(likely representing TPP bound to TKT) displayed more severe 
symptoms of depression (118). In this report, although no apparent 
differences were noted between individuals with and without 
depressive symptoms in dietary thiamine intake, the authors could 
not exclude errors in dietary assessment related to differences in 
food processing (118). In addition, other factors like diabetes, 
altered hormone profiles, and increased alcohol consumption 
observed in some individuals with depressive symptoms could 
play a critical role in the bioavailability of thiamine (118).
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A direct correlation between thiamine deficiency and 
symptoms of major depressive disorder (MDD) had been 
previously found in a population of 74 individuals with history 
of malnutrition (119). These findings were confirmed by another 
study involving 118 geriatric patients (120), although in this 
particular instance, no information about dietary thiamine 
intake was provided.

Additionally, Ghaleiha and colleagues explored the 
interventional effect of thiamine supplementation in thiamine-
deficient subjects with MDD in a 12-week, randomized, double-
blind clinical trial (121). The study concluded that symptoms 
of depression improved significantly in subjects with MDD 
following 6 weeks of thiamine supplementation compared to 
placebo.

Finally, positive mood changes (clearheadedness, increased 
energy and appetite, improved sleep patterns, and decreased 
fatigue) have been observed following thiamine supplementation 
in healthy elderly (16) as well as younger (122) women, 
compared to the same population assigned to the placebo 
group. Interestingly, while in the elderly population, a marginal 
deficiency of thiamine was reportedly due to the lack of a national 
thiamine enrichment policy for grains and cereals at the time 
of the study, in the case of younger women, a normal thiamine 
intake was recorded for all participants at baseline.

In Children
In children, thiamine deficiency presents with acute symptoms 
and very rapid onset, and in the vast majority of cases, it affect 
infants who are breast-fed by thiamine-deficient mothers or with 
thiamine-deficient formulas.

A pivotal study that highlighted the crucial role of thiamine 
as an essential nutrient for infant development and discussed 
how TD phenotype may be confused or overlooked with other 
diseases was based on an epidemiological investigation on 24- to 
39-month-old children presenting repeated vomiting, irritability, 
and lethargy, without major neurological abnormalities. All 
children who had consumed the same soy-based, thiamine-
deficient formula (<0.5 mg/g formula) suffered from language 
and motor development deficits compared to sex- and age-
matched children fed with other milk-based diets (123). Another 
study on the acute and long-term effects of thiamine-deficient 
formula-fed children who were not promptly diagnosed reported 
that a subset of patients (36%) died of cardiac and respiratory 
complications (124), and the remaining children developed 
intellectual disabilities, neurodevelopmental delay, and major 
motor dysfunction by the age of 9 (124). Recently, in another 
study by Harel et al. (125), more than 50% of a preschool children 
cohort, who were exposed to a thiamine-deficient diet for more 
than 1 month during the first 24 months of life, developed 
movement and motor skills difficulties compared to less than 
10% among children with appropriate thiamine intake.

Infantile Thiamine Deficiency
Infantile thiamine deficiency (ITD) manifests after 2–3 weeks of 
thiamine deprivation with initially milder symptoms (refusal to 
eat, vomiting, and irritability), followed by rapid deterioration, 

with a high fatality rate (106). Newborns who are severely 
thiamine deprived may develop infantile beriberi. The disorder 
is rare in developed countries, as it can be readily treated with 
thiamine supplementation (126). However, it remains a concern 
in developing countries among infants breast-fed by thiamine-
deficient mothers or fed with thiamine-deficient formula. 
Without proper thiamine supplementation, the deficiency is 
characterized by a rapid onset of symptoms involving vomiting, 
diarrhea, tachypnea, convulsions, ataxia, paralysis, cardiac 
dysfunction, and heart failure. In many cases, fatality occurs 
quickly (127). Those children who survive thiamine-deficiency-
related WE [see the section Wernicke Encephalopathy and 
Vasconcelos et al. (128)] continue to live with developmental 
disabilities including severe epilepsy, language impairment, loss 
of motor function (to varying degrees), and mental retardation 
(mild to profound) (124).

In two separate case reports, one newborn (2 months old) with 
early infantile Leigh-like SLC19A3 gene defect (129) and one 
(30 days old) with THTR2 deficiency (130) responded dramatically 
differently to thiamine supplementation. In the first case, the 
2-month-old infant initially presenting with fever, feeding 
difficulties, and complex partial seizures (129) subsequently 
developed a severe encephalopathy. MRI showed abnormalities 
in both cerebral hemispheres as well as in brainstem and 
cerebellum, basal ganglia, and thalamus. A diffuse volume loss 
was also noted in both hemispheres. At the biochemical level, 
metabolic acidosis was diagnosed. Despite a prompt therapeutic 
regimen consisting of thiamine (37.5 mg/kg) and biotin (10 mg/
kg) twice daily, the patient’s conditions never improved and he 
died at 4 months of age. The lack of response to treatment in 
this instance seems to suggest that its effectiveness is completely 
halted in the presence of a null mutation leading to a complete 
loss of function of the thiamine transporter in the early-onset 
form [see Table 1 in Alfadhel (129)].

In the second case report, the infant showed acute 
mitochondrial encephalopathy, accompanied by increased level 
of lactate in the blood and cerebrospinal fluid as well as abnormal 
levels of α-ketoglutarate in the urine. Cortico-subcortical lesions 
were visualized by MRI, some of which seemed to have appeared 
in the perinatal period (130). Within 48 h after administration 
of thiamine (100 mg/day), biotin (10 mg/day), and carnitine 
(300 mg/day), a remarkable improvement was observed in both 
clinical and biochemical outcomes (130). After discontinuing 
biotin, the patient remained stable for 6 months on thiamine 
supplementation (20 mg/kg/day) (130).

It is now widely established that less severe cases of ITD can be 
treated (to varying degrees) with early thiamine supplementation. 
In general, therapeutic recommended doses are 10–25 mg/daily 
IV or IM for 2 weeks, or 10–50 mg/daily orally, followed by 
5–10 mg/daily for 1 month (112).

Autism Spectrum Disorders
More recently, thiamine-based treatments have gained a great 
deal of attention as a therapeutic strategy for other developmental 
and neurological disorders linked to mitochondrial dysfunction. 
One such disorder is autism spectrum disorder (ASD), a group 
of complex neurological and developmental disabilities, with a 
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prevalence of 1 in 54 and 1 in 252, respectively, for males and 
females age 8 years in the United States (131). “Spectrum” refers 
to the wide heterogeneity and range of symptoms within three 
characteristic patterns: atypical cognitive profile, executive 
dysfunction, and unusually restricted or repetitive behavior 
(131). Individuals with ASD show severe cognitive and verbal 
impairments and experience challenges in the development of 
critical social communication skills.

Limited findings are available on the link between thiamine 
bioavailability and the development of autism. However, studies 
show that the consumption of herbal supplements rich in 
thiaminase during pregnancy (132) or alcohol exposure in utero 
(133) may predispose a fetus to thiamine deficiency during 
pregnancy and increased risk for ASD. A study conducted on rat 
pups nursed by thiamine-deficient dams displayed comparable 
findings, in which the offspring exhibited behavioral abnormalities 
consistent with ASD symptoms (134).

A number of hypotheses have been put forward on the 
pathophysiological mechanisms linking thiamine deficiency 
and ASD (135), including i) increased apoptosis, due to the link 
of thiamine with p53 (136, 137), Bcl-2 (138, 139), and caspases 
(140); ii) deregulation of the serotoninergic system (141, 142); and 
iii) increased oxidative stress, due to the putative role of thiamine 
in prostaglandin expression, decreased lipid peroxidation as 
well as expression of nitric oxide synthase (143, 144), and its 
involvement as a cofactor for TKT in the PPP, master regulator of 
NADPH homeostasis.

More interestingly, a subset of children with ASD has been 
characterized by PDH deficiency and mitochondrial dysfunction 
(145, 146), suggesting that thiamine deficiency may also ensue 
in PDH deficits or that a borderline thiamine intake would 
compound the preexistent PDH deficit, precipitating energy 
metabolism and leading to ASD in genetically predisposed 
individuals. Furthermore, a more recent study has shown 
decreased TPP levels in plasma from ASD children compared to 
healthy controls (147), suggesting either lower consumption or 
an impaired absorption from the gastrointestinal tract, providing 
a link between thiamine metabolism and the gut microbiome, 
which has been considered in the context of ASD (148). While 
there is no evidence to suggest that a sole deficiency in thiamine 
may result in ASD, it could certainly be a contributing element 
in concert with other epigenetic factors in the presence of an 
already predisposed genetic background.

Based on the finding that children with ASD seem to 
have an impairment in the catabolism and excretion of thiol-
containing heavy metals, Lonsdale et al. proposed that thiamine 
supplementation may be indicated for all children with ASD 
(149), with the idea that heavy metal toxicity can hamper 
TKT activity, increase oxidative stress, and, in turn, disrupt 
thiamine homeostasis. Hence, thiamine supplementation may, to 
some  extent, improve carbohydrate metabolism, mitochondrial 
function, and brain energy production (150). In that study, children 
with ASD were administered a thiamine derivative, bi-daily for 
2 months and noted improved communication skills, sociability, 
sensory/cognitive awareness, and behavior in 8 out of the 10 
children studied as well as reduction in urine arsenic and mercury 
levels (149). In a separate, double-blind, placebo-controlled study, 

researchers noted decreased oxidative stress, increased ATP in 
plasma and NADH and NADPH production in red blood cells, 
and improved PGI-R (Parent Global Impressions—Revised) scores 
in hyperactivity, tantrum, and receptive language categories in 
autistic children administered vitamin/mineral supplementation, 
which included thiamine, over a 3-month period (151).

These pilot studies provide some support for a thiamine-
based approach as a therapeutic intervention for ASD. However, 
further studies are warranted to clarify the role and specificity 
of thiamine supplementation for the management of the diverse 
and extensive range of ASD features.

Depression in Children and Child-Bearing Women
To our knowledge, to date, only one study has investigated the 
contribution of thiamine levels to pediatric depression (152). 
Surprisingly, and opposite to findings in adults, this study found 
a direct correlation between thiamine intake and depressive 
symptoms in Spanish schoolchildren (7–9 years old).

Although a fairly common condition among teenagers, 
little is known about depression and its treatment in children 
12 years old and younger (153). Depression in children is often 
overlooked and oftentimes mistaken by teachers and parents 
and labeled as laziness, learning disabilities, or belligerence 
(154). Similarly, the “acting out” behavior observed in pediatric 
depression is often labeled as bullying, rebellion, or even 
psychotic behavior (154).

The effects of thiamine supplementation might be significant 
as palliative treatment in postpartum depression (PPD) and have 
a critical role on the infant’s subsequent cognitive development. 
PPD has been associated with an increased risk of developing 
learning disabilities, Attention-Deficit/Hyperactivity Disorder 
(ADHD), and anxiety disorders in toddlers, which makes PPD 
a critical concern for both mother and infant (155). Nikseresht 
et al. investigated the therapeutic effects of Zn2+, Mg2+, and 
TPP supplementation in a PPD mouse model. Improvements 
in depressive symptoms and anxiety-like behaviors (tested by 
forced swimming test and elevated plus-maze), as well as total 
antioxidant capacity, were noted in the dams when the nutrients 
were administered on postpartum day 3 (156). Taken together, 
these findings indicate that thiamine supplementation may be a 
promising therapeutic strategy for PPD. However, future studies 
should address the role of thiamine in PPD independently and 
whether supplementation in instances of PPD positively impacts 
infant development.

CONCLUSIONS AND FUTURE 
PERSPECTIVES

Thiamine deficiency, regardless of the underlying mechanism 
(genetic or epigenetic), impairs critical TPP-dependent 
enzymes involved in intermediary metabolism and antioxidant 
defenses. The consequent decrease in ATP production and 
increased oxidative stress result in neurological deficits, 
which become especially detrimental during critical 
windows of neurodevelopment. In the recent years, thiamine 
supplementation has been contemplated, with some success, 

112

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


Thiamine Deficiency in Neurological DisordersDhir et al.

11 April 2019  |  Volume 10  |  Article 207Frontiers in Psychiatry  |  www.frontiersin.org

as a therapeutic approach for neurodevelopmental disorders, 
including ASD and major psychiatric disorders (i.e., depression). 
However, the vast heterogeneity of the pathogenic mechanisms 
underlying these conditions, along with the difficulty of 
diagnosis and the assumption that diets from developed 
countries supply enough thiamine to match the caloric intake 
(including perinatal periods), has not prompted enough research 
to address the role and effects of thiamine supplementation 
as a therapeutic strategy in the context of neurodevelopment/
neurodegeneration. Of note, and an often overlooked issue, 
is the lack of incorporation of antioxidants into supplemental 
treatments that are deemed critical to minimize the thiamine-
deficiency-dependent oxidative-stress-derived damage. This 
will also allow to shed light on the contribution of oxidative 

stress versus mitochondrial dysfunction to the morbidity of 
neurodegenerative disorders.
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We previously developed a lymphoblastoid cell line (LCL) model of mitochondrial dysfunction 
in autism spectrum disorder (ASD); some individuals with ASD showed mitochondrial 
dysfunction (AD-A) while other individuals (AD-N) demonstrated mitochondrial respiration 
similar to controls (CNT). To test the hypothesis that mitochondrial dysfunction could be 
a consequence of environmental exposures through chronic elevations in reactive oxygen 
species (ROS), we exposed LCLs to prolonged ROS. We also examined expression 
of metabolic regulatory genes and the modulating effect of the mechanistic target of 
rapamycin (mTOR) pathway. Prolonged ROS exposure induced or worsened mitochondrial 
dysfunction in all LCL groups. Expression of genes associated with ROS protection was 
elevated in both AD-N and AD-A LCLs, but mitochondrial fission/fusion and mitoplasticity 
gene expression was only increased in AD-N LCLs. Partial least squares discriminant 
analysis showed that mTOR, UCP2 (uncoupling protein 2), SIRT1 (sirtuin 1), and MFN2 
(mitofusin-2) gene expression differentiated LCL groups. Low-dose rapamycin (0.1 nM) 
normalized respiration with the magnitude of this normalization greater for AD-A LCLs, 
suggesting that the mammalian target of rapamycin complex 1 (mTORC1) pathway may 
have a different dynamic range for regulating mitochondrial activity in individuals with ASD 
with and without mitochondrial dysfunction, potentially related to S6K1 (S6 kinase beta-1) 
regulation. Understanding pathways that underlie mitochondrial dysfunction in ASD may 
lead to novel treatments.

Keywords: autism, mitochondria, mitoplasticity, mechanistic target of rapamycin, reactive oxygen species

INTRODUCTION

Mitochondria are involved in many essential cellular functions; besides production of adenosine 
triphosphate (ATP), mitochondria are essential for calcium buffering, redox regulation, apoptosis, 
and inflammation. Classic mitochondrial diseases are rare, but novel forms of mitochondrial 
dysfunction are believed to be associated with more common diseases, particularly those where the 
environment contributes to the etiology. Mitochondrial dysfunction is documented in psychiatric 
diseases (1–4), neurodegenerative disorders (5), persistent systemic inflammation (6), cardiac 
disease (7), cancer (8), and diabetes (9). Mitochondrial dysfunction is also closely associated with 
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neurodevelopmental disorders, particularly autism spectrum 
disorder (ASD) (10, 11) and genetic syndromes closely associated 
with ASD including mechanistic target of rapamycin (mTOR) 
(12–15); phosphatase and tensin homolog (PTEN) (16) and 
WDR45 (17) mutations; Rett (18–20), Phelan–McDermid (21), 
Angelman (22), and Down (23, 24) syndromes; as well as 15q11-
q13 duplication (25, 26) and septo-optic dysplasia (27).

Mitochondrial dysfunction in ASD is unique. First, 
the great majority (~75%) of those with both ASD and 
mitochondrial disease do not show mitochondrial or nuclear 
genetic abnormalities, suggesting that the changes in 
mitochondrial function are either secondary to alterations 
in nonmitochondrial metabolic or regulatory pathways and/
or due to changes in nonmitochondrial genes or epigenetic 
changes (11). Second, unlike classic mitochondrial disease, 
where mitochondrial activity is depressed, electron transport 
chain (ETC) activity in individuals with ASD has been 
reported to be elevated significantly above normal in muscle 
(28, 29), skin (30), gut mucosa (31), buccal epithelium (32–
34), and brain (35).

In a series of studies, the authors have described and validated 
a lymphoblastoid cell line (LCL) model of mitochondrial 
dysfunction in samples obtained from individuals with ASD 
(36–42). In this model, about one-third of individuals with 
ASD (called AD-A) have LCLs with respiratory rates twice that 
of LCLs from control (CNT) individuals, while the remainder 
of the individuals with ASD (called AD-N) have LCLs with 
respiratory rates equivalent to LCLs from CNT individuals. 
Using the Mitochondrial Oxidative Stress Test (MOST) (43), we 
systematically increased reactive oxygen species (ROS) in vitro to 
demonstrate that AD-A LCLs are sensitive to physiological stress 
as they consistently show a depletion in reserve capacity (RC) as 
ROS is increased (36–42). In addition, we have demonstrated that 
mitochondrial respiration of AD-A LCLs responds differently 
to environmental toxicants (38, 40) and enteric short-chain 
fatty acids (39, 42) as compared to mitochondrial function in 
AD-N and CNT LCLs. In addition, we have linked this atypical 
mitochondrial function seen in AD-A LCLs to ASD behaviors; 
indeed, higher respiratory rates in the ASD LCLs were found to 
be associated with more severe repetitive behaviors measured on 
the gold-standard diagnostic tool for ASD, the Autism Diagnostic 
Observation Schedule (ADOS) (41).

The reason for the abnormal mitochondrial function in the 
AD-A LCLs is not obvious; we previously hypothesized that this 
elevation in mitochondrial respiration was an adaptive response 
that developed as a consequence of previous exposure(s) to 
chronic extrinsic and/or intrinsic stressors (37), a hypothesis 
that this paper is designed to test. Since many environmental 
stressors may have their biological effect through increases 
in ROS (21, 44–46) and since ROS is elevated in many ASD-
derived tissues (45), including LCLs (37) and brain (47, 48), 
we hypothesized that prolonged environmental exposures, 
potentially through prolonged exposure to ROS, would alter 
long-term mitochondrial function by increasing respiratory 
rates. Since this hypothesis has never been tested directly, we 
will test this hypothesis in this paper by exposing ASD and CNT 
LCLs to prolonged ROS.

Thus, in this study, we determine whether prolonged exposure to 
ROS will increase mitochondrial respiratory rates in our LCL model 
so that LCLs with normal mitochondrial respiration (i.e., AD-N, 
CNT) will demonstrate increases in mitochondrial respiration 
and LCLs with increased respiration (i.e., AD-A) will further 
demonstrate increases in mitochondrial respiration. Showing that 
such a change can be induced would support the hypothesis that 
this change in mitochondrial respiration is inducible.

We also examined changes in molecular pathways associated 
with mitochondrial dysfunction by measuring the expression of 
genes, including those involved in regulating redox metabolism 
(uncoupling protein 2, UCP2; mitochondrial superoxide 
dismutase 2, SOD2) (49–51), mitochondrial response to stress 
(sirtuin 1, SIRT1; sirtuin 3, SIRT3; hypoxia-inducible factor 
1-alpha, HIF1α; peroxisome proliferator-activated receptor 
gamma coactivator 1-alpha, PGC1α) (52–54), mitophagy (PTEN-
induced putative kinase 1; PINK1), mitochondrial fusion 
(mitofusin-2, MFN2), mitochondrial fission (dynamin-1-like 
protein, DRP1), and those that can modulate cellular metabolism 
(AMP-activated protein kinase, AMPK; RAC-alpha serine/
threonine-protein kinase, AKT1) and are associated with ASD 
(PTEN; mTOR) (55). We examined both the average expression 
across groups and the relationship between expressions of genes 
in various pathways.

Lastly, we examined the relationship of bioenergetic 
abnormalities found in ASD LCLs to the mTOR pathway 
for several reasons. First, abnormalities in mTOR complex 1 
(mTORC1) signaling occurs in approximately 25% of individuals 
with nonsyndromic autism (56), which is a similar proportion 
of ASD LCLs with atypical bioenergetics (36, 37) (i.e., AD-A) 
in our model. Second, mTOR can influence mitochondrial 
function through several molecular pathways: mTORC1 inhibits 
eukaryotic translation initiation factor 4E-binding proteins 
(4EBP) that in turn releases inhibition of eIF4E and promotes 
translation of nuclear-encoded mitochondria-related messenger 
ribonucleic acids  (mRNAs) and an increase in ETC activity 
(57) and mTORC1 positively influences ribosomal protein S6 
kinase beta-1 (S6K1), which negatively regulates mitochondrial 
function through inhibition of the expression of such genes as 
UCP2, PGC1α, and DRP1 (58). Activation of S6K1 by mTORC1 
is inhibited by low-dose rapamycin while high-dose rapamycin 
inhibits both S6K1 and 4EBP (59). Thus, as an additional 
experiment, we examined the effect of mTORC1 by determining 
whether low-dose rapamycin modulates mitochondrial 
respiration and whether such changes are more significant in the 
LCLs with higher respiratory rates (i.e., AD-A LCLs).

METHODS

Lymphoblastoid Cell Lines and Culture 
Conditions
LCLs derived from white males diagnosed with autistic disorder 
(AD) were chosen from pedigrees with at least one other affected 
male sibling (i.e., multiplex family) [mean (SD) age, 8.5 (3.0) 
years]. These LCLs were obtained from the Autism Genetic 
Resource Exchange (Los Angeles, CA, USA) and the National 
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Institute of Mental Health (Bethesda, MD, USA) center for 
collaborative genomic studies on mental disorders. All relevant 
guidelines and regulations were followed. These deidentified 
human samples were determined to be exempt from institutional 
review board (IRB) review by the University of Arkansas for 
Medical Science IRB. Donors were diagnosed using the ADOS or 
the Autism Diagnostic Interview–Revised (ADI-R), both gold-
standard instruments.

In our previous studies (36–42), these LCLs were categorized into 
two different types: ones with atypical mitochondrial respiration 
(AD-A) and those with typical respiration (AD-N). These metabolic 
groupings are repeatable across several studies (36–42). All 
respiratory parameters were reviewed to ensure that the Seahorse 
runs for each LCL were consistent with their assigned group. Only 
one case was found where the Seahorse respiratory measurements of 
an LCL was not consistent with the expected group. One AD-N LCL 
(02C10618) demonstrated baseline respiratory parameters more 
consistent with AD-A LCLs in the rapamycin experiment, so it was 
excluded from the analysis.

CNT LCLs were derived from healthy white boys with no 
documented behavioral or neurological disorder and without any 
first-degree relative suffering from a medical disorder that might 
involve mitochondrial dysfunction [mean (SD) age, 8.5 (2.8) years]. 
CNT LCLs came from Coriell Cell Repository (Camden, NJ, USA).

The average cell passage was 12, with a maximum passage of 15, 
since genomic stability is very high at this low passage number. Cells 
were maintained in Roswell Park Memorial Institute (RPMI) 1640 
culture medium with 15% fetal bovine serum and 1% penicillin/
streptomycin (Invitrogen, Grand Island, NY, USA) in a humidified 
incubator at 37°C with 5% CO2.

Seahorse Assay
A Seahorse Extracellular Flux (XF) 96 Analyzer (Agilent 
Technologies, Santa Clara, CA, USA) measured oxygen 
consumption rate (OCR), an indicator of mitochondrial 
respiration, in live intact LCLs in real time. Each run (each line 
of Supplementary Tables 1 and 2) examined matched LCL 
groups (CNT, AD-N, AD-A) on the same plate to control for 
experimental variation in mitochondrial activity measurement. 
The assay (Figure 1A), which has been described previously 
(36–42), provides measures of ATP-linked respiration (ALR), 
proton leak respiration (PLR), maximal respiratory capacity 
(MRC), and reserve capacity (RC).

Mitochondrial Oxidative Stress Test
To determine the vulnerability of the mitochondria to acute 
ROS exposure, we developed the Mitochondrial Oxidative 
Stress Test (MOST) in our previous studies (43). We examined 
the sensitivity of LCLs to various increasing levels of ROS by 
systematically exposing LCLs to increasing concentrations of 
2,3-dimethoxy-1,4-napthoquinone (DMNQ; Sigma-Aldrich, 
St. Louis, MO, USA) for 1 h prior to the Seahorse assay. LCLs 
were exposed to 0 μM (control no exposure), 5 μM, 10 μM, and 
15 μM DMNQ since these concentrations of DMNQ provide a 
full range of ROS challenge such that the highest concentration 
(15 μM DMNQ) significantly reduced RC to its minimum in 
almost every LCL type. A 5 mg/mL DMNQ solution was diluted 
in DMEM XF assay media into a 10X stock and added to cells in 
an XF-PS plate in a non-CO2 incubator at 37°C 1 h prior to the 
Seahorse assay.

FIGURE 1 | Seahorse assay and outline of the prolonged reactive oxygen species (ROS) exposure experiment. (A) Mitochondrial respiration is inferred by measuring 
oxygen consumption rate (OCR). OCR is measured three times over 18 min at each measurement phase. Initially, basal respiration is measured. The complex V 
inhibitor oligomycin is then used to determine how much of basal respiration is ATP-linked respiration and proton leak respiration. Then, a protonophore, carbonyl 
cyanide-p-trifluoromethoxyphenyl-hydrazon (FCCP) is used to drive the respiratory chain to its maximal rate by collapsing the inner membrane gradient, allowing 
maximal respiratory capacity to be determined. To determine non-mitochondrial respiration, antimycin A and rotenone, Complex III and I inhibitors, are added to 
stop the respiratory chain. Reserve capacity is calculated as the difference between basal respiration and maximal respiratory capacity. (B) Prolonged exposure  
(96 h) to a low concentration of DMNQ is used to simulate chronic exposure to a low level of ROS while other cells had no exposure to DMNQ as a control.
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Prolonged Low-Concentration Reactive 
Oxygen Species Exposure
To simulate prolonged exposure to low concentrations of ROS, 
13 sets of LCLs (Supplementary Table 1) were cultured in 1 μM 
DMNQ for 96 h prior to the Seahorse assay or left untreated  
(0 μM) (Figure 1B). Thirteen pairs of AD-N and AD-A LCLs were 
matched with an age-matched male CNT LCL. Due to the low  
availability of CNT LCLs that fit our criteria, a single CNT LCL 
was matched with two ASD LCLs in two cases. Also, three AD-A 
LCLs were matched twice with AD-N LCLs. Matching was 
done to control for variations in measurement of mitochondrial 
function.

Rapamycin Exposure
To determine the influence of the mTOR pathway, we first used 
both low (0.01 nM and 0.1 nM) and high (1 nM and 10 nM) 
concentrations of rapamycin with both 1 h and 2 h exposure 
times on one set of AD-A and AD-N LCLs to determine if there 
was a differential effect of low-dose rapamycin between the 
two cell lines and, if so, the optimal rapamycin concentration 
and exposure time. As a result of this titration, eight pairs of 
AD-A and AD-N LCLs (Supplementary Table 2) were exposed 
to 0.1 nM of rapamycin for 2 h prior to the Seahorse assay or 
left untreated (0 nM). Rapamycin was used as it preferentially 
inhibits the effect of mTORC1 (60), particularly on S6K1 at low 
dose (59).

Gene Expression
Total RNA was isolated from 2 million CNT, AD-N, and 
AD-A LCLs (Supplementary Table 3) using the RNeasy mini 
kit (Qiagen, Hilden, Germany) following the manufacturer’s 
protocol. Complementary deoxyribonucleic acid (cDNA) 
synthesis (2  µg per 20-µL reaction mix) was performed using 
the High-Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems, Waltham, MA, USA) as indicated by the manufacturer. 
Primers were designed using the online real-time polymerase 
chain reaction (PCR) tool from IDT DNA (www.idtdna.com/
scitools/Applications/RealTimePCR/). Supplementary Table S4 
outlines the primer sequences. Quantitative PCR reactions were 
performed for all target genes using the Power SYBR Green PCR 
Master Mix (Applied Biosystems, Waltham, MA, USA) on an 
ABI 7900HT Fast Real Time PCR system. Relative quantification 
was performed to the housekeeping gene, HPRT1 (hypoxanthine 
phosphoribosyltransferase 1).

Analytic Approach
To analyze group effects, a mixed-model regression was 
conducted via SAS version 9.3 (Cary, NC, USA) “glmmix” 
procedure. The mixed model allows matched samples on each 
Seahorse plate to be compared to one another while controlling 
for any variation associated with the Seahorse assay itself. The 
mitochondrial parameters were response variables with a 
between-group effect of LCL group (e.g., AD-N v AD-A v CNT) 
and within-group repeated factors of prolonged ROS exposure 
(exposed vs. nonexposed) and DMNQ concentration as well 

as the interaction between these effects. DMNQ concentration 
was a continuous variable. For all models, random effects 
included the intercept. F tests evaluated significance. Planned 
post hoc orthogonal contrasts, which are t-distributed, examined 
significant group effects. Data were normally distributed and 
variation was similar across groups. Graphs show standard error 
bars. Gene expression was similarly analyzed, although without 
the DMNQ concentration variable. Rapamycin exposure data 
were similarly analyzed, although the exposure variable was with 
rapamycin. We also performed partial least squares discriminant 
analysis (PLSDA) using R version 3.5.0 mixOmics Omics Data 
Integration Project version 6.3.2.

RESULTS

Prolonged Exposure to Reactive Oxygen 
Species: Mitochondrial Function
To determine if prolonged exposure to low concentrations of 
ROS can alter mitochondrial function, potentially producing 
the atypical patterns of respiration seen in the AD-A LCLs, we 
exposed the three types of LCLs (CNT, AD-N, and AD-A) to 
a low concentration of DMNQ for 96 h or cultured normally 
(control). We then conducted the Seahorse assay including the 
MOST. This allowed us to determine if prolonged ROS exposure 
changed overall average respiration and/or the susceptibility 
of the mitochondria to acute ROS increases. Thus, we report 
the change in overall average respiration and the change in 
respiration with ROS challenge (as part of the MOST) as a result 
of prolonged (96 h) exposure to low levels of ROS.

Adenosine Triphosphate–Linked Respiration
Prolonged ROS exposure increased overall ALR [F(1,1144) = 
4.71, p < 0.05], with this effect not significantly different across 
LCL groups. The change in ALR with increasing DMNQ was 
changed by prolonged ROS exposure [F(1,1144) = 5.07, p < 
0.01] without this change being significantly different across 
LCL groups (Figure 2A). Thus, prolonged ROS exposure 
changed mitochondrial respiration to have a higher baseline 
ALR and a greater change in ALR. This suggests that indeed 
prolonged ROS exposure shifts ALR toward the mitochondrial 
dysfunction abnormalities typically seen in the AD-A LCLs at 
baseline. Interestingly, these changes seem to be similar across 
LCL types, suggesting that it is a general adaptation of the 
mitochondria.

Proton Leak Respiration
Prolonged ROS exposure did influence overall PLR [F(1,1144) = 
52.02, p < 0.001], but this change was not significantly different 
across LCL groups. The typical increase in PLR that occurs with 
redox challenge was amplified after prolonged ROS exposure 
[F(1,1144) = 3.95, p < 0.01] but this change was not significantly 
different across LCL groups (Figure 2B). Thus, prolonged ROS 
exposure changed mitochondrial respiration to have a greater 
change in PLR. This suggests that indeed prolonged ROS 
exposure shifts PLR toward the mitochondrial abnormalities 
seen in the AD-A LCLs at baseline.
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Maximal Respiratory Capacity
Prolonged ROS exposure increased overall MRC [F(1,1144)  = 
4.97, p < 0.05], with this change not significantly different across 
LCL groups. The change (decrease) in MRC was accentuated 
after prolonged ROS exposure [F(1,1144) = 9.37, p  < 0.0001], 
with this effect not significantly different across LCL groups 
(Figure  2C). Thus, prolonged ROS exposure changed 
mitochondrial respiration to increase overall MRC and cause 
a greater change in MRC. This suggests that indeed prolonged 
ROS exposure shifts MRC toward abnormalities seen in the 
AD-A LCLs at baseline.

Reserve Capacity
Prolonged ROS exposure increased overall RC [F(1,1144) = 7.81, 
p < 0.01], with this effect not significantly different across LCL 
groups. Prolonged ROS exposure also augmented the change 
(decrease) in RC [F(1,1144) = 11.55, p < 0.0001] (Figure 2D), with 
this effect significantly different across LCL groups [F(6,1144) = 
2.37, p < 0.05] (Figure 2E). As can be seen in Figure 2E, the change 
in RC with the acute ROS challenge is greater for the AD groups 
than the CNT group. Thus, prolonged ROS exposure changed 
mitochondrial respiration to have a higher overall RC and greater 
change in RC, with some of these effects more prominent in the 

FIGURE 2 | The effect of prolonged (96 h) ROS exposure on mitochondrial function in lymphobastoid cell lines (LCLs). In these expierments, 2,3-dimethoxy-
1,4-napthoquinone (DMNQ) was used to increase ROS in vitro both during the prolonged incubation and 1 h prior to the mitochondrial measurements in order 
to determine the effect of acute increases in ROS on the LCLs. Prolonged ROS exposure (red) shifted mitochondrial function toward an atypical pattern that has 
been reported in a subset of LCLs derived from children with autistic disorder (AD). This includes increasing (A) ATP-linked respiration, (B) proton leak respiration, 
(C) maximal respiratory capacity, and (D) reserve capacity, along with a greater drop in reserve capacity when challanged with an acute increase in ROS. (E) The 
change in reserve capacity with increasing acute DMNQ concetration was different across the LCL groups, so the difference between the lowest (0 µM) and highest 
(15 µM) DMNQ concentrations is depicted in the bottom graph to demonstrate the interaction.
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ASD LCLs. This suggests that indeed prolonged ROS exposure 
shifts RC toward abnormalities seen in the AD-A LCLs at baseline.

Gene Expression Differences Across 
Lymphoblastoid Cell Line Groups: 
Statistical Differences
To understand differences in molecular pathway regulation 
of mitochondrial and redox homeostasis across LCL groups, 

expression of key genes was examined (Figure 3). Gene 
expression was averaged across ROS exposure since differences 
in gene expression between AD and CNT LCL groups were 
independent of the ROS effect except for one gene.

No Differences
There were no differences in PTEN and AKT1 expression 
between LCL groups.

FIGURE 3 | Gene expression in three different types of lymphobastoid cell lines (LCLs) collapsed across the prolonged (96 h) ROS exposure condition. While LCLs 
derived from individuals with autistic disorder (AD) demonstrated increases in expression in several genes, including UCP2, mTOR, and SOD2, in comparison to controls 
(CNT), most of the elevation in gene expression related to the genes involved in response to physiological stress was seen only one AD LCL group (i.e., AD-N).
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Gene Expression Elevated in Autistic Disorder 
Lymphoblastoid Cell Lines Compared to Control 
Lymphoblastoid Cell Lines
UCP2 expression was significantly different across LCL groups 
[F(2,44) = 19.12, p < 0.0001] due to higher expression in AD-N 
[t(44) = 5.54, p < 0.0001] and AD-A [t(44) = 5.31, p < 0.0001] LCLs 
as compared to CNT LCLs. SOD2 expression was significantly 
different across LCL groups [F(2,44) = 19.78, p < 0.0001] due to 
higher expression in AD-N [t(44) = 6.07, p < 0.0001] and AD-A 
[t(44) = 4.68, p < 0.0001] LCLs as compared to CNT LCLs. 
mTOR expression was significantly different across LCL groups 
[F(2,44) = 26.04, p < 0.0001] due to higher expression in AD-N 
[t(44) = 6.63, p < 0.0001] and AD-A [t(44) = 5.99, p < 0.0001] 
LCLs as compared to CNT LCLs.

Gene Expression Elevated in AD-A Lymphoblastoid 
Cell Lines
AMPK expression was significantly different across LCL groups 
[F(2,44) = 6.53, p < 0.005] due to higher expression in the AD-A 
LCL as compared to CNT LCLs [t(44) = 3.61, p < 0.005].

Gene Expression Elevated in AD-N Lymphoblastoid 
Cell Lines
PINK1 expression was significantly different across LCL groups 
[F(2,44) = 19.78, p < 0.0001] due to higher expression in AD-N 
LCLs as compared to CNT [t(44) = 6.20, p < 0.0001] and 
AD-A [t(44) = 3.89, p < 0.0005] LCLs. HIF1α expression was 
significantly different across LCL groups [F(2,44) = 11.99, p < 
0.0001] due to higher expression in AD-N LCLs as compared to 
CNT [t(44) = 4.71, p < 0.0001] and AD-A [t(44) = 3.42, p = 0.001] 
LCLs. SIRT3 expression was significantly different across LCL 
groups [F(2,44) = 14.08, p < 0.0001] due to higher expression 

in AD-N LCLs as compared to CNT [t(44) = 5.16, p < 0.0001] 
and AD-A [t(44) = 3.56, p < 0.001] LCLs. PCG1α expression 
was significantly different across LCL groups [F(2,44) = 7.42, p = 
0.01] due to higher expression in AD-N LCLs as compared to 
CNT [t(44) = 3.70, p < 0.005] and AD-A [t(44) = 2.73, p < 0.05] 
LCLs. MFN2 expression was significantly different across LCL 
groups [F(2,44) = 10.66, p < 0.0005] due to higher expression 
in AD-N LCLs as compared to CNT [t(44) = 2.60, p = 0.01] and 
AD-A [t(44) = 4.60, p < 0.0001] LCLs. SIRT1 expression was 
significantly different across LCL groups [F(2,44) = 3.58, p < 
0.05] due to higher expression in AD-N LCLs as compared to 
AD-A [t(44) = 2.58, p < 0.05] LCLs. DNM1L was significantly 
different across LCL groups [F(2,44) = 6.18, p < 0.005] due to 
higher expression in AD-N LCLs as compared to CNT [t(44) = 
3.51, p < 0.005] LCLs.

Gene Expression Changes Resulting From 
Prolonged Reactive Oxygen Species Exposure
There was also an LCL group by prolonged ROS exposure 
interaction [F(2,44) = 3.24, p = 0.05] driven by the fact that 
MFN2 (fusion) expression decreased in the AD-N LCLs while it 
increased in the CNT [t(44) = 2.27, p < 0.05] and AD-A [t(44) = 
2.10, p < 0.05] LCLs following prolonged ROS exposure.

Gene Expression Patterns Differentiate 
Lymphoblastoid Cell Line Groups:  
Visual Analysis
To better understand gene expression that differentiates LCL 
groups, particularly LCLs with and without mitochondrial 
dysfunction, the statistical differences found above were 
displayed in a functional diagram representing pathway 
interconnections (Figure 4). This diagram shows that ASD 

FIGURE 4 | Interconnection of the pathways studied, the genes in which we have measured expression and connection to mitochondrial respiration. The colors 
represent the groups that have elevations in the expression of specific genes. Most notable are the two pathways by which mTOR can influence mitochondrial 
function. S6K1 pathway inhibits many of the pathways involved in mitochondrial maintainance and response to stress while the 4E-BP/eIF4E pathway more directly 
can increase mitochondrial function.
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LCLs, both AD-A and AD-N LCLs, demonstrate an increase in 
SOD and UCP2, as would be expected for LCLs under chronic 
oxidative stress, as has been shown for ASD LCLs previously 
in several studies (37, 41, 61). One pattern that differentiates 
AD-A from AD-N is that many genes associated with 
mitochondrial maintenance (DRP1, MFN2) and response to 
physiological stress (PCG1α) are only elevated for AD-N LCLs 
but not AD-A LCLs. This is surprising, as the mitochondria 
with more abnormal respiratory rates would be expected to be 
under greater physiological stress.

For both types of ASD LCLs, mTOR is increased, which 
could represent either the mTORC1 or mTORC2 complex, but 
here we concentrate on mTORC1 because of its interactions 
with other pathways. The S6K1 pathway can be promoted by 
mTORC1. Since S6K1 inhibits many of the pathways involved 
in mitochondrial maintenance and response to stress, an 
increase in S6K1 pathway in the AD-A LCLs could explain why 
expression of many of the genes responsible for mitochondrial 
maintenance and response to stress are not elevated. The effect 
of S6K1 specific to mitochondrial dysfunction in the AD-A 
LCLs will be tested in the rapamycin experiment below. Why 
activation of the S6K1 pathway would be greater in the AD-A 
LCLs than in the AD-N LCLs is not immediately obvious, but 
this may be due to the differences in the dynamics of mTOR 
in the two ASD LCL subsets. Indeed, AMPK elevation appears 
to be specific for AD-A LCLs and would result in a greater 
phosphorylation and inactivation of mTORC1. Higher AMPK 
levels could explain the increase in mTOR expression for 
the AD-A LCLs since greater inactivation of mTORC1 could 
drive greater production of unphosphorylated mTORC1. The 
elevation in mTOR expression in AD-N LCLs could be driven 
by PINK1, but we would expect AKT1 to also be increased 
in expression.

Gene Expression Patterns Differentiate 
Lymphoblastoid Cell Line Groups: 
Discriminant Analysis
To complement the qualitative description of the different 
patterns that differentiate the LCL groups, a machine learning 
technique was used to independently verify patterns unique 
to the LCL groups. Since the expression between many genes 
are interdependent, PLSDA was used to select the key genes 
that differentiate LCL characteristics, specifically whether the 
LCLs came from individuals with ASD or those with typical 
development, and whether or not the mitochondria in the 
LCLs manifested mitochondrial dysfunction. Thus, we used 
PLSDA to extract the most important genes that defined 
these specific characteristics. PLSDA was used as compared 
to other discriminant analysis procedures since it considers 
the relationship between genes as well as their absolute 
expression levels.

Autism vs. Nonautism
Overall accuracy of the canonical discriminant function was 
97% using two components that accounted for 56% and 13% 
of the variance. The most significant component loadings were 

represented by six genes: mTOR, UCP2, PTEN, AKT1, SIRT1, 
and MFN2.

Mitochondrial Dysfunction vs. Normal Mitochondrial 
Function
Overall accuracy of the canonical discriminant function was 
84% using two components that accounted for 51% and 11% 
of the variance. The most significant component loadings were 
represented by six genes: mTOR, UCP2, DRP1, AMPK, SIRT1, 
and MFN2.

Thus, the PLSDA demonstrated that several common genes 
differentiated the bioenergetic and clinical characteristics of 
the cells, specifically mTOR, UCP2, SIRT1, and MFN2. Two 
genes were more specific to the clinical characteristics of 
the patients from which the LCLs were derived, specifically 
PTEN and AKT1, and two genes where more specific for the 
bioenergetic characteristics of the LCLs, specifically AMPK 
and DRP1.

Changes in Mitochondrial Respiration 
With Rapamycin Treatment
In order to determine if modulation of S6K1 could affect 
mitochondrial function, we investigated whether low-dose 
rapamycin did indeed differentiate the two ASD LCL groups. 
First, we did a titration experiment to find the optimal low 
dose of rapamycin and to confirm that low-dose but not high-
dose rapamycin differentially influenced the two ASD groups. 
As seen in Figure 5, low-dose rapamycin markedly reduced 
the respiratory indexes in the AD-A LCLs but not the AD-N 
LCLs as expected. From these experiments, we selected the 
optimal low dose to examine this effect on a larger number of 
LCL pairs.

Mitochondrial function was measured in eight pairs of 
LCLs from the two AD LCL groups (AD-N and AD-A) with 
and without exposure to low-dose (0.1 nM) rapamycin since 
this concentration of rapamycin has a more selective effect 
on the regulation of S6K1 by mTOR (59). We hypothesized 
that the activation of S6K1 by mTORC1 suppresses genes 
for  mitochondrial maintenance and response to stress and 
that by decreasing activity of this pathway using low-dose 
rapamycin, mitochondrial dysfunction in the AD-A LCLs will 
normalize.

Analyzing the results by LCL group, rapamycin was found to 
decrease PLR [F(1,13) = 7.37, p < 0.05] but not ALR (Figure 6A 
and B). Consistent with our hypothesis, rapamycin significantly 
decreased MRC [F(1,13) = 20.06, p < 0.001] and RC [F(1,13) = 
23.41, p < 0.001], with this effect significantly greater for the 
AD-A LCLs [MRC: F(1,13) = 12.07, p < 0.005; RC: F(1,13) = 
23.05, p < 0.001] as compared to the AD-N LCLs (Figure 6C 
and D). In fact, for AD-A LCLs, MRC and RC decreased toward 
the AD-N respiratory parameters indicating normalization to 
these respiratory parameters.

We then determined if the effect of low-dose rapamycin was 
dependent on baseline mitochondrial respiration independent 
of the LCL grouping, by examining the relationship between 
the baseline respiratory parameters and the change in the 
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respiratory parameter with rapamycin exposure. A significant 
relationship between the baseline respiratory parameter and 
change in the respiratory parameter with rapamycin treatment 
was found for all respiratory parameters [ALR: F(1,12) = 7.85, 
p < 0.05, r = −0.71; PLR: F(1,12) = 14.35, p < 0.005, r = −0.63; 
MRC: F(1,12) = 8.20, p = 0.01, r = −0.69; RC: F(1,12) = 12.77, 
p < 0.005, r = −0.74; Figure 6E–H]. In general, rapamycin had 
a greater effect on reducing mitochondrial respiration for those 
LCLs with higher respiratory rates at baseline. All correlation 
coefficients were significant, and these relationships were not 
significantly different across AD groups. Thus, in general, 

it appeared that rapamycin had a greater effect on reducing 
mitochondrial respiration when mitochondrial respiratory rates 
were higher.

DISCUSSION

This study examines important aspects of mitochondrial function 
and the origins of atypical mitochondrial respiration previously 
observed in a subset of ASD LCL in at least seven independent 
studies (36–42). In our previous studies, we hypothesized that 

FIGURE 5 | The effect of both low-dose and high-dose rapamycin on one pair of ASD LCLs. LCLs were exposed to low dose (0.01 nM and 0.1 nM) or high dose 
(1 nM and 10 nM) for either 1 h or 2 h followed by the Seahorse assay. For presentation purposes, both low doses at both time points were combined into one 
average data point and both high doses at both time points were combined into one data point. Standard error bars are also shown. Respiratory parameters 
including (A) ATP Linked Respiration, (B) Maximal Respiratory Capacity and (C) Reserve Capacity are shown.

FIGURE 6 | Rapamycin modulates mitochondrial function differently depending on the underlying baseline repiratory rate in lymphobastoid cell lines (LCLs) derived 
from children with autistic disorder (AD). (A–D) Group differences in the effect of rapamycin. The AD-N LCLs demonstrate more typical mitochondrial function and 
have less influence from rapamycin while the AD-A LCLs, which demonstrate elevated mitochondrial function, are more influenced by rapamycin. (E–H) The linear 
relationship between the underlying baseline respiratory rate and the change in respirataory rate for both groups of LCLs. The higher the baseline respiratory rate, 
the greater the effect of rapamycin.
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ASD LCLs with atypical mitochondrial respiration, called 
AD-A LCLs, developed atypical mitochondrial respiration as 
an adaptation to previous environmental exposures, potentially 
through prolonged exposure to ROS since oxidative stress is a 
common mechanism in which environmental agents perturb 
cellular physiology.

In this study, we conducted three experiments: 1) we 
examined the effect of prolonged exposure to ROS on 
mitochondrial respiration; 2) we examined differences in the 
expression of genes important for mitochondrial respiration, 
particularly those involved in allowing the mitochondria to 
adapt to adverse physiological conditions, across different 
clinical types (ASD vs. typical developing) and physiological 
types (atypical vs. normal mitochondrial function); and 
3) we also examined the effect of low-dose rapamycin on 
mitochondrial function, to determine whether a specific 
regulatory pathway (S6K1) may be involved in maintaining 
atypical mitochondrial function in the AD-A LCLs.

First, we examined the effect of prolonged exposure to 
low concentrations of an agent (DMNQ) that increased 
intracellular ROS to alter baseline mitochondrial respiration. 
We examined this in three types of LCLs, those derived 
from typically developing children (CNT) and two types from 
children with ASD. One of the subsets of LCLs derived from 
children with ASD are known to have atypical mitochondrial 
respiration (AD-A), which has been hypothesized to be an 
adaptive response to previous exposures to environmental 
stressors involving ROS. The prolonged exposure to ROS 
did result in changes in mitochondrial respiration, some of 
which were more significant and marked in the AD LCLs, but, 
overall, did influence the CNT LCLs also. These changes were 
similar to the differences seen in the AD-A LCLs at baseline, 
suggesting that the pattern of mitochondrial dysfunction 
displayed in the AD-A LCLs may have arisen from previous 
prolonged exposure to ROS.

Interestingly, the analysis of changes in gene expression with 
prolonged exposure to ROS found that MFN2 (fusion) gene 
expression changed, although in different directions for the 
different LCLs groups. While MFN2 expression decreased for 
AD-N LCLs and increased for both AD-A and CNT LCLs, it needs 
to be noted that the AD-N LCLs showed a higher expression 
of this gene at baseline. What is also potentially significant is 
that MFN2 appears to be significant in differentiating both 
clinical groups and bioenergetic characteristics of the LCLs, 
pointing to the potential importance of the maintenance of 
optimal mitochondria function in ASD. It is also of interest 
that the AD-A LCLs demonstrated significantly lower MFN2 
at baseline as compared to the AD-N LCLs. Thus, in lowering 
MFN2 expression for AD-N LCLs, prolonged ROS exposure 
did alter MFN2 toward the baseline expression of the AD-A 
LCLs, suggesting that this difference in MFN2 expression may 
be an integral part of the regulation and maintenance of the 
atypical mitochondrial activity.

Second, we examined gene expression in three types of 
LCLs that have different intrinsic mitochondrial function 
and underlying intracellular ROS profiles. Both types of ASD 
LCLs demonstrated increased expression of UCP2, SOD2, 

and mTOR. As both types of ASD LCLs are known to have 
increased intracellular ROS, it is not surprising that UCP2 and 
SOD2 were increased, although our previous study suggested 
that UCP2 was higher in AD-A as compared to AD-N LCL 
when the protein content was measured (37). Further, since 
glutathionylation (62) activates UCP2, relative changes in 
glutathione in the ASD LCLs also likely modulate UCP2 
function. Thus, UCP2 gene expression between ASD LCLs only 
provides one aspect of its function in LCLs under chronic ROS.

The AD-N LCLs clearly demonstrated an increase in 
several genes involved in mitochondrial response to stress and 
mitochondrial dynamics aimed at improving mitochondrial 
fidelity. Previous studies have demonstrated that overexpression 
of PCG1α in ASD LCLs results in upregulation of mitochondrial 
ETC Complex I and III as well as reduces mitochondrial 
ROS (54). Thus, AD-N LCLs appear to have pathways for 
supporting mitochondrial response to stress even without an 
exogenous ROS challenge. The fact that the AD-A LCLs did 
not demonstrate an increase in these genes was surprising 
and may suggest that their abnormal mitochondrial function 
is an alternative adaptation to the chronic intracellular ROS. 
Visual analysis of pathways suggested that the S6K1 pathway, 
which is activated by mTORC1, could suppress these pathways 
and account for a suppression of pathways important for 
mitochondrial response to stress and maintenance. Our third 
experiment tests this hypothesis.

The AD-A LCLs also demonstrated an increase in AMPK 
expression, which is unexpected as AMPK is inhibited by 
elevation in intracellular ATP, and from our previous studies, 
the AD-A appears to be overproducing ATP. This result would 
appear to suggest that despite increased production of ATP, 
AD-A LCLs remain at an overall ATP deficit or, alternatively, an 
upstream signal is activating AMPK. Either way, this elevation 
in AMPK can significantly affect mTORC1 levels in the LCLs as 
higher AMPK will enhance the phosphorylation of mTORC1, 
thereby inactivating its influences on downstream signals. This 
could explain the increase in mTOR expression for the AD-A 
LCLs as more mTOR would need to be produced to maintain an 
active mTORC1 complex.

Third, we examined the effect of low-dose rapamycin on 
parameters of mitochondrial respiration. We found that overall 
rapamycin decreased MRC and RC, with this decrease much 
greater in the LCLs with higher respiration, the AD-A LCLs, 
as compared to those with lower respiratory rates, the AD-N 
LCLs. We also found that the effect of low-dose rapamycin 
in decreasing respiratory parameters was proportional to the 
amount they were increased at baseline, so that the higher 
the baseline respiratory parameter value, the more low-
dose rapamycin decreased the parameter. This appears to be 
consistent across the four respiratory parameters measured. 
Others have found that low-dose rapamycin modulates the 
effect of mTOR on S6K1. S6K1 inhibits several of the genes 
that are elevated in the AD-N but not the AD-A LCLs. Thus, 
by decreasing the positive influence of mTOR on S6K1, the 
inhibitory effect on genes associated with mitochondrial 
response to stress and mitochondria maintenance could be 
uninhibited. If these mitochondrial regulatory pathways were 
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responsible for maintaining normal mitochondrial respiration 
in the context of chronic oxidative stress, uninhibiting 
them could normalize mitochondrial function in the AD-A 
LCLs. This is exactly what was found. However, the effect of 
normalizing mitochondrial respiration was proportional to the 
abnormal elevation in mitochondrial respiration regardless of 
whether the LCLs were in the AD-A or AD-N group. Thus, 
this does suggest that the abnormalities in mitochondrial 
respiration may be on a continuum. Such a notion would be 
consistent with the fact that chronic exposure to ROS can 
change the respiratory characteristics of LCLs toward this 
atypical pattern with the magnitude of this change different for 
the different LCL groups.

mTORC1 is known to stimulate mitochondrial ATP 
production (57, 63), but both ASD LCLs demonstrate similar 
mTOR gene expression. The AD-A LCLs demonstrate 
elevated expression of AMPK that phosphorylates regulatory-
associated protein of mTOR (RAPTOR), inhibiting its activity. 
This would be expected to decrease the activity of the mTOR 
pathway. However, the rapamycin experiments suggest that 
the mTOR pathway is relevant to mitochondrial function 
in AD-A LCLs. It is possible that the increased sensitivity 
to rapamycin and the preferential activation of the S6K1 
pathways as compared to the 4E-BP pathway by mTORC1 in 
AD-A LCLs are due to the fact that it has a more narrow range 
of activation because it is chronically inhibited by a chronic 
increase in AMPK.

The Role of Mitochondrial Dysfunction 
in Neurodevelopmental Disorders
Interestingly, the pattern of a significant elevation in 
mitochondrial respiratory activity found in the AD-A LCLs 
is not unprecedented and has been associated with genetic 
syndromes and models of ASD resulting from environmental 
influences. For example, genetic syndromes associated with 
ASD, including patients with Phelan–McDermid syndrome 
(33), WDR45 (17), 22q13 duplication (21), and Rett syndrome 
(18), as well as the PTEN haploinsufficient mouse model of 
ASD (16) have demonstrated significant elevations in ETC 
function. Also, brain tissue from the maternal immune 
activation (MIA) mouse, a model of ASD induced by prenatal 
environmental stress, has overactivity in Complex I and 
IV (64). This abnormal pattern of mitochondrial function 
has also been associated with other disorders. For example, 
ETC Complex IV underactivity is found in chronic multiple 
sclerosis lesions during inflammation but ETC Complex 
IV has been found to be overactive in these lesions once 
inflammation has resolved, suggesting that inflammation 
had a long-term effect on mitochondrial activity (65, 66). 
Significantly, this “hyperactive” state of ETC Complex IV has 
been described during reperfusion following ischemia and 
is believed to contribute to the increased production of ROS 
during reperfusion (67). Thus, a better understanding of this 
atypical increase in respiratory rate and its role in disease may 
have significant consequences.

The Link Between Environmental Factors 
and Mitochondrial Function
Interestingly, consistent with the chronic ROS exposure 
experiment, we have found that environmental influences 
associated with ASD can alter mitochondrial function in CNT 
LCLs to make them more like AD-A LCLs, thereby supporting 
our original hypothesis. For example, in a recent study, we 
demonstrated that prolonged exposure to trichloroacetaldehyde 
hydrate, the active metabolite of an environmental toxicant 
associated with ASD, can alter CNT LCLs to have mitochondrial 
function like AD-A LCLs and that AD-A LCLs are more resilient 
to the detrimental effect of trichloroacetaldehyde hydrate on 
the mitochondria as compared to AD-N LCLs (40). In addition, 
further studies have implicated the enteric microbiome-derived 
short-chain fatty acids butyrate (42) and propionic acid (39) 
in increasing respiratory rates of mitochondria in LCLs from 
children with ASD.

Overall, we believe that the experiments reported in this 
manuscript may provide insight into adaptive changes in 
mitochondrial function that are only starting to be recognized. 
We believe that these changes may be caused by environmental 
influences in many cases and the information uncovered may be 
helpful in understanding environmentally induced diseases in 
greater depth. In addition, it appears that the mTOR pathway may 
have a role in modulating changes in mitochondrial function in 
the context of these atypical changes in mitochondrial function 
and may have a role in developing novel treatments.
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Globally, psychiatric disorders, such as anxiety disorder, bipolar disorder, schizophrenia, 
depression, autism spectrum disorder, and attention-deficit/hyperactivity disorder (ADHD) 
are becoming more prevalent. Although the exact pathological alterations are not yet clear, 
recent studies have demonstrated that widespread changes of very complex metabolic 
pathways may partially underlie the pathophysiology of many psychiatric diseases. Thus, 
more attention should be directed to metabolic-based therapeutic interventions in the 
treatment of psychiatric disorders. Emerging evidence from numerous studies suggests that 
administration of exogenous ketone supplements, such as ketone salts or ketone esters, 
generates rapid and sustained nutritional ketosis and metabolic changes, which may evoke 
potential therapeutic effects in cases of central nervous system (CNS) disorders, including 
psychiatric diseases. Therefore, the aim of this review is to summarize the current information 
on ketone supplementation as a potential therapeutic tool for psychiatric disorders. Ketone 
supplementation elevates blood levels of the ketone bodies: D-β-hydroxybutyrate (βHB), 
acetoacetate (AcAc), and acetone. These compounds, either directly or indirectly, beneficially 
affect the mitochondria, glycolysis, neurotransmitter levels, activity of free fatty acid receptor 
3 (FFAR3), hydroxycarboxylic acid receptor 2 (HCAR2), and histone deacetylase, as well as 
functioning of NOD-like receptor pyrin domain 3 (NLRP3) inflammasome and mitochondrial 
uncoupling protein (UCP) expression. The result of downstream cellular and molecular 
changes is a reduction in the pathophysiology associated with various psychiatric disorders. 

Abbreviations: A1R and A2AR, different types of adenosine receptors; AcAc, acetoacetate; ADHD, attention-deficit/hyperactivity 
disorder; BBB, blood–brain barrier; βHB, D-beta-hydroxybutyrate (R-3-hydroxybutyrate); β-OHBD, βHB dehydrogenase; CNS, 
central nervous system; COX-2, cyclooxygenase-2; FFAR3, free fatty acid receptor 3; HCAR2, hydroxycarboxylic acid receptor 2; HPA, 
hypothalamic-pituitary-adrenal; HMG-CoA, hydroxymethylglutaryl-CoA; HMGL, hydroxymethylglutaryl-CoA-lyase; HMGS, 
hydroxymethylglutaryl-CoA-synthase; KE, ketone ester; KS, ketone salt; IL-1β, interleukin-1β; MCT, medium chain triglyceride; 
NLRP3, NOD-like receptor pyrin domain 3; ROS, reactive oxygen species; SCOT: succinyl-CoA:3-ketoacid CoA transferase;  
SSRI, selective serotonin reuptake inhibitor; UCP, uncoupling proteins; WAG/Rij, Wistar Albino Glaxo/Rijswijk.
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We conclude that supplement-induced nutritional ketosis leads to metabolic changes and 
improvements, for example, in mitochondrial function and inflammatory processes, and 
suggest that development of specific adjunctive ketogenic protocols for psychiatric diseases 
should be actively pursued.

Keywords: psychiatric diseases, exogenous ketone supplements, ketosis, mitochondrial dysfunction, inflammation

INTRODUCTION

With an increasing global prevalence, psychiatric disorders can 
present as serious medical conditions composed of emotional, 
cognitive, social, behavioral, and functional impairments (1). 
Lifetime onset of major depressive disorders in the general 
population is up to 11–16% (2, 3), with bipolar disorder present 
in 1% (4, 5), schizophrenia in 1% (6, 7), and anxiety disorder in 
5–31% (1). In relation to attention-deficit/hyperactivity disorder 
(ADHD), worldwide prevalence of this disease in children/
adolescence and adults is about 5.3% and 2.5%, respectively (8, 9), 
while about 1 in 68 children were diagnosed with autism in the 
United States in 2012 (10). It has been demonstrated that not only 
genetic factors but also environmental factors (e.g., infections, early 
traumas, and drugs), age, sociodemographic factors (e.g., ethnicity 
and socioeconomic status), and a complex interplay between these 
factors have a role in the pathophysiology of different psychiatric 
diseases, such as anxiety disorder (1, 11), bipolar disorder (5), 
schizophrenia (6, 12), major depressive disorder (2, 13, 14), 
autism spectrum disorder (15), and ADHD (16). Close association 
between different psychiatric disorders, such as anxiety disorder 
and major depressive disorder, has been demonstrated (5, 17–21).

However, while symptoms, characteristics, and classification 
of different psychiatric disorders are adequately described  
(1, 5, 7, 15, 16, 22), the pathophysiology of psychiatric diseases 
is not yet fully understood. Nevertheless, recent studies have 
demonstrated that the disturbance in the monoaminergic (23–
26) and other neurotransmitter systems (e.g., glutamatergic, 
purinergic, and GABAergic) (27–34), in addition to widespread 
changes of very complex and connected metabolic pathways, 
may partially explain the general condition. For example, it has 
been suggested that mitochondrial dysfunction could play a 
major role (35). Mitochondrial dysfunction may decrease energy/
ATP production, impair calcium homeostasis, increase levels 
of reactive oxygen species (ROS), and alter apoptotic pathways, 
inflammatory processes, neurotransmission, synaptic plasticity, 
and neuronal activity and connectivity (35, 36). Moreover, changes 
in hypothalamic–pituitary–adrenal (HPA) axis activity were 
also demonstrated in patients with psychiatric diseases, in which 
alterations may influence mitochondrial functions: a chronic 
increase in glucocorticoid levels may decrease mitochondrial 
energy production (35, 37). Membrane lipid dysregulation may 
affect the levels of pro-inflammatory cytokines, as well as the 
function of mitochondria, ion channels, and neurotransmitter 
systems implicated in the pathophysiology of psychiatric diseases 
(38, 39). In addition, changes in membrane fatty acid composition 
may alter the function of different cell-surface receptors, ion pumps, 
and special enzymes, such as 5’-nucleotidase, adenylate cyclase, and 
Na+/K+-ATPase (38, 40). Increased activity of the inflammatory 

system and redox pathways may enhance oxidative and nitrosative 
stress, mitochondrial dysfunction, neurodegeneration and 
neuronal death, production of pro-inflammatory cytokines, and 
activity of the HPA axis, whereas it may decrease neurogenesis 
and serotonin levels (35, 37). In addition, functional brain imaging 
studies demonstrated abnormalities in regional cerebral glucose 
metabolism in the prefrontal cortex in patients with mood disorders, 
providing evidence of persistent hypometabolism, particularly in 
the frontal gyrus, in depressed patients (41). Recent transcriptomic, 
proteomic, and metabolomics studies have also highlighted an 
abnormal cerebral glucose and energy metabolism as one of the 
potential pathophysiological mechanisms of schizophrenia, raising 
the possibility that a metabolically based intervention might have 
therapeutic value in the management of the disease (42).

Consequently, different metabolic changes and their 
downstream effects may generate complex, interlinked molecular 
and cellular processes, which may lead to different psychiatric 
diseases. It can be concluded that alterations in multiple interactive 
metabolic pathways and their effects on different physiological 
processes may largely underlie the pathophysiology in patients 
with psychiatric diseases. Indeed, if defective metabolism is the 
cause of such pathologies, then utilization of therapies designed to 
address deficiencies of metabolism (known as metabolic therapies) 
would be a rational approach for the treatment of these diseases.

In a process known as ketogenesis, the ketone bodies [D-β-
hydroxybutyrate (βHB), acetoacetate (AcAc), and acetone] are 
catabolized under normal physiological conditions by the liver 
from fatty acids as a source of fuel (43–45). Higher levels of 
ketones are produced during starvation, fasting, and neonatal 
development (46, 47). Moreover, although most of βHB, which 
is used as an energy source in the brain, is synthesized by the 
liver, ketone body synthesis and release by astrocytes have also 
been demonstrated (48, 49). Ketone bodies can transport to 
the bloodstream from the liver, cross the blood–brain barrier 
(BBB), enter brain cells through monocarboxylic transporters, 
convert to acetyl CoA in the mitochondria, and enter the Krebs 
cycle (43–44, 45, 50). Through this process, ketosis (increased 
ketone body levels in the blood) provides energy by metabolism 
of ketone bodies to acetyl-CoA and synthesis of ATP for cells 
in the central nervous system (CNS) (43, 51, 52). It has been 
demonstrated in animal—and/or human studies—that ketogenic 
diets and supplements may have metabolism-based therapeutic 
potential in the treatment of several diseases, such as Alzheimer’s 
disease (53–57), Parkinson’s disease (54, 58–60), glucose 
transporter type 1-deficiency syndrome (61–63), amyotrophic 
lateral sclerosis (60, 64), cancer (44, 58, 65, 66), epilepsy  
(54, 67, 68), schizophrenia (42, 69–74), anxiety (55, 75–77), 
autism spectrum disorder (78–81), and depression (69, 77, 82).
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Ketogenic diets are high-fat, adequate protein and very 
low carbohydrate diets that may have an alleviating role on 
psychiatric diseases (69, 73), likely through bioenergetics, ketone 
metabolism, and signaling, as well as their effects on, for example, 
neuronal activity, neurotransmitter balance, and inflammatory 
processes (43, 52, 83–91). Strict patient compliance to the KD 
is the primary factor in achieving therapeutic ketosis, and this is 
often difficult or impossible in the psychiatric population (69). 
Therefore, the administration of exogenous ketone supplements 
including medium chain triglycerides (MCTs), ketone salt (KS), 
ketone ester (KE), and their combination with MCT oil (e.g., 
KSMCT) presents a strategy to circumvent dietary restriction 
to rapidly induce and sustain nutritional ketosis (65, 75, 84, 92). 
Ketone bodies not only enhance cell energy metabolism through 
anaplerotic effects but also suppress oxidative stress, decrease 
inflammatory processes, and regulate functions of ion channels 
and neurotransmitter systems (45, 93, 94)—all processes 
implicated in the pathophysiology of psychiatric diseases (1, 5, 6, 
15, 16, 22). Therefore, the rationale exists for the use of exogenous 
ketone supplementation, which induces a nutritional ketotic state 
similar to that derived from the ketogenic diet and may mimic the 
effects of ketogenic diet on several CNS diseases through ketone 
body-evoked metabolic and signaling alterations (54, 55, 67, 75, 
95–99) and epigenetic effects (100).

In contrast to diabetic ketosis, which can induce pathological 
levels of blood βHB (ranging >25 mM) and potentially lead to 
life-threatening acidosis, nutritional ketosis elevates blood βHB 
from the normal range (0.1–0.2 mM) to a safe and—in many 
cases—therapeutic range (1–7 mM: therapeutic ketosis) (44, 54, 
101). While rigorous adherence to ketogenic diets is typically 
difficult to follow and requires clear medical guidance and 
strong motivation, consumption of exogenous ketogenic agents 
effectively induces ketosis with little difficulty (65, 75, 84, 92, 
102). Moreover, prolonged consumption of ketogenic diets may 
generate side effects, such as weight loss, alteration of mentation, 
growth retardation, nephrolithiasis, nausea, constipation, 
gastritis, hyperlipidemia, hypoglycemia, hyperuricemia, and 
ulcerative colitis (44, 69, 103, 104). Consequently, developing 
a safer alternative method using ketone body precursors and 
exogenous ketone supplements, such as KSs or KEs, to circumvent 
dietary restriction is appealing.

Recent research has demonstrated that it is possible to rapidly 
increase and maintain blood levels of ketone bodies in a dose-
dependent manner in both animals and humans (54, 84, 99) for 
the treatment of several CNS diseases (55, 64, 67, 75). Thus, it is 
possible that exogenous ketone supplementation-induced ketosis 
may be an effective therapeutic tool against psychiatric diseases. 
Indeed, exogenous ketone supplements have a modulatory 
influence on behavior and anxiolytic effect in animal studies 
(55, 75, 83). Moreover, in contrast to ketogenic diets, exogenous 
ketone supplements are relatively well-tolerated and can be 
formulated and titrated to minimize or avoid side effects (56, 65, 
75, 84, 99, 105, 106).

There is limited evidence to support the beneficial effects 
of exogenous ketone supplements in psychiatric diseases at 
the moment [e.g., Refs. (55, 75, 76)], but the use of exogenous 
ketone supplements may be a viable alternative or adjuvant to 

pharmacotherapy in the treatment of these disorders. Consequently, 
in the following major section, we provide a short overview of 
the metabolism of exogenous ketone supplements, which results 
in rapid and safe mild therapeutic ketosis and, as a consequence, 
may be an alternative method to ketogenic diets for the treatment 
of psychiatric disorders. In the next major sections, therapeutic 
potential of exogenous ketone supplements in the treatment of 
each psychiatric disease is summarized. This is followed by a brief 
conclusions section with perspective and future outlook.

METABOLISM OF EXOGENOUS KETONE 
SUPPLEMENTS: GENERATION OF 
THERAPEUTIC KETOSIS

Under typical (high carbohydrate) diet conditions, glycogen-
derived glucose is the main energy source of brain cells (43, 
107). However, ketogenic diets, starvation, and fasting result 
in an increased reliance of the brain on fat-derived ketones for 
fuel (43, 44, 108). Free fatty acids are converted into acyl-CoA 
in the liver cells, and subsequently, acyl-CoA is metabolized to 
acetyl-CoA by mitochondrial β-oxidation (Figure 1A). Acetyl-
CoA may generate energy (via Krebs cycle: tricarboxylic acid 
cycle/TCA cycle) or it gets converted into ketone bodies (43–
44, 45, 50). As hepatocytes are not able to utilize the high levels 
of acetyl-CoA derived from ketogenic diet-, starvation-, and 
fasting-evoked increase in fatty acids, under these conditions, 
a large portion of acetyl-CoA can be converted to ketone 
bodies (44, 45, 107). Two acetyl-CoA molecules fuse into 
one acetoacetyl-CoA molecule by acetoacetyl-CoA-thiolase. 
Subsequently, hydroxymethylglutaryl-CoA-synthase (HMGS) 
condenses the third acetyl-CoA molecule with acetoacetyl-
CoA to form hydroxymethylglutaryl-CoA (HMG-CoA) 
(this process, catalyzed by HMGS, is the rate-limiting step of 
ketogenesis) (43–44, 45, 50). AcAc is liberated from HMG-CoA 
by hydroxymethylglutaryl-CoA-lyase (HMGL). AcAc may 
reduce to βHB by a NADH molecule in a βHB dehydrogenase 
(β-OHBD) catalyzed reaction, or, in lesser amounts, a part of 
AcAc may metabolize to acetone by the spontaneous, non-
enzymatic decarboxylation of AcAc (43–44, 45, 50). The 
major circulating water-soluble ketone body is βHB (44, 50). 
AcAc is a chemically unstable molecule, and acetone is a very 
volatile compound (eliminated mainly via respiration from 
the lungs) (44, 50). As the metabolic enzyme succinyl-CoA:3-
ketoacid CoA transferase (SCOT) is not expressed in the liver, 
hepatocytes are not able to consume ketone bodies as an energy 
substrate (45, 50, 52); thus, AcAc and βHB can exit the liver, 
enter the bloodstream, and be distributed to various tissues, 
including the brain, after transport through monocarboxylate 
transporters (43–44, 45, 50). In the mitochondria of brain cells, 
ketone bodies are converted back to acetyl-CoA (Figure  1A) 
(43–44, 45, 50). As the first step of this metabolic pathway, 
βHB oxidizes to AcAc by NAD+ and β-OHBD. AcAc is then 
metabolized to acetoacetyl-CoA, which converts to two acetyl-
CoA molecules (by SCOT and acetoacetyl-CoA-thiolase, 
respectively). Finally, acetyl-CoA molecules enter the Krebs 
cycle as an energy source for ATP synthesis (43–44, 45, 50).
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FIGURE 1 | Mitochondrial ketone body metabolism: ketogenesis in liver cells (hepatocytes) and ketolysis in brain cells (neuron) (A). Main βHB-evoked metabolic 
effects and their consequences, which may evoke alleviating effects on different psychiatric diseases (B) (see text for more detailed putative mechanisms by 
which βHB may evoke alleviating effects on psychiatric diseases). Abbreviations: A, acetone; A1R and A2AR, different types of adenosine receptors; AcAc, 
acetoacetate; ATP, adenosine triphosphate; BBB, blood–brain barrier; βHB, D-beta-hydroxybutyrate (R-3-hydroxybutyrate); β-OHBD, βHB dehydrogenase; COX-2, 
cyclooxygenase-2; ETC, electron transport chain; GABA, gamma-aminobutyric acid; HMGL, hydroxymethylglutaryl-CoA-lyase; HMGS, hydroxymethylglutaryl-CoA-
synthase; IL-1β, interleukin-1β; NADH/FADH2, nicotinamide adenine dinucleotide/flavin adenine dinucleotide; NLRP3, NOD-like receptor pyrin domain 3; NMDAR, 
N-methyl-D-aspartate receptor; SCOT, succinyl-CoA:3-ketoacid CoA transferase; thiolase, acetoacetyl-CoA-thiolase; UCP, uncoupling proteins.
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While a ketogenic diet could potentially confer numerous 
benefits to patients suffering from psychiatric disorders, 
compliance to the diet would likely be low. Reasons include the 
lack of knowledge, support, palatability, and different adverse 
effects such as gastrointestinal side effects (69, 103, 104). 
Most importantly, ketogenic diets must continuously restrict 
carbohydrates (typically 20 g/day) to sustain ketogenesis through 
elevated long-chain fatty acid oxidation (109). Nevertheless, 
the production of ketone bodies from KSs or KEs (e.g., by liver 
alcohol dehydrogenase and/or hydrolysis in the small intestine) 
is not inhibited by carbohydrates; thus, ketone supplements may 
be usable while maintaining a normal diet (105) to generate 
therapeutic ketosis.

After consumption or gavage administration, KEs are fully 
hydrolyzed in the small intestine by esterases, which can be 
transported to the systemic bloodstream, and converted to 
1,3-butanediol. Following this, 1,3-butanediol is metabolized 
to AcAc and βHB in the liver by alcohol and aldehyde 
dehydrogenase (106, 110, 111). Moreover, MCTs/MCT oils 
are hydrolyzed to medium chain fatty acids (e.g., decanoic and 
octanoic acid) by lipases in the gastrointestinal tract, which are 
metabolized to ketone bodies in the liver (112). Thus, similar to 
ketogenic diets, metabolism of exogenous ketone supplements 
may result in increased levels of blood ketone bodies, which may 
serve the energy needs of brain cells (Figure 1A). For example, 
KS supplementation significantly increased the mitochondrial 
activity of both β-OHBD and acetoacetyl-CoA-thiolase in the 
brain of rats (83), and oral administration of exogenous ketone 
supplements is able to evoke and maintain rapid and safe mild 
ketosis in both animals and human (54, 64, 65, 75, 84, 92, 99, 
101, 106, 108).

Unfortunately, MCTs are often not well tolerated because of 
their gastrointestinal side effects (e.g., diarrhea, dyspepsia, and 
flatulence) and supplementation of MCTs generates relatively low 
levels of ketone bodies in the blood (113). Oral administration of 
KEs fully metabolizes to βHB and AcAc and, as a consequence, 
more effectively increases ketone body levels compared to MCTs 
(56). KEs, such as (R)-3-hydroxybutyl-(R)-3-hydroxybutyrate 
and R,S-1,3-butanediol AcAc diester, are well-tolerated, safe, 
and efficient ketogenic agents in both animals and humans 
(56, 99, 105, 106). Moreover, it was demonstrated that a proper 
dose of KS alone (99) or in combination with other exogenous 
ketone supplements, such as KE and MCT (KEKS and KSMCT, 
respectively), may be a safe and efficacious way to achieve ketosis 
(65, 75, 84, 99). Thus, exogenous ketone supplements may be an 
effective alternative to ketogenic diets for therapeutic ketosis.

THERAPEUTIC POTENTIAL OF 
EXOGENOUS KETONE SUPPLEMENTS 
IN THE TREATMENT OF PSYCHIATRIC 
DISEASES

Although there has been remarkable progress in our knowledge 
on the biological effects and mechanisms of action of exogenous 
ketone supplements, their exact mechanisms on CNS diseases are 

largely unknown. It has been demonstrated that an increase in 
ketone body/βHB concentration may modulate neurotransmitter 
balance and release (43, 52, 85), decrease hyperexcitability, reduce 
firing rates of neurons (43, 84, 86), decrease neuroinflammation 
(43, 91), enhance brain energy metabolism (43, 50, 83, 84, 87), 
and provide neuroprotective effects (43, 45, 84, 88, 90), which 
together may protect different physiological processes under 
pathological conditions resulting in CNS diseases, such as 
psychiatric disorders (35–36, 37, 58, 69). Thus, it is possible that 
exogenous ketone supplement-evoked ketosis (65, 75, 84) and 
its significant metabolic effects, as well as their consequences, 
may have both preventive and therapeutic potential as a 
metabolic-based therapy in patients with psychiatric diseases 
(Figure 1B). In spite of the several metabolic alterations, the 
mechanism of action of exogenous ketone supplement-evoked 
ketosis on different psychiatric diseases was not investigated 
comprehensively. As a result, we have only limited results in 
relation to exact links between alleviating effects of ketone 
supplement-generated ketosis and pathological changes in 
psychiatric diseases. Nevertheless, both recent literature results on 
basic pathomechanisms of psychiatric diseases and mechanisms 
of therapeutic effects of exogenous ketone supplement-evoked 
ketosis strongly support the hypothesis that exogenous ketone 
supplement-evoked ketosis may modulate the background 
pathophysiological processes of psychiatric diseases. Indeed, 
an MCT diet caused anxiolytic effects (76) and βHB decreased 
anxiety-related and depressive behaviors in rats and mice (114, 
115). It has also been demonstrated that sub-chronic (7 days) 
oral administration of exogenous ketone supplements, such as 
KE, KS, and KSMCT, evoked an anxiolytic effect in normal rats 
(Sprague–Dawley/SPD rats) and diseased rats (Wistar Albino 
Glaxo/Rijswijk rats: WAG/Rij rats; a rat model of human absence 
epilepsy) on elevated plus maze (EPM) test in correlation with 
increased levels of βHB (75, 95). Elevated ketone body levels 
were demonstrated in schizophrenic patients, suggesting that 
the energy supply of brain shifts from glucose towards ketone 
bodies in this disease (116). Based on correlation between βHB 
plasma levels and symptoms it was suggested that βHB may have 
a protective effect on executive functions in patients treated with 
schizophrenia (117). Other studies presented cases of patients 
with chronic schizoaffective disorders where the KD begin 
helping with mood and psychotic symptoms within 1 month or 
lead to remission of psychotic symptoms (73, 74). It has also been 
suggested that plasma level of βHB is associated with severity of 
depression in human and that βHB-evoked antidepressant-like 
effects may be in relation to its inhibitory effect on NOD-like 
receptor pyrin domain 3 (NLRP3)-induced neuro-inflammatory 
processes. The authors also suggested that modification of βHB 
levels by diet may be a novel therapeutic target for the treatment 
of mood disorders, such as depression (115, 118). In addition, 
ketosis (induction of βHB) may be the primary mediator of the 
therapeutic effect of the ketogenic diet and exogenous ketone 
supplements on different CNS diseases. From this viewpoint, the 
effect of exogenous ketone supplements mimics the ketogenic 
diet (43, 44, 51, 52, 54, 58, 72, 94, 96, 101, 119). Thus, ketogenic 
diet-evoked effects on psychiatric diseases may result (at least 
partly) from beneficial metabolic effects of βHB, for example, 
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on mitochondrial functions, neuronal activity, neurotransmitter 
release, and inflammatory processes (43, 50, 52, 86, 91). Indeed, 
administration of a ketogenic diet not only increased the ketone 
body level but also was associated with improvements in anxiety 
disorder (75, 77), bipolar disorder (120), schizophrenia (42, 70, 
73, 74, 121), depression (77, 122), autism spectrum disorder 
(78, 80, 123), and ADHD (124, 125) in animal models and/or 
humans, suggesting the beneficial effects of exogenous ketone 
supplement-induced ketosis on psychiatric diseases (Figure 1B).

However, thorough investigation of signaling pathways by 
which exogenous ketone supplement-evoked ketosis exerts 
beneficial effects on psychiatric diseases is needed. In the 
following subsection, we provide an overview of the main putative 
basic mechanisms, by which ketone supplement-evoked ketosis 
may alleviate different pathophysiological processes involved in 
psychiatric disorders.

Ketosis-Generated Effects on 
Mitochondrial Functions, Neurotransmitter 
Systems, Inflammatory Processes, and 
Their Consequences: Putative Alleviating 
Influences on Psychiatric Diseases
It has been demonstrated that ketone bodies serve as 
alternative fuel for brain cells when the glucose supply is 
insufficient: ketone bodies improve mitochondrial respiration 
and enhance mitochondrial ATP synthesis (Figure 1B) (47, 
126). Increased mitochondrial ATP production may promote 
the repolarization of neuronal membrane after stimulation 
by means of Na+/K+ ATPase and may modulate the 
neurotransmitter levels (119). In addition, βHB may inhibit 
vesicular glutamate transporters (127). This effect, together 
with increased ATP production, decreases glutamate loading 
to vesicles and glutamate release and, as a consequence, 
suppresses neuronal excitability (68, 119, 127).

It was recently demonstrated that βHB inhibits the activity 
of N-type Ca2+ channels in sympathetic nerve terminals and 
may decrease the release of noradrenaline via activation of its 
G-protein-coupled receptor free fatty acid receptor 3 (FFAR3) 
(128). Increased levels of ketone bodies, such as βHB, may 
evoke other changes in metabolic pathways, such as inhibition 
of glycolysis (43). An inhibition of glycolysis may result in 
decreased levels of cytosolic ATP and, as a consequence, 
increased activity of ATP-sensitive potassium (KATP) channels 
generating hyperpolarization of neuronal membrane and 
decrease in neuronal activity (43, 129). As it was demonstrated, 
ketosis not only decreases glutamate release and extracellular 
glutamate levels and enhances the GABAergic effects by means 
of increased GABA levels and GABAA receptor activity (43, 68) 
but also increases adenosine levels (130) and may modulate 
metabolism of monoamines (Figure 1B). For example, increased 
levels of noradrenaline in mice brain (131) and decreased 
levels of metabolites of monoamine dopamine and serotonin 
(homovanillic acid/HVA and 5-hydroxyindole acetic acid/5-
HIAA, respectively) in the human cerebrospinal fluid (132) 
were demonstrated under a ketotic state. Increased levels of 
extracellular adenosine lead to increased activity of adenosine 

receptors and may decrease hyperexcitability via A1Rs, increase 
hyperpolarization of neuronal membrane, and decrease neuronal 
activity (133, 134). In addition, adenosine decreases the energy 
demand of brain tissue (e.g., via A1R and A2AR) (135), modulates 
immune system functions (e.g., activation of A2AR decreases the 
inflammation-induced cytokine production from microglial 
cells) (136), and has a neuroprotective effect (e.g., evokes a 
decrease in oxidative stress and attenuates the harmful influence 
of ROS on brain cells via A1R) (137, 138).

β-Hydroxybutyrate may exert its effects on numerous 
targets, including oxidative stress mediators (e.g., by inhibition 
of histone deacetylases and increased activity of antioxidant 
enzymes) and metabolic rate (e.g., increased NAD+–NAD+/
NADH ratio) directly and/or indirectly via its G-protein-
coupled receptors, such as hydroxycarboxylic acid receptor 
2 (HCAR2, also known as PUMA-G or GPR109 receptor) 
(45, 90, 139, 140). As an endogenous ligand, βHB activates 
the HCAR2 receptor expressed on, for example, microglial 
cells (141). HCAR2 mediates the inhibitory effects of βHB on 
neurodegeneration, microglial activation, and inflammatory 
processes [e.g., decreases the expression/level of interleukins, 
such as interleukin-1β (IL-1β), and lipopolysaccharide/LPS-
induced increase in cyclooxygenase-2/COX-2 activity and 
interleukin levels] (141–143) (Figure 1B). NOD-like receptor 
pyrin domain 3 inflammasome is a multiprotein complex, which 
may evoke cleavage of pro-IL-1β to its active form (IL-1β) for 
secretion by caspase-1 (144, 145). It was demonstrated that βHB 
decreases inflammatory processes likely through inhibition 
of NLRP3: βHB decreased not only the expression of NLRP3 
and caspase-1 but also the level/release of proinflammatory 
cytokines, such as IL-1β (91, 146).

In general, oxidative stress damages proteins, lipids, and 
nucleic acids. One putative downstream effect of this damage is 
the opening of the mitochondrial permeability transition (mPT) 
pore and, as a consequence, activation of the apoptotic cascade 
processes pursuant to release of cytochrome c to the cytoplasm 
(147). It was demonstrated that increased production of ROS may 
activate mPT pore (97, 147). Ketone bodies decreased oxidative 
stress and ROS formation by enhancing complex I (NADH 
dehydrogenase)-driven mitochondrial respiration (140). It has 
also been demonstrated that KE increased both ketone body 
levels and expression of mitochondrial uncoupling proteins 
(UCPs; e.g., UCP 4 and UCP 5 in rat brain), which can decrease 
the production of ROS (50, 148) (Figure 1B). In addition, it 
was suggested that βHB not only prevents neuronal loss but 
also preserves synaptic function: βHB mitigates effects, which 
may evoke cell death/apoptosis (e.g., glutamate excitotoxicity, 
enhanced ROS production, impaired mitochondrial energetic 
functions, pathogenic mutations on mitochondrial DNA, and 
activation of mPT pore) (44, 97, 119, 149), and βHB may restore 
impairment of hippocampal long-term potentiation (150).

The changes induced by ketosis may lead to enhanced brain 
energy metabolism, promotion of repolarization of neuronal 
membrane, neuronal hyperpolarization, decreased hyperexcitability 
and neuronal firing, modulation of neurotransmitter release/
balance, neuroprotective effects, and decreased inflammatory 
processes (Figure 1B). Downstream effects may include increased 
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GABA and ATP/adenosine levels, decreased levels of glutamate 
and IL-1β, and reductions in neuronal excitability and ROS 
formation. Based on these putative alleviating effects, which may 
have therapeutic potential in the treatment of different psychiatric 
diseases, this subsection is followed by a brief overview of the main 
pathological changes in different psychiatric diseases, which may 
be modulated or improved by ketosis-evoked beneficial effects 
and their consequences. Currently, we lack detailed information 
for understanding the exact mechanisms by which ketosis evokes 
beneficial effects on psychiatric disorders. However, we can be 
reasonably confident that the alleviating effects of exogenous 
ketone supplements on these disorders affect several interacting 
factors, including mitochondrial function, neurotransmitter levels, 
and inflammatory processes.

Anxiety Disorders
An increasing body of evidence suggests that dysregulation of the 
glutamatergic, serotonergic, purinergic, and GABAergic systems 
plays a role in the pathophysiology of anxiety disorders (33, 34, 
151–153). For example, inhibition of NMDA and AMPA receptors 
by their antagonists (e.g., DL-2-amino-5-phosphonovaleric 
acid/APV and 6-cyano-7-nitroquinoxaline-2,3-dione/CNQX, 
respectively) fully or partially blocked the expression and/
or acquisition of fear conditioning (30, 154). Activation of the 
serotonergic system (e.g., via increased levels of serotonin by 
selective serotonin reuptake inhibitors/SSRIs and activation of 
serotonin 5-HT1A receptors by buspirone or tandospirone) and 
increased activity of adenosinergic system (e.g., via activation 
of A1 type of adenosine receptors/A1R) have an anxiolytic effect 
(34, 155). Moreover, enhanced GABAergic neurotransmission 
evoked an anxiolytic effect, whereas decreased GABAergic 
transmission generated anxiogenic responses in animals (151, 
153, 156). Altered functions are present in many regions, 
including the extended amygdala, ventromedial prefrontal 
cortex, hippocampus, hypothalamus, and the midbrain, and 
changed connections between these areas are implicated in the 
pathophysiology of anxiety disorders (157–159). Specific changes, 
such as underactivation (e.g., in ventromedial prefrontal cortex), 
overactivaton (e.g., in amygdala), and deficient functional 
connectivity (e.g., between hippocampus and amygdala), have 
also been demonstrated (157, 158, 160, 161). Changes in gray 
matter volume (e.g., in the right orbitofrontal cortex, amygdala, 
and hippocampus) (160, 162, 163), as well as dysfunction or 
hyperactivation of HPA axis and inflammatory system (e.g., 
increased level of proinflammatory cytokines) (14, 164), may 
have a role in pathophysiology of anxiety disorders. It was also 
demonstrated that mitochondrial dysfunctions and oxidative 
stress may be key factors in the emergence of anxiety disorders 
(165, 166).

Schizophrenia
It has been demonstrated that alterations in the neurotransmitter 
systems governed by GABA, glutamate, and the monoamines 
are involved in the development of schizophrenia (7, 23, 27, 32, 
167–169). For example, in the prefrontal cortex, which partially 
mediates the negative symptoms of schizophrenia, low serotonin 
and dopamine levels were detected (7, 23). Cognitive symptoms 

may be linked with decreased level of GABA and serotonin 
(e.g., in the dorsolateral prefrontal cortex) (7, 170). Moreover, 
decrease in serotonin level was demonstrated in amygdala, 
which may lead to aggressive symptoms (7). It was concluded 
that, among others, hypofunction of the inhibitory GABAergic 
interneurons and changes in activity of implicated brain areas 
(e.g., because of decreased activity of inhibitory effects and 
imbalance between inhibitory/excitatory processes) have a 
role in the pathophysiology of schizophrenia (7, 167). Another 
recent study using an acute NMDA receptor hypofunction 
model of schizophrenia showed that feeding C57BL/6 mice a 
low carbohydrate/high-fat KD for 7 weeks prevented a variety of 
behavioral abnormalities induced by pharmacological inhibition 
of NMDA glutamate receptors (42). In the study, they found a 
lack of correlation between the measured prepulse inhibition of 
startle and body weight changes, providing evidence against the 
role of calorie restriction in its mechanism of action (42). Case 
studies on human patients with schizophrenia also supported the 
efficacy of using KD to improve symptoms (73, 74). Reduction in 
the volume of brain areas encompassing cortical gray and white 
matter (e.g., in amygdala and hippocampus/sensorimotor and 
dorsolateral prefrontal cortices) (171–173), gliosis (174), and 
increased neuronal apoptosis (7, 175) were also demonstrated 
in patients with schizophrenia. A great deal of evidence suggests 
that microglial activation, oxidative stress (e.g., increase in 
ROS activity), and mitochondrial dysfunction (e.g., changes in 
activity of complex I and cytochrome-c-oxidase/IV of electron 
transport chain) may also be involved in the pathophysiology of 
schizophrenia (167, 176–178). Increased activation of HPA axis 
by psychological stress, inflammatory processes, and increased 
level of cytokines (e.g., tumor necrosis factor alpha/TNF-α and 
IL-1β), as well as enhanced levels of glutamate and dopamine 
auto-oxidation, could lead to enhanced production of ROS and 
subsequently neurodegeneration and apoptosis (7, 167, 178–180).

Major Depressive Disorder
Structural brain alterations, such as decreased volume and 
cell number of brain areas (e.g., in hippocampus and several 
cortical areas) (3, 181–183) and abnormalities in activation or 
connectivity of brain structures and networks (e.g., chronic 
hyperactivity of limbic centers and brainstem) (13, 22, 184–186), 
may underlie the functional and behavioral changes observed 
in depressed patients. It has been demonstrated that changes in 
several components, including the glutamatergic system (e.g., 
increased glutamate level) (29), monoaminergic system (e.g., 
decrease in the level of serotonin, noradrenaline, and dopamine) 
(3, 13, 24, 187, 188), GABAergic system (e.g., reduced plasma 
and cerebrospinal fluid GABA levels) (189, 190), and purinergic 
system (e.g., overexpression of A2A type of adenosine receptors/
A2AR) (28) have a role in the pathophysiology of major 
depressive disorder. Activation of microglia and astrocytes and 
inflammatory pathways (14, 164, 191, 192) may be associated 
with major depressive disorder. For example, increased activation 
and expression of NLRP3 inflammasome and interleukins (e.g., 
IL-1β) were revealed in both animal models and patients with 
depression (13, 193, 194). Hyperactivity of HPA system was also 
demonstrated (195). Neurodegeneration and neuronal death  
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(e.g., through increased oxidative/nitrosative stress) and 
alterations in mitochondrial functions (e.g., decreased ATP 
production as well as enhanced apoptosis and oxidative stress) 
(35, 177, 196) also play a role in the emergence of major 
depressive disorder. It has been demonstrated that enhancement 
of inflammatory processes is associated with depression by 
modulation of different neurotransmitter systems: for example, 
inflammatory cytokines (e.g., IL-1β) reduce synaptic availability 
of monoamines and increase excitotoxicity (via extrasynaptic 
NMDA receptors) by increasing levels of extracellular glutamate 
(164, 197, 198). Moreover, cytokines may evoke decreased 
motivation and anhedonia via different pathways (e.g., by 
decreased release of dopamine in the basal ganglia) (164, 199).

Bipolar Disorder
It has been demonstrated that imbalance in monoaminergic 
neurotransmitter system (e.g., serotonergic, dopaminergic, 
and noradrenergic) (200–202), GABAergic system (e.g., 
decreased GABAergic transmission) (190), purinergic system 
(e.g., increased level of uric acid and reduced adenosinergic 
activity at A1Rs) (31), and glutamatergic system (e.g., 
increased glutamate levels and NMDA receptor activity) (29) 
are associated with bipolar disorder. These alterations may 
be associated with mitochondrial dysfunction (e.g., deficit in 
activity of complexes I and IV), apoptosis, increase in ROS, 
oxidative damage, hyperexcitability (5, 177, 203, 204), and, 
as a consequence, decrease in glial cell or neuron number 
and gray matter, as well as changes in connectivity between 
implicated brain areas (e.g., hippocampus, prefrontal cortex, 
and amygdala) (205–207). Changes in endocrine functions 
(e.g., dysregulation of HPA axis) and inflammatory processes 
(e.g., increased proinflammatory cytokine levels, such 
as IL-1β) were demonstrated in association with bipolar 
disorder (203, 208).

Autism Spectrum Disorder
It has been demonstrated that agenesis of corpus callosum, 
changes in brain volume, thinning of several brain cortical 
areas (e.g., in the frontal parietal lobe), and decreased 
functional connectivity between brain areas (e.g., within 
frontal cortex) contribute to pathophysiology of autism 
spectrum disorder (209–212). It was also demonstrated 
that dysfunction in glutamatergic system (e.g., exaggerated 
signaling) (213–215) and GABAergic system (e.g., decreased 
GABA receptor expression and GABA-evoked inhibitory 
effects) (215, 216) may have a role in the pathophysiology 
of autism spectrum disorder by alterations in the excitation/
inhibition balance. In addition, decreased level of serotonin/
adenosine in implicated brain areas (e.g., medial frontal 
cortex) have also been demonstrated/suggested in this disease 
(25, 217–220). Impaired immune response, inflammation, and 
oxidative stress may be causative factors of autism spectrum 
disorder (15, 221). In fact, recent studies suggest that autism 
spectrum disorder is associated with inflammation (e.g., 
activation of glial cells and increased levels of cytokines) 
(222–224), mitochondrial dysfunction, and oxidative stress 
(e.g., increased ROS activity) (79, 225–227).

Attention Deficit/Hyperactivity Disorder
Reduction of brain volume and gray matter (e.g., in putamen 
and caudate nucleus) and underactivation or hyperactivation 
of different brain networks (e.g., in the frontoparietal and 
ventral attention network and the somatomotor system) were 
demonstrated in patients with ADHD (228, 229). Numerous 
studies have shown that increased glutamatergic tone/glutamate 
level (230), dopamine hypofunction (e.g., decreased stimulation-
evoked release of dopamine) (26), and changes in GABAergic 
(e.g., decrease in GABA level) (230, 231), noradrenergic, and 
serotonergic system (16, 232–235) in the implicated brain areas 
may be causative factors of ADHD. Furthermore, increased 
oxidative stress (e.g., enhanced production of ROS) was 
demonstrated in a rat model of ADHD (236).

CONCLUSION

The effects of nutritional ketosis on CNS diseases, whether 
through diet or supplementation, have not been fully investigated. 
Consequently, only limited results have demonstrated the 
existence of alleviating effects of exogenous ketone supplement 
administration on animal models of psychiatric diseases and 
patients with psychiatric disorders. Nevertheless, there are 
several common pathophysiological metabolic alterations, such 
as changes in neurotransmitter release, increased inflammatory 
processes, abnormal cerebral glucose metabolism, and decreased 
mitochondrial-associated brain energy metabolism, which 
may have a role in the emergence of psychiatric diseases. 
Consequently, ketogenic interventions that can modulate a 
broad array of metabolic and signaling changes underlying the 
pathophysiology of psychiatric diseases may alleviate the onset 
of symptoms.

Based on our review of the literature, we hypothesize that 
utilizing exogenous ketone supplements alone or with ketogenic 
diet, either as a primary or an adjunctive therapy for selected 
psychiatric disorders, may potentially be an effective treatment. 
Thus, adding ketone supplements as an additional agent to the 
therapeutic regimen may alleviate symptoms of psychiatric 
diseases via modulation of different metabolic routes implicated 
in psychiatric disorders. Therefore, detailed investigation of 
exogenous ketone supplement-evoked direct and/or indirect 
alterations in molecular pathways and signaling processes 
associated with psychiatric diseases is needed.

The use of exogenous ketone supplements in psychiatric 
diseases is only in its infancy. Nevertheless, our increasing 
understanding of how exogenous ketone supplement-evoked 
ketosis/βHB exerts its effects on CNS diseases, combining with 
new results on pathophysiology of psychiatric diseases and their 
complex interplay with each other, suggests that exogenous ketone 
supplements may be ideal and effective adjuvants to drugs used 
in the treatment of psychiatric diseases. Thus, because exogenous 
ketone supplements modulate endogenous processes, their 
administration is a safe method to promote disease-alleviating 
effects without considerable risk, as well as minimal or no side 
effects compared to pharmacological treatments. Consequently, 
exogenous ketone supplements may help to both manage the 
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side effects and increase the efficacy of drugs used in psychiatric 
diseases, especially in cases of treatment resistance.

Future research should explore the effects of exogenous 
ketones on the metabolic processes that underlie the diseases 
leading to psychiatric disorders in order to restore abnormal 
cerebral glucose and energy metabolism. Moreover, new studies 
are needed to investigate the effects, therapeutic efficacy, and 
exact mechanism(s) of action of exogenous ketone supplements 
alone or in combination with a ketogenic diet not only on 
animal models of psychiatric diseases, but also on patients 
with different psychiatric disorders. Future studies are needed 
to reveal which factors (e.g., age, sex, lifestyle, drugs, other 
diseases, and so on) can modify the effects of exogenous ketone 
supplements on psychiatric diseases; to develop new, more 
effective, and safe ketone supplements, which can be used 
in special ketogenic foods for treatment of CNS disorders, 
including psychiatric diseases. There is urgent need to develop 
therapeutic strategies and broadly accepted protocols guiding 
the administration of different types and combinations of 
exogenous ketone supplements. As a result of new studies in 
the near future, a better understanding of the pathophysiology 
of different psychiatric diseases and the connections between 

the underlying metabolic/signaling pathways may promote the 
development of novel metabolism-based adjuvant therapies, 
such as the administration of exogenous ketone supplements 
against psychiatric diseases.
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Neuropsychiatric disorders, such as depression, bipolar disorder, schizophrenia, 
obsessive-compulsive disorder, and neurodevelopmental disorders such as autism 
spectrum disorder, are associated with significant illness burden. Accumulating evidence 
supports  an association between these disorders and inflammation. Consequently, 
anti-inflammatory agents, such as the cyclooxygenase-2 inhibitors, represent a novel 
avenue to prevent and treat neuropsychiatric illness. In  this paper, we first review the 
role of inflammation in psychiatric pathophysiology including inflammatory cytokines’ 
influence on neurotransmitters,  the hypothalamic–pituitary–adrenal axis,  and  microglial 
mechanisms. We then discuss how cyclooxygenase-2-inhibitors influence these pathways 
with potential therapeutic benefit, with a focus on celecoxib, due to its superior safety 
profile. A search was conducted in PubMed, Embase, and PsychINFO databases, in 
addition to Clinicaltrials.gov and the Stanley Medical Research Institute trial registries. The 
results were presented as a narrative review. Currently available outcomes for randomized 
controlled trials up to November 2017 are also discussed. The evidence reviewed here 
suggests cyclooxygenase-2 inhibitors, and in particular celecoxib, may indeed assist in 
treating the symptoms of neuropsychiatric disorders; however, further studies are required 
to assess appropriate illness stage-related indication.

Keywords: depression, bipolar disorder, schizophrenia, obsessive compulsive disorder, autism spectrum disorder, 
psychiatry, inflammation, cyclooxygenase-2 inhibitors

INTRODUCTION

The immune system involves a complex array of cells, tissues, and organs working in concert to 
protect the body from foreign molecules at both the intracellular and extracellular level (1). 
Pro-inflammatory and anti-inflammatory cytokines, along with other mechanisms, balance the 
inflammatory response (1). External causes of inflammation include microbial or viral infections, 
cigarette smoking, poor dietary composition, air pollution, and trauma (both physical and 
psychological), among others (2). Internal causes may include ischemic events or malignancy (1). 
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In instances where inflammatory mediators are unable to inhibit 
the pro-inflammatory immune reaction, a chronic inflammatory 
state may ensue. Chronic activation of this system can lower the 
allostatic load threshold, contributing to the development of 
neuropsychiatric disorders (2).

While monoaminergic dysregulation remains a prevailing 
hypothesis regarding neuropsychiatric disorders, refractory 
illnesses remain a significant challenge in addition to a relative 
paucity of novel treatment options (3). In recent years, the 
inflammatory model has been revisited due to the fragmented 
efficacy of the current management approaches. As a result, more 
attention is being paid to pharmacotherapies that lay outside the 
traditional vault of psychotropic agents such as antidepressants 
and antipsychotics. Cyclooxygenase-2 inhibitors, best known 
for their role in acute pain management, are a potent example of 
this pharmacological appropriation. Celecoxib and rofecoxib—
selective cyclooxygenase-2 inhibitors—have been investigated 
for their efficacy as both stand-alone therapies and augmentation 
agents in psychiatry.

The purpose of this paper is twofold: first, to review the 
relationship between inflammation and neuropsychiatric 
illnesses, and second, to provide a review of randomized control 
trials (RCTs) that investigate the use of cyclooxygenase-2 
inhibitors for the treatment of select neuropsychiatric illnesses.

METHODS

A Boolean search was conducted for literature published up 
to November 19, 2017. We searched PubMed, Embase, and 
PsychINFO databases, and the Clinicaltrials.gov and The Stanley 
Medical Research Institute trial registries. Search terms included 
are attached in Appendix A. Articles were selected for human, 
randomized clinical trials and treatment efficacy. The search was 
augmented by manually searching the references of key papers 
and related literature. We adhered to PRISMA guidelines and 
flowsheet attached in Appendix A. Table 1 contains a summary 
chart of the results. The results were presented as a narrative 
review format.

The Link Between Inflammatory System, 
the Brain, and Mental Illness
In 1927, Julius Wagner-Jauregg became the first and the only 
psychiatrist thus far to win a Nobel Prize in Medicine. His 
impactful discovery involved the association with inflammation 
via malaria inoculation to cure neuropsychiatric symptoms of 
syphilis (22). Unfortunately, this inflammatory etiological theory 
was set aside during the advent of the psychotropic revolution (23). 
While support for the monoamine hypothesis in neuropsychiatric 
disorders continued to gain traction in subsequent decades, a 
residual group of patients exhibited persistent treatment-refractory 
illnesses and chronic debilitating symptoms suggestive of alternate 
hypotheses for neuropsychiatric conditions (3).

Innate and Adaptive Immunity
Immune system responses are typically classified as either innate 
or adaptive. The innate immune system features elements that are 
both genetically heritable and evolutionarily ancient, found in all 
multicellular organisms (24, 25). The innate system’s principal 
phagocytes include neutrophils, monocytes, and macrophages, 
which work in synergy to establish the first-line barrier of 
immunity (26). This line of defense is supplemented by the adaptive 
immune system, which includes specialized cells, B-lymphocytes 
and T-lymphocytes. Both response sectors produce a composite 
operation of moderating immunotransmitters, defined by cytokines. 
These immunomodulatory cytokines are typically categorized 
as pro-inflammatory or anti-inflammatory on the basis of their 
general effects. Pro-inflammatory cytokines such as tumor 
necrosis factor alpha (TNFα), interferon gamma (IFNγ), and 
interleukin (IL)-1 and IL-6 are primarily secreted by monocytes 
and macrophages, promoting additional complex inflammatory 
response systems, discussed in detail elsewhere [e.g., Ref. (27)]. 
Anti-inflammatory cytokines include IL-4, IL-10, IL-11, and IL-13 
(26, 28). In simplistic terms, imbalanced pro-inflammatory over 
anti-inflammatory cytokine load will preferentially increase the 
throughput of pathological cellular pathways.

Central Nervous System Immunity
The blood–brain barrier is the brain’s primary defense against 
chemical insult. During peripheral inflammatory activation, 
there is increased permeability of the blood–brain barrier (29, 
30). Such increases in blood–brain permeability may exacerbate 
or possibly even initiate neuropsychiatric and neurological 
disorders [see Ref. (31) for a review]. Furthermore, recent 
identification of lymphatic vessels within the central nervous 
system (CNS) reveals an alternate route of communication with 
the immune system to the brain (32). Once activated, a host of 
cellular and chemical pathways within the brain can result in 
significant structural change.

Microglia are specialized macrophages localized to the CNS 
that also play an important regulatory role in inflammatory 
response. They secrete neurotrophic factors important for cellular 
repair and signal recruitment for immune cells (26, 33, 34). The 
role microglia play in inflammation-driven neuronal damage 
and degeneration is also well established (35). Microglia have 
been shown to express different phenotypes or polarizations, 

Abbreviations: 3MS-E, Modified Mini-Mental State Exam; AA, arachidonic acid; 
ABC-C, autism behavior checklist community edition; ACTH, adrenocorticotropic 
hormone; ASD, autism spectrum disorder; BDNF, brain derived neurotrophic 
factor; CCL2, C-C motif chemokine ligand 2; CGI-I, Clinical Global Impression: 
Improvement; CGI-S, Clinical Global Impression: Severity; CNS, central nervous 
system; COX, cyclooxygenase; CSF, cerebrospinal fluid; cPLA2, cytoplasmic 
phospholipase A2; CRH, corticotrophin releasing hormone; CRP, C-reactive 
protein; ECT, electroconvulsive therapy; ESRS, Extrapyramidal Symptoms Rating 
Scale; GDS, Geriatric Depression Scale; HAM-A, Hamilton Anxiety Rating Scale; 
HAM-D, Hamilton Depression Rating Scale; HDRS, Hamilton Depression Rating 
Scale; IDO, indolamine 2,3 dioxygenase; IL, interleukin; IL-1ra, interleukin-1 
receptor antagonist; IFNα, interferon alpha; IFN-γ, interferon gamma; KA, 
kainic acid; LPS, lipopolysaccharide; MDD, major depressive disorder; mRNA, 
microribonucleic acid; NMDA, N-methyl-D-aspartate; NF, nuclear factor; OCD, 
obsessive compulsive disorder; PANS, pediatric acute-onset neuropsychiatric 
syndrome; PANDAS, pediatric autoimmune neuropsychiatric disorders associated 
with streptococcal; PANSS, Positive and Negative Syndrome Scale; PHQ-9, Patient 
Health Questionnaire-9; PGE2, prostaglandin E2; QUIN, quinolinic acid; RCT, 
randomized control trial; SANS, Scale for the Assessment of Negative Symptoms; 
SAS, Simpson–Angus Rating Scale of EPS; TAU, treatment as usual; TDO, 
tryptophan 2,3-dioxygenase; TNFα, tumor necrosis factor alpha
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TABLE 1 | Clinical trials investigating celecoxib in neuropsychiatric disorders.

Study Sample Study Design Intervention and Dosage Outcome Measures Findings

Muller et al. (4) Depression,
n = 40

Double-blind, randomized, 
placebo-controlled add-on trial
6 weeks

Celecoxib 400 mg + 
Reboxetine
VS Placebo + Reboxetine 

HAM-D Favor of adjuvant 
celecoxib

Akhondzadeh 
et al. (5)

Depression,
n = 40

Double-blind, randomized, 
placebo-controlled add-on trial
6 weeks

Celecoxib 400 mg + fluoxetine
VS Placebo + fluoxetine

HRDS Favor of adjuvant 
celecoxib

Fields et al. (6) Depression,
n = 2,528
Elderly cohort

Double-blind,
Multicenter, randomized, 
placebo-controlled add-on trial
6 weeks

Celecoxib 400 mg VS 
Naproxen 440 mg VS
Placebo 

GDS,
Modified Mini-Mental 
State Exam (3MS-E)

Not in favor 
of celecoxib 
monotherapy

Abbasi et al. (7) Depression,
n = 40

Double-blind, randomized, 
placebo-controlled add-on trial
6 weeks

Celecoxib 400 mg + sertraline
VS Placebo + sertraline

HAM-D Favor of adjuvant 
celecoxib

Majd et al. (8) Depression,
n = 30

Double-blind, randomized, 
placebo-controlled add-on trial
8 weeks

Celecoxib 200 mg + sertraline
VS Placebo + sertraline

HAM-D, HAM-A Not in favor of 
celecoxib

Jafari et al. (9) Depression,
n = 40
Comorbid brucellosis

Double-blind, randomized, 
placebo-controlled add-on trial
8 weeks

Celecoxib 200 mg + 
antibiotics
VS Placebo + antibiotics

HDRS Favor of adjuvant 
celecoxib

Mohammad 
et al. (10)

Depression,
n = 52
Comorbid breast cancer

Double-blind, randomized, 
placebo-controlled add-on trial
6 weeks

Celecoxib 400 mg VS 
diclofenac 100 mg

HDRS Favor of celecoxib 
monotherapy

Alamdarsaravi 
et al. (11)

Depression,
n = 40
Comorbid colorectal 
cancer

Double-blind, randomized, 
placebo-controlled add-on trial
6 weeks

Celecoxib 400 mg
VS Placebo

HDRS Favor of celecoxib 
monotherapy

Nery et al. (12) Bipolar disorder–
depression or mixed 
episode,
n = 28

Double-blind, randomized, 
placebo-controlled add-on trial,
6 weeks

Celecoxib 400 mg + TAU
VS Placebo + TAU

HDRS Favor of adjuvant 
celecoxib

Kargar et al. (13) Bipolar disorder–mania,
n = 35

Double-blind, randomized, 
placebo-controlled add-on trial,

Celecoxib 400 mg + ECT
VS Placebo + ECT

YMRS, BDNF serum 
levels

Not in favor of 
celecoxib

Arabzadeh et al. 
(14)

Bipolar 
disorder – mania,
n = 46

Double-blind, randomized, 
placebo-controlled add-on trial,
6 weeks

Celecoxib 400 mg + Sodium 
Valproate
VS Placebo + Sodium Valproate

YMRS, HDRS Favor of adjuvant 
celecoxib

Shalbafan et al. 
(15)

OCD,
n = 54

Double-blind, randomized, 
placebo-controlled add-on trial
10 weeks

Celecoxib 400 mg + 
Fluvoxamine 200 mg VS 
Placebo + Fluvoxamine 200 mg

Y-BOCS Favor of adjuvant 
celecoxib

Sayyah et al. 
(16)

OCD, n = 56 Double-blind, randomized, 
placebo-controlled add-on trial
8 weeks

Celecoxib 400 mg + 
Fluoxetine VS Placebo + 
Fluoxetine

Y-BOCS Favor of adjuvant 
celecoxib

Muller et al. (17) Schizophrenia,
n = 50

Double-blind, randomized, 
placebo-controlled add-on trial
5 weeks

Celecoxib 400 mg + 
Risperidone VS Placebo + 
Risperidone

PANSS,
Simpson-Angus Rating 
Scale of EPS (SAS)

Favor of adjuvant 
celecoxib

Rapaport et al. 
(18)

Schizophrenia,
n = 38

Double-blind, randomized, 
placebo-controlled add-on trial
9 weeks

Celecoxib 400 mg + TAU
VS Placebo + TAU

PANSS, Scale for the 
Assessment of Negative 
Symptoms (SANS),
CGI-S,
Clinical Global Impression: 
Improvement (CGI-I), 
HAM-A

Not in favor of 
celecoxib

Akhondzadeh 
et al. (19)

Schizophrenia,
n = 60

Double-blind, randomized, 
placebo-controlled add-on trial
8 weeks

Celecoxib 400 mg + 
Risperidone
VS Placebo + Risperidone

PANSS,
ESRS

Favor of adjuvant 
celecoxib

Muller et al. (20) Schizophrenia, n = 49 Double-blind, randomized, 
placebo-controlled add-on trial
6 weeks

Celecoxib 400 mg+ 
Amisulpride 200–1,000 mg
VS Placebo + Amisulpride 
200–1,000 mg

PANSS, CGI Favor of adjuvant 
celecoxib

Muller
Trial ID: 01T-418
(yet to publish)

Schizophrenia,
n = 40

Double-blind, randomized, 
placebo-controlled add-on trial
8 weeks

Celecoxib 400 mg + 
Risperidone VS Placebo + 
Risperidone

PANSS, SANS, CBI, 
ESRS, Barnes Akathisia
QOL

Not in favor of 
celecoxib

(Continued)
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classified as M1 and M2. M1 polarization is influenced by the 
pro-inflammatory state and acts in neuronal apoptosis, while 
the M2 polarization, in contrast, promotes neurogenesis (32, 
36–39). Interferon alpha (IFNα) has been shown to induce a 
pro-inflammatory shift in microglial phenotype, from M2 to M1, 
resulting in depressive symptoms in mice (40, 41).

Inflammation and Neuropsychiatric Symptoms
When anti-inflammatory regulators are unable to balance pro-
inflammatory reactions, inflammation can persist, in conjunction 
with sub-threshold neuropsychiatric symptoms (42). The 
following mechanisms describe the cytokine communication 
with neuropsychiatric symptoms and thus support the 
inflammatory hypothesis.

Pro-inflammatory markers have been associated with the 
development of neuropsychiatric symptoms (43). IL-6 activates the 
type 2 immune response, prompting the B-cell maturation pathway, 
consequently producing antibodies directed against extracellular 
pathogens. In addition, IL-6 activates the release of C-reactive 
protein (CRP) from the liver. Elevated levels of CRP and IL-6 in 
childhood were associated with an increased risk of developing 
depressive and psychotic symptoms in the future (44). Consistent 
with this, a significant association has been reported between CRP 
and several neuropsychiatric disorders, including depression, 
anxiety, and schizophrenia (45, 46). CRP is a well-established 
biomarker for an active inflammatory process and is a significant 
independent predictor of coronary heart disease risk (47–53). 
Furthermore, elevated CRP and IL-6 levels have also been associated 
with cognitive dysfunction (54). Studies have shown that biomarkers 
such as CRP and IL-6 may shed light on subtyping depression (55, 
56). Several meta-analyses have demonstrated significant evidence 
of elevated pro-inflammatory cytokines in patients with depressive 
symptoms (43, 57, 58), bipolar disorder (58–60), schizophrenia 
(58, 61), obsessive compulsive disorder (OCD) (62), and autism 
spectrum disorders (ASDs) (63). These pro-inflammatory markers 
include CRP, IL-6, TNFα, and the IL-1 receptor antagonist (IL-1Ra) 
(43, 57–63). In addition, pro-inflammatory cytokines have been 
shown to trend toward normalization with symptom improvement 
indicating treatment response (64). Participation from microglia 
and peripheral macrophages are identified in activated 
inflammatory networks (65). An exaggerated immune response 
can be responsible for neuronal damage and decreased brain 
derived neurotrophic factor (BDNF), a protein integral to neuronal 
growth, plasticity, and survival (66–70). Excessive activation of 

the immune system may exacerbate mental illness in a subgroup 
of vulnerable individuals (71, 72). The inflammatory hypothesis 
suggests that hyperactivation of the immune system may produce 
nitro-oxidative stress and alterations of the kynurenine pathway, 
subsequently dysregulating monoamine levels and activating the 
glutamatergic system (2, 15, 73).

The evidence for cytokine-induced neuropsychiatric 
symptoms in healthy participants favors the inflammatory 
model. For example, healthy participants received an infusion 
of endotoxin to induce an inflammatory response, with resultant 
mood symptoms (74). Similarly, healthy individuals who 
received exogenous cytokines (IL-2, IFNα, and TNFα) also 
developed neuropsychiatric symptoms, including depression, 
mania, emotional dysregulation, cognitive impairment, and/or 
avolition (75). Elevated serum pro-inflammatory markers, TNFα, 
IL-6, and cortisol levels were observed by Salmonella abortus 
equi endotoxin injections (76). Subsequently, the subjects also 
exhibited neuropsychiatric symptoms of appetite changes, mood 
and anxiety symptoms, and cognitive decline without physical 
sickness symptoms (77). These findings were replicated with 
other vaccinations of healthy individuals (74, 78). Preclinical 
research has yielded similar findings, wherein lipopolysaccharide 
(LPS) and IL-1 injections in mice were found to result in sickness 
behavior, an analog to depressive symptoms (79).

Notably, pro-inflammatory agents such as recombinant  IFNα 
and IL-2 have been used in the treatment of hepatitis C and 
carcinomas, respectively (80, 81). Interestingly, while effective 
for treating the targeted indication, IFNα was found to induce 
significant neuropsychiatric side effects with up to 80% of patients 
endorsing mild to moderate depressive symptoms (82–84). Grigoleit 
et al. (85) identified a positive dose-dependent association in IL-6, 
IL-10, TNFα, cortisol, and norepinephrine with neuropsychiatric 
symptoms. While some studies have reported that serum IL-6 and 
TNFα also appeared elevated in OCD patients compared to healthy 
controls [e.g., Ref. (86)], it should be noted that an earlier meta-
analysis of OCD patients revealed no significant difference in TNFα 
or IL-6 (62). However, these authors did note a reduced level of pro-
inflammatory IL-1β in OCD patients (62).

Autoimmune Conditions and Neuropsychiatric 
Disorders
Autoimmune and infectious conditions such as rheumatoid 
arthritis (87), type 1 diabetes (88), systemic lupus erythematosus 
(89), hepatitis, and sepsis (90) increase the risk of neuropsychiatric 

TABLE 1 | Continued

Study Sample Study Design Intervention and Dosage Outcome Measures Findings

Zhang
Trial ID: 03T-459
(yet to publish)

Schizophrenia,
n = 250

Double-blind, randomized, 
placebo-controlled add-on trial
12 weeks

Celecoxib 400 mg + 
Risperidone
VS Placebo + Risperidone

PANSS, BPRS, SANS, 
ICG, WCST, N-back 
Test, WMS-R, CPT, 
WAIS-R, FSIQ, SAS, 
AIMS, MANOVAs

Favor of adjuvant 
celecoxib

Asadabadi et al. 
(21)

Autism,
n = 40

Double-blind, randomized, 
placebo-controlled add-on trial

Celecoxib 300 mg BID + 
Risperidone VS Placebo + 
Risperidone

Autism Behaviour 
Checklist Community 
Edition (ABC-C)Rating 
Scale
(Irritability subsection)

Favor of adjuvant 
celecoxib
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symptoms. An extensive Danish-based study found a 62% increased 
risk of mood disorders after infection-related hospitalizations (90). 
In patients who suffer from both Crohn’s disease and depression, 
exacerbations of both physical and mental illnesses tend to occur 
at the same time (91). Patients experiencing psoriasis and anxiety 
symptoms were shown to benefit from treatment with cytokine 
inhibitors (92–94). In addition, a greater prevalence of autoimmune 
conditions such as pemphigus in bipolar disorder is observed 
(95). In a large epidemiological study, multiple infections and 
autoimmune disorders were associated with the increased lifetime 
prevalence of schizophrenia spectrum disorders (96).

In summary, multiple studies have indicated a positive 
association between inflammation and neuropsychiatric 
symptoms. Elevated pro-inflammatory markers are consistently 
associated with neuropsychiatric symptoms and reveal a 
bidirectional relationship.

Cyclooxygenase-2 (COX-2) Inhibitors
The COX pathway involves the precursor substrate of 
arachidonic acid (AA) to produce thromboxane, prostacyclin, 
and prostaglandins (PG) D2, E2, F2, and I2. AA is extracted 
from cell membranes by phospholipases, predominately 
cytoplasmic phospholipase A2 (cPLA2), and metabolized by the 
COX enzymes. The two rate-limiting enzymes within the COX 
pathways are COX-1 and COX-2. COX-1 is constitutionally 

expressed, and thus responsible for baseline prostaglandin 
levels, whereas COX-2 is inducible and expressed exclusively in 
the CNS, kidney, thymus, GI tract, and possibly in the female 
reproductive system (97–100). However, during inflammatory 
processes, COX-2 expression is promoted by and regulated by 
inflammatory stimuli, including lipopolysaccharide (LPS), IL-1, 
IL-6, TNF, IFNγ, and AA (101–108). The variability of isotype 
expressions COX-1 and COX-2 might be explained by the target 
tissue and type of insult (109, 110). The COX-2 enzyme produces 
prostaglandins, thromboxanes, prostacyclins, and leukotrienes 
downstream, which are suspected to be culprits for inflammation 
and neoplastic growth, in particular PGE2 (111). Furthermore, 
COX-2 expression is supported by microglia (112) and is auto-
regulated via its by-products, PGE2 and PGF2α, perpetuating the 
inflammation process (113, 114). Additionally, PGE2 promotes 
IL-6 production (115), subsequently reinforcing this positive 
inflammatory feedback loop (Figure 1). Notably, in COX-2 gene 
knockout mice, a decrease in PGE2 and nuclear factor (NF)-κB 
activity was observed (114, 116, 117).

In 1995, the first generation of selective COX-2 inhibitors, 
celecoxib and rofecoxib, entered clinical trials (118). Over the next 
4 years, numerous trials demonstrated selective COX-2 inhibitors 
could reduce pain and inflammation (119). From 2000 to 2004, 
larger trials such as CLASS, VIGOR, and TARGET identified the 
reduced gastrointestinal risks associated with COX-2 inhibitors, 
however, highlighted the increased cardiovascular risks leading 

FIGURE 1 | COX-2 contributes to inflammation through PGE2 and IL-6 and is selectively inhibited by celecoxib and rofecoxib. Activated by inflammatory cytokines 
including PGE2 and IL-6, AA (the precursor substrate of the COX-2 pathway) is extracted from phospholipid membranes by phospholipases such as cPLA2. 
COX-2 then drives production of prostaglandins including prostaglandin H2 (PGH2), which in turn is converted to PGE2 via PGE synthase. An accumulation of 
PGE2 leads to increased IL-6 (along with other cytokines) contributing to the inflammatory milieu, further potentiation of the pathway and neurotoxicity contributing 
to psychopathology. Celecoxib and rofecoxib exert selective inhibition of COX-2 reducing this pathway’s contribution to inflammation mediated neurotoxicity 
(→ = activates/increases, ⊥ = inhibits).
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to rofecoxib being pulled from the market (120–123). In 2005, 
valdecoxib was also withdrawn from the market for similar 
concerns by the Food and Drug Administration (FDA). In 2011, 
celecoxib was withdrawn from the market for the indication of 
cancer prevention while still being indicated for rheumatoid arthritis, 
osteoarthritis, and acute pain. Subsequently, this led to cautious 
prescribing due to concerns of cardiovascular side effects (124).

Preclinical trials have shown that rofecoxib can increase 
serotonin levels in the frontal and temporoparietal cortex 
(125). In addition, celecoxib was shown to potentiate the effects 
of reboxetine and fluoxetine on cortical noradrenaline and 
serotonin output (126).

Although ubiquitously expressed, COX-1 is typically described 
as gastro-protective and neuroprotective (127, 128), and pre-
clinical data reveal some contradictory evidence regarding the 
inflammatory classifications of the COX isoforms. COX-2 may 
have anti-inflammatory and neuroprotective properties, aiding 
in neurotransmitter release, long-term potentiation, blood flow 
regulation, and memory consolidation (129). It was reported that 
COX-2 gene knockout mice were susceptible to inflammation 
compared to healthy mice (130, 131). Deletion of the COX-2 gene 
causes increased permeability of the blood–brain barrier and 
leukocyte infiltration (132). Another study showed that maximal 
COX-2 expression coincided with inflammatory resolution and 
was associated with minimal PGE2 synthesis (133).

Nevertheless, COX-2 inhibitors have proven to be beneficial 
in glutamate-mediated death prevention and suppression of 
pro-inflammatory cytokines (134, 135). Kainic acid (KA), a 
potent neurotoxin, elicits excitatory effects on N-methyl-D-
aspartate (NMDA) receptors resulting in status epilepticus, 
neurodegeneration, and memory loss (134–138). KA has also been 
shown to increase COX-2 expression in the CNS (139); therefore, 
COX-2 inhibitors have been shown to prevent KA-induced 
neuronal death (140). There appears to be mounting evidence of 
therapeutic effect of COX-2 inhibitors in mediating glutamatergic 
processes (141–143). As well, there seems to be appropriate 
evidence for COX pathway in neuropsychiatric disorders.

Pathophysiology of Neuropsychiatric 
Disorders and the Efficacy of 
Cyclooxygenase-2 Inhibitors
We have now established there is substantive evidence for 
inflammation being a driver of neuropsychiatric symptoms 
by negatively impacting on neuronal proliferation, survival, 
and differentiation (144, 145). Furthermore, the COX pathway 
potentiates the inflammatory process and may exacerbate 
inflammation mediated neurodegeneration. COX-2 inhibition 
reduces this inflammatory load and thus the impact of these 
pathways on the brain.

In this section, we address the proposed mechanisms by 
which inflammatory states influence central monoamine 
effects, the hypothalamic–pituitary–adrenal (HPA) axis, and 
microglial activation, pathways at the center of neuropsychiatric 
pathogenesis. Discussion will focus on specific conditions 
including depression, bipolar disorder, schizophrenia, ASD, and 
OCD. Herein, a number of clinical trials investigating the efficacy 

of the cyclooxygenase-2 inhibitors for neuropsychiatric disorders 
are discussed, summarized in Table 1. Particular attention is 
being paid to the operative inflammatory pathways inherent to 
these conditions and the potential role for COX-2 inhibitors in 
their management.

Neurotransmitter Dysregulation Hypothesis
The dysregulation of the neurotransmitters such as serotonin, 
norepinephrine, dopamine, acetylcholine, and glutamate has been 
the foci of the biochemical etiology of neuropsychiatric illnesses. 
While treatment with antidepressants and neuroleptics aims to 
modulate monoamine signaling, there is a wealth of evidence 
supporting secondary mechanisms of action including effects 
on inflammatory pathways (27, 146). During inflammation, the 
pro-inflammatory cytokines IL-2 and IFNα have been shown 
to directly increase enzyme activity of the indoleamine-pyrrole 
2,3-dioxygenase (IDO) enzyme of the kynurenine pathway, which 
promotes conversion of tryptophan to kynurenine, consequently 
depleting the antecedent supply to serotonin (147), in addition 
to direct catabolism of serotonin by IL-6 and IFNα (148, 149). 
This evidence supports the monoamine hypothesis regarding 
the hypoactive serotonin state featured in mood disorders (150–
152). IFNα administration led to inflammation by increasing 
the concentration of kynurenine pathway metabolites in the 
CSF, namely kynurenine, kynurenic acid, and quinolinic acid 
(QUIN) (153). These metabolites have been presented as 
inducers of depressive and anxiety symptoms (154). Notably, 
QUIN can selectively activate NMDA receptors (155, 156) 
and has been associated with numerous neurological diseases, 
including: Alzheimer’s disease, anxiety, depression, epilepsy, 
human immunodeficiency virus-associated neurocognitive 
disorders, and Huntington’s disease (155, 157–161). QUIN 
has also been shown to cause neurodegeneration via multiple 
models (159).

HPA Axis Dysregulation
During a stress response, the HPA axis is activated (162). The 
hypothalamus secretes two hormones, corticotrophin releasing 
hormone (CRH) and arginine vasopressin, which act on the 
pituitary gland to increase adrenocorticotropic hormone 
(ACTH) release, subsequently accelerating the production of 
cortisol to aid in the homeostasis feedback loop (163). Studies 
have demonstrated an elevated inflammation state perpetuating 
cytokines such as IL-1, IL-6, TNFα, and IFNα; these in turn 
activate the HPA axis elevating levels of CRH, ACTH, and 
cortisol (162, 164–167). This relationship furthermore supports 
the feedback loop maintaining a hyperactive HPA system (163). 
Chronic elevation of endogenous glucocorticoids results in mood 
symptoms (163, 167). Additionally, it is proposed that cortisol 
increases the catabolizing enzyme tryptophan 2,3-dioxygenase 
(TDO) to deplete the precursor to serotonin implicating an 
association with the serotonin dysregulation (168, 169).

Contrary to advantageous effects of steroids in managing 
infections, there is evidence that glucocorticoid treatment 
duration for acute infections versus chronic infections results in 
changes of glucocorticoid receptor function and concentrations 
(170, 171). This subsequently influences HPA axis hyperactivity, 
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which elevates cortisol and results in decreased function and 
quantity of glucocorticoid receptors resulting in impaired 
feedback and glucocorticoid resistance (170). Glucocorticoid 
resistance that is seen in depressed patients may also be a result 
of changes in expressed glucocorticoid receptors ratio via cellular 
phosphorylation (172–174). Patients with neuropsychiatric 
illnesses also exhibited heightened plasma, urine, and 
cerebrospinal fluid (CSF) levels of cortisol and anatomical changes 
in the pituitary and adrenal glands (175–178). Pavon et al. (179) 
reported elevated cortisol levels in depressed patients associated 
with elevated TNFα, in addition to decreased levels of IL-1β, 
suggesting that increased cortisol may influence inflammatory 
cytokines. However, it is important to bear in mind that while some 
subtypes of depression (namely melancholic or endogenous) are 
associated with hyperactive HPA axis, glucocorticoid resistance, 
and increased circulating cortisol levels, atypical and seasonal 
depression has been consistently reported to have normal or 
hypoactive HPA axis function (180, 181). Therefore, the hypothesis 
is supported regarding the impairment of the HPA axis through 
cellular mechanisms and dysfunctional feedback leading to HPA 
axis dysfunction, one of the most consistent findings in biological 
psychiatry, which is exhibited by patients with depression, bipolar 
disorder, and schizophrenia (169, 182).

Microglial Hyperactivation Hypothesis
Microglia function as macrophages of the CNS by clearing foreign 
particles and promoting healing after traumatic brain injury 
(183). They are also involved in the pruning process of neurons 
by tagging unutilized synapses for degradation to rebuild more 
active neurons during the maturation process (184). Pathological 
synaptic pruning may also contribute to prodromal, remittent 
and relapsing, and chronic stages of neuropsychiatric disorders 
(185–187). Prolonged microglial activation induces synaptic 
pruning subsequent to the accumulation of two pro-inflammatory 
cytokines, specifically TNFα and IL-1β, leading to neuronal 
apoptosis (188, 189). The subsequent dysfunctional neuronal 
pathways may be compensated by adaptive systems, which 
may resultantly produce and preserve maladaptive behaviors 
(190, 191). Individuals at an ultra-high risk for developing 
schizophrenia also appear to have significantly elevated activity 
of microglia (192). Histological changes in activated microglia 
have been observed in patients with schizophrenia who had 
committed suicide during an acute episode of psychosis (193). In 
contrast, conflicting data derived from post-mortem studies have 
reported reductions in microglial density and activation (194). 
These findings may indicate a difference of microglial activation 
depending on the stage of illness among other factors (194). 
Aberrant microglial activation is seen in other neuropsychiatric 
disorders including Alzheimer’s dementia, Parkinson’s disease, 
multiple sclerosis, herpes encephalitis, traumatic brain injury, 
and stroke (195, 196). Alterations in brain morphology have been 
described across the spectrum on neuropsychiatric conditions 
(197–201). Duration of mental illnesses also has evidence of 
significant brain morphologic changes (201). Mechanisms that 
may encourage these anatomical reductions include oxidative 
and nitrosative stress through activation of microglia (202).

Depression
Major depressive disorder (MDD) is highly prevalent throughout 
the world, and the prevalence has increased over time (73). 
The estimated lifetime prevalence of major depression and 
persistent depressive disorder in adults is 12% (203). In unipolar 
depression, inflammation and depressive symptoms share a 
bidirectional relationship. Immunological markers such as CRP, 
and cytokines IL-1, IL-6, and TNFα, are elevated in patients with 
depression (1, 204, 205). A recent meta-analysis comprised of 
3,212 participants noted elevations in the concentrations of IL-6, 
TNFα, IL-10, the soluble IL-2 receptor, C-C chemokine ligand 2, 
IL-13, IL-18, IL-12, IL-1 receptor antagonist, and the soluble TNF 
receptor 2 in depression patients (1). Several groups of authors 
have reported that IL-6 may be a useful biomarker for predicting 
treatment response (115, 204–207). A prospective study revealed 
a correlation with elevated serum IL-6, as those with higher 
levels were more likely to be depressed by 18 years of age than 
individuals on the lower end levels (208). Pro-inflammatory 
cytokines have been shown to trend toward normalization with 
symptom improvement indicating treatment response (64).

Studies have shown biomarkers such as CRP and IL-6 may 
shed light on depression subtypes (55, 56). An interesting larger 
scale study, The Netherlands Study of Depression and Anxiety 
(NESDA), extrapolated gender variance while evaluating CRP 
and IL-6 (181). The authors described an increased level of 
CRP and IL-6 with normal levels of TNFα in male patients 
with depressive symptoms; however, there were no associations 
with the cytokines in women with depressive symptoms (209). 
Additionally, they noted a differential role of the HPA function, 
inflammatory markers, and metabolic variables between 
melancholic and atypical depression subtypes (181).

Elevated levels of kynurenine pathway toxic metabolites such 
as QUIN are also observed in patients with depression (210). 
Interestingly, in a 6-week RCT, Krause et al. (211) noted a correlation 
with kynurenine/tryptophan ratios that was predictive of celecoxib 
response to significant improvements in the Hamilton Depression 
Scale (HAMD-17) scores. Subsequently, the kynurenine/tryptophan 
ratio shows some promise as a potential biomarker for predicting 
response to COX-2 inhibitors.

Gałecki et al. (212) reported an increase of non-coding micro 
ribonucleic acid (mRNA) expression of the COX-2 enzyme in 
recurrent depression. COX-2 inhibitors decrease IDO activity, 
subsequently decreasing glutamatergic-active by-products such 
as QUIN, which may add in neuro-stabilizing effects (4, 213, 
214). Higher concentrations of QUIN and 3-hydroxykynurenine 
have been reported in depression (210). Preclinical studies have 
shown that celecoxib administration in rats was associated 
with reductions in PGE2 levels and a reversal of stress-induced 
depressive-like behaviors (215, 216). PGE2 had been shown 
to contribute to monoamine imbalance with decreased 
norepinephrine central neuronal release and dysregulation of the 
HPA axis (217). Consequently, this alters cortisol synthesis and 
subsequently suppresses serotonin (215, 218–220). Consistent 
with this assertion, an animal-based model of depression in rats 
demonstrated that celecoxib independently enhances the release 
of serotonin in the brain (126).
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Celecoxib has also been shown to attenuate pro-inflammatory 
cytokines IL-1β and TNFα and significantly increase IL-10 levels 
in animal models (109, 221). IL-1β has been identified as a 
modulator of BDNF (144). Some evidence exists indicating that 
elevated levels of IL-6 results in a reduction in BDNF, implicating 
in imbalanced neurogenesis, resulting in neural circuitry 
dysfunction in depressive symptomology (144). In a preclinical 
study with rats with a depression-like phenotype, augmentation 
with acetylsalicylic acid, a non-selective COX inhibitor, enhanced 
the efficacy of fluoxetine (222).

To date, several reviews have suggested that celecoxib may 
be efficacious for the management of depressive symptoms 
(1,  223,  224); however, some have suggested it is clinically 
inadequate (225). Abbasi et al. assigned adjuvant celecoxib to 
MDD patients on sertraline and measured IL-6 levels in samples 
of their serum. They reported a correlation between decreasing 
IL-6 concentrations and improvement in the Hamilton 
Depression Rating Scale (HDRS) scores as outlined in Table 1, 
along with the key findings of all clinical trials assessing celecoxib 
in neuropsychiatric disorders appearing in this review. In another 
RCT (8) assessing celecoxib augmentation with sertraline in the 
treatment of drug-naïve women with depression, the authors 
reported an improvement in HDRS and Hamilton Anxiety Rating 
Scale (HAM-A) scores compared to the placebo group after 4 
weeks of treatment. However, there were no significant differences 
between both groups at the end of the 8-week trial. Interestingly, 
the remission rates in the celecoxib group were statistically higher 
in comparison to the placebo group. Subsequently, Akhondzadeh 
et al. assessed the HDRS in 40 individuals in a 6-week RCT 
receiving fluoxetine plus celecoxib versus fluoxetine alone. 
They demonstrated significant improvements in depressive 
symptoms, and response and remission rates in the celecoxib 
group (5). Another RCT found more significant improvements 
in depressive symptoms in the adjuvant celecoxib group with 
reboxetine compared to reboxetine alone (4). However, Fields 
commented that there were no significant changes in late-life 
depressive symptoms in patients prescribed either placebo, 
celecoxib, or naproxen (6). These discrepancies in the efficacy 
of COX-2 inhibitors for this indication might be explained by 
methodological heterogeneity and variance in target sample 
characteristics. For example, the Geriatric Depression Scale 
(GDS) was used for the geriatric patients with a yearly frequency, 
which may not be a specific tool for detecting variations in 
depression diagnosis (226). However, the study did have strength 
in having a large sample size and median follow-up of 2 years 
with patients.

Inflammation may be the primary mechanism of 
pathogenesis in brucellosis (227, 228). Therefore, Jafari et al. 
assessed 40 individuals with celecoxib for treatment of mild to 
moderate depression due to acute brucellosis. They reported an 
improvement of the HDRS in the 8-week trial with the celecoxib 
with antibiotics group than placebo with antibiotics (9).

In patients with comorbid osteoarthritis, pooled data from 
five post-approval trials, each at 6 weeks in length, participants 
were randomized in placebo, ibuprofen or naproxen, or celecoxib 
groups while assessing the Patient Health Questionnaire-9 (PHQ-
9). The authors report a trend toward a reduction in PHQ-9 

depression scores. However, this lack of robust data is possibly 
due to the lack of efficacious dosing of celecoxib of 200 mg (229).

Interestingly, celecoxib may exhibit benefits in patients with 
colorectal cancer. Investigations have illustrated that celecoxib 
initiation in the head, neck, and gastrointestinal cancer population 
is associated with improvements in biological symptoms of 
depression, including an increase in appetite, body mass index, 
and quality of life (230, 231). A 6-week RCT included 40 colon 
cancer participants randomly assigned to either celecoxib 
monotherapy or a placebo group, which resulted in significant 
improvements in the HDRS among the former group, starting as 
early as week 2 and was sustained until the end of the trial (11).

Another cancer trial consisted of 52 outpatients with breast 
cancer undergoing 6 weeks of treatment with either celecoxib 
or diclofenac for mild to moderate depression. The outcome 
measures were scored using the HDRS to compare the COX-2 
inhibitor with an indiscriminate COX-inhibitor. They reported 
significant improvements in depressive symptoms in both groups 
by week 3 and significantly more considerable improvements 
with the celecoxib group compared to diclofenac by week 6. 
None of the participants experienced remission HDRS less 
than or equal to 7 (10). A meta-analysis demonstrated with 
150 participants showed that the adjunctive celecoxib cohort 
had better response rates and remissions compared to placebo 
(224). In summary, interactions between the immune system and 
neurotransmitters, the tryptophan/kynurenine system, and the 
glutamatergic system provide links between the immune system 
and depression; furthermore, data are suggestive of a role for 
celecoxib in treatment of depressive symptoms (115).

Bipolar Disorder
The estimated lifetime prevalence of bipolar disorder among adults 
worldwide is 1% to 3% (232). For many, bipolar disorder is a chronic 
and debilitating illness, with patients often experiencing poor inter-
episodic remission (233, 234). Pro-inflammatory markers, such as 
IL-4, TNFα, IL-1β, and CCL2 cytokine, which have an established 
role of inflammation in neuronal damage and degeneration, have 
been observed to be elevated in patients with bipolar disorder (35, 
59, 233–236). Elevated CRP levels were also identified in a meta-
analysis of 730 patients with bipolar disorder (237).

Interestingly, during the euthymic phase of bipolar disorder, 
IL-4 has been shown to return to baseline levels; this apparent 
relationship between inflammatory and mood states provides 
an avenue for prospective biomarker investigations (65, 238). 
Furthermore, accumulating evidence is suggestive of chronic 
low-grade inflammation in bipolar patients (239, 240). Scans 
employing positron emission tomography (PET) have supported 
neuroanatomical changes and hyperactive microglial state in 
bipolar disorder (241–244). Gray matter reduction was observed 
in the anterior limbic region (197, 198) including ventricular 
enlargement (245). Lithium, a well-established mood stabilizer, 
has been shown to reduce IL-2, IL-6, IL-10, and IFNα levels after 
long-term use, possibly inferring its nebulous mechanism of 
action through anti-inflammatory processes (246). In addition, 
lithium has some potential in neurogenesis, which may be 
linked with particular anti-inflammatory mechanisms (202). 
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Preclinical data also suggest that these mood stabilizing effects 
may downregulate the AA cascade, therefore decreasing COX-2 
and prostaglandin levels (247–253).

A clinical trial investigated the efficacy of celecoxib in 
bipolar depression or mixed episode and found lower HAM-D 
scores initially after 1 week; however, no statistically significant 
difference was found at the end of the 6-week trial (12). In 
another study, celecoxib augmentation was trialed in individuals 
with acute mania without psychotic features alongside treatment-
as-usual. This 6-week RCT demonstrated that adjuvant celecoxib 
with valproate was significantly effective for treatment in acute 
mania compared to valproate and placebo (14). The difference 
in trial outcomes may suggest greater inflammatory impact and 
therefore COX-2 inhibitor efficacy during the manic phase of 
illness, as opposed to the depressive phase; this is also supported 
by the relative increase in inflammatory markers in the former 
illness phase (66).

Electroconvulsive therapy (ECT) is an effective treatment 
modality for various phases of illness in bipolar disorder (254). 
ECT is reported to affect monoamines, hormones, in addition to 
the immune system, cytokines, ACTH, and cortisol (255–257). 
Immunomodulatory effects have also been reported, for example, 
effects on the kynurenine pathway via the decrease of QUIN 
concentrations in unipolar and bipolar depression (258, 259).

Kargar et al. (260) assessed cytokine and CRP changes in 
patients receiving both ECT and celecoxib, reporting a reduction 
in TNFα, but no significant changes in other inflammatory 
markers, such as IL-1β, IL-6, and CRP. However, they noted 
greater clinical improvement of depressive symptoms in 
the first week of celecoxib intervention but no persisting 
differences thereafter (260). Notably, the authors hypothesized 
that immunomodulatory effects associated with ECT might 
explain the baseline return of TNFα concentrations; however, 
no significant cytokine changes were observed. This may also 
be due to the post-ECT acute induction of cytokines hindering 
statistical significance (255, 261). Another RCT with 35 
ECT participants with focus on BDNF levels in patients with 
mania concluded no statistical difference in BDNF levels or 
treatment efficacy with adjuvant celecoxib (13). The authors 
of this study suggested these effects were nearing statistical 
significance, and that their BDNF sampling protocol may have 
been a confounding factor (13). A longer multicenter trial has 
been proposed to assess augmentation with celecoxib and/or 
minocycline alongside treatment as usual (TAU) in bipolar I 
or bipolar II patients in depressive state; however, these results 
are yet to be published (262). Bipolar disorder has significant 
associations with inflammatory modulation resulting in aberrant 
brain changes that warrant further investigation of the roles of 
anti-inflammatory agents. In particular, celecoxib shows some 
promise requiring further investigation, particularly during a set 
phase of the bipolar illness.

Schizophrenia
Schizophrenia is a severe, chronic, and among the most disabling 
and economically catastrophic medical disorders. The World 
Health Organization ranks schizophrenia as one of the top 10 

illnesses contributing to the global burden of disease (263). 
The dysregulation of dopamine and glutamatergic pathways in 
various brain regions are implicated in the positive, negative, 
and cognitive symptom domains of schizophrenia (264). Pro-
inflammatory cytokines such as IL-1β and IL-6 can influence 
neuronal development, specifically on the dopaminergic and 
serotonergic systems (265–268). IL-1β administration after 
birth can influence the dopamine system in adulthood, which 
has been associated in dopaminergic and serotonergic neuronal 
moderation in rat models (266). In schizophrenia, elevated serum 
and CSF concentrations of kynurenine were reported (269). 
Developing findings are suggesting that infectious exposure 
during the prenatal period may contribute to the pathogenesis 
of schizophrenia (270). Raised maternal levels of IL-8 during 
pregnancy are associated with an increased risk for schizophrenia 
in offspring, in addition to decreased brain volumes, independent 
of the inflammatory etiology (271). Maternal immune activation 
in animal models generated oxidative stress in the fetus (264). 
Observed infectious agents including Toxoplasma gondii, 
Chlamydia, bornavirus cytomegalovirus, and influenza seem 
to increase the risk of schizophrenia. This may, however, occur 
as a result of the immune response rather than an infectious 
etiology (270). Several epidemiological studies have observed 
an elevated prevalence of schizophrenia in cohorts born during 
influenza epidemics (272) and significant association with 
immunological disorders (273). There is a higher prevalence 
of schizophrenia in individuals with celiac disease, bullous 
pemphigoid, interstitial cystitis, thyrotoxicosis, and acquired 
hemolytic anemia (273, 274). Surprisingly, rheumatoid arthritis 
reveals lower rates of co-morbid schizophrenia compared to the 
general population (275).

Post-mortem brain studies from schizophrenia patients have 
revealed significant inflammatory processes (276). In addition, 
PET imaging has signified microglial activation resulting in 
brain morphological changes in first-episode and chronic 
psychosis (277–280). These morphological changes have been 
expressed during prodromal phases of first-episode psychosis 
(281–283), suggestive of neurotoxic processes resulting in poor 
prognosis (281, 284). Moreover, some authors have shown a 
relationship between brain volume, IL-1, and IL-6 (285–287). 
Collectin inflammatory markers have also been implicated in 
patients with schizophrenia, C4A in particular, whose role is 
to influence microglial hyperactivity, neurodegeneration, and 
subsequent brain cortical volume reductions (288, 289). These 
microglial changes may derive from established elevations in 
serum pro-inflammatory factors, such as PGE2, CRP, IL-1β, IL- 
6, IL-8, and TNFα (290–292). In addition, cytokines have shown 
some correlation with negative symptoms, cognitive deficits, and 
psychomotor retardation (293–295).

Positive correlations with cognitive severity and inflammatory 
markers have also been highlighted (296–298). In the first-
episode and acutely relapsed patients with psychosis, an elevated 
level of pro-inflammatory cytokines, IL-6, TNFα, TGF-β, and 
IFNγ, was observed (61). In addition, IL-10 concentrations were 
decreased in acutely relapsed patients compared to controls (61). 
Cytokine concentrations at different stages of the disease and 
variable treatment agents may alter neuroprogression (115, 299).

154

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


COX-2 Inhibitors for Neuropsychiatric DisordersSethi et al.

10 September 2019 | Volume 10 | Article 605Frontiers in Psychiatry  |  www.frontiersin.org

Further support is provided from studies suggesting 
antipsychotics may exhibit immune-modulatory properties 
(264); however, there remains evidence that is contrary to this 
notion (300, 301). Patients undergoing long-term treatment with 
antipsychotics exhibit reduced pro-inflammatory cytokine levels 
(IL-1β, IL-6, sIL-6R, and TNFα) (302–304) and elevated anti-
inflammatory markers (sIL-1RA, sIL-2R, and IL-10) (305–307). 
Second-generation antipsychotics may elicit more potent anti-
inflammatory effects than to first-generation agents (303, 308).

Dysregulation of the tryptophan metabolism has been 
implicated with notable elevations of kynurenic acid in patients 
with schizophrenia (309). Furthermore, long-term antipsychotic 
treatments have an impact on kynurenic acid concentrations 
in rodent models (310). Preclinical studies suggest that COX-2 
inhibitors protect against glutamate-mediated neurotoxicity, 
which may highlight an application to mediate neurodegeneration 
in kynurenine system (18, 135, 311).

One of the first RCTs evaluating the use of COX inhibitors 
for schizophrenia indication consisted of 50 patients with acute 
exacerbation of psychosis who were admitted and treated with 
risperidone with one group augmented with celecoxib versus 
placebo for 5 weeks (17). The celecoxib group revealed significant 
positive effects on the Positive and Negative Syndrome Scale 
(PANSS) (17). Post hoc analyses indicated an improvement 
in cognition parameters with augmentation of celecoxib in 
schizophrenia in this trial (312).

In contrast, Rapaport and colleagues assessed outpatients with 
schizophrenia on stable psychotropic regimens of olanzapine 
or risperidone, finding no significant changes with celecoxib 
augmentation in several of the psychometric parameters (18). 
This finding could be explained by differences in the study 
cohorts, given the participants in Müller’s study were acutely 
psychotic, whereas Rapaport’s sample consisted of patients in 
more stabilized psychotic states.

During an 8-week RCT, the treatment of 60 acutely 
psychotic patients was augmented with celecoxib (19). The 
risperidone and celecoxib combination was superior in the 
improvement of PANSS total scores over risperidone alone 
(19). Also, the Extrapyramidal Symptoms Rating Scale (ESRS) 
scores for the placebo group were higher than in the celecoxib 
group over the trial but not statistically significant (18). 
Müller et al. (20) completed a 6-week, RCT of 49 patients 
during their first-episode of schizophrenia. They were treated 
with amisulpride with random assignment of celecoxib or 
placebo (20). There was an improvement in the PANSS in 
the adjunct celecoxib group compared to the placebo group 
(20). The adjunct celecoxib group in this study also showed 
a significant improvement on the clinical global impression 
(CGI) scale (20). Overall, a superior therapeutic effect with 
augmentation with celecoxib was found, in particular a trend 
for improvement in negative symptoms.

A recent meta-analysis, including the above RCTs in addition 
to two inaccessible RCTs, revealed that adjunctive celecoxib did 
not prove efficacy over placebo in overall samples (313). However, 
with the sub-analysis, they discovered superior efficacy with 
celecoxib to placebo in first-episode patients (313). This may be 
explained by data from preclinical studies suggesting celecoxib’s 

effects on cytokines and behavioral symptoms are dependent on 
the stage of illness and time of intervention (217).

It is important to note the comorbid conditions that may 
contribute to inflammation and confound interpretation 
of outcomes, including trauma, stress, smoking, metabolic 
syndrome, diet, exercise, and poor dental hygiene (2). Nonetheless, 
there is an apparent association between inflammation and 
schizophrenia, with celecoxib demonstrating promise possibly 
during early disease onset.

Autism Spectrum Disorder
ASD is a neurodevelopmental disorder defined by impairments 
in two domains: 1) shortages in social communication and social 
interaction and 2) restricted repetitive patterns of behavior, 
interests, and activities (314). The prevalence of ASD in Western 
countries appears to have increased, possibly as a result of 
definition changes and heightened awareness. The pathogenesis 
of ASD remains idiopathic, although the consensus points to 
altered brain development leading to impairment in social and 
communication maturation, therefore resulting in restricted 
interests and repetitive behaviors (315). These brain morphologic 
aberrations appear to be a result of neural pruning processes and 
neuroinflammation (316–319).

An association with ASD and inflammatory response through 
the measles, mumps, and rubella (MMR) vaccine and enterocolitis 
were reported first in 1998 (320) and subsequently retracted. 
However, controversy still exists among these allegations in 
select groups, despite it being established that there is no causal 
association between MMR vaccine and ASD (320–324).

Similar to discussions in Schizophrenia section with respect to 
schizophrenia, prenatal infections during early development may also 
be associated with the development of ASD (325–327). Moreover, 
there seem to be shared immune-related genetic abnormalities 
between the two disorders (325, 328). Aberrant activity of the 
glutamatergic system might play a role in neurotoxicity of both 
disorders. Kynurenine pathway abnormalities may also be linked to 
16p11.2 mutations in ASD resulting in glutamatergic activity (329).

Associations with changes in the immunomodulatory 
system of ASD patients have been identified. Disruption in 
immunomodulatory proponents such as T-cells and monocytes 
have been noted (316, 330), in addition to changes in the 
concentration of immunoglobulins (331) and autoantibodies 
production (332). Furthermore, polymorphisms identified in 
macrophage migration inhibitory factor (MIF), seen in ASD-
related abnormalities, seem to also activate the COX-2 system in 
microglia (333, 334).

Post-mortem studies revealed greater microglial densities in the 
visual cortex, cerebellum, anterior cingulate gyri, and dorsolateral 
prefrontal cortex (DLPFC) of ASD patients (335–338). Some 
studies have also shown elevated TNFα, IFNγ, IL-1, IL-6, IL-8, 
IL-12, CCL2, CCL5, and CCL11 in plasma and CSF of autistic 
subjects (317, 318, 338–340).

A study showed that repurposed anti-inflammatory agents 
such as pioglitazone resulted in moderation of irritability, 
lethargy, stereotypy, and hyperactivity symptoms in ASD (341). 
The pioglitazone class of drugs has been shown to inhibit COX-2 
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in LPS-stimulated microglia and neurons (342, 343). Celecoxib 
in the rat model has shown to also inhibit LPS-induced neuronal 
toxicity (344).

Our search yielded only one randomized, double-blind 
placebo-controlled trial of celecoxib combination with 
risperidone. Asadabadi et al. (21) assessed 40 patients diagnosed 
with ASD in a 10-week trial with the aberrant behavior checklist-
community edition (ABC-C), which showed superior efficacy of 
adjuvant celecoxib with risperidone in the domains of irritability, 
social withdrawal, and stereotypy in children with ASD.

Paucity of evidence is opportune for further investigations 
with COX-2 inhibitors in neurodevelopmental disorders such as 
ASD as seen by preclinical and limited clinical data.

Obsessive-Compulsive Disorder
Obsessive-compulsive disorder (OCD) is a relatively common 
neuropsychiatric disorder with a reported lifetime prevalence 
of 1–3% in the general population (345, 346). At least one-third 
of individuals with OCD fail to adequately respond to current 
pharmacological treatment (347, 348). The cortico-striatal-
thalamo-cortical (CSTC) circuit dysfunction is implicated in the 
pathophysiology of OCD (349).

There is evidence of early childhood infections, pediatric 
acute-onset neuropsychiatric syndrome (PANS), which 
encompasses pediatric autoimmune neuropsychiatric disorders 
associated with streptococcal (PANDAS), evoking OCD-
like neuropsychiatric symptoms (15). This is suggestive of an 
inflammatory etiology to a subsect of this illness. Furthermore, 
immunomodulation treatment resulted in improvement of 
OCD-like neuropsychiatric symptoms (350).

Although the minority of cases of OCD results from PANS, it 
is speculated that the active inflammatory model may be relevant 
for the progression of OCD. As well, brain morphological 
changes have also been noted in OCD indicating progression in 
the neurodegenerative process (351). Rodent models exposed 
to LPS-induced inflammation exhibited increased anxiety 
with reduced exploration in the open field test (352, 353). The 
inducible chemokine, CXCL12, resulted in anxiety-like features 
in rat models (353), further supporting the role of inflammation 
in neuropsychiatric symptoms in anxiety disorders.

Animal models are suggestive of alternative microglial 
phenotypes, resulting in OCD-like behavior (354). Translocator 
protein distribution volume, a marker of increased microglial 
activation and thus neuroinflammation (355–358), was 
investigated after a prior study found increased expression in 
PANDAS patients (359). Kumar et al. discovered an increased 
translocator protein density in the CSTC circuit compared to 
healthy controls. Interestingly, this circuit involves multiple 
neuropsychiatric disorders aforementioned such as Huntington 
disease, cerebral vascular disease, Tourette disorders, and 
Sydenham chorea (360, 361). Repurposed microglial modulators 
such as minocycline have shown a reduction in the Yale-Brown 
Obsessive-Compulsive Scale (Y-BOCS) scores in a recent RCT in 
combination with fluvoxamine (362).

Most recently, Konuk et al. (86) reported significantly elevated 
levels of both IL-6 and TNFα in OCD patients compared to 

healthy controls. Furthermore, a correlation between elevated 
TNFα and onset with minimal association between IL-6 levels and 
duration of illness (86). A meta-analysis revealed no significant 
findings in TNFα and IL-6 plasma levels in OCD patients relative 
to controls; however, the authors did note reduced IL-1β in OCD 
patients (62). As celecoxib is shown to reduce levels of both IL-6 
and TNFα, support for improving clinical symptoms of OCD is 
plausible (6).

Sayyah et al. (16) noted an improvement in the Y-BOCS 
for OCD patients with the augmentation of celecoxib with 
fluoxetine compared to fluoxetine alone. In addition, another 
recent RCT utilizing fluvoxamine with celecoxib augmentation 
compared to fluvoxamine alone noted an improvement in the 
celecoxib group (15). It is proposed that the notable efficacy in 
OCD, in addition to the microglial mechanisms, results from 
increased monoamines such as norepinephrine and serotonin 
via inhibition of prostaglandin synthesis by celecoxib (5, 306). 
However, further studies with larger sample sizes, longer 
duration, and measurements of pro-inflammatory markers may 
provide more robust evidence.

CONCLUSION

Evidence for the inflammatory hypothesis and the role of 
anti-inflammatory agents continues to accumulate suggesting 
etiological impact on the development of neuropsychiatric 
conditions, such as depression, bipolar disorder, schizophrenia, 
ASD, and OCD. A promising body of evidence suggests a role 
for COX-2 inhibition, in particular celecoxib, for phase-related 
interventions in bipolar disorder, schizophrenia, and possibly 
depression, ASD, and OCD. Despite the paucity of  data for 
COX-2 inhibitors and investigated agents, including aspirin, 
minocycline, and statins, with purported pleiotropic anti-
inflammatory mechanisms, further research is necessary to clarify 
the role of immunomodulation therapies and their comparative 
efficacies for integration of the psychiatric professions’ current 
paradigm of treatment modalities (146, 363).
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Phenylketonuria (PKU) is a recessive disorder of phenylalanine metabolism due to 
mutations in the gene for phenylalanine hydroxylase (PAH). Reduced PAH activity results 
in significant hyperphenylalaninemia, which leads to alterations in cerebral myelin and 
protein synthesis, as well as reduced levels of serotonin, dopamine, and noradrenaline 
in the brain. When untreated, brain development is grossly disrupted and significant 
intellectual impairment and behavioral disturbance occur. The advent of neonatal heel 
prick screening has allowed for diagnosis at birth, and the institution of a phenylalanine 
restricted diet. Dietary treatment, particularly when maintained across neurodevelopment 
and well into adulthood, has resulted in markedly improved outcomes at a cognitive and 
psychiatric level for individuals with PKU. However, few individuals can maintain full dietary 
control lifelong, and even with good control, an elevated risk remains of—in particular—
mood, anxiety, and attentional disorders across the lifespan. Increasingly, dietary 
recommendations focus on maintaining continuous dietary treatment lifelong to optimize 
psychiatric and cognitive outcomes, although the effect of long-term protein restricted 
diets on brain function remains unknown. While psychiatric illness is very common in 
adult PKU populations, very little data exist to guide clinicians on optimal treatment. The 
advent of new treatments that do not require restrictive dietary management, such as the 
enzyme therapy Pegvaliase, holds the promise of allowing patients a relatively normal diet 
alongside optimized mental health and cognitive functioning.

Keywords: phenylketonuria, psychiatric, anxiety, depression, cognitive function

INTRODUCTION

Phenylketonuria (PKU; OMIM 261600 and 261630) is a rare autosomal recessive and inborn 
error of metabolism (1). Caused by one of almost 1,000 gene variants (2), it is characterized by a 
variable deficiency in the activity of the phenylalanine hydroxylase (PAH) enzyme necessary for the 
conversion of the amino acid phenylalanine (Phe) to tyrosine (Tyr). The resultant accumulation of Phe 
throughout the body due to reduced PAH activity leads to significant neurodevelopmental sequelae 
including intellectual disability, growth retardation, and seizures (1), and is the most common 
biochemical cause of intellectual impairment (3). In addition, there are a range of neuropsychiatric 
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and cognitive changes that can be associated with PKU at varying 
levels of hyperphenylalaninemia.

Phenylalanine is an essential amino acid, present in most natural 
proteinaceous foods, and is metabolized in the liver by the PAH 
system. The hydroxylation of Phe to Tyr requires tetrahydrobiopterin 
(BH4), iron, and molecular oxygen as co-factors (1). Defects in 
either PAH or the production or recycling of BH4 may result in 
hyperphenylalaninemia. The disorder was first discovered in 1934 
by Følling who identified elevated Phe metabolites (phenylketones) 
in the urine of two intellectually disabled siblings, thus giving the 
disorder its name (4); the defect in PAH was isolated in 1953 (5), 
and a Phe-restricted diet was also shown to improve intellectual 
outcomes (6). In 1962, the Guthrie method to detect elevated 
Phe levels in dried blood spots was developed, which facilitated 
newborn screening of the disorder, facilitating early diagnosis 
and dietary management of PKU (7), and thus the prevention of 
many hundreds of thousands of cases of intellectual disability. The 
“Guthrie Test,” conducted by neonatal heel prick, was implemented 
widely across North America and Europe in the 1960s (7). It 
identifies affected infants at birth and has a 99.2% sensitivity and 
99.9% specificity for those with classical and mild PKU (8), and has 
been demonstrated to have a favorable benefit–cost ratio (9).

Two Australian studies reported the incidence of PKU to 
be 1 in 11,226 (10) and 1 in 8,900, mirroring the figures found 
in other Caucasian populations (3). The reported incidence of 
PKU ranges from 1 per 13,500 to 1 per 19,000 newborns in the 
United States, and does vary by ethnic group, with incidence 
being higher in Caucasians and Native Americans and lower in 
Hispanics, Blacks, and Asians (11).

Depending on the genotype and severity of the enzyme defect, 
various forms of PKU with different clinical outcomes have been 
described (12). These can be classified on the basis of blood Phe 
levels at diagnosis and dietary Phe tolerance. The natural history 
of untreated PKU consists of progressive irreversible neurological 
impairment during infancy and childhood. The most common 
outcome is severe intellectual disability often associated with 
a “mousy” odor, eczema, and reduced hair, skin, and iris 
pigmentation. There is often growth retardation, microcephaly, 
and neurological signs including tremor and epilepsy. All 
untreated patients have behavioral problems including 
hyperactivity, stereotypy, and anxiety. The severity of the clinical 
phenotype directly correlates with blood phenylalanine levels 
that reflect the degree of enzymatic deficiency (1).

Until recently, a strict low-Phe diet, the use of medical foods 
consisting of Phe-free protein substitutes, and supplementation 
containing large neutral amino acids (LNAAs) such as Tyr were 
the only therapies available (13). Foods high in Phe, such as eggs, 
meat, poultry, fish, bread, and pasta, are largely eliminated. Dietary 
treatment has been shown to be very effective in the prevention 
of impaired cognitive development, but still has its shortcomings. 
Specific deficiencies of calcium, zinc, selenium, iron, and vitamin 
B12 were reported with the early formulas, as was growth delay 
(14).This diet was initially discontinued after 6 years of age, when 
the majority of significant neurodevelopment was thought to be 
complete (“early-treated” patients); this age was later increased to 
12 years of age; however, these discontinuation points often varied 
between jurisdictions. Later epochs of treatment recommendations 

suggested cessation at early adulthood, with only a return to diet 
being necessitated during pregnancy. However, over time, it has been 
increasingly recognized that ongoing adherence to diet is associated 
with better cognitive and psychosocial outcomes throughout 
adulthood (“continuously treated” patients), as increasingly 
hyperphenylalaninemia has been recognized to not just impact upon 
neurodevelopment, but dynamic functioning within the adult brain 
(15). Current guidelines indicate that individuals with PKU should 
aim to maintain lifelong Phe levels between 120 and 360 µmol/L in 
the US, or up to 600 µmol/L in Europe, even though this is still up to 
a fivefold increase over Phe levels in non-PKU individuals (16, 17).

When treatment is instituted from birth, PKU patients are 
likely to have a normal intellectual quotient (IQ), but it is now 
apparent that there is often an IQ gap when compared to their 
non-PKU siblings, and these patients may have deficits in certain 
neuropsychological functioning, particularly executive function 
(18). They may also demonstrate elevated rates of neuropsychiatric 
illness, increasingly being recognized, which contribute to 
significant impairments in psychosocial functioning and quality 
of life in adults with treated PKU. This review aims to discuss 
the range of neuropsychiatric and cognitive manifestations 
associated with PKU and their management.

Pathophysiology of PKU
Deficient PAH activity results in two key pathological states: 
hyperphenylalaninemia and hypotyrosinemia (19). High Phe 
competes with tyrosine, tryptophan, and other LNAAs at the 
L-type amino acid carrier (LAT1) at the blood–brain barrier 
(BBB), resulting in decreased concentrations of dopamine and 
serotonin in the brain (20). The transport of Phe across the BBB 
has been found to be highly variable, translating to heterogeneous 
clinical outcomes across individuals even when “on-diet” or with 
similar plasma Phe levels (11, 20).

There are multiple possible downstream effects of 
hyperphenylalaninemia, for which the evidence and hypotheses 
are drawn from human and animal studies. These are summarized 
in broad categories below, with respect to neuropsychiatric and 
cognitive profiles. The mechanisms by which these effects occur 
are summarized in Figure 1.

Neurotransmission and Protein Synthesis
Hyperphenylalaninemia causes dysfunction in neurotransmission 
and cerebral protein synthesis, via relative hypotyrosinemia, impaired 
transport of large amino acids into the brain, and impairment of other 
enzymatic systems. Not only is the biosynthesis of tyrosine reduced 
due to PAH deficiency, but also in a state of hyperphenylalaninemia, 
there is competitive binding at LAT1 carrier, resulting in Phe 
preferentially crossing the blood–brain barrier and a relative lack of 
other LNAAs including tryptophan and tyrosine, the building blocks 
of serotonin and dopamine (21). The low bioavailability of these 
LNAAs then has downstream effects on cerebral protein synthesis 
in evidence drawn from the PKU mouse model (21). Evidence from 
mice and human models also suggests that hyperPhe impairs the 
function of the tyrosine and tryptophan hydroxylase systems (22–
24), as well as 3-hydroxy-3-methylglutaryl-coenzyme A reductase 
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and thus impairing cholesterol biosynthesis (21), all of which effects 
a reduction in neurotransmitter production.

Glutamate is the most abundant neurotransmitter and plays 
an important role in synaptic plasticity, learning, memory, and 
modulation of function within the limbic system (25). In the PKU 
mouse model, hyperPhe was found to reduce glutamate transmission 
resulting in compensatory changes in the expression of the glutamate 
receptor (26). This occurred via competitive binding at the NMDA 
receptor, reduction in release of neurotransmitters, and competition 
for binding to sites on other receptors (such as AMPA and kainate 
glutamatergic receptors) (27). Importantly these findings were 
reversible, suggesting a degree of reversibility of neuropsychiatric 
symptoms seen in PKU. Glutamate has also been increasingly 
recognized for its role in stress-related conditions, including anxiety 
and depression. While acute stress can transiently increase glutamate 
output and transmission, chronic stress is associated with similar 
findings to those seen in the hyperPhe state, with reduced synaptic 
plasticity and attenuated glutamatergic neurotransmission (28).

Synaptic and Dendritic Changes
Animal studies have greatly informed the field about the 
microstructural effects of hyperPhe. Treating newborn rodents with 

high levels of Phe during early life results in malformed dendritic 
trees (29, 30) and reduced neocortical synaptic density (31), possibly 
through the altered expression of cytoskeletal proteins (32). Studies 
of hippocampal cultures in the PAHenu2 mouse model treated 
with phenylalanine show a reduction in density of synapses, and 
length of dendrites (33), with synaptic morphological alterations 
(34). At least some of these morphological changes in the mouse 
model appear to be remediable by a specific nutrient combination, 
suggesting that attenuating synaptic deficits may be one potential 
mechanism of dietary intervention in PKU (30, 35).

Dysmyelination
A number of studies have demonstrated abnormal myelination 
in PKU patients (36, 37). Bauman and Kemper undertook 
histoanatomic assessment of three brains in untreated, 
intellectually disabled adult PKU patients and found that there 
was pallor of myelin staining, particularly in areas that undergo 
significant postnatal myelination, as compared with those areas 
that undergo myelination shortly before or after birth, which 
were comparable to age matched controls (38). Later-myelinating 
areas include the axonal connections to the prefrontal cortex and 
other frontal and parietal regions, as well as cortico-hippocampal 

FIGURE 1 | Neuropathophysiology of PKU. Decreased PAH activity results in hyperphenylalaninemia as well as hypotyrosinemia. The high Phe levels further restrict 
transport of tyrosine across the blood–brain barrier, as well as impairing tyrosine and tryptophan hydroxylase systems, as well as cholesterol synthesis, creating a 
hypomonoaminergic state in the brain, predominantly in frontal and limbic circuits where these neurotransmitters predominate. There is also reduced glutamatergic 
neurotransmission, which results in reduced synaptic plasticity, and in turn atrophy. Myelination is critically affected by high Phe levels, which impair protein 
synthesis, as well as switch oligodendrocytes to an “off” or non-myelinating state.
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relay circuits, which undergo myelination in adolescence (39, 
40). Elevations in Phe resultsin the non-competitive inhibition 
of HMG-CoA reductase, which impairs the production of 
cholesterol, one of the major lipids in the myelin membrane (41), 
and the reduction of LNAAs available for myelin-related proteins 
may compromise myelin synthesis further (42, 43).

These late-myelinating regions may be more vulnerable 
to suboptimal environmental conditions. Areas that undergo 
myelination later in development have smaller axons and fewer 
lamellae, and originate from oligodendrocytes that myelinate 
many more axons than those that undergo early myelination (44). 
In a review of the relationship of late-myelinating regions and 
neurodegeneration, Bartzokis postulated that this resulted in three 
broad sequelae—that these regions would have greater surface 
area exposed to the extracellular environment and thus greater 
vulnerability to a toxic (i.e., HyperPhe) environment, higher myelin 
density, and a greater impact when there is breakdown of these areas 
due to the thinner myelin sheaths (44). This model, while applied by 
Bartzokis to primary neurodegenerative disorders, has relevance to 
all neuropsychiatric disorders, and in combination with the specific 
areas involved in late myelination, gives reasonable account as to the 
high rates of psychiatric and cognitive symptoms seen in PKU.

Supporting this are data from both animal and human studies. 
In normal rats, chronic hyperPhe resulted in impaired myelination 
and axonal maturation (45). In the PAHenu2 mouse model, when 
exposed to higher levels of Phe, myelin-rich areas had the lowest 
rates of protein synthesis (46), and to further this, Dyer and 
colleagues found that when oligodendrocytes were exposed to high 
Phe levels, they adopt a “non-myelinating” phenotype, effectively 
switching off myelination (47). There is a strong relationship 
between dopamine signaling and myelination, in addition to axonal 
maturation. Myelination itself facilitates axonal maturation through 
triggering heavy phosphorylation of neurofilaments, cytoskeleton 
rearrangement, and axonal swelling beneath the compact myelin 
lamellae (48). These myelin/axonal interactions may up-regulate 
the production of enzymes involved in dopamine biosynthesis 
pathway such as tyrosine hydroxylase (TH), or the phosphorylation 
of TH, which thus up‐regulates dopamine synthesis. Thus, the 
hypodopaminergic state seen in PKU results not just from reduced 
precursor penetration into the CNS, but also indirectly through 
impaired myelination. Supporting this, when PKU mice are treated 
with a low Phe diet, myelination increases in concert with central 
DA levels, supporting the strong relationship between these two 
measures. In humans, this would support the findings that white 
matter abnormalities on MRI are most significantly related to recent 
Phe levels (at the time of MRI and in the 12 months prior) and appear 
to be somewhat reversible (49–51). Additionally, neuroimaging in 
humans suggests that in addition to hypomyelination in developing 
axonal tracts, intramyelinic edema may also contribute to the 
altered T2-weighted signal that is frequently seen in the posterior 
white matter in PKU patients (52), and changes in posterior white 
matter on imaging correlate well with serum Phe levels (53).

It is important to note that in Mastrangelo et al.’s retrospective 
longitudinal long-term study on the outcome of white matter 
abnormalities in early treated phenylketonuric patients (54), 
there was no significant association found between cognitive 
outcome and alterations in white matter structure. However, 

significant interindividual variability was found, and incongruity 
was often seen between biochemical control and the trajectory 
of white matter alterations. About 30% of the variability of 
white matter alterations remains unexplained by the known 
quantifiable variables of the disease.

PSYCHIATRIC DISORDERS

Children, adolescents, and adults with PKU can display 
disturbed emotional and behavioral functioning with evidence of 
a heterogeneous range of phenotypes, as summarized in Table 1. 
However, review of the literature continues to demonstrate that 
the prevalence and severity of problems correlate strongly with 
the degree and timing of exposure to elevations in blood Phe 
levels (55). Neuropsychiatric symptoms are likely to be driven 
by multiple mechanisms, through which hyperPhe impacts brain 
function, including disruption of amino acid transport across 
the blood–brain barrier, myelin abnormalities, and reductions in 
neurotransmitters, as described previously (43).

Untreated PKU patients have long been known to present 
with significant neuropsychiatric disturbance, dating back to 
Følling’s initial descriptions of the disease in 1934, where a 
spectrum of presentations was noted, ranging from shy and 
anxious, irritable, agitated and with anger outbursts, through to 
grossly disturbed, psychotic, and catatonic (56). Further mid-
twentieth century literature correlated untreated PKU status 
with severe behavioral disturbance, largely autistic and psychotic 
spectrum illnesses, frequently with marked levels of agitation 
and aggression (57). Literature from that time indicates that this 
group was particularly challenging to manage in institutions for 
the intellectually disabled; these patients often display aggression, 
self-mutilation, impulsivity, and even psychosis (58). In 10 
previously undiagnosed and 1 previously diagnosed but untreated 
individuals, Mazur et al. identified the most frequent behaviors 
as aggression, affective symptoms including euphoria/elation, as 
well as agitation and aberrant motor symptoms, but also noted 
the marked heterogeneity of presentations—including anxiety, 
delusions and hallucinations, and dysphoria/depression (59).

However with the advent of dietary treatment of PKU, the 
degree of cognitive and neuropsychiatric impairment markedly 

TABLE 1 | Neuropsychiatric symptoms as a function of treatment Initiation.

Untreated Early-treated children 
and adolescents

Early-treated adults

Psychotic symptoms Attentional problems Depressed mood
Autistic behaviors School problems Social isolation/withdrawal
Hyperactivity Less achievement 

motivation
Generalized anxiety

Aggression Low self-esteem Phobias
Anxiety Decreased social 

competence
Social maturity deficits

Depressed mood Decreased autonomy Decreased positive 
emotions

Impaired social skills 
associated with profound 
intellectual disability 

Low self-esteem

Lack of autonomy
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reduced in the PKU patient group, with most individuals more 
assimilated in mainstream educational and vocational settings (60). 
Given that with strict dietary control, Phe levels in treated patients 
are usually elevated significantly over Phe levels in non-PKU 
individuals, it is not unexpected that even with continuous clinical 
management, psychosocial and/or neuropsychiatric impairments 
have been observed in clinically treated cohorts (61). Burton et 
al. demonstrated that >50% of adults with PKU screened positive 
for the presence of clinically significant psychiatric symptoms, the 
most common being depression and anxiety (62).

Depression
Rates of depression are significantly higher among adults 
with PKU than the general population (63). Depression is 
reported by up to half of adult patients in survey data (64, 65). 
A meta-analysis of reported neuropsychiatric complications 
demonstrated that overall point prevalence rates of depression 
were 18% in the population with PKU, further subdivided into 
12% in the early-treated group, versus 35% in the late-treated 
(18). This is corroborated in Bilder’s 2017 retrospective cohort 
study, showing that rates of depression are markedly higher in 
the overall adult PKU cohort compared to the general population 
cohort—and this was demonstrated in significantly higher rates 
of depression in all age groups over the age of 20 years (66). This 
study of 3,715 individuals with PKU demonstrated depression in 
19.5%, which was comparable with depression in a population 
with diabetes mellitus (21.1%), and exceeding that seen in the in 
the general population (11.8%).

The underpinning pathophysiology of depression in PKU is likely 
to be multifaceted. A number of biological processes underpin the 
development of complex mental illness such as depression, including 
neurochemical, neurohumoral, and neuroinflammatory processes 
(67), which are also mediated by psychosocial factors including 
dietary adherence (68). However, given the key involvement of 
dopamine, norepinephrine, and serotonin in regulating cognition, 
emotion, and mood, and the marked elevation of rates of depression 
in PKU, it is likely that depressive symptoms are strongly associated 
with hyperPhe-driven low central monoaminergic transmission. This 
is supported by one study showing that short-term elevations in Phe 
do result in acutely lowered mood (69). Monoaminergic networks 
that project to frontal cortical and cortico-limbic regions play an 
important role in the modulation of mood, and dysfunction in these 
networks is implicated in the pathophysiology of depression (70, 
71). Similarly, antidepressant medications likely act, at least in part 
if not indirectly, by restoring impaired monoaminergic transmission 
in these regions (72, 73), particularly through neuroplastic change 
driven by changes in gene expression and synaptic plasticity (74). 
Antidepressants may also act by increasing neurogenesis in the 
dentate gyrus of the hippocampus (75), in addition to other sites, 
such as the amygdala (76). Adult hippocampal neurogenesis may 
mediate antidepressant effects via its influence on the HPA axis (77).

Unfortunately, the role of antidepressants in the treatment 
of PKU-associated depression has never been formally studied, 
so it is not clear if efficacy rates of treatment are comparable to 
those seen in non-PKU individuals (68), although symptomatic 
patients may benefit from antidepressant treatment.

Anxiety
Rates of anxiety disorders are also significantly higher in the 
overall adult PKU population (15.6%) compared to the general 
population (9.2%), as evidenced in Bilder’s recent retrospective 
cohort study (66), and heterogeneity in presentations of anxiety 
and depression can be largely explained by blood Phe level and 
PKU treatment (early vs. late/untreated) (18). Anxiety, alongside 
depression, is one of the most frequently self-reported symptoms 
in both adult and pediatric PKU patients (15, 64).

A range of anxiety disorders, including generalized anxiety, 
panic disorder, specific phobias, and obsessive-compulsive 
disorder, have been associated with low serotonin in the brain 
(73). Anxiety has been associated with a number of alterations 
in the serotonergic system including polymorphisms in the 
serotonin transporter gene (SERT) (78) and also the gene for 
the CNS-form of tryptophan hydroxylase (TPH2) (79). Given 
this, it is unsurprising that hyperphenylalaninemia in PKU, and 
the consequent reduction of central serotonin levels, has been 
associated with an increased prevalence of anxiety disorders 
(80). As dietary recommendations in PKU were introduced and, 
over time, shifted toward a more sustained restriction of Phe 
intake across the developmental lifespan, symptoms reported by 
patients also shifted in favor of internalizing symptoms (80). Non-
treated children continued to prominently display externalizing 
symptoms of aggression and agitation in addition to mental 
retardation, as compared with early-treated children described as 
exhibiting anxiety, phobias, obsessionality, low self-esteem, and 
withdrawal (81, 82). Additionally, anxiety measures have been 
found to correlate with elevations, and significant variability over 
time, of blood Phe (83). Patients who maintain Phe-restricted 
diets into adolescence appear less likely to develop an anxiety 
disorder (15), and those that do have an anxiety disorder are 
less likely to experience symptoms when they return to dietary 
treatment (84). Serum Phe levels in PKU have also been shown 
to correlate to platelet serotonin levels (85), although peripheral 
are not necessarily a correlate for central serotonin levels (86). 
An alternate hypothesis for elevated rates of anxiety is that the 
burden of strict follow-up and dietary treatment constitutes a 
psychological stressor for children and their families; one study 
found that patients who adhered to the dietary recommendations 
during their first decade were more likely to be diagnosed with 
a psychiatric disorder compared to those patients with poor 
metabolic control (80); most other studies, however, do suggest 
that hyperPhe is associated with significant anxiety. For the 
majority of patients, a reduction in Phe levels often results in 
a significant attenuation of anxiety symptoms. For a subgroup 
of patients, particularly those who are unable to effectively 
lower Phe levels, treatment with serotonergic antidepressants—
particularly selective serotonin reuptake inhibitors (SSRIs)—may 
be beneficial, although data in PKU patients are lacking.

Psychosis
Psychotic disorders including schizophrenia and bipolar 
affective disorder, while not the most common neuropsychiatric 
manifestation of PKU, still occur at higher rates than the general 
population (66). Early studies of PKU families identified a 
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twice expected rate of psychosis in PKU (87), which has been 
replicated in more recent retrospective cohort studies (66). 
Early studies exploring the relationship between Phe, Tyr, and 
Trp with schizophrenia had mixed results, likely owing to low 
study numbers and methodological issues. More recent studies 
in the last 5–10 years have consistently shown a more compelling 
relationship. Genetic association studies have suggested an 
association between schizophrenia and PAH polymorphisms, 
though the functional impact of these genetic changes is not well 
understood (88, 89). In 2014, Okusaga and colleagues measured 
plasma Phe in 950 patients with schizophrenia compared with 
1,000 controls, and found increased Phe and increased Phe/
Tyr ratios, suggesting aberrant PAH function in schizophrenia 
hypothesized to be as a result of neuroinflammation (90). A 
small sample of medicated chronic schizophrenic patients 
was also found to have decreased Phe kinetics as measured by 
a Phe breath test, as compared to controls, further supporting 
the role of phenylalanine imbalance in schizophrenia (91). 
There is significant overlap in the pathophysiology of PKU and 
schizophrenia, accounting for the increased rates of psychosis 
seen in this PKU, as well as providing novel avenues for enquiry 
for the understanding and treatment of schizophrenia.

Attention Deficit Hyperactivity Disorder
Attention deficit hyperactivity disorder (ADHD) occurs in 
approximately 3–5% of the population (92). This disorder 
is characterized by developmentally inappropriate levels of 
impulsivity, hyperactivity, and/or inattention (93). ADHD is 
currently categorized into three subtypes with varying rates 
of prevalence: ADHD-inattentive subtype (approximately 
25–30%), the ADHD-hyperactive/impulsive subtype (< 5%), 
and an ADHD-combined subtype (65–70%) (94). Both PKU and 
ADHD are highly heritable conditions, though ADHD occurs at 
approximately twice the rate in those with PKU compared with 
the general population (66).

Antshel and Waisbren studied 46 children with early- 
and continuously-treated classical PKU, 15 maternal PKU 
(mPKU) offspring, and 18 typically developing controls. They 
demonstrated that both the PKU and mPKU groups had higher 
ADHD prevalence rates compared to controls (95).

Of note, the inattentive type far exceeded the hyperactive 
impulsive variant, with the authors postulating that the 
developmental timing of exposure to elevated levels of Phe may 
affect the expression of ADHD symptoms. Prenatal exposure 
is associated with greatly increased hyperactive/impulsive 
symptoms, whereas exposure at any time affects attention 
regulation. There is a demonstrated dose-dependent relationship 
between Phe levels and ADHD symptoms; a greater number 
of ADHD symptoms were associated with a higher level of 
Phe exposure (95). Arnold et al.’s study in 2004 mirrored these 
findings (96).

In examining stimulant use in a group of 38 young people 
with early- and continuously treated classical PKU (as compared 
with age-matched type 1 diabetic controls), 50% of youths with 
PKU reportedly had significant inattentive symptoms, with 26% 
prescribed a stimulant medication (96). Stimulant use in the 

diabetic control group was 6.5% comparatively, and population 
studies suggest the rate of medication use in general ADHD 
populations is 2–8% (97). Importantly, while the mean Phe 
levels over 12 months for the PKU sample were significantly 
associated with inattentive symptoms, medication was reported 
efficacious in all PKU subjects, without a significant lowering of 
Phe levels (96).

The link between ADHD and PKU can be at least partially 
explained by a hypodopaminergic hypothesis (98, 99). In ADHD 
and PKU affected individuals, this hypodopaminergic state is 
particularly prominent in the prefrontal cortex and striatum, 
which rely heavily on optimal neurochemical functioning in 
order to perform critical roles in attention and behavior (100).

Diamond and colleagues conducted executive function testing 
in children with PKU longitudinally over 4 years and found that 
with Phe levels three to five times normal (despite early dietary 
restriction), they were impaired on tests of working memory 
and inhibition that were dependent on the functioning of the 
dorsolateral prefrontal cortex (101). These findings were most 
correlated to the current Phe level, suggesting that mesocortical 
system dysfunction underpinned by Phe/Tyr imbalance and 
subsequently reduced dopamine dysfunction was the underlying 
issue (101). Projections to prefrontal areas are thought to be 
more vulnerable to this hypodopaminergic state owing to their 
higher turnover of dopamine (102). A number of studies have 
linked dopamine to the neurobiology of ADHD, including those 
showing a link with dopamine system genes (103), overexpression 
of the dopamine transporter (104), and the pharmacological 
basis for effective treatments (105).

Given the particular sensitivity of the prefrontal cortex 
to low levels of dopamine, it is not surprising that this area 
is disproportionally affected by the sequelae of even mild 
elevations of Phe (102), and this provides a likely mechanism 
for the increased rates of ADHD in PKU. There are limited 
studies of the link between the two disorders, despite the link in 
neurobiological mechanisms.

The PKU ASCEND study was conducted to evaluate the 
therapeutic effects of sapropterin versus placebo on ADHD 
and executive functioning in PKU patients, and undertaken 
in individuals who had a demonstrated therapeutic blood Phe 
response to sapropterin therapy. Burton et al. conducted a 
randomized control trial including 206 children and adults 
with PKU (mean age = 20 years), of whom 118 responded to 
sapropterin therapy (106). There were 38 individuals that had 
sapropterin responsive PKU and ADHD symptoms at baseline. 
Primary endpoints were changed on ADHD Rating Scale (ADHD 
RS—child parental report and ADHD-ASRS—adult self-report 
versions), the Clinical Global Impression of Improvement (CGI-
I), the Clinical Global Impression of Severity (CGI-S), and the 
Behavioural Rating Inventory of Executive Function (BRIEF). 
Sapropterin therapy was found to reduce inattentive ADHD 
symptoms in the first 4 weeks of treatment, and throughout the 26 
weeks of treatment, these improvements were maintained. There 
were no changes noted between groups on the hyperactivity 
and impulsivity measures from the ADHD RS/ASRS. One third 
of the 118 individuals were found to have ADHD inattentive 
symptoms, similar to the findings of Antshel et al. (95).
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COGNITION IN PKU

Cognitive Functioning in Early Treated 
Children With PKU
The historical literature on neurocognitive outcomes in 
children with early treated PKU is vast, and a number of meta-
analyses have been conducted to try and overcome some of 
the methodological challenges, including small sample sizes, 
heterogeneous samples, small effect sizes, and large variability 
in outcomes. Mild to moderate deficits have been reported in 
a range of domains, including general intelligence (107, 108), 
attention (109–112), processing speed (112–114), working 
memory (115, 116), new learning and memory (112), motor 
skills and co-ordination (117), and executive functioning (112). 
Aspects of executive functioning are particularly sensitive to high 
Phe levels, and deficits have been reported in a variety of executive 
subdomains, including inhibitory control (101, 114), conceptual 
reasoning (118), planning (118–120), mental flexibility (114), 
and organizational strategy (115). Academic achievement 
differences have also been observed in some studies (112). 
White matter pathology in PKU is diffuse, and as a consequence, 
multiple pathways may be compromised, causing a broad array 
of neuropsychological difficulties in the PKU population (121).

DeRoche and Welsh (122) conducted a meta-analysis looking 
at 25 years of neurocognitive outcomes in children and adolescents 
with PKU, spanning from 1980 to 2004 including 33 studies (122). 
Effect sizes for intelligence (in comparison to unrelated controls) was 
small to moderate (0.20 to 0.42) with no significant heterogeneity 
among outcomes. The effect sizes for executive functioning (and 
its component processes) were in the “moderate to large” range 
including working memory (0.59), planning (0.51), inhibition 
(0.78), and flexibility (1.15). Significant heterogeneity among effect 
sizes was noted, though all domains of executive functioning were 
found to be significant (p < 0.001). DeRoche and Welsh concluded 
that individuals with early and continuous treatment will likely have 
IQ scores in the average range, albeit possibly lower than genetically 
related controls. However, they may experience significant 
impairments in executive functioning, including flexibility of 
thinking, inhibition, working memory, and planning (122).

As early treated children and adolescents with PKU commonly 
demonstrate executive difficulties on neuropsychological 
examination, it is important for parents, teachers, and the 
individuals themselves to be mindful of potential challenges in 
academic and social situations. As children progress through 
their schooling, they face many novel and challenging situations, 
demanding of executive skills and goal-directed behavior. Self-
regulation and cognitive control are related to successful school 
achievement and social adjustment (123). Therefore, individuals 
with PKU may require additional educational support and 
counselling to help compensate for executive difficulties (122).

Cognitive Effects of Phe Variability in 
Children With PKU
Relatively few studies have examined the neuropsychological 
outcomes in mild hyperphenylalaninemia, in part due to a lack 
of consensus regarding the definition of mHPA (61). However as 

blood Phe concentrations can increase with age, children should 
be monitored during the first year of life at a minimum (124, 125). 
The evidence regarding cognitive outcomes in children with blood 
Phe levels just under 600μmol/L is inconsistent, with small sample 
sizes and methodological flaws (126, 127). A number of studies 
have focused solely on IQ assessment, rather than a comprehensive 
review of cognitive abilities, including executive functioning. The 
existing literature indicates that children with mHPA generally do 
not have intellectual impairment, but usually perform between 
those of individuals with phenylketonuria and those of comparison 
groups on broader neuropsychological measures (126, 127). 
However there is evidence that even modest elevations in Phe can 
affect selected cognitive functions, including attention, working 
memory and executive functioning (61, 126, 127). The complete 
European guidelines for PKU diagnosis and treatment err on the 
side of caution and recommend that children with blood Phe levels 
between 360μmol/L and 600μmol/L should be treated during the 
first 12 years of life to optimize cognitive functioning (17).

Cognitive Functioning in Early Treated 
Adults with PKU
There has been considerable research into the cognitive functioning 
of children with PKU but less so in adult populations (128, 129). 
For the majority of adults that commenced treatment shortly after 
birth, individuals generally fall within the normal range of general 
cognitive ability, have professional and educational achievements 
similar to their non-PKU siblings, and are able to live independent 
and productive lives (17, 128). However, there are some individuals 
that continue to demonstrate neuropsychological, social, and 
behavioral difficulties throughout their adult lives. These challenges 
can impact on education and training, employment, relationships, 
emotional wellbeing, and quality of life (1, 130, 131).

Palermo et al., (132) undertook comprehensive 
neuropsychological assessment on 37 early treated adults with PKU 
(AwPKU) with good dietary control (average 432 µmol/L childhood 
and <850 µmol/L in adulthood) and 30 controls (132). They found 
that only 5.4% of the PKU participants showed severe impairment 
(> 2 SD below the mean); however, a much greater number showed 
an abnormal cognitive profile in terms of proportion of impaired 
measures (46%). Overall, a quarter of the sample showed clear 
cognitive impairment in terms of average performance and cognitive 
profile, whereas 38% performed as well as controls with z scores 
always within 0.5 of the mean across all assessed domains.

When comparing AwPKU and controls, the largest difference 
(Cohen’s D) was found for planning and switching (Tower of 
Hanoi, Wisconsin Card Sorting Test, Semantic Fluency), verbal 
reasoning (WASI Similarities and Vocabulary), short-term 
memory (Digit Span and Non-Word Repetition), and sustained 
attention (Rapid Visual Information Processing). Visuo-motor 
coordination (Grooved Pegboard and Digit Symbol) was reduced 
in comparison to controls but was thought to reflect general 
cognitive slowing rather than a specific difficulty with motor 
coordination or peripheral motor speed. Reading speed was slower 
than controls but was accurate. Spelling was intact, as was picture 
naming. Memory and learning were preserved [Rey Auditory 
Verbal Learning Test (RAVLT), Paired Associate Learning (PAL)].
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Hofman et al. (129) reviewed 22 peer-reviewed publications, 
reporting on the outcomes of 16 studies of cognition in early 
treated PKU (129). Across studies, the most consistent findings 
were deficits in motor skills, working memory, and vigilance. 
However, impairments in other cognitive domains were less 
consistently observed. The relationship between Phe levels and 
cognition across the lifespan was variable, with no definitive 
linear pattern of association found. This was thought to reflect a 
number of core challenges in studying cognition in PKU. These 
included high heterogeneity in the nature of study samples, 
resulting in large variability in phenylalanine levels, as well as 
wide variation in the type and sensitivity of neuropsychological 
measures used to assess cognitive functioning. Study samples 
were often small, with cohorts exhibiting different levels of disease 
severity, age ranges, and socioeconomic status. No standard 
PKU core neuropsychological battery had been uniformly used. 
Hofman et al. concluded that the long-term cognitive outcome of 
continuous early management of PKU remained unclear.

Weglage et al. (133) conducted a longitudinal 
neuropsychological and neurological study of 57 early-treated 
classical PKU adults aged between 19 and 41 years and 46 controls 
over a 5-year period (133). PKU participants and controls were 
assessed on IQ, attention, and information-processing abilities. 
Magnetic resonance imaging (MRI) of the brain was performed 
in all patients. Neuropsychological assessments and MRI were 
repeated at a 5-year follow-up. In the 5-year interval, there was 
no change in processing speed or attentional measures. At both 
assessment times, IQ scores were significantly lower in PKU 
individuals as compared to controls. Older adult patients (> 32 
years) showed poorer attention and information processing at 
both timepoints compared to young adult patients (aged <32 years) 
and controls. Intellectual quotients, attention, and information 
processing showed no correlation to imaging results; however, 
they were significantly correlated to blood phenylalanine (Phe) 
levels throughout childhood and adolescence. Phe levels had 
also been higher in the adolescent years of older adult patients, 
suggestive of an early relaxation of diet recommended when the 
older patients were adolescents. Weglage’s results indicated a 
benefit of dietary control during adolescence in PKU (133).

Cognitive Outcomes in Late Treatment or 
Untreated PKU
Untreated PKU is characterized by motor deficits, intellectual 
disability, microcephaly, autism, seizures, developmental problems, 
behavioral issues, and a range of psychiatric symptoms (17). Failure 
to implement treatment in the neonatal period causes substantial 
lifelong disability through the toxic effects of excess Phe exposure to 
the brain, in particular to myelin and dendritic projections during 
critical postnatal periods of neuronal development (18). Brain 
MRI and histopathology of individuals with late- or never-treated 
PKU demonstrate diffuse cortical atrophy, hypomyelination, white 
matter vacuolization, and astrocytic gliosis (47, 134).

Gonzalez et al. (135) conducted a retrospective study of 121 PKU 
individuals (mean age = 16, range 1 month to 46 years) diagnosed 
and treated from 1985 to 2010 (135). The aim was to investigate the 
relationship between neurological complications and behavioral 

problems, age at diagnosis and dietary control among a follow-up 
group (135). Of these, 76% were diagnosed through neonatal 
screening. There were 12.4% with mild PKU, 19% moderate PKU, 
and 68.6% classic PKU. Eighty-eight percent of patients were treated 
with a protein-restricted diet, and the remainder with BH4. Almost 
all (97.7%) of the early-diagnosed patients had normal IQ, while 
46.3% of late diagnosed patients had intellectual disability, 28.5% 
were borderline, and 25% had normal IQ.

In early-diagnosed patients, there was a significantly negative 
correlation between IQ and the index of dietary control during 
the first 6 years of life and that of the immediately preceding year. 
The proportion of patients with late diagnosis and neurological 
and behavioral problems was significantly higher than that of those 
diagnosed early. In addition, the proportion of early-diagnosed 
patients with behavioral and neurological problems who had good, 
intermediate, or poor dietary control during the first 6 years of life 
(and the immediate-past year) also differed significantly (135).

The severe cognitive impairments seen in untreated PKU can 
be partially reversed with dietary treatment in many individuals, 
and the prompt initiation of treatment following newborn 
metabolic screening remains essential for the prevention of 
disability and optimal neurodevelopment.

Intelligence in PKU
PKU results, in untreated patients, a profound intellectual 
disability and more subtle cognitive deficits in individuals 
who were treated early and continuously. The assessment of 
intellectual functioning in PKU has been an important target 
outcome variable since the implementation of neonatal PKU 
screening programs in the 1960s (108, 136). Research on 
intellectual functioning in individuals with PKU has played 
a significant role in guiding treatment recommendations and 
mproving outcomes (136).

Brumm and Grant (136) conducted a literature review 
examining the relationship between intellectual outcome and 
treatment parameters including initiation of treatment, duration 
of treatment, and blood phenylalanine (Phe) levels from infancy 
through adulthood. While current PKU treatment practices 
have eliminated severe neurological and cognitive impairment, 
evidence suggests that intellectual functioning, although 
typically within the average range when PKU is treated early and 
continuously, may not be maximized under the current definition 
of well-controlled PKU, which is based on blood Phe levels (136).

Two prior meta-analyses examining blood Phe concentrations 
and intellectual functioning in pediatric populations found 
a strong inverse relationship between historical blood Phe 
measurements and IQ (137, 138). Future research assessing 
intellectual and neurocognitive outcome in PKU should enhance 
the development of new treatment strategies.

Executive Functioning in PKU
Executive function is an umbrella term that refers to cognitive 
processes that are necessary for purposeful, future orientated 
behavior. Metaphorically speaking, the executive functions are 
the brain’s chief executive officer. These processes are necessary 
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to plan and complete tasks in spite of potential distracting or 
irrelevant information (139).

Executive functions include cognitive processes such as 
regulation of attention, inhibition of inappropriate responses, 
coordination of information in working memory, and cognitive 
flexibility. Higher-order executive functions require the 
simultaneous use of multiple basic executive functions and 
include planning, reasoning, and problem-solving (140).

Reviews of executive functions have found that the most 
consistent phenylalanine-related impairments have been 
observed in working memory, sustained attention, and inhibitory 
control (65, 129, 141). There have been several investigations to 
try and establish a theoretical model of executive functioning 
deficit in individuals with PKU, which has resulted in detailed 
analysis of various aspects of executive functioning (142). Part 
of the difficulty in the assessment of executive functioning in 
PKU populations has been the lack of consistent use of valid and 
sensitive tools that are suitable for both children and adults (141). 
Another challenge has been that many traditional “executive 
functioning” tasks do not solely measure one specific cognitive 
process. As an example, an executive test such as Trails B indexes 
both speed and mental switching (143).

Traditional tasks that have been used to assess executive 
functioning in PKU are the Wisconsin Card Sorting Test (WCST) 
and Brixton Spatial Anticipation Test (rule detection), Tower of 
London and Tower of Hanoi (planning and problem solving), 
Rey Complex Figure Test (visuo-spatial organization), Trails A 
and B and the Contingency Naming Test (mental flexibility and 
switching), the Controlled Oral Word Association Test/Verbal 
Fluency (verbal generativity and planned searching), and the 
Go-No Go Task, Stroop Test, and Haylings Sentence Completion 
Test (Inhibitory Control) (113, 122, 129, 142). Computerized test 
batteries have also been used to assess executive skills in PKU 
populations, including the Amsterdam Neuropsychological 
Test and the Cambridge Neuropsychological Test Automated 
Battery (CANTAB) (65, 69, 141). Studies have demonstrated 
significant variability in their findings, in part due to the 
methodological challenges in conducting research in rare and 
diverse PKU populations. In the future, it will be important for 
a consistent and sensitive core neuropsychological battery to 
be implemented across international PKU centers, to try and 
standardize consensus regarding cognitive treatment outcomes 
(17, 129).

Cognition in Offspring of Mothers With 
PKU
High Phe blood levels during pregnancy have a known teratogenic 
effect on the developing fetus, resulting in growth retardation, 
microcephaly, intellectual disability, and birth defects (144). 
There have been several studies that have assessed the cognitive 
outcomes of children born to mothers with PKU (144-146). A 
summary of the literature suggests that children who are born to 
mothers with PKU who have attained metabolic control before 
or very early in pregnancy seem to have a normal developmental 
trajectory. However, a delay in attainment of maternal metabolic 
control is associated with declines in offspring developmental 

outcome, including lower IQ and higher rates of externalizing 
behavioral difficulties (145).

Waisbren and Azen (145) conducted a prospective 
longitudinal study that assessed cognitive and behavioral 
outcomes in treated (mPKU) offspring (145). Two hundred 
and twenty-eight children who were born to mothers with 
treated PKU or untreated mild hyperphenylalaninemia were 
compared with 70 control subjects at 7 years of age. They found 
that the offspring cognitive outcome negatively correlated with 
the number of gestational weeks that elapsed until maternal 
metabolic control was achieved (r = -0.61). There was an increased 
risk of low IQ in PKU offspring if the mother came from a lower 
SES background and was also unable to provide a stimulating 
early home environment (145). The postnatal environment also 
significantly affected outcome. Interventions to improve dietary 
compliance before and throughout pregnancy may reduce the 
risks associated with mPKU (17).

Social Cognition and PKU
Social cognition is a domain of cognition involving all mental 
processes that underlie social interactions, and encompasses the 
ability to perceive, interpret, and then respond appropriately 
to social cues. Some basic social cognitive skills include face 
and emotion recognition and theory-of-mind (the capacity to 
attribute and understand feelings, thoughts, and intentions to/of 
others) (147). While there has been comprehensive investigation 
into the role of executive functions in PKU, there has only been 
one study to date that has assessed social-cognitive abilities (148). 
Deficits in social cognitive abilities are consistently reported 
in individuals with executive dysfunction, because of shared 
underlying neurobiology and neuroanatomy (149–151). In other 
disorders affecting the CNS, impairments in executive function 
have been correlated with deficits in communication skills and 
social relationships (152). High Phe levels may in some cases 
result in irritability, impacting on adaptive social skills.

(148) investigated whether early treated PKU patients have 
specific Phe-related problems with respect to social-cognitive 
functioning and social skills (148). Ninety-five PKU patients 
(mean age 21.6 ± 10.2 years) and 95 healthy controls (mean age 
19.6 ± 8.7 years) were compared on performance of computerized 
and paper-and-pencil tasks measuring social-cognitive abilities 
and on parent and self-reported social skills. Early treated AwPKU 
performed worse than controls on all four tasks included; however, 
when age was controlled for, impairments were only observed on 
two tasks. In addition, comparisons were made between patients 
using tetrahydrobiopterin (BH4, n = 30) and patients who were 
not. PKU patients demonstrated poorer social cognition and had 
poorer social skills than controls, regardless of general cognitive 
abilities. The quality of patients’ social cognition was inversely 
related to recent Phe levels, and to levels between 8 and 12 years, 
for PKU adolescents. The quality of social skills was also inversely 
related to lifetime phenylalanine levels in adult patients, and more 
specifically to Phe levels up to 12 years of age. No differences with 
respect to social outcome measures were observed between the 
BH4 and non-BH4 groups. Jahja and colleagues concluded that 
PKU patients have difficulties with social cognition and social 
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skills that appear to be strongly related to Phe levels. Impairments 
in functioning seem to be more evident among adolescents and 
adults with PKU, with high Phe levels during childhood and early 
adolescence (presumably during critical periods of development 
of frontal circuits subserving social cognitive functioning) seem 
to be of greater influence than current and recent Phe levels in 
PKU individuals (148).

Neuropsychological Mechanisms in PKU
While there has been no consensus agreement about the exact 
mechanism/s for cognitive changes in PKU, the general belief 
has been that the deficits are related to individuals’ Phe levels at 
several stages throughout life (153). These include concurrent 
Phe levels, lifetime Phe levels, variation in Phe levels, and altered 
Phe/Tyrosine ratio. Two theories have been postulated regarding 
the mechanism of action of the disrupted Phe metabolism in 
individuals with PKU. The first theory suggests that because 
Phe competes with other LNAAs (tryptophan and tyrosine) 
for transport across the blood–brain barrier, high levels of Phe 
saturate the LNAA transporters. This leads to PKU individuals 
presenting with lower brain concentrations of other LNAA and 
important neurotransmitters such as dopamine, norepinephrine, 
and serotonin (153), which are known to be important in 
cognitive functioning (154). The second theory suggests that 
high brain Phe concentrations cause neurotoxicity. This interferes 
with cerebral protein synthesis, increases myelin turnover, and 
inhibits neurotransmitter synthesis (43).

One of the primary cognitive changes that is consistently seen 
in the AwPKU literature is a reduction in speed of processing. 
This is reflective of cognitive slowing, rather than a peripheral 
reduction in motor speed (132). Information processing speed 
relies on the speed with which action potentials are able to 
travel along the long myelinated axons. If myelination of these 
axons was damaged or incomplete, there would be a reduction 
in processing speed. Previous studies have found that slowing 
occurs at a cognitive level, consistent with the apparently toxic 
effects of hyperPhe on oligodendrocytes (132, 155, 156), but not 
on the peripheral nervous system’s Schwann cells (157).

Neuropsychological Assessment 
Recommendations
There is currently no consensus regarding a standardized PKU 
neuropsychological battery for children or adults. The European 
guidelines suggest that neuropsychological assessment should 
occur on an “as needed” basis in childhood, with routine 
evaluations at 12 and 18 years of age. This correlates with changes 
in treatment targets for blood Phe and life changes including 
school transitions, living situation, and transfer to adult clinics 
and brain development (see Table 2).

When conducting a neuropsychological assessment in 
individuals with PKU, it is important for clinicians to conduct 
a comprehensive examination encompassing all cognitive 
domains. If time is limited, the domains most likely to be 
susceptible to high Phe levels are attention, working memory, 
motor control, complex speed of processing, and executive 

functioning (17, 129, 141). Intellectual functioning as a stand-
alone outcome measure has been found to be less sensitive 
than the above-mentioned cognitive abilities (141). While 
memory retention is often sound, attentional difficulties can 
affect registration and encoding of new information and should 
be assessed.

A thorough clinical history should be obtained prior to an 
assessment being conducted, to help guide test selection, with a 
particular focus on cognitive strengths and weaknesses, social 
cognition, psychiatric symptoms, psychosocial adjustment, 
quality of life, and behavioral difficulties (17, 158). As there 
is emerging evidence that social cognition skills (facial and 
emotional recognition and theory of mind) and emotional and 
behavioral regulation are affected in individuals with PKU, it is 
important to consider assessment of these domains as part of a 
comprehensive neuropsychological examination (148). A brief 
psychiatric history should also be obtained, as conditions such 
as depression and anxiety can negatively impact on cognitive 
test performance, particularly on measures of attention and 
speed. Mood and anxiety symptoms can be treated, which 
may lead to an improvement in cognitive functioning. By 
conducting a comprehensive neuropsychological examination, 
cognitive, psychological, and social cognition interventions 
can be individually tailored to best assist individuals with PKU 
to achieve their highest potential and enhance quality of life.

TABLE 2 | Neuropsychological assessment recommendations.

Neuropsychological assessments should be conducted at 12 and 18 
years in all patients

If any of the stated risk factors applies, perform (additional) neuropsychological 
assessment:

•	 Non-optimal metabolic control; <50% of the Phe levels are out of target 
range over a period of 6–12 months (depending on age <12 or >12 years)

•	 Problems at school or work
•	 Concerns of parents/caregivers/family/teachers
•	 Concern of PKU patient
•	 Concern of metabolic team

Cognitive Domains for Inclusion

Estimation of intelligence
Academic achievement
Immediate, divided, and sustained attention
Speed of processing
Visuo-spatial functioning
Verbal new learning and memory
Expressive and receptive language
Motor speed and coordination
Executive functions:

•	 Working memory
•	 Inhibitory control/self-monitoring
•	 Planning and organization
•	 Cognitive flexibility/shifting
•	 Verbal fluency

Social cognition
Psychiatric screening
Psychosocial adjustment/quality of life
Behavioral rating scales

Table 2 is adapted and expanded from Statement #24, European Guidelines for 
Diagnosis and Treatment of PKU (17).
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CASE VIGNETTES

Case 1
Ms T was a 43-year-old single woman who was not diagnosed 
with PKU until after 12 months of age and only started dietary 
treatment at 18 months of age. Prior to this period, she had 
significant irritability, childhood anxiety, delayed milestones, and 
failure to thrive and progress (Figure 2). She continued dietary 
treatment until the age of 9, at which time the family was told 
to stop dietary management. Ms T’s IQ was in the intellectually 
disabled range (<70). She did not resume diet until 30 years of age. 
She presented with attentional deficits, hyperactivity, and social 
cognition issues throughout childhood, and then developed a 
psychotic illness in her late teens. This remained largely treatment 
refractory, and during periods of poor dietary control (Phe 
>1500), she suffered from poor frustration tolerance and impulse 
control, anxiety, and worsened chronic hallucinations. When 
dietary control was good (Phe 400–600), psychotic symptoms 
were significantly attenuated, anxiety was minimal, and impulse 
control returned to normal.

Case 2
Mr C was a 47-year-old married engineer and father of two, 
who was diagnosed at birth on bloodspot screening. His dietary 
control was “strict” until age 13, “relaxed” until age 17, then 
ceased dietary control altogether. At times of increased protein 
intake, he noted increased mood lability, irritability, and anxiety, 
with inattention and a sense of “cloudy” thinking; this occurred 
with Phe levels at 1,200–1,400. His anxiety was generalized, with 
occasional panic episodes and periods of low mood with mild 
neurovegetative disturbance. With improved dietary control 
(Phe < 700) he noted that his mood lifted, anxiety levels reduced, 
and sleep improved significantly. After 12 months of dietary 
control, anxiety levels had improved markedly, and his mood was 
persistently euthymic.

Mr C underwent comprehensive neuropsychological 
assessment prior to commencing a low Phe diet (baseline) and 
after 12 months of good dietary control. At baseline, Mr C was 
estimated to be of “Average–High Average” intelligence. He 
performed in keeping with these estimates on all tasks, with the 
exception of verbal new learning and memory, where he was in 
the Borderline Impaired range. Mr C reported that he found it 
challenging to attend to the verbal information being presented.

After 18 months on diet, Mr C demonstrated statistically 
significant improvements in the domains of processing speed 
(from 34 percentile at baseline to 77 percentile on-diet) and 
new learning and memory (from 7 percentile at baseline to 
50  percentile on diet). A number of executive functioning 
measures also improved, although the improvements were mild 
and not statistically significant. He reported being able to think 
more clearly and quickly, with improved concentration.

Case 3
Ms N was a 36 year-old married lady who was diagnosed at birth 
on bloodspot screening. She adhered to a low Phe diet for the first 
7 years of her life then ceased dietary control. She recommenced 
on diet at age 35 due to symptomatic PKU affecting her cognitive 
functioning and mental health. Ms N had a long history of mental 
health difficulties starting in childhood. She had difficulties 
regulating her mood and had episodes of depression. She had her 
first panic attack in her mid-teens, along with generalized anxiety 
symptoms and infrequent self-harming behaviors. She had been 
under psychiatric care since her teenage years and had several 
psychiatric admissions. She had worked in a variety of semi-skilled 
roles in a part-time capacity, but had found it difficult to maintain 
employment due to fluctuating mental health. She saw a psychologist 
on a regular basis and had been on pharmacological treatment with 
SSRIs since her early 30s, with some improvement. She reported 
significant cognitive limitations, including difficulties with 
attention and concentration, memory, planning, and organization 

FIGURE 2 | Timeline (in years) of proposed neural development, onset of neuropsychiatric disorder (green) and dietary coverage (orange) for Case Vignette 1. This 
case highlights the importance of neuronal development across the lifespan, with insult during the early neurodevelopmental (NDT) stages resulting in intellectual 
disability (ID), autism spectrum disorder (ASD), and attention deficit hyperactivity disorder (ADHD); while insult during the later stages of neurodevelopment, during 
adolescence with disruption of synaptic pruning leading to disorders such as bipolar disorder and in this instance, schizophrenia (159, 160).
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and slowed mental processing. These difficulties had affected her 
ability to maintain productive employment, leading to feelings 
of inferiority and low self-esteem. Baseline neuropsychological 
assessment prior to resuming a low Phe diet revealed that Ms N 
was of average intelligence. However, she demonstrated moderate 
impairments on tasks of divided attention and psychomotor speed 
and severe impairments on task of planning, organization, and self-
monitoring. After 12 months of good dietary control (reducing 
Phe from ~700 to <300), Ms N had made statistically significant 
improvements on tasks of psychomotor speed (from 9 percentile 
at baseline to 63 percentile on diet), planning and organization 
(from <0.1 percentile at baseline to 77 percentile on diet), divided 
attention (from 9 percentile at baseline to 50 percentile on diet), 
and self-monitoring (from 1 percentile on diet to 37 percentile 
on diet). She also showed a significant regression in white matter 
lesions (Figure 3). Her depression and anxiety symptoms also 
improved; however, they did not fully resolve and she benefitted 
from the introduction of escitalopram, initially at 20 mg but 
ultimately required a dose escalation to 40 mg.

Treatment Considerations: Current and 
Future
Though rare, PKU is an important cause of preventable 
neurodevelopmental disability that requires lifelong commitment 
to Phe restriction. The literature supports treatment being 
initiated as early as possible, even before 10 days, in order to 
minimize neurological damage. Every 4-week delay in starting 
treatment has been shown to cause a decline of IQ score by 
approximately 4 points (1).

There is consensus in the literature that patients with untreated 
blood Phe concentrations > 600 μmol/L should be treated, and 
that patients with untreated blood Phe levels < 360 μmol/L should 
remain untreated, as this is not considered to be indicative of 

disease (138). What is less clear is treatment in the group of patients 
with PKU whose levels are in the 360 and 600 μmol/L range. The 
most reliable literature suggests they should be treated during the 
first 12 years of age to prevent cognitive function impairment in 
PKU (161). Because of the consequences of elevated blood Phe 
levels, guidelines from the American College of Medical Genetics 
and Genomics (ACMG) recommend lifelong treatment of PKU, 
with the primary goal of therapy to lower blood Phe to the range of 
120 to 360 μmol/L (16).

Dietary treatment is comprised of three aspects: natural 
protein restriction, Phe-free- L-amino acid supplements, and 
low protein food (17). Though central to the treatment, dietary 
modification remains very challenging for patients and their 
families, due to cost and impact on quality of life, and despite 
optimal dietary treatment, outcomes remain suboptimal, hence 
the ongoing exploration into alternate treatments.

A patient’s Phe tolerance will vary over their lifetime, 
depending on many factors such as the stage of growth and 
development and net protein catabolism-synthesis ration, target 
Phe levels, severity of illness, energy intake, compliance with diet 
and supplementation, as well as use of adjunctive treatments 
such as BH4 (162, 163). Striking a balance between adequate 
protein intake and maintaining acceptable Phe levels needs to be 
individualized to each patient (17).

Amino Acid Supplementation
Phe is an essential amino acid for protein synthesis both 
in childhood and adulthood and is gained through dietary 
protein intake (164). Traditional treatment of PKU has been 
to restrict overall dietary protein intake (165). However, as the 
understanding of PKU neuropathophysiology has unfolded, 
it has become clear that just keeping Phe levels low does not 
constitute optimal treatment.

FIGURE 3 | T2-weighted magnetic resonance imaging showing i) baseline: prior to the recommencing diet, and ii) 12 months after recommencing diet, showing 
reduction in white matter hyperintensity, particularly in the posterior regions, as indicated by the white arrows.
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A mainstay of dietary treatment is supplementation with Phe-free 
L-amino acid supplements. The 2017 van Wegberg et al. European 
Guidelines on Phenylketonuria Diagnosis and Treatment state that 
supplementation should be evenly administered throughout the 
day in at least three equal portions to minimize losses of L-amino 
acids due to oxidation, and to help minimize fluctuations in blood 
Phe concentrations over a 24-h period (17, 166).

Oral supplementation with LNAAs has been proven to be 
helpful in reducing brain Phe concentrations via competitive 
binding at LAT1, which improves neuropsychological 
functioning (167, 168). LNAA supplementation either alone or 
in combination with a low-Phe diet has been shown to improve 
health outcome for individuals unable to follow the low-Phe 
diet. However, long-term outcome studies assessing efficacy 
and safety of LNAA supplementation are needed (169).

Promising developments include van Vliet et al.’s studies 
on mice showing that LNAA supplementation without dietary 
phenylalanine restriction improves brain biochemistry through 
all three hypothesized biochemical mechanisms: namely, the 
normalization of brain phenylalanine, non-phenylalanine LNAA, 
and the concentration of monoaminergic neurotransmitters. 
They demonstrated that utilizing LNAAs with a strong affinity 
for the LNAA transporter type 1, such as Leu and Ile, is most 
efficacious in reducing Brain Phe concentrations. Additionally, 
Tyr and Trp in conjunction serve to optimally ameliorate 
brain monoaminergic neurotransmitter concentrations (170). 
They also compared several LNAA supplements with a very 
phenylalanine-restricted diet on measures of brain monoamine 
and amino acid concentrations in adult C57Bl/6 Pah-enu2 
mice, and the results indicated that the supplementation of the 
eight LNAAs was as effective as the highly Phe-restricted diet 
in restoring CNS monoamines, even while brain and plasma 
phenylalanine concentrations remained highly elevated (171).

Advances in Dietary Supplementation
Dietary modification has continued to evolve to ensure that foods 
are affordable, palatable, and supplemented with micronutrients 
otherwise lacking in a low-Phe diet. One such advancement is 
the utility of glycomacropeptide (GMP), an intact protein source 
derived from cheese whey that improves Phe utilization and protein 
retention (172). Compliance has been shown to be improved with 
GMP as compared with traditional amino acid foods due to greater 
acceptability and fewer gastrointestinal side effects (173).

Other supplementation changes include improved caloric 
content, addition of taurine and other micronutrients, and 
addition of long-chain polyunsaturated fats (LCPUFAs) (171).

Long-Chain Polyunsaturated Fatty Acids
LCPUFAs have been found to be decreased in systematic review 
and meta-analysis of studies in PKU, likely secondary to dietary 
restriction and possibly metabolic changes, though the latter is 
only partially understood (174, 175). The addition of omega-3 
docosahexaenoic acid (DHA) to the diet of children with PKU 
has been shown to increase central nervous system processing 
speed (as measured by visual evoked potentials) as well as motor 

and coordination skills, suggesting DHA is an essential part of 
the treatment of PKU (176).

Tetrahydropterin as Enzyme Enhancement 
Therapy for PKU
Tetrahydropterin acts as a molecular chaperone in PKU patients 
and promotes correct folding and stability of the PAH enzyme, 
thus acting as a critical co-factor in a normal PAH system 
(177). A subset of patients with PKU benefit from adjunctive 
treatment with pharmacological doses of tetrahydropterin (BH4) 
or sapropterin hydrochloride (178). Robust evidence from two 
systematic reviews demonstrates that BH4 is effective in reducing 
blood Phe concentrations and in increasing the Phe “tolerance” 
in BH4-responsive PKU patients (179, 180). Long-term 
treatment with sapropterin of such responsive patients with PKU 
also appears to improve Phe tolerance and may allow patients to 
discontinue highly restrictive diets (181).

However, not all patients benefit, and those with Phe 
levels > 360 µmol/L need to be tested for responsiveness. This 
requires multiple levels to be taken pre and post the initiation 
of BH4, and a decrease in blood Phe of 30% or more from 
baseline indicates response to sapropterin therapy (130). 
Patients with high residual activity of the PAH enzyme have 
a greater probability of BH4 response, but a minority of 
patients with classical PKU have been shown to benefit from 
BH4 treatment (182, 183). Understandably, BH4 responsive 
patients have been shown to have a higher natural protein 
tolerance (182, 183).

There is ongoing research required to establish if other 
molecules in addition to tetrahydrobiopterin may act as 
chaperones to assist in the folding of PAH; however, there are some 
promising studies including one by Pey et al, which performed a 
high-throughput ligand screening of over 1,000 pharmacological 
agents, identifying four compounds that enhanced the stability of 
PAH activity (184). Many patients who have little or no residual 
PAH activity do not respond to BH4. Studies have identified 
various figures from 20% to 50% of patients responding in the 
studies to combination sapropterin and dietary Phe restriction 
(185, 186).

Enzyme Therapy
Pegvaliase, PEGylated recombinant Anabaena variabilis 
phenylalanine ammonia lyase (PAL), converts Phe to 
transcinnamic acid and ammonia, and is now FDA-approved 
as an enzyme substitution therapy to lower blood Phe in adults 
with PKU (187). As per Thomas et al., Pegvaliase has now been 
investigated in a single Phase 1 clinical trial, four Phase 2 clinical 
trials, and two Phase 3 clinical trials, PRISM-1 and PRISM-2, the 
results of which are now reported (188–190). These studies have 
evaluated over 350 adults with PKU being treated with Pegvaliase.

The PRISM clinical program exemplified that with a 
manageable self-administration program, patients with PKU were 
able to achieve sustained reductions in blood Phe concentration, 
that were associated with sustained improvements in associated 
neuropsychiatric symptoms (188). Evidence from Vockley et al. is 
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demonstrating that long-term treatment with Pegvaliase showed 
consistent and clinically meaningful improvements across all 
inattention and mood outcomes evaluated (191), representing an 
exciting new treatment pathway (192).

Individual Variation and Compliance
Interestingly, studies indicate that while there are patients 
with PKU suffering from all the sequelae of non-treatment, or 
poor adherence to treatment, so too there is likely a subset of 
patients who are over-restricting their protein consumption. 
Blood levels of Phe do not necessarily fluctuate with small 
changes in dietary intake (162, 193). For those with either late 
diagnosis or no previous treatment, there is a growing body of 
evidence that introduction of the low Phe diet and adjunctive 
treatments will benefit patients and can reverse some of the 
IQ loss in reported cases, particularly in the younger age 
group 4 to 6 years old (194). Concerningly, there are high 
rates of attrition from services, with some services reporting 
that a majority of adults with PKU were lost to follow-up and, 
without the support of specialist services, are likely to have 
suboptimal metabolic control (195, 196).

The Role of Sleep
Accumulating evidence increasingly indicates that improving 
quality of sleep is an important target for intervention in 
optimizing the cognitive and psychiatric state of those with 
PKU. Bruinenberg et al. explored the link between PKU and 
sleep disturbance in men and mice in their 2017 study and 
asserted that PKU patients demonstrated more sleep disorders, 
a reduced sleep quality, an increased latency to fall asleep, and 
more sleepiness during the day. Additionally they identified an 
increased fragmentation and a shift in diurnality, in PKU mice 
(197). Previously, results of the study by DeGiorgis et al. had 
shown a consistent delay in the maturation of trace-alternant 
and spindle scores in children with PKU (198). Surendran et 
al. identified that qualifying and addressing sleep disturbance 
may mitigate cognitive and psychiatric sequelae of PKU in the 
mouse model (199, 200).

CONCLUSIONS
Elevated rates of psychiatric illness and cognitive impairment 
occur in PKU, and their nature and prevalence vary in 
accordance with the severity of the deficit in PAH function, the 
degree of dietary treatment, and—perhaps most crucially—
the timing of attempts to attenuate the hyperPhe that defines 
the illness. The differing epochs of treatment availability and 
recommendations—from untreated patients, through varying 
duration of “early-treated” patients, through to more recent 
moves to ensure that “continuously treated” patients are 
treated lifelong—have resulted in vast differences in cognitive 
and psychiatric outcomes. Increasingly it is recognized that 
lifelong treatment offers not just the best dietary “coverage” of 
crucial developmental periods, but has significant implications 
for functional outcome and quality of life.

Although some of the effects of hyperPhe on monoaminergic 
function and myelination appear reversible, persistent and prolonged 
hyperPhe across key neurodevelopmental periods appears to cause 
permanent alterations to the trajectory of brain development. 
When this occurs across early periods of neurodevelopment, gross 
intellectual and behavioral changes occur.

While the emerging data show consistent elevations in 
rates of these disorders, very little data exist on treatment of 
psychiatric illness, in particular in the setting of PKU. For 
some off-diet patients, a return to diet may afford significant 
improvement in common psychiatric symptoms. It is not 
known, however, how likely diet alone is to effect a full 
remission in psychiatric illness; nor is evidence available to 
guide clinicians on the use of commonly utilized treatments 
for these disorders—such as antidepressants in mood and 
anxiety disorders, and stimulants in attentional disorders. 
Further evaluation of specific agents in these patient 
populations is warranted.

The broad range of neuropsychological difficulties seen 
in children, adolescents and adults with PKU reflects the 
population’s heterogeneity in overall functioning. Early 
treated individuals with PKU that maintain a strict low Phe 
diet throughout life are more likely to fulfil their academic 
potential, without compromise to intellectual functioning. 
The accumulating body of literature suggests that “diet for 
life” also negates the likelihood of attention, processing 
speed, and executive deficits in early treated adults with PKU. 
As a significant number of PKU individuals with cognitive 
inefficiencies have co-morbid mood and anxiety symptoms, 
future research should consider looking at the contribution 
of depression and anxiety on the neuropsychological profile 
in PKU. It is possible that enhanced psychological and 
pharmacological treatment of psychiatric symptoms may 
alleviate subtle cognitive deficits, particularly in the areas 
of complex attention and speed of information processing. 
Further research is required to look at the relationship between 
social cognition, psychological adjustment, and quality of life 
with optimal illness control.

The evidence available suggests that dietary adherence 
attenuates, but does not completely eliminate, the elevated 
risk for psychiatric illness and cognitive impairment in 
PKU. This may be in part because reductions in Phe down 
to the levels seen in non-PKU individuals are very difficult 
to achieve by diet alone; furthermore, the degree of protein 
restriction required may have other downstream effects 
on brain structure and function that are not yet clearly 
understood. It is, however, important to also acknowledge 
that the need to adhere to a restrictive diet, have separate 
“PKU foods” and supplementation, is a stressor in itself. 
For both pediatric and adult patients, this need for diet can 
be stigmatizing and socially limiting and affect a patient’s 
self-concept significantly. This, along with diet adherence 
itself, is onerous and often difficult to maintain. Treatment 
modalities, such as pegvaliase, that do not involve significant 
dietary restriction may allow PKU patients to have the best 
of both worlds: a  relatively normal  diet, free of restriction 
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and stigma, alongside stable mental health and optimal 
cognitive functioning.
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Autism spectrum disorder (ASD) is a behaviorally defined disorder that is now thought 
to affect approximately 1 in 69 children in the United States. In most cases, the etiology 
is unknown, but several studies point to the interaction of genetic predisposition with 
environmental factors. The immune system is thought to have a causative role in ASD, 
and specific studies have implicated T lymphocytes, monocytes, natural killer (NK) 
cells, and certain cytokines. The human leukocyte antigen (HLA) system is involved in 
the underlying process for shaping an individual’s immune system, and specific HLA 
alleles are associated with specific diseases as risk factors. In this study, we determine 
whether a specific HLA allele was associated with ASD in a large cohort of patients with 
ASD. Identifying such an association could help in the identification of immune system 
components which may have a causative role in specific cohorts of patients with ASD 
who share similar specific clinical features. Specimens from 143 patients with ASD were 
analyzed with respect to race and ethnicity. Overall, HLA-Cw7 was present in a much 
greater frequency than expected in individuals with ASD as compared to the general 
population. Further, the cohort of patients who express HLA-Cw7 shares specific immune 
system/inflammatory clinical features including being more likely to have allergies, food 
intolerances, and chronic sinusitis as compared to those with ASD who did not express 
HLA-Cw7. HLA-Cw7 has a role in stimulating NK cells. Thus, this finding may indicate 
that chronic over-activation of NK cells may have a role in the manifestation of ASD in a 
cohort of patients with increased immune system/inflammatory features.
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INTRODUCTION

Autism spectrum disorder (ASD) is a behaviorally defined 
disorder that affects approximately 1 in 69 children in the United 
States (1). The definition of ASD is outlined in the Diagnostic and 
Statistical Manual of Mental Disorders (DSM)-5 which requires 
that those diagnosed exhibit deficits in social communication 
along with the presence of restricted interests and/or repetitive 
behaviors and/or sensory disorders. In addition, the symptoms 
must significantly interfere with the individual’s ability to 
function properly in school, work, and other areas of life (2). 
Despite decades of research, the etiology(ies) of ASD is(are) still 
unknown (3), but epidemiological studies suggest that genetic 
predisposition interacts with environmental influences to trigger 
the biological events that results in ASD (4). Several physiological 
systems that are known to be influenced by environmental factors 
have been implicated in ASD, including redox and mitochondrial 
metabolism, as well as, immune dysregulation (3, 4).

ASD is described as a “spectrum” due to the variability in the 
extent and severity of behavioral and medical symptoms. The 
diagnostic criteria for ASD is wide enough to capture an overall 
phenotype, but the variability in symptoms and severity, as well as, 
specific laboratory results indicates that multiple etiologies may 
be responsible, including one that involves immune dysfunction 
(5). One of the challenges is to define potential subtypes using 
behavioral and physiological biomarkers in order to better define 
the disorder and identify treatment targets.

Many studies have indicated involvement of the immune system 
in ASD. Early studies identified family histories of autoimmune 
disease, specific HLA associations, and autoantibodies to a wide 
range of brain and non-brain tissues in children with ASD (6–13). 
Other studies have demonstrated a reduction in immunoglobulin 
production (14) and a positive therapeutic response to intravenous 
immunoglobulin treatment (15). Perhaps the most pivotal study 
from the Kennedy Krieger Institute found that autopsy revealed 
inflammatory changes in the cerebellum with cytokine elevations 
in cortical areas and similar abnormal cytokine profiles in the 
cerebrospinal fluid of patients with ASD (16). However, the reason 
for this immune dysregulation remains unknown.

Most notably, T lymphocytes and monocytes have been 
implicated as immune system components involved with ASD. 
Another immune cell type, natural killer (NK) cells are also 
implicated (11, 13, 17–19). The human leukocyte antigen (HLA) 
system is the core of the development and maintenance of the 
immune system in humans. It is the most polymorphic of all human 
proteins, and specific polymorphisms have been demonstrated to 
have specific roles in the development of autoimmune disorders. 
For example, it is well known that the risk for developing ankylosing 
spondylitis is increased in individuals who have inherited HLA-
B27. Thus, involvement of specific HLA components in the 
etiology of immune-associated ASD is plausible.

NK cells are thought to be most critical as part of the immune 
system’s first-line defense and immunosurveillance. Essentially, all 
the cells of the body (except for RBC) express HLA class I proteins. 
The expressed HLA-C locus components interact with NK cell 
killer immunoglobulin-like receptor (KIR) ligands. The HLA-C 

locus proteins are divided into two groups, group I or group II, 
based on the expression of 77 Ser and 80 Asn, in the sequence of 
the former, and expression 77 Asn and 80 Lys in the sequence of 
the latter. Further, HLA-C group I and group II reciprocally act as 
inhibitors and activators with specific KIR ligands expressed on 
the NK cells.

During normal immunosurveillance, an NK cell interrogating 
a human cell. If it finds the correct level of expression of HLA-C 
group I and group II components that “balance” activation 
and inhibition signaling via its KIR ligands, it leaves the cell 
unaffected. The normal ratio of expression of HLA-C group I to 
group II is 0.86. The presumption is that this was decided via 
evolution to provide the optimal NK cell immunosurveillance. 
Significant deviations from this may result in delayed immune 
system activation or perhaps over activation of immunity. For 
example, if the cell was infected by a virus, or was transformed 
and becoming cancerous, then the “normal” levels of HLA-C 
expression on the cell’s surface may be altered, and the NK 
cell may become activated via the KIR ligand interaction. This 
activation could generate inflammatory signals, and the NK cell 
may actively begin to kill the cell.

We hypothesized that a significant involvement of the immune 
system in ASD would be exhibited as bias in the distribution of 
specific HLA types. Further, we hypothesized that this would 
be occurring in a cohort of patients with similar clinical and 
laboratory features, rather than the entire population of ASD. To 
this end, we performed HLA typing on 126 patients with ASD 
and 17 lymphoblastoid cell lines (LCLs) derived from patients 
with ASD (143 total). We analyzed the typing results based on 
the normal expected frequencies for total and subpopulations 
of African-American, Asian, Caucasian, and Hispanic racial 
and ethnic distributions. We found that HLA-Cw7 was over-
represented in patients with ASD, primarily in the Caucasian 
cohort. Further analyses for clinical and laboratory features 
indicate that those who express HLA-Cw7 have a higher rate of 
immune system–associated issues in comparison with those with 
ASD who do not express HLA-Cw7. Our data support the notion 
that the increased expression of HLA-Cw7 in a cohort of patients 
with ASD and immune system–associated issues may support 
chronic over-stimulation of NK cells, resulting in the phenotypic 
features of ASD.

METHODS

The study contains data derived from cell lines obtained from 126 
participants diagnosed with ASD seen in at Arkansas Children’s 
Research Institute (Little Rock, AR) as part of two clinical studies 
(NCT02000284, NCT01602016) as well as 17 LCLs from the 
Autism Genetic Resource Exchange (AGRE) and the National 
Institutes of Mental Health biorepository. The primary purpose of 
the clinical studies from which these samples were derived was to 
investigate the relationship between mitochondrial dysfunction 
and ASD (NCT02000284) and abnormalities in folate metabolism 
and ASD (NCT01602016). Results on the primary studies from 
which these samples were derived has been published previously 
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(20–28), but investigation of HLA types in relation to ASD has 
not been previously reported in these samples. Likewise, the LCLs 
used in this study have been used in previous laboratory studies 
examining mitochondrial dysfunction in relation to ASD (29–32), 
and the effect of environmental agents on mitochondrial (33–36) 
and immune (37) functions of the LCLs but investigation of the 
HLA types of these LCLs in relation to ASD has not been published 
previously. The Institutional Review Board (IRB) at the University 
of Arkansas for Medical Sciences (Little Rock, AR) approved the 
clinical studies and use of cell lines for the primary investigation 
and additional investigations such as HLA typing and other 
secondary genomic, metabolomic, and proteomic investigations. 
For clinical studies, parents of participants provided written 
informed consent. All experiments were performed in accordance 
with relevant guidelines and regulations.

ASD Participants
One hundred twenty-six individuals with ASD met inclusion and 
exclusion criteria. Table 1 outlines the clinical characteristics of 
these participants. Comorbid conditions were both derived 
from a parent reported medical questionnaire and from review 
of conditions diagnosed in the medical records. Regression 
(defined as loss of already obtained skills) was defined in detail in 
our questionnaire. Questions regarding regression included the 
timing, specific skills lost, duration of the regression, trigger, and 
whether multiple regressions were identified. Since this paper 
is not specifically on regression, we have not summarized these 
details in the table, only whether regression(s) were present or 
not present. This method for assessing medical comorbidities has 
been used in several of our previous studies (20, 21, 24, 25). We 
then selected the medical conditions that affected 10% or more of 

the individuals in the sample. Conditions with sample prevalence 
of less than 10% were considered unlikely to differentiate any 
immune subgroups defined by the HLA-typing analysis. Data for 
all the comorbid conditions were not available for all participants, 
as some families did not complete the questionnaire or did not 
provide medical records for review, or the review of the medical 
records could not determine if the participant suffered from the 
comorbid condition or not. This information was missing at 
random and affected less than 10% of the participants. The total 
number of participants with the required information is outlined 
in the table below.

Inclusion criteria were (i) age 3 to 14 years of age and (ii) 
ASD diagnosis. Exclusion criteria were (i) chronic treatment 
with medications that would detrimentally affect mitochondrial 
function for the mitochondrial study from which these samples 
were derived, such as, antipsychotic medications, (ii) vitamin 
or mineral supplementation exceeding the recommended daily 
allowance, and (iii) prematurity.

The ASD diagnosis was defined by one of the following: (i) a 
gold-standard diagnostic instrument such as the Autism Diagnostic 
Observation Schedule (ADOS) and/or Autism Diagnostic 
Interview-Revised (ADI-R); (ii) the state of Arkansas 
diagnostic standard, defined as agreement of a physician, 
psychologist, and speech therapist; and/or (iii) DSM diagnosis by 
a physician along with standardized validated questionnaires and 
diagnosis confirmation by the Principal Investigator at the time 
(REF). We have validated that this criteria captures an accurate 
diagnosis of ASD in our previous studies by re-evaluating a portion 
of the participants with the ADI-R and determining that they all 
were well within the diagnostic criteria for ASD (20, 21, 24, 25).

Cell Lines
As outlined in Supplemental Table 1, 17 LCLs were derived from 
white males diagnosed with autistic disorder with a pedigree 
having at least one other affected male sibling (i.e., multiplex 
family) (mean [SD] age 12.5 [3.0] years). These LCLs were 
obtained from the Autism Genetic Resource Exchange (AGRE; 
Los Angeles, CA, USA) and the National Institutes of Mental 
Health (NIMH; Bethesda, MD, USA) center for collaborative 
genomic studies on mental disorders. All relevant guidelines and 
regulations were followed. These de-identified human samples 
were determined to be exempt from IRB review. Boys from which 
these autistic disorder LCLs were derived were diagnosed with a 
gold-standard examination, either the ADOS or the ADI-R.

DNA Isolation
DNA was isolated from buffy coats of blood collected in EDTA 
tubes using the Purgene DNA Purification Kit (Gentra Systems, 
Inc., Minneapolis, MN). For cell lines, DNA was isolated from 
5x106 pelleted cells using the same kit.

HLA Typing
HLA typing was performed as previously reported using 
reagents and supplies from One Lambda®, in an American 
Society of Histocompatibility and Immunogenetics (ASHI) 

TABLE 1 | ASD participant characteristics (N = 126).

Variable

Age, mean (SD), years and months 7 years and 8 months (3 years 
and 6 months)

Males, N (%) 82% (22/126) 
Caucasian 83% (104/126)
African American 7% (9/126)
Hispanic 3% (4/126)
Asian 7% (9/126)

Comorbid conditions (parent report), % (N)

Abdominal pain 19% (23/118)
Allergies 43% (51/118)
Anxiety 26% (30/117)
ADHD 32% (37/117)
Sinusitis 13% (15/118)
Immune problems 14% (17/118)
Headaches 21% (25/118)
Regression 62% (72/116)

Comorbid conditions (medical records),  
N (%)

Food allergies/intolerances 49% (56/115)
Chronic constipation 43% (49/113)
Chronic persistent infections 34% (41/119)
Immune disorder 10% (12/118)
Epilepsy 25% (29/118)
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certified, and  College of American Pathology (CAP) certified, 
laboratory using the LabType® rSSO technique (38).

Statistical Analyses
HLA-typing results for the patients and LCLs with ASD were 
compared with the distributions of HLA components reported 
by the United Network for Organ Sharing (UNOs) (https://
unos.org/wp-content/uploads/unos/CPRA_frequencies.xls). 
These data are felt to reflect accurately the distributions of HLA 
types by race/ethnicity in the US. The racial/ethnic distribution 
in the specimens with ASD differs from those of the general 
population (Supplemental Table 2). Therefore, the expected 
frequency calculations were adjusted to accommodate the 
deviations by race/ethnicity from the general population. From 
143 study subjects, 286 HLA alleles are present. The expected 
allele frequencies of the general population were determined 
by taking the fraction of each individual allele present and 
multiplying by 286, the total expected allele number. Thus, 
potential fractions of expected alleles are generated, and these 
are rounded to the nearest integer. Not all HLA types are found 
in the patients with ASD in our study. Thus, these cannot be 
analyzed, but the lack of these HLA types has potential to 
affect the expected values, since all HLA alleles at the serologic 
equivalence level were included in making the expected 
calculations. Therefore, the total numbers of expected alleles for 
each HLA-locus are projected not to completely add up to 286. 
Some HLA alleles are null alleles, and therefore not expressed. 
There were 2 HLA-C locus null alleles and 45 HLA-DR51/52/53 
null alleles in the patients with ASD. Therefore, the total number 
of alleles in patients with ASD for HLA-C and HLA-DR51/52/53 
were 284 and 241, respectively. HLA-DR51/52/53 were not 
analyzed separately by race ethnicity.

Chi-square analyses were performed for samples with larger 
numbers, and Fisher Exact Test analyses were performed with 
sample size approximately 20 or fewer. The p values were calculated 
using Microsoft Excel®, with p < 0.001 selected to represent the 
most stringent condition for determining an association with 
specific HLA types. Results were analyzed similar to previous 
studies searching for associations of HLA-typing results with 
disease (6–12, 13, 39).

To determine if the specific HLA subgroup identified was 
defined by specific medical symptoms, partial least squares 
discriminant analysis (PLSDA) using R version 3.5.0 mixOmics 
Omics Data Integration Project (version 6.3.2) was used to 
explore symptoms depicted in Table 1 to determine if there were 
any specific symptoms that differentiated subgroups identified by 
the HLA-typing results.

RESULTS

HLA Typing
HLA typing was performed on 143 total subjects (patients with 
ASD and LCLs from those diagnosed with ASD). The results were 
compared with the frequencies of individual HLA components 
from a very large national database (https://unos.org/wp-content/
uploads/unos/CPRA_frequencies.xls), adjusted  for the race/

ethnic distributions of the subjects with ASD. The total group 
of patients was analyzed (see Supplementary Tables 3–8), and 
the HLA types were separately analyzed based on the individual 
race/ethnicity of the patients (see Supplementary Tables 9–13). 
Overall, HLA-Cw7 was found to be greatly over-represented 
from the expected in the total group and in the Caucasian cohort 
(p  < 0.001) with significant positive association (Table 2 and 
Supplemental Tables 5 and 11). HLA-DQ5 and HLA-DQ6 
(Supplementary Tables 8 and 13) were nominally statistically 
significant but did not achieve statistical significance at the 
increased level we set at p < 0.001. HLA-A, HLA-B, HLA-DR, 
and HLA-DQ loci were not found to be represented with a 
significantly different frequency in ASD as compared to the 
general population (see Supplementary Tables 3, 4, 6, 7, 9, 
10, 12). Likewise, loci on HLA-C and HLA-DQ other than 
those mentioned above were not found to be represented with 
a significantly different frequency in ASD as compared to the 
general population (see Supplementary Tables 5, 8, 11, 13).

The HLA types from specimens from 143 subjects with ASD 
were analyzed and compared with the expected distributions 
of HLA types in the normal population. Only HLA-Cw7 was 
found to be increased with respect to the expected distributions. 
Further, this was primarily due to more Caucasians with ASD 
expressing HLA-Cw7. Two hundred eighty-six alleles are present 
in 143 subjects. The expected allele frequency was calculated 
from the known distributions in the United States population and 
then adjusted for the frequencies of the race/ethnic frequencies 
in the ASD cohort. Samples with large numbers were analyzed by 
*chi square, and those with small sample numbers were analyzed 
by **Fischer Exact Test. P <0.001 was considered for statistical 
significance (Supplemental Tables 2–13).

In patients with ASD, HLA-C locus group II activating alleles 
are found more frequently than expected in the general population 
(Table 3 and Supplementary Table 5). This increase in HLA-C 
locus activating alleles is primarily due to the increased frequency of 
expression of HLA-Cw7 (Table 3). The increase is due to the greater 
expression in Caucasians (Table 4; Supplementary Table 11).

The HLA-C locus components from subjects with ASD 
compared with the expected frequencies indicate an increase 
in group II Activating HLA-Cw7. All others are not statistically 
significantly different from the expected frequencies.

The total numbers of group I and group II activating alleles 
are compared by race/ethnicity in subjects with ASD. The total 

TABLE 2 | HLA-Cw7 is found more than expected in patients with ASD.

ASD 
expected

ASD 
observed

p =

Total ASD alleles = 286 42 91 *0.000001

Caucasian alleles = 242 35 84 *0.0000002

African American alleles = 18 1 2 **0.3857

Hispanic alleles = 8 0 0 **1.0000

Asian alleles = 18 9 5 **0.1097

*p value by Chi Square, **p value by Fisher Exact Test.
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number of group II activating alleles is greater than expected in the 
total ASD cohort and the effect appears to be driven by Caucasians.

HLA-DQ5 and HLA-DQ6 were also found to trend toward 
being found in greater proportions in the subjects with ASD but 
did not achieve p < 0.001 statistical significance in this study 
(see Supplementary Tables 8 and 13). Inheritance of HLA-DQ6 
has been previously associated with risk for scleroderma and 
narcolepsy. More subjects in a larger study may help to clarify the 
meaningfulness of this observation with regard to ASD.

Clinical Characteristics of HLA Subgroups
One hundred eight participants had information on all clinical 
measures in order to enter into the PLSDA. Given the significant 
effect of the HLA-Cw7 allele, we divided the ASD participants in 
those that were negative for the HLA-Cw7 allele (N = 50) and those 
with at least one HLA-Cw7 allele (N = 58). The PLSDA found two 
components with the first and second components explaining 9 
and 12% of the variance, respectively. The discriminant function 
demonstrated a 65% accuracy in discriminating the groups. 
The individual participant’s values on the two components are 
depicted in Supplemental Figure 1, and the correspondence of 
each clinical characteristic loading on the two components is 
given in Supplemental Figure 2.

Supplemental Table 15 outlines the loading for the two individual 
components of the discriminant function as well as the total loading 
for both components. This is sorted by the loading value for each 
clinical characteristic and presented graphically in Figure 1. Positive 
loadings represent characteristics that are more representative of 
HLA-Cw7-positive participants whereas negative loading represent 
characteristics more representative of the HLA-Cw7-negative 
participants. Considering the top loadings for those who are HLA-
Cw7-positive, we find that two of the three characteristics of HLA-
Cw7-positive participants in our sample are related to immune 
system activation, including allergies, food intolerances, and chronic 
sinusitis, whereas none of the characteristics of the HLA-Cw7-
negative patients involve immune system activation.

To better depict the characteristics of individual participants, 
we created an index to describe the number of clinical symptoms 
attributed to HLA-Cw7-negative and HLA-Cw7-positive participants 
in the analysis. A value of −1 was assigned for each of the top four 
clinical characteristics of HLA-Cw7-negative participants (regression, 
chronic constipation, headaches, abdominal pain), and a value of 
+1 was assigned for each of the top four clinical characteristics 
of HLA-Cw7-positive participants (allergies, food intolerances 
sinusitis, ADHD). As seen in Figure 2, HLA-Cw7-positive 
participants demonstrated a more positive score, on average, but 
also were more variable in their characteristics.

DISCUSSION

The specific etiologies responsible for causing ASD remain to 
be fully determined. Patients with ASD, while having an overall 
similar neuropsychiatric phenotype resulting in the diagnosis, 
have quite a variability in other clinical features and laboratory 
studies. It is expected that the individual’s genetics influenced by 
environmental exposures results in the disease.

Many factors have implicated the immune system involvement 
in ASD. Notably, inflammatory effects on the central nervous 
system incriminate some alteration in immune function or 
dysregulation of immunity (14). Identification of specific cell 

TABLE 3 | Increase in patients with ASD expressing HLA-Cw7 explains the increase in HLA-C group II activating alleles detected.

HLA-C Total expected ASD Group I 
activating

Group II activating Total observed 
ASD

Group I 
activating

Group II 
activating

p = HLA-C

1 10 10 10 10 *1.00 1
2 10 10 10 10 *1.00 2
4 32 32 32 32 **1.00 4
5 24 24 18 18 **0.86 5
6 24 24 25 25 **1.00 6
7 42 42 91 91 **0.0007 7
8 12 12 11 11 **1.00 8
9 19 19 19 19 **1.00 9
10 26 26 28 28 **1.00 10
12 16 16 17 17 **1.00 12
14 7 7 2 2 *0.44 14
15 8 8 5 5 *0.88 15
16 9 9 11 11 **0.98 16
17 5 5 3 3 *0.92 17
18 1 1 2 2 *0.95 18

*p value by Chi Square, **p value by Fisher Exact Test.

TABLE 4 | Over-representation of HLA-C group II activating alleles observed 
in ASD.

Total group I 
activating alleles

Total group II 
activating alleles

p =

Total ASD 95 189 *0.000002

Caucasian 73 167 *0.0000002

African American 9 9 **0.26

Hispanic 6 2 **0.06

Asian 7 11 **0.11

*p value from Chi Square, **p value from Fisher Exact Test.
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types and targets, as can be found in specific autoimmune 
disorders, has not been rewarding at this point in time. Further, 
it is doubtful that one specific immune dysfunctional cell type 
and target are responsible for all ASD. It is reasonable and 
plausible that specific cohorts of individuals with ASD united 
by similar clinical and laboratory features may have similar 
underlying forms of immune dysfunction resulting in some form 
of chronic inflammation, which results in the neurologic features 
of disease. Since ASD tends to occur early in life, the genetic 
features and environmental exposures would have to be part 

of this early presentation. Further, since HLA components are 
frequently found associated with specific autoimmune disorders, 
are expressed on the body’s cells from the onset, and shape the 
immune system maturation and function, it is reasonable that 
specific HLA components could result in the immune system’s 
response in such an adverse manner.

Previous studies have implicated specific HLA types to be 
associated with ASD (6–13). Perhaps, HLA-DR4 has been most 
commonly found in association (7, 8, 10, 11). HLA-A2 has also 
been commonly reported (6, 9, 10). Specific HLA haplotypes 

FIGURE 1 | Total components of the discriminant function. (A) Positive numbers represent components that are related to HLA-Cw7-positive participants. (B) Negative 
numbers represent components more representative of the HLA-Cw7-negative participants.
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have been reported (HLA- A*01-B*07-DRB1*0701-DQB1*0602) 
in patients from Saudi Arabia, and HLA-A2-B44-DR4 and HLA-
B44-C30-DR4, from different studies in the United States (10–
12). At the stringent p value of p < 0.001, we were unable to detect 
any of these associations (Supplemental Tables 3–13). From 
these reports, it may be ascertained that different geographic 
locations of patients with ASD may had predilection for different 
HLA type preferences. Although not specifically studied or 
stated in these reports, post-streptococcal immunoreactivity is 
correlated with HLA-DR4, and it is unknown whether PANDAS 
could be having a role in the bias toward finding an association 
with HLA-DR4 in some of the studies. Further, studies have 
not specifically sought for HLA-C locus associations, until the 
present study. Additionally, other studies have not specifically 
adjusted the expected control group HLA frequencies to the race/
ethnic frequencies found in the ASD subjects. We believe that the 
careful adjustment for the race/ethnic distributions of the HLA 
types between the control/expected HLA distributions and the 
observed HLA types in our subjects with ASD has resulted in the 
difference found in our study versus those previously reported.

We found that a cohort of patients with ASD (primarily Caucasian) 
expresses HLA-Cw7 at more than twice the extent expected in 
the normal population. These patients share immune-associated 
clinical features, not found in patients who do not express HLA-Cw7. 
Interestingly, others have associated a subset of individuals with 
ASD and non-IgE-mediated food allergy (40) and chronic sinusitis 
(41) who have dysregulation in cytokine production and microRNA 

expression and dysregulation of innate immunity, although HLA 
distribution has not been studied in this subset. While HLA-DQ5 
and HLA-DQ6 trended toward greater presence in subjects with 
ASD, since statistical significance was not achieved, we await 
further analyses with a larger number of subjects with ASD to 
pursue further the potential meaningfulness of these findings.

The HLA-C locus is expressed on all cell types (except RBC) 
and has a major role in immunosurveillance. HLA-C interacts 
with NK cell KIR ligands in an activating and inhibiting 
fashion. Thus, when an NK cell interrogates a cell in the body, 
the correct expression of HLA-C on the body cell prevents 
the NK cell from becoming activated. When a cell becomes 
infected with a virus, one of the viral strategies to prevent 
recognition is to decrease the expression of HLA on the cell 
surface. In doing so, the alteration in HLA-C expression can 
alert NK cells to attack. Cancerous cells are thought to be 
targeted by NK cells in a similar fashion, i.e., alteration in the 
normal levels of HLA-C expression.

The increased frequency of subjects with HLA-Cw7 expression 
also results in these subjects having an overall greater expression 
of the HLA-C group II activating alleles. While it remains to be 
proven, we suspect this cohort of patients may have a continuous 
and ongoing level of inflammation generated by NK cells in 
response to this increase in group II activating alleles. This could 
result in the overall increase in immune-associated clinical 
features in this cohort. Warren et al. (17) first investigated NK 
cell cytotoxic activity in ASD in 1987 and found reduced ex vivo 

FIGURE 2 | Number of characteristics for HLA-Cw7-negative and HLA-Cw7-positive participants. Clinical characteristics that are more representative of absence of 
HLA-Cw7 indicate weighted negative, and clinical characteristics of presence of HLA-Cw7 indicate weighted positive.
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NK cell cytotoxic activity in 12/31 ASD subjects examined. This 
finding was supported by Vojdani et al. (18) who demonstrated 
reduced ex vivo NK cell cytotoxic activity in 45% of ASD children 
in a much larger cohort (1,027 ASD subjects). Shortly thereafter, 
Enstrom et al. (19) demonstrated increased numbers of NK 
cells as well as upregulation of NK cell receptors and cytolytic 
effector molecules in 52 children with ASD as compared to 27 
controls. Importantly, while ex vivo NK cell cytotoxic activity was 
reduced in the ASD cohort, interferon-gamma-producing NK 
cells were increased under resting conditions in children with 
ASD suggesting that NK cells in the ASD cohort are maximally 
activated in vivo and, thus, chronically activated NK cells are 
down-regulated when stimulated ex vivo. Unfortunately, HLA 
typing was not performed in these three studies. Taken together, 
these data support the notion that a subset of ASD subjects with 
greater expression of HLA-C group II activating alleles may 
have chronically activated NK cells. Torres et al. have previously 
reported the association of activating KIR ligands and ASD (11, 
13). Indeed, the KIR-activating gene 2DS1 was shown to be 
increased in frequency in patients with ASD, and this supports 
our findings as HLA-Cw7 is a cognate ligand for KIR 2DS1 (13). 
Thus, this could result in a greater level of NK cell activation in 
patients with ASD who express HLA-Cw7.

Further studies in patients with ASD who express HLA-Cw7 are 
needed with specific evaluation of NK cell activation in vivo. This 
could potentially lead to therapeutic intervention by specifically 
targeting over-active NK cells in patients with ASD who express 
HLA-Cw7. The overall decrease in chronic inflammation could 
then decrease the burden on the central nervous system in a 
cohort of patients with ASD.
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Errors in neuron-microglial interaction are known to lead to microglial phagocytosis of 
live neurons and excessive neuronal loss, potentially yielding poorer clinical outcomes. 
Factors that affect neuron-microglial interaction have the potential to influence the error 
rate. Clinical comorbidities that unfavorably impact neuron-microglial interaction may 
promote a higher rate of neuronal loss, to the detriment of patient outcome. This paper 
proposes that many common, clinically modifiable comorbidities have a common thread, 
in that they all influence neuron-microglial interactions. Comorbidities like traumatic brain 
injury, infection, stress, neuroinflammation, loss of neuronal metabolic integrity, poor 
growth factor status, and other factors, all have the potential to alter communication 
between neurons and microglia. When this occurs, microglial phagocytosis of live 
neurons can increase. In addition, microglia can shift into a morphological form in which 
they express major histocompatibility complex II (MHC-II), allowing them to function as 
antigen presenting cells that present neuronal debris as antigen to invading T cells. This 
can increase risk for the development of CNS autoimmunity, or can exacerbate existing 
CNS autoimmunity. The detrimental influence of these comorbidities has the potential 
to contribute to the mosaic of factors that determine patient outcome in some CNS 
pathologies that have neuropsychiatric involvement, including TBI and CNS disorders 
with autoimmune components, where excessive neuronal loss can yield poorer clinical 
outcomes. Recognition of the impact of these comorbidities may contribute to an 
understanding of the common clinical observation that many seemingly disparate factors 
contribute to the overall picture of case management and clinical outcome in these 
complex disorders. In a clinical setting, knowing how these comorbidities can influence 
neuron-microglial interaction can help focus surveillance and care on a broader group 
of potential therapeutic targets. Accordingly, an interest in the mechanisms underlying 
the influence of these factors on neuron-microglial interactions is appropriate. Neuron-
microglial interaction is reviewed, and the various mechanisms by which these potential 
comorbidities influence neuro-microglial interaction are described.

Keywords: depression, microglia, neuron, autoimmunity, inflammation, traumatic brain injury, cytokine, 
excitotoxicity
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INTRODUCTION

Impaired neuronal function (1–4), from neuroinflammation 
or other causes, is a known driver of depression and related 
neuropsychiatric problems (5–11) that often accompany complex 
CNS disorders, including TBI (12, 13) and CNS disorders with 
autoimmune components (14), such as multiple sclerosis (MS) 
(15, 16), Parkinson’s disease (PD) (17–19), and Pediatric Acute-
onset Neuropsychiatric Syndrome (PANS)/Pediatric Autoimmune 
Neuropsychiatric Disorders Associated with Streptococcal Infections 
(PANDAS) (20). A recent twin study by Huang, et al, suggests that 
the causal connection between depression and neuroinflammation 
may be bidirectional. (21)

Neuronal impairment can occur with insults to brain function 
from trauma, as with TBI (reviewed in 22), or can be metabolic 
or immunological, as with neuroinflammation (5–11), loss of 
neuronal cellular metabolic integrity [reviewed in Ref. (23)], 
infection [reviewed in Ref. (24)], or autoimmune response to 
neuronal targets.

Neuronal impairment can also occur due to dysfunction of 
neuronal autophagy, the mechanism by which neurons repair 
themselves via autodigestive recycling of damaged organelles and 
other cellular constituents (25). The association between impaired 
neuronal autophagy and Alzheimer’s disease (AD) has been 
reviewed by Uddin, et al. (26). The association between impaired 
autophagy and PD has been reviewed by Sheehan and Yue (27), 
and with neurodegeneration by Menzies (28). Plaza-Zabala et al, 
have proposed that the dysregulation of autophagy in microglia 
affects their capacity for phagocytosis and affects whether they 
adopt an inflammatory morphology, with implications for aging 
and neurodegenerative diseases (29). Yoshii and Mizushima have 
reviewed the practical impediments to measuring autophagy in 
humans (30).

Both traumatic and non-traumatic insults to brain can trigger 
mechanisms of ongoing neuronal destruction that are inherently 
immunological, as microglial cells phagocytize live but marginally 
functioning neurons (31). Details of the signaling mechanisms 
that instigate this process have been described by Fricker et al. 
(32) and by Neher et al. (33), cited in Galloway et al. (34).

Neuron – microglial signaling can be influenced by 
neuroinflammation, metabolic impairment, and microglial 
activation. In cases involving autoimmune processes, the 
clinical outcome also depends on appropriate ongoing immune 
modulation. In cases involving an infectious etiology, maintenance 
of a non-infected status may be crucial to favorable patient outcome. 
These processes are themselves influenced by a group of known 
comorbidities, whose biological influences have been described.

It is this author’s contention that, in a clinical setting, knowing 
how comorbidities that affect neuron-microglial signaling can 
influence patient biology may create the potential for clinical 
advantage in patients with neuropsychiatric disorders, through 
clinical attention to seemingly disparate factors like exercise, 
reducing inflammation, neurotransmitter (NT) support, stress 
reduction, and inhibition of autoimmune attack of self-tissue. 
While these clinical interventions involve many complex factors, 
they share an influence on the fundamentally convergent core 
mechanisms governing neuron-microglial interaction, some by 

supporting intact neuronal metabolism in support of adequate 
neuronal firing rate (frequency of action potentials) and NT release 
(exercise, NT support, glycemic control, oxygenation, etc.), some 
by reducing neuroinflammation (stress reduction, elimination 
of infection, etc.), some by other mechanisms. Understanding 
the details of neuron-microglial interactions may be of use in 
identifying specific factors involved in a given patient’s case and 
matching clinical interventions to specific targets that appear 
to be involved in dysregulating neuron-microglial interaction. 
This may help sharpen efforts to help patients with difficult 
neuroimmunological disorders, for whom prognosis is often 
suboptimal.

NEURON-MICROGLIAL INTERACTIONS IN 
THE HEALTHY BRAIN

Many studies acknowledge the role of neuroinflammation as a causal 
factor in the biology of depression (5–11). Neuroinflammation 
has profound effects on neuron - microglial interactions. To 
better understand the clinical implications of neuron - microglial 
interactions and their application in neuropsychiatric disorders, 
we discuss here the biology of neuron - microglial interactions and 
the factors affecting these interactions that can be influenced in the 
clinical setting.

The origin and development of microglia have been reviewed 
in detail by Ginhoux et al. (35). Microglial cells are specialized 
macrophages (36). They are the predominant immune cells in 
the healthy brain (37). They arise from CD45+ bone marrow 
precursors that colonize the fetal brain, where they migrate from 
the periphery during fetal development. Parenchymal microglia 
are uncommitted myeloid progenitors of immature dendritic cells 
and macrophages (38). Once established in the CNS parenchyma, 
microglia are sustained by proliferation of resident progenitors, 
independent of blood cells (39). It has been estimated that 13% 
of the CNS white matter consists of microglial cells (40). The 
functional plasticity of microglial cells that allows them to carry 
out a broad repertoire of activities has been reviewed by Gomez-
Nicola and Perry (41). Microglia perform continuous surveillance 
on neurons (34, 35, 42, 43). The pruning of synapses by microglia 
is an essential part of normal brain development (44).

Normal pruning of synapses during brain development involves 
the elimination of excess or inappropriate neuronal connections, 
in support of a properly organized brain (44). In adulthood, 
synaptic pruning is part of the neural plasticity involved in 
learning (45). Galván describes the synaptic pruning that occurs in 
brain development and that of adults as occurring on a continuum 
(45). These are normal processes, in contrast with the excessive 
microglial phagocytosis of live neurons that is a primary effect 
of the altered neuron-microglial signaling with which this paper 
chiefly concerns itself (31).

Errors yielding excessive or deficient synaptic pruning 
during childhood brain development have been associated 
with neurodevelopmental disorders, including autism, epilepsy, 
and schizophrenia (46). Stress and its potential to induce 
neuroinflammation has been discussed by O’Connor, et al, 
as playing a potentially damaging role in brain development, 
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increasing susceptibility to behavioral disorders in the pediatric 
population (47). Kariuki et al. have shown that infection early in 
life is associated with impairment of multiple aspects of childhood 
development (48). A meta-analysis by Khandaker et al. has 
shown an association between childhood CNS viral infection 
and later development of schizophrenia, which they describe 
as involving either direct pathogen influences or influences of 
the inflammatory process associated with the infection (49). 
Miller et al. have shown an association between dyslexia, a 
developmental disorder, and later development of some variants 
of progressive aphasia, a form of dementia (50). Neurons are 
also continuously lost in the healthy adult brain. Among several 
functions provided by microglial surveillance is the elimination 
by phagocytosis of the apoptotic bodies of these dead and dying 
neurons. Sowell et al. state that “A decline in gray matter volume is 
prominent between adulthood and old age, whereas white matter 
volume increases between 19 and 40 years, after which it steadily 
declines” [Ref. (51), citing Refs. (52–54)]. The normal process of 
neuronal loss thus presents a requirement for phagocytosis and 
clearance of apoptotic neurons by microglia, so that the neurons 
do not progress into secondary necrosis, a state that is highly 
inflammatory (55). Just as stone is removed during the creation 
of a sculpture, the daily loss of neurons during brain development 
is a normal function, leading to the emergence of the healthy 
adult brain. This pattern of neuronal loss continues in the adult. If 
the rate of neuronal loss is modest, the adult brain can maintain 
healthy function.

However, at any age, microglial morphology can change, 
disrupting the healthy homeostatic balance between neurons 
and microglia, and leading to excessive neuroinflammation, 
triggering or promoting the progression of neuronal loss and brain-
based autoimmune processes such as MS, PD, dementia, PANS/
PANDAS, and chronic traumatic encephalopathy (CTE) (56–60).

The Error Rate
There are billions of neurons in the brain, and a comparable 
number of microglial cells (61, 62). Microglia perform continuous 
surveillance on neurons (34, 35, 42, 43). Using in vivo two-photon 
imaging of the neocortex, Nimmerjahn et al. (43), observed that 
“microglial cells are highly active in their presumed resting state, 
continually surveying their microenvironment with extremely 
motile processes and protrusions.” Kierdorf, describing both 
Nimmerjahn (43) and another two photon imaging study by 
Davalos et al. (63), states that, “two-photon microscopy imaging 
revealed a strict territorial organization of microglia in vivo… 
the processes of each microglial cell are highly dynamic, and 
retract and extend to sample the surrounding CNS. The sampling 
is highly random and has a high turnover rate, such that each 
microglia can sample the CNS parenchyma once in a few hours.”

The presence of billions of neurons, a comparable number of 
microglia, and the observation that microglia are “continually 
surveying” neurons, with microglia surveying the CNS parenchyma 
once in a few hours, suggests a number of surveillance events per 
day that is also in the billions.

In each of these surveillance events, a microglial cell senses 
a neuron via multiple signals. The microglial cell will either 
phagocytize or be inhibited from phagocytizing the neuron, 

based on the balance of these activating and inhibiting signals 
(32–34, 63–65). As Brown and Neher have described, microglial 
cells can incorrectly phagocytize “stressed but viable neurons,” 
an event they have termed “phagoptosis,” citing evidence that 
suggests phagoptosis can contribute to neuronal loss during brain 
development, inflammation, ischemia and neurodegeneration. 
The number of times that microglial cells commit these errors in 
phagocytic execution is a function of all of the inputs that determine 
the extent of phagoptosis. The higher the error rate, the more 
live neurons are inappropriately phagocytized, yielding a greater 
expression of dysfunction [reviewed by Brown and Neher (31)]. 
In some patients, this may be expressed as neuronal loss leading to 
dementia, CTE, or other inflammatory disorders. In other patients, 
the chief feature may be an expression of autoimmune process, 
discussed below. In either case, the expression of dysfunction 
centers on the change in neuron-microglial interaction, the 
change in microglial morphology, and the interactions of these 
two processes.

BIOLOGY OF NEURON-MICROGLIAL 
INTERACTIONS

Neuron-microglial interaction is bidirectional and involves two 
key mechanisms. The first is the set of factors driven by neuronal 
membrane bound factors like phosphatidyl-serine (PS) and 
substances released by neurons, like cytokines, neurotransmitters, 
and other immunological factors. These factors determine the 
extent of microglial phagocytosis of neurons and determine 
other features of microglial morphology.

The second key mechanism regulated via neuron-microglial 
interaction is the expression of major histocompatibility 
complex II (MHC-II) on the surface of microglia. This step 
enables microglia to function as antigen-presenting cells (APCs) 
and potentially activate T cell immunity. In the normal brain, 
microglia induce apoptosis (programmed cell death) in T cells 
that enter the brain, via ligation of CD95, aka FAS (FS-7-associated 
surface antigen) (66).

Macrophages are capable of substantial plasticity and can 
change their physiology in response to environmental cues, 
yielding populations of cells with distinct functions, which can 
promote or suppress inflammation (36). Of particular interest 
is the transformation of a microglial cell from a phagocytic 
macrophage morphology to an APC morphology. Antigen 
presentation capability in the brain is provided by microglial 
cells, not by the dendritic cells that serve this function in the 
periphery (40). This capability is necessary for proper immune 
surveillance against pathogenic organisms in the brain. However, 
if the microglial cell presents fragments of neuronal debris 
as antigen to T cells that have invaded the brain, autoimmune 
process in the brain can be initiated or promoted.

Microglia in the Healthy Brain
In the healthy brain, microglial cells phagocytize apoptotic neurons 
and prune synapses of live neurons in a way that promotes neuronal 
function and brain health (31). As is the case with macrophage 
phagocytosis of apoptotic cells in the periphery, phagocytosis of 
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apoptotic neurons by microglia yields production and secretion of 
anti-inflammatory cytokines that are released into the local brain 
parenchyma (66). During neuronal repair, phagocytic microglia 
clean up debris from injured neurites and secrete neurotrophic 
substances, such as brain derived neurotrophic factor (BDNF), to 
enhance repair (67). Ayata et al. have recently found evidence 
that the polycomb repressive complex 2 (PRC2) epigenetically 
restricts the expression of genes that support microglial clearance 
of neurons in the striatum and cortex (68). Brown and Neher point 
out that the healthy brain is relatively free of invading T cells, which 
are kept out of the brain by the intact blood brain barrier (BBB). 
Brain inflammation, which occurs behind the BBB, therefore differs 
from inflammation in the periphery by the relative absence of 
leukocytes (including neutrophils, monocytes, B cells, and T cells) 
and antibodies (37).

In addition to the maintenance of a healthy non-inflammatory 
brain parenchymal environment, glial cells, along with neurons, 
express cellular death signals including CD95Fas/CD95L (aka 
FasL), tumor necrosis factor-related apoptosis-inducing ligand 
(TRAIL) and TNF receptor (TNFR). These cellular death signals 
trigger apoptosis of T cells and other infiltrating cells (66). In 
the healthy brain, microglia and astrocytes also express FasL, 
which also induces apoptosis in T cells that migrate from the 
periphery into the brain (69). Induction of T cell apoptosis is an 
important housekeeping mechanism by which microglial cells 
eliminate invading T cells that could otherwise participate in the 
autoimmune activation processes.

Microglia in the Dysfunctioning Brain
The first activity of microglia that adversely affects neurons 
occurs when microglia are acting as phagocytic cells, engaging 
in inappropriate phagocytosis of neurons. Brown and Neher have 
shown that microglia can execute neuronal death by phagocytizing 
stressed-but-viable neurons, which they have termed “phagoptosis” 
(31). It is noteworthy that mast cell-microglial interactions can play 
an important role in microglial activity. This has been reviewed by 
Skaper et al. (70).

The second activity of microglia that adversely affects neurons 
occurs when microglia act as APCs, presenting neuronal debris as 
antigen to invading T cells. In inflammatory and neurodegenerative 
diseases, including MS, infections, trauma, stroke, neoplasia, and 
Alzheimer’s disease, glial cells such as microglia gain antigen-
presenting capacity through the expression of MHC molecules (71).

Experimental autoimmune encephalomyelitis (EAE) is the 
mouse model used to study MS. In an EAE model, Ponomarev 
et al. found that microglial activation occurred before the onset 
of disease symptoms and infiltration of peripheral myeloid cells 
into the CNS, suggesting that resident glial cells were involved 
in the initiation of disease. They found further that activated 
microglial cells underwent proliferation and up-regulated the 
expression of CD45, MHC-II, CD40, CD86, and the dendritic cell 
marker CD11c. At the peak of EAE disease, activated microglial 
cells comprised 37% of the total macrophage and dendritic cell 
populations and co-localized with infiltrating leukocytes in 
inflammatory lesions (72).

MHC-II, CD40, and CD86 are all required for antigen 
presentation and co-activation in the signaling between microglial 

cells and T cells. Expression of these markers and of the dendritic 
cell marker CD11c, clearly demonstrates the shift in microglial 
morphology to a dendritic-cell-like APC morphology, in which 
presentation of neuronal debris as antigen can trigger or promote 
brain-based autoimmunity. Co-localization of invading T cells with 
microglia is a hallmark of microglial APC behavior (40). An antigen 
presentation capacity is necessary to the clearance of pathogens 
from the brain, and experimental inhibition of these functions yields 
catastrophic effects in animal models (73). Nonetheless, imbalance 
in this mechanism can yield up-regulation of neuro-autoimmunity 
(see Table 1).

Mechanisms of Neuron-Microglial 
Regulation
The key feature of healthy neuron microglial homeostasis is 
that microglial cells correctly identify and phagocytize only 
the neurons going through normal, apoptotic cell death. Viable 
neurons are left alone or repaired if necessary. Apoptosis of dying 
neurons is non-inflammatory (74).

In the healthy brain, regulation of this process is accomplished 
by signals produced by neurons that affect microglial cell behavior. 
However, changes in either neurological or immunological factors 
can disrupt this homeostasis.

Neural Self-Control
Neurons control the behavior of microglial cells through a repertoire 
of signals, some membrane bound and some released into the 
surrounding environment. At the center of this moving multi-
variable equation is phosphatidylserine (PS). PS in the normal cell 
sits on the inner wall of the cell membrane. When the cell undergoes 
apoptosis, PS is flipped to the outer cell membrane, where it is visible 
to other cells (32–34, 63, 65). This change signals macrophages that 
the cell is undergoing apoptosis, and is a candidate for phagocytosis 
by the macrophage. Throughout the body, macrophages perform 
surveillance on cells in the surrounding environment by palpating 
them. This is true of microglial surveillance of neurons as well. 
When neurons flip PS to their outer membrane, where it is then 
encountered via microglial cell palpation, the microglial cell is 
triggered to phagocytize the neuron. PS is normally confined to 
the inner cell membrane in intact neurons because the neurons 
continuously move it from the outer to the inner membrane using 
a group of phosphatidylserine translocases, which have been 
identified as the type 4 P-type ATPases (31).

In addition to PS and factors related to its recognition, other 
signal molecules affect neuron-microglial interaction. Biber 
et al. describe neuronal “Off ” signals that keep microglia in their 

TABLE 1 | Microglial functions in the inflamed and non-inflamed brain.

Normal non-inflamed brain Inflamed brain

Housekeeping microglial functions Potentially problematic microglial 
functions

•	 Repair damaged neurons
•	 Phagocytize apoptotic neurons
•	 Inhibit inflammation
•	 Induce apoptosis in invading 

T cells

•	 Phagocytize live but impaired neurons
•	 Express MHC II
•	 Present fragments of neuronal 

debris to invading T cells
•	 Promote autoimmune process in brain
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resting  state and reduce pro-inflammatory activity, and “On” 
signals that are inducible, including purines, chemokines, and 
glutamate. Thus, Biber et al. describe neurons as key immune 
modulators in the brain (64).

Microglial uptake of pathogen associated molecular patterns 
(PAMPs) from pathogens in the brain or damage associated 
molecular patterns (DAMPs) from neuronal debris contributes to 
NFκB activation. Simultaneous activation of phagocyte NADPH 
oxidase (PHOX) and inducible nitric oxide synthase (iNOS) in 
microglia resulted in the disappearance of nitric oxide (NO), 
appearance of peroxynitrite and apoptosis. However, the chronic 
state of activation may progress to “resolution phase” where 
microglia are amoeboid, highly phagocytic, and produce anti-
inflammatory cytokines (including IL-10 and TGFβ) in order to 
resolve the inflammation and clear up the debris (36).

In a healthy brain, the interplay of neurons and microglia is 
balanced. Healthy, viable neurons produce adequate “OFF” signals 
to repel microglial phagocytic interest. These include TGFβ, 
which inhibits effector T cell activation, neurotransmitters, 
which constitute a signal that a neuron is active, BDNF and 
other trophic factors, as well as factors that inhibit microglial 
inflammation and neurotoxicity. Neurons undergoing apoptosis 
in the normal brain produce “ON” signals, attracting microglial 
cells and promoting phagocytosis of the apoptotic neurons. 
These include glutamate that drives tumor necrosis factor 
alpha (TNFα) release and neuroexcitotoxicity, microglial 
chemoattractants like CCL21 and CXCL10, ATP that promotes 
chemoattraction and interleukin-1β (IL-1β) release, and others. 
When microglia phagocytize apoptotic neurons, they secrete 
TGFβ, which promotes a tolerogenic, anti-inflammatory tissue 
environment (74).

Normally, the non-phlogistic (non-inflammatory) microglial 
phagocytosis of apoptotic neurons involves engulfment and 
digestion of the neuron without release of additional neuronal 
debris into the tissue environment. The microglial cell produces 
anti-inflammatory cytokines that shift the surrounding tissue 
toward resolution of inflammation. If instead the neuron undergoes 
primary necrosis through direct or indirect trauma, or exposure to 
a pathogen or toxin, its death releases cell fragments and cytosolic 
contents into the tissue environment. The extracellular appearance 
of ATP and other intracellular contents triggers a pro-inflammatory 
response in surrounding microglia. In addition, incompletely 
digested/disassembled neuronal debris can be taken up by 
microglia and presented as antigen to invading T cells, promoting 
brain-based autoimmunity.

FACTORS AFFECTING THE 
BIOCHEMISTRY OF “ON” AND “OFF” 
SIGNALING IN NEURONS  
AND MICROGLIA

Each of the factors described in this section affect the biochemistry of 
“On” and “Off” signaling through impacts on the underlying biology 
of neurons and microglial cells, shifting the function of neurons or 
microglia in a way that alters the overall sum of influences.

Changes Affecting Outer Membrane PS 
Expression
Brown and Neher (31) describe several factors that can drive 
PS exposure, promoting apoptosis of neurons by microglia. 
These include ATP depletion, inhibition of phosphatidylserine 
translocases by oxidative stress, and increased calcium levels. 
All three of these conditions are commonly found in the clinical 
setting, including in patients with neuropsychiatric issues arising 
from head trauma, chronic neuroinflammation, or autoimmune 
disorders affecting brain. These biological processes represent 
potentially modifiable treatment targets.

Brown and Neher go on to assert that reversible 
phosphatidylserine exposure can occur in stressed-but-viable 
neurons as a result of non-toxic levels of glutamate, oxidative 
stress, or growth-factor withdrawal (31).

Brown and Neher state that phagocytosis of neurons with 
exposed phosphatidylserine can be mediated via several microglial 
receptors and opsonins, some of which are strongly upregulated by 
inflammation (31). This suggests again that modulation of brain 
inflammation represents a potentially modifiable treatment target. 
Brown and Neher state that, “…during inflammation, microglia 
and astrocytes release increased amounts of milk fat globule EGF 
factor 8 (MFG-E8; also known as lactadherin or SED1), which 
tightly binds to exposed phosphatidylserine through its C1 and 
C2 domains and to microglial vitronectin receptors (VNRs)—
αvβ3 or αvβ5 integrins—through an RGD motif. The resulting 
activation of VNRs induces phagocytosis by activating a CRKII– 
DOCK180–RAC1 signaling pathway that causes remodeling of the 
microglial actin cytoskeleton.” They further state that, “On neurons, 
calreticulin exposure promotes their phagocytosis by binding 
to microglial low-density lipoprotein receptor-related protein 
(LRP), probably in association with other signals. In addition, the 
complement components C1q and C3, which are produced by 
microglia and astrocytes, may induce phagocytosis by binding to 
altered neuronal surfaces” (31).

Lunnon et al. have shown that systemic inflammation upregulates 
Fc receptors, including activating FcγRIII and FcγRIV, but not the 
inhibitory FcγRII. They conclude that, “systemic inflammation 
during chronic neurodegeneration increases the expression levels 
of activating FcγR on microglia and thereby lowers the signaling 
threshold for Ab-mediated cell activation” (75).

Huizinga et al. have shown that, in MS, fragments of axonal 
debris are taken up by microglial cells and degraded, a process 
that appears to support neuronal debris clearance, but that the 
authors describe as potentially playing a role in augmenting 
autoimmunity to neuronal antigens (76).

Changes in Neuronal Metabolic Integrity 
Affecting Multiple Factors
Mitochondrial ATP production stands at the center of cellular 
function in all cells, including neurons. The success of the neuron 
in carrying out ATP production determines the success of all 
other cellular functions. If the neuron cannot produce ATP, it 
cannot continue to pump PS from its outer membrane to its 
inner membrane; nor can it produce adequate neurotransmitters, 
growth factors, or other “OFF” signals. If this occurs, the likelihood 
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of apoptosis of live but metabolically compromised neurons is 
increased. This may increase the rate of phagocytosis errors, 
favoring more frequent microglial phagocytosis of live neurons 
whose ATP production is compromised (31).

Inflammation, oxidative stress, and persistently excessive 
production of epinephrine associated with stress have all been 
shown to be associated with mitochondrial dysfunction (77–79).

At the simplest level, neurons require stimulation, oxygen, 
and glucose. Impairment of any of these functions will diminish 
metabolic integrity.

Adequate glucose is required for the normal function of all 
cells, including neurons. Glycemic dysregulation in diabetes, 
hypoglycemia, insulin resistance and other such conditions can 
impair systemic and consequently CNS glucose levels. Many diabetic 
patients also have microcirculatory problems, compounding blood 
glucose issues with poor circulatory delivery of oxygen and glucose.

Likewise, CNS oxygen levels can be impaired by respiratory 
disorders like asthma and COPD, by cerebrovascular disorders, 
or by systemic microcirculatory disorders that also affect brain.

Fumagalli et al. reviewed changes that occur with hypoperfusion 
in the brain, such as can occur with stroke or TIA, leading to 
hypoxia, which causes excitotoxicity, oxidative stress, BBB 
dysfunction, microvascular injury, hemostatic activation, post-
ischemic inflammation and neuronal death. Fumagalli et al. go 
on to say that these events contribute to changing the ischemic 

environment over time and, consequently, the behavior of microglia 
and macrophages (80).

Changes Driving Brain Inflammation
Brain inflammation differs from inflammation in the periphery 
because of the relative absence of leukocytes and antibodies. 
There is a limited traffic across the BBB and this traffic can be 
increased by inflammation, which can recruit leukocytes into the 
brain (36).

As discussed, brain inflammation induces unfavorable changes 
to microglial morphology, yielding a state in which microglia 
phagocytize viable neurons, express MHC-II, and present fragments 
of neuronal debris to T cells instead of inducing the T cells to 
undergo apoptosis. This is in contrast to the normal brain, in 
which microglia induce apoptosis of invading T cells via FAS/FASL 
interactions (66). The result of the inflammation-induced shift in 
microglial morphology and behavior can be excessive neuronal loss 
and upregulation of brain autoimmunity (66) (see Figure 1).

Inflammation also causes impaired neuronal metabolic 
integrity. It is noteworthy that TNFα and IL-1β, two important 
“ON” signals, are both primary pro-inflammatory cytokines that 
are upregulated in the context of brain inflammation. The theme 
of neuroinflammation driving deleterious effects in brain suggests 
the importance of identifying and addressing causes of brain 
inflammation in the clinical setting.

FIGURE 1 | Impact of neuronal CIS and inflammation on microglial function. A host of inputs determine both the central integrative state (CIS) of neurons and the 
extent of neuroinflammation (see text). These two factors determine whether the neuronal firing rate (frequency of action potentials) will be rapid enough to generate 
the electrical activity necessary to inhibit microglial expression of major histocompatibility complex II (MHC-II) on their cell membranes. If neuronal electrical activity is 
adequate, microglial expression of MHC-II will be inhibited, and microglia will be prevented from presenting antigen to T cells. Instead, microglia will be kept in their 
resting/ramified state, in which they induce apoptosis in T cells that enter the brain, via FAS/FASL interactions. This diminishes the risk of expression of autoimmune 
process in the brain. If neuronal signaling is inadequate, or if neuroinflammation is increased, it becomes more likely that microglia will express MHC-II and will 
perform antigen presentation of neuronal debris to the T cell receptors (TCR) of invading T cells. This increases the risk of developing autoimmune process with 
neuronal tissue as the target of the autoimmune process.
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One of the primary drivers of brain inflammation is body 
inflammation (81). Increases in pro-inflammatory cytokines 
in the periphery yield upregulation of brain inflammation and 
potentiate neuronal death (71, 82–84). Systemic IL-1β can 
cause CNS inflammation once it enters the brain, thus linking 
systemic inflammation and immune activation with brain 
inflammation (56).

Perry et al. state that microglial phenotype is modified by 
systemic infection or inflammation. They go on to say that the fact 
that diseases with a chronic systemic inflammatory component 
are risk factors for AD implies that crosstalk occurs between 
systemic inflammation and microglia in the CNS (85). AD 
risk has been shown to be increased in patients with metabolic 
syndrome and adiposity (86), decreased diversity of the intestinal 
microbiome (87), periodontal disease (88), infection (89), and 
vascular risk factors like type 2 diabetes, smoking, hypertension 
and heart disease (90), and stroke (91).

With regard to arthritides, Fusco et al. have reviewed 
contributions to neuroinflammation from osteoarthritis and 
rheumatoid arthritis (RA), suggesting contributions from both 
via upregulation of IL-1β and mast cell mediated microglial 
activation (92). In patients with RA, neuroinflammation, and AD, 
Schrepf et al. using multimodal MRI, have demonstrated patterns 
of CNS connectivity that predicted fatigue, pain and cognitive 
dysfunction during phases of RA flare (93). Chou et al. in a case 
control trial of 8.5 million patient records from the US, Puerto 
Rico, and the USVI, found that AD was more prevalent among 
RA patients (0.79%) than among those without RA (0.11%), that 
relative AD risk was increased by the presence of comorbidities 
like diabetes and peripheral vascular disease, and that relative 
AD risk was lowered by etanercept, but not by the other anti-
TNF agents studied or other immunosuppressive medications 
(94). Cao et al. analyzing a Taiwanese patient database, found an 
inverse association between prior RA and AD (95). Contrastingly, 
Policicchio et al. in a meta-analysis and Mendelian randomization 
study, found that an apparent inverse correlation between RA 
and AD identified in previous studies is not causal (96). Cai et al. 
analyzing a large GWAS dataset of patients of European descent, 
also found no association between RA and AD (97).

van Langenberg et al. in a human trial, found that patients 
with Crohn’s disease had cognitive impairment attributable 
to systemic inflammation (98). McCaulley and Grush have 
reviewed evidence for the clinical utility of TNFα inhibitors in 
AD, noting that etanercept has shown a clinical benefit. They 
point out that etanercept has not shown benefit in inflammatory 
bowel disease (99).

Ajami et al. describe two distinct pools of monocytic cells in 
MS and EAE: infiltrating monocytes and resident microglial cells. 
They observed a strong correlation between monocyte infiltration 
from the periphery into the brain and progression to the paralytic 
stage of EAE. They go on to state that increases in circulating 
inflammatory monocytes have been shown to correlate with 
relapses in EAE mice (100).

Lipopolysaccharide (LPS), aka endotoxin, is a PAMP found in 
the outer membrane of gram-negative bacteria that is a known B 
cell mitogen. Increasing the peripheral LPS level can induce the 
activation of central pro-inflammatory mechanisms, even when 

the amount of LPS used for stimulation is minimal or when the 
peripheral inflammatory cytokine levels are suppressed artificially. 
Both central and peripheral inflammation can exacerbate local 
brain inflammation and neuronal death (101).

Rivest (73) citing others (102–105) observed “a single systemic 
injection of LPS (1 mg/kg intraperitoneally) results in the robust 
induction of expression in microglial cells of genes that encode 
pro-inflammatory cytokines and chemokines, as well as proteins of 
the complement system” (73). This suggests that a bodily infection 
with gram negative bacteria can drive brain inflammation (73).

Other authors have also discussed the impact of factors involved 
in systemic inflammation on CNS inflammation. LaFlamme et al. 
(106) showed that, in a mouse model of sterile inflammation but not 
in endotoxemia, IL-1β is necessary for the activation of NF-kappaB 
and prostaglandins in the endothelial cells of the BBB.

Varatharaj and Galea (107) have reviewed mechanisms by 
which both sterile and infectious systemic inflammation can affect 
the BBB, with inflammatory consequences in the CNS, reflected 
in sickness behavior and other factors. They describe a heightened 
sensitivity of the diseased BBB to systemic inflammation, and 
a greater progression of AD and MS in patients with systemic 
inflammation. Kuhlmann et al. have described mechanisms by 
which c-reactive protein (CRP) promotes degradation of BBB 
integrity (108), though mention of CRP is notably absent in 
Varatharaj and Galea (107). Sproston and Ashworth, describe 
CRP as associated with both inflammation and infection (109).

Banks et al. have discussed the transport of IL-1β, a microglial 
“ON” signaling molecule, across the BBB in sickness behavior 
(110). Lin et al. (111) showed in a human trial that increased 
serum oxidative stress was associated with declined perceptual 
functioning in patients with PD. A meta-analysis by Peng et al. 
(112) found that post-operative cognitive dysfunction was 
correlated with the concentrations of peripheral inflammatory 
markers, particularly interleukin-6 and S-100β.

Denes et al. (113) in a mouse middle cerebral artery occlusion 
(MCAo) model of stroke, found that both LPS and anaphylaxis 
(induced by ovalbumin exposure in sensitized mice) induced 
inflammatory changes in the blood and in the brain prior to 
induction of stroke. After MCAo, both LPS and anaphylaxis 
increased microglial interleukin-1a (IL-1a) expression and blood-
brain barrier breakdown, with profound impairment of survival in 
the first 24 h after stroke in the presence of systemic inflammatory 
challenges. They concluded that these finding “suggest that 
systemic inflammatory conditions induce cerebrovascular 
inflammation,” and that “increased brain inflammation, BBB 
injury and brain edema formation can be major contributors to 
impaired outcome in mice after experimental stroke with systemic 
inflammatory stimuli, independently of infarct size.”

Taken together, the work of these authors suggests a connection 
between factors contributing to systemic inflammation and the 
promotion of neuroinflammation. In the clinical setting, targeting 
biological factors outside the CNS that have been shown to upregulate 
neuroinflammation may present an opportunity to influence 
outcomes in cases involving neuroinflammation. Particularly 
in cases where other approaches have not yielded improvement, 
further study of a clinical inventory of factors that have the potential 
to impact systemic inflammation may be warranted.
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Infection (73, 114, 115), stress and depression (6, 116–118), 
altered microbiota (120) and other forms of digestive dysregulation 
(119–122), dysglycemia, insulin resistance, and obesity (123–126), 
tissue hypoxia [80, 127 (review), 128, 129], poor diet (130–134), 
lack of exercise (135–139), environmental or other toxic exposure 
(140–144), and autoimmune processes (145, 146) are all potential 
drivers of body inflammation. As such, these factors may be 
worthy of attention in patients with neuropsychiatric disorders 
associated with neuroinflammation, patients with head trauma, 
neuroinflammation, or any condition known to be worsened by 
neuroinflammation and changes in microglial activation, including 
PD, AD or other dementias, ALS, MS, and PANS/PANDAS.

Bredesen et al. report significant reversal of cognitive decline, 
including some patients who returned to work, in a series of 
patients diagnosed with AD, assessed via quantitative MRI 
and neuropsychological testing. The approach, described as 
personalized rather than monotherapeutic, focused on identifying 
and modifying factors like neuroinflammation, infection, oxidative 
stress, dysglycemia, hypoxia and poor diet (147). The effect of the 
MS medication glatiramer acetate is partly attributed to its ability 
to modify microglial morphology and the resulting impacts on 
neuron-microglial interactions (148). Feinstein et al. have reviewed 
treatment approaches focused on restoration of noradrenaline to 
influence both neurons and microglia (149). Other human studies 
(150–153) and reviews (154–156) have described improvements in 
neurological function using clinical approaches that target oxidative 
stress, BDNF, and neuroinflammation. Regarding biomarkers, 
Hirad et al. have demonstrated that reduced midbrain white matter 
integrity, demonstrated on MRI, correlates with post-concussion 
deficit severity and with serum tau levels, a marker of blood-
brain barrier disruption (157). Strawbridge, et al, have reviewed 
biomarkers of depression (158). Though some biomarkers related 
to neuron-microglial signaling, such as serum TGF beta, IL-6 or 
TNFα levels, or the extent of midbrain white matter loss observed 
on MRI, are obtainable in a clinical setting, most of the markers 
involved in direct measurement of the mechanisms described 
in research on neuron-microglial signaling interactions are not 
available to the clinician.

It is noteworthy that there are also mechanisms by which 
disorders whose primary locus of dysfunction is in the CNS 
can impact systemic inflammation, such that the arrow of 
causation does not always point from the periphery to the CNS. 
For example, efferent neuronal signaling from the dorsal motor 
nucleus (DMN) of the vagus nerve is known to inhibit sympathetic 
outflow (159) and to inhibit the production of inflammatory 
cytokines in the spleen (TNFα), liver (IL-6), and small intestine 
(TNFα) (160–162). Support for vagus nerve motor activity has 
been shown to inhibit kidney damage in an ischemia-reperfusion 
model (163). Any CNS disorder that involves diminished DMN 
signaling thus has the potential to influence the patient toward 
increased systemic inflammation.

MICROGLIAL PRIMING

The pattern of inflammatory activation of microglia has been 
referred to as microglial priming. The hallmark of primed 

microglia is a shift from the resting or ramified state to one 
in which they swell and fill with pro-inflammatory cytokines 
(55, 67, 164, 165). Priming can be induced by aging, trauma, 
infection, or other stimuli. Microglia can remain in the 
primed state for long periods of time, without returning to the 
ramified state, but without releasing their bolus of cytokines. 
In a clinical setting, the concern is that any new trauma or 
insult introduced into a brain containing primed microglia 
will result in a flooding release of pro-inflammatory cytokines 
that can be damaging to the brain (55, 67, 164, 165). The first 
injury shifts microglia into the primed state. When the second 
TBI or non-traumatic brain insult occurs, the microglia 
release a flood of pro-inflammatory cytokines, yielding 
more deleterious effects. This is the basis for the common 
observation that a second or subsequent traumatic brain 
injury often yields more serious consequences and carries the 
potential for a poorer prognosis.

Since systemic inflammation can drive brain inflammation, 
factors capable of driving body inflammation predispose the 
microglia to a shift into the primed state. If body inflammation 
and thus brain inflammation is already present at the time 
of a new brain insult, whether that new insult is a TBI, or 
a biochemical insult associated with autoimmune process, 
metabolic insult, infection, or other factors, the prognosis is 
likely to be worse.

This suggests that, for individuals already affected by 
neuropsychiatric disorders, neuro-autoimmunity, or an existing 
head trauma, there may be utility in taking steps to prevent 
systemic and neuroinflammation, oxidative stress, loss of 
metabolic integrity, and related factors, with the twin goals of 
diminishing existing neuronal impairment and protecting against 
the eventuality of additional insults.

It is especially noteworthy that a new brain insult can 
result from causes other than trauma. As referenced above, 
upregulation of inflammation can occur from a new infection 
in the body, an upsurge of stress due to a change in life 
circumstance, overtraining syndrome, glycemic dysregulation, 
immunological reactions to environmental factors like 
chemicals, pollens, pollutants or other antigenic burdens, or 
a host of other instigating factors. Any of these factors, if they 
induce neuroinflammation and affect microglial function 
sufficiently, can instigate a flooding release of inflammatory 
mediators into the brain parenchyma, resulting in a worsening 
of symptoms. Introduction of any of these comorbidities can 
change the ongoing equation in the brain in a way that can tip 
the balance of neuron-microglial interaction toward a higher 
error rate or, in more severe cases, constitute a biological second 
hit. This “two hit” or “multiple hit” theory has been described in 
TBI (67, 166, 167) and in non-traumatic forms of brain insult, 
including aging (164, 167), neurodegenerative diseases (167–
170), and perinatal white matter injury (171).

Thus, clinical measures taken to reduce systemic inflammation 
accomplish the triple agenda of reducing current impairment, 
reducing the potential effect of a second hit from actual trauma 
(like head banging in autism or sport-related impact), and 
reducing the risk of a second hit effect occurring from a non-
traumatic pro-inflammatory insult.
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ELECTRICAL CELL-SIGNALING EFFECTS

The Role of Neuronal Electrical Activity 
in Maintenance of Neuron-Microglial 
Homeostasis
Microglial antigen presentation capability depends on microglial 
MHC-II expression. As Neumann points out; the electrical activity 
of healthy neurons suppresses MHC-II expression in surrounding 
glial cells. Hence, the antigen presentation process that leads to 
autoimmunity is counter-regulated in intact CNS areas by the 
electrical activity of neurons (101). Similarly, Grieb et al. observed 
that when high frequency electrical stimulation was applied to the 
subthalamic nucleus of freely moving animals, gene enrichment 
analysis showed the strongest regulation occurred in MHC-
encoding genes (172).

The repertoire of neuronal control mechanisms regulating 
microglial function thus includes both biochemical factors 
(neurotransmitters and other “Off ” signals produced as a 
consequence of normal neurotransmission) and neuronal-firing- 
rate-dependent electrical inhibition of microglial MHC-II expression.

This implies that there are two distinct immune consequences 
to reductions in neuronal firing rate. These are: diminished 
production of NT’s and other “OFF” signals, and a reduction in 
electrical activity that allows greater microglial MHC-II expression. 
The microglia in this situation are not adequately inhibited from 
phagocytizing live neurons (31, 64), nor are they adequately 
inhibited from functioning as APCs (101, 172).

The capacity of neurons to maintain robust firing rate depends 
in large part on two factors. The first, metabolic integrity of the 
neuron (the neuron as a cell) is discussed above. The second is the 
central integrative state (CIS) of the neuron, which depends on 
the sum of its excitatory and inhibitory presynaptic stimuli. CIS 
is the sum of all activity within the neuron, partly resulting from 
external forces and synaptic signaling. CIS can be summarized 
as the combination of two factors: how close the neuron is to the 
firing threshold and how much metabolic integrity the neuron 
has, with which to maintain firing before fatigue.

Loss of neuronal firing rate will at some point yield a loss 
of the neuron’s ability to generate enough electrical activity to 
adequately inhibit microglial MHC-II expression in microglial 
cells affected by that neuron’s contribution to the electrical 
environment within the local brain parenchyma. This can occur 
as a consequence of impaired neuronal metabolic integrity, such 
that the neuron cannot generate enough ATP to sustain its firing 
rate. Or this can occur through direct neuronal injury, as with a 
TBI, or with diminished presynaptic stimulation from whatever 
area of the brain normally fires into the neuronal pool in question.

Afferent stimulation from the body to the brain plays a 
significant role in the maintenance of the CIS of CNS neurons. Thus, 
factors like lack of exercise, destruction of joint mechanoreceptors 
in arthritic conditions, poor muscular tone, diminished rib 
movement with respiratory disorders and other such changes 
can alter the neurosensory environment, altering the CIS of 
neurons. This process of reduced CIS in initially uninjured brain 
areas due to processes conceptually similar to dysafferentation or 
deafferentation coming from truly damaged areas has historically 

been called focal or non-focal diaschisis based on distance and 
connectivity (173, 174). Carrera and Tononi define diaschisis as 
a change in structural and functional connectivity between brain 
areas distant to a lesion (173).

Discrete areas of the brain more affected by these or other 
factors will have relatively greater reductions in the firing rates 
of their neurons, yielding a reduction in electrically mediated 
inhibition of microglial MHC-II expression on the surface of 
microglia doing surveillance on those neurons. Accordingly, 
areas of the brain more affected by factors that lower neuronal 
firing rates will be more vulnerable to the expression of 
autoimmune processes. As Neumann states, “in a variety 
of inflammatory and neurodegenerative diseases, including 
MS, infections, trauma, stroke, neoplasia, and AD, glial cells 
such as microglia gain antigen-presenting capacity through 
the expression of MHC molecules. Further, proinflammatory 
cytokines, such as TNF, IL-1β, and IFNγ, as well as chemokines, 
are synthesized by resident brain cells and T lymphocytes 
invading the affected brain tissue… The pro-inflammatory 
cytokines stimulate microglial MHC expression in the lesioned 
CNS areas only” (71).

MORE INFLAMMATION YIELDS FURTHER 
CONSEQUENCES

The damage to neurons that results from autoimmune attack yields 
the release of pro-inflammatory DAMPS. This yields two effects that 
can be considered as occurring in a second wave of effects:

First, the increased levels of neuroinflammation will include 
increased levels of TNFα and IL-1β. These cytokines are neuronal 
“ON” signals, influencing neuron-microglial signaling in favor 
of the likelihood of additional microglial phagocytosis of live 
neurons (64).

Second, increased inflammation further impairs neuronal 
metabolic integrity, further diminishing the capacity of neuronal 
mitochondria to make ATP, further diminishing the capacity 
of neurons to sustain their firing rates. Loss of neuronal firing 
rates allows further microglial MHC-II expression. While this 
may appear to simply be a restating of the mechanism by which 
new brain autoimmunity can develop (40, 56–60, 71, 72), the 
presence of additional neuronal tissue debris, which can be taken 
up by microglia and presented as antigen, risks the development 
of distinct antibody reactions to new neuronal tissue epitopes, an 
effect known as epitope spreading (175, 176). Munz et al. define 
epitope spreading as, “… a mechanism by which an immune 
response that is initiated by various stimuli, including microbial 
infection, trauma, transplanted tissue or autoimmunity, ‘spreads’ 
to include responses directed against a different portion of the 
same protein (intramolecular spreading) or a different protein 
(intermolecular spreading)” (177).

Thus, the loss of neuronal firing rates, itself a consequence 
of the inflammatory damage that occurs with brain insults, 
predisposes the affected brain areas to the development of new 
microglial antigen presentation events and opportunities for 
either new autoimmune process when the initial brain insult does 
not already involve autoimmunity (177), or epitope spreading 
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and worsening of autoimmune-mediated damage in existing 
autoimmune brain disorders (177) (see Figure 2).

Still More Consequences
When an autoimmune brain disorder, PD or MS, for example, is 
already present, there are two important clinical implications:

First, the introduction of a new event or process that 
increases neuroinflammation can trigger a worsening of the 
pre-existing autoimmune disorder, through both accelerated 
neuronal loss and epitope spreading. This suggests that, in 
cases involving brain based autoimmune diseases, it’s useful 
for clinicians to be particularly persistent in their attention 
to drivers of inflammation, including infection, stress, 
mood issues, digestive dysregulation, dysglycemia, hypoxia, 
dietary factors, immune responses to foods, haptens and 
environmental triggers, and other such factors. Clinical steps 
to mitigate these factors, and their pro-inflammatory effects, 
may be worthy of consideration.

Second, the introduction of either abrupt or evolving 
diaschisis, resulting in loss of neuronal firing rates, might increase 
the risk of further microglial antigen presentation, development 
of epitope spreading, worsening of existing disease, and expansion 
of involvement in areas most affected by the diaschisis  
(see Figure 3).

Clinicians must be alert to changes that might trigger an 
evolving diaschisis. These might include changes in the patient’s 
capacity for voluntary movement, whether driven by pain, 
mechanical restriction, or changes in energy level; changes in 
respiratory patterns, or changes in the character of a tremor. 
Clinical steps to mitigate these factors, and to restore appropriate 
neuronal firing rates and CIS to affected central nervous system 
areas, are worthy of consideration. The proper clinical approach 
would depend upon the individual case. The aim in all cases 
would be to identify the change in afferent barrage to the area of 
diaschisis and to restore normal afferent stimulation to that area, 
with the goal of restoration of the normal central integrative state. 
Examples would include appropriate post-stroke rehabilitation, 
post-concussion rehabilitation, or restoration of afferent barrage 
of a CNS target from a hip, shoulder, or other sensory source 
after an injury or other dysfunctional change has taken place.

FURTHER NEUROIMMUNE TRIGGERS

Pathogens or Damaged Neuronal Debris 
Evoke Excitotoxicity and Neuronal Cell 
Death
Pathogens in tissue create pathogen-associated molecular patterns 
(PAMPs) (178). Damaged tissue creates damage associated molecular 
patterns (DAMPs) (179). As specialized macrophages, microglial 
cell membranes contain pattern recognition receptors (PRRs) that 
sense PAMPS and DAMPS, triggering phagocyte NADPH oxidase 
(PHOX), which turns molecular oxygen into reactive oxygen species 
(ROS). This conversion depletes the tissue of molecular oxygen, 
yielding hypoxia, driving hypoxia inducible factor 1α (HIF-1α). 
Under normal circumstances, HIF-1α induction by hypoxia 
promotes useful effects like the growth of blood vessels in hypoxic 
tissue (180, 181), as well as the activation of neutrophils that have 
migrated into tissue (182). However, HIF-1α also up regulates NFκB 
(182, 183), causing gene expression of IL-1β and TNFα (184). Since 
they are neuronal “ON” signals, increased IL-1β and TNFα promotes 
the activation of microglial phagocytosis of neurons (64). IL-1β and 
TNFα activation also promotes further NFκB upregulation, with 
this loop activation originally described by Barnes and Karin as the 
“amplifying loop” of the inflammatory process (184). NFκB induces 
iNOS expression, yielding abundant nitric oxide (NO) production 
(43). Though NO can be cytoprotective (43), the combination 
of NO and hypoxia impair cellular respiration (43), yielding 
excitotoxicity and resulting neuronal death (185). The formation 
of ROS like singlet oxygen (O2

-) and hydrogen peroxide (H2O2) 
drives microglial activation (43). O2

- and H2O2 in combination 
with NO yields peroxynitrite (ONOO-), driving neuronal apoptotic 
cell death (43). Activated microglia release neurotoxic factors 
like glutamate, TNFα, and FASL, increasing neurotoxicity and 
increasing the likelihood of neuronal cell death (43). Nocella et al. 
have suggested that, in athletes, antioxidant depletion from single 
nucleotide polymorphisms or other factors may have an impact on 
the long-term risk for developing neurodegenerative disease (186) 
(see Figure 4).

Block et al. state that microglial activation can occur 
through recognition of inflammatory signals such as LPS from 

FIGURE 2 | Feedback loop of low neuronal firing rate. When neuronal firing 
rate is diminished, microglial major histocompatibility complex II (MHC-II) 
expression is increased. MHC-II is the cell surface mechanism by which 
microglial cells present fragments of neuronal debris as antigen to T cells. 
Presentation of neuronal debris as antigen increases the likelihood of 
expression of brain autoimmunity, which creates destruction of neurons 
and increases neuroinflammation of those neurons that are not destroyed. 
Neuroinflammation diminishes neuronal firing rate, yielding a loop.
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FIGURE 3 | Inflammation drives both neuro-autoimmunity and excessive neuronal loss. Inflammation impairs neuronal firing rate, allowing microglial MHC-II 
expression, yielding presentation of neuronal antigenic debris to T cells, driving neuro-autoimmunity. Decreased neuronal firing rate also decreases neuronal NT 
output. Since NT’s are a significant OFF signal, diminished NT production constitutes the loss of an OFF signal. IL-1β and TNFα, two inflammatory cytokines, are 
part of the ON signal milieu. Loss of NT output and increased IL-1β and TNFα yield a tissue environment more favorable to microglial phagocytosis of live neurons. 
Depletion of neurons from a neuronal pool yields diminished electrical activity in that pool and greater vulnerability to MHC-II expression by microglial cells performing 
surveillance on those neurons. Hence, inflammation and subsequent loss of neurons increases the likelihood of developing subsequent neuro-autoimmunity. This 
promotes further neuronal loss. NT, neurotransmitter; MHC-II, major histocompatibility complex II; TCR, T cell receptor.

FIGURE 4 | PAMPs and DAMPs drive neuronal destruction. DAMPs and/or PAMPs trigger PRR’s on microglia. Microglia generate PHOX, driving down O2 levels, as 
the O2 is consumed to make ROS. This yields three consequences: hypoxia, increased ROS (O2− and H2O2), and antioxidant depletion as a result of the increased 
ROS. Hypoxia raises the level of hypoxia inducible factor 1 alpha (HIF-1α), a substance that induces the formation of blood vessels in areas of inadequate oxygen. 
HIF-1α upregulates inflammatory NFκB, which induces gene expression of IL-1β and TNFα. Thus, hypoxia drives microglial activation, promoting neuronal death. 
NFκB upregulation also promotes activation of NO via iNOS induction. NO drives up ONOO−, which combines with the ROS to activate microglia, again promoting 
neuronal death. NO also combines with hypoxia to induce excitotoxicity, promoting neuronal death. Microglial activation also increases neurotoxicity, via production 
of glutamate and other substances, an effect that may be amplified by antioxidant depletion. Red circles connote key downstream effects. DAMP, damage 
associated molecular pattern; PAMP, pathogen associated molecular pattern; PRR, pattern recognition receptor; PHOX, phagocyte NADPH oxidase; O2, oxygen; 
ROS, reactive oxygen species; O2−, singlet oxygen; H2O2, hydrogen peroxide; HIF-1α, hypoxia inducible factor 1 alpha; iNOS, inducible nitric oxide synthase; 
NO, nitric oxide; ONOO−, peroxynitrite; NFκB, nuclear factor kappa B; IL-1β, interleukin 1 beta; TNFα, tumor necrosis factor alpha.
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gram-negative bacteria, causing the microglia to produce 
neurotoxic pro-inflammatory mediators. Microglia can also be 
activated by debris from neuronal damage (DAMPs), yielding 
reactive microgliosis, which is then toxic to neighboring 
neurons, which they describe as resulting in a perpetuating 
cycle of neuron death. Block et al. describe microgliosis as a 
“potential underlying mechanism of progressive neuron damage 
across numerous neurodegenerative diseases, regardless of the 
instigating stimuli” (56).

OTHER VIEWS AND QUESTIONS GOING 
FORWARD

The history of research on microglial cells has not been without 
controversy. Disagreement regarding the embryologic origin of 
microglial cells, now settled, has been reviewed by Ginhoux and 
Prinz (187). The evolving view of the role of microglia as villains 
or protectors, has been reviewed by Fernandez et al. (188). What 
has emerged is a view of microglial cells that is more complex, 
with the potential for both supportive and deleterious functions, 
depending upon a complex array of factors.

That neurons and microglial cells interact, that key components 
of these interactions are understood, and that these interactions 
are relevant biologically, appear to be supported by a substantial 
body of evidence. However, the clinical relevance of these 
neuroimmunological processes and the extent of their universality 
in patient populations are important questions that broaden our 
understanding and improve our perspectives for future study.

With regard to the effect size and clinical relevance of 
neuron-microglial interactions, the following papers 
discuss other relevant processes that precede neuron-
microglial signaling and may play important roles: Culmsee 
et al. discuss the role of immunometabolic factors that 
influence mitochondria, with the potential to substantially 
alter function in both neurons and microglial cells (189). 
Chang et al. present evidence of an association between 
corticotrophin releasing hormone (CRH) polymorphisms 
and major depressive disorder (MDD) (190). Kelly and O’Neil 
have described the influence of glycolysis and tricarboxylic 
acid cycle function in influencing macrophage polarization 
to M1 and M2 morphologies, respectively (191). Corcoran 
and O’Neil have shown that HIF1α, induced by hypoxia, is a 
primary driver of microglial activation and also of Th17 cell 
activation, a primary mechanism by which tissue destruction 
is upregulated in autoimmunity (192).

These examples suggest that, even if changes in neuron-
microglial signaling are a neuroimmunological bottleneck, larger 
therapeutic impacts on the clinical picture in a given patient might 
be accomplished by addressing other upstream issues, such as those 
described above that could be immunometabolic, neuroendocrine, 
or related to hypoxia/oxygenation via problems that are circulatory, 
respiratory, or hematologic. Addressing clinical factors mentioned 
previously, such as infection, stress, depression, GI dysfunction, 
poor diet, lack of exercise, and autoimmunity, to the extent present 
in a given case, may also yield greater impact on the clinical picture. 
The presence of each of these factors, and their relevance in each 

case, is a matter of individual clinical discernment. The work of 
Bredesen suggests that such clinical discernment can be embedded 
into a structured process that provides for reliably useful clinical 
outcomes (147).

With regard to the question of whether neuron-microglial 
dysfunction is a universally applicable feature of cases with 
CNS involvement, focusing on depression as a well-defined 
example of a neuroimmunological process involving neuron-
microglial interactions, the following papers are useful to 
consider. Raison and Miller review evidence for two competing 
views. In one view, inflammation only contributes to depression 
in a subset of patients. In the other, the inducing influence 
of inflammation on depression is more widespread, but 
with vulnerability varying in accordance with the status of a 
pattern of physiological variables unique to each patient, with 
each of the variables known to be involved in the etiology of 
MDD (193). Dooley et al. have described a greater role for 
inflammation, a key influence on neuron-microglial signaling, 
in some core features of depression, including exaggerated 
reactivity to negative information, altered reward reactivity, and 
somatic symptoms, but has less clear evidence for an involvement 
in cognitive control (194).

These papers suggest that there is variability from one patient 
to another in the extent to which neuroimmunological factors 
influence depression and that there may be variability in the 
extent to which some features of depression are affected in a 
given patient. This suggests that the focus on neuron-microglial 
interaction described in this paper may not apply with equal 
utility in all cases, or to all features of a given case. Consistent 
with this view, Kopschina Feltes et al. have suggested that a 
clinical approach that addresses neuroimmunological factors 
might have greatest utility in MDD patients with elevated 
inflammatory cytokines, particularly IL-6, TNF-α and IL-1β, 
who have been resistant to treatment aimed at monoamine 
repletion (195, 196).

More research is needed to clarify the above questions and others, 
with regard to depression, TBI, neurodegenerative conditions, and 
neuro-autoimmunity, to ensure that in both research and clinical 
settings, sufficient attention and efforts are focused on areas that 
could provide significant returns.

CONCLUSION

Neuropsychiatric Disorders  
Involve Neuroinflammatory and  
Related Comorbidities
The presence of depression and related neuropsychiatric 
phenomena in a patient may reflect the presence of an underlying 
neuroinflammatory state and/or other comorbidities that can 
affect neuron - microglial interactions, with consequences 
for neuronal loss and neuro-autoimmunity. The clinician 
faced with the neuropsychiatric patient may be well served 
to assess the extent of systemic and neuroinflammation and 
the other comorbidities discussed and look for potential 
biological causes that could be instigating or worsening the 
patient’s neuropsychiatric disorder. It is especially important 
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when a patient presents with neuropsychiatric disorders that 
the neuropsychiatric nature of the disorder not decrease the 
clinicians’ inclination to focus on underlying biology but 
rather increase the clinician’s interest in identifying biological 
causes of neuroinflammation and related biological factors 
discussed here.

Time-Course Issues Matter for Patients 
With Brain Insults
Once a brain insult develops, the key question is whether 
it will resolve quickly or progress to a brain in a chronically 
inflamed state, resulting in greater neuronal loss, greater risk 
of developing autoimmune responses against brain tissue 
targets, and expanded loss of function for the patient. The time 
sequence can yield a cascade of further disease elaboration, 
including ongoing neuronal loss, epitope spreading, and 
increasing vulnerability of affected neuronal pools, all yielding 
further functional loss downstream.

Ongoing case management may need to include a focus on 
reducing comorbidities that are known to diminish neuronal 
metabolic integrity, promote neuroinflammation, trigger or 
perpetuate autoimmune process, increase oxidative burden, or 
drive other related processes. When expected levels of clinical 
improvement do not occur, it may be necessary to review the case 
in light of the known mechanisms by which neuron-microglial 
interaction can become dysregulated.
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Immune dysfunction and abnormal immune response may be associated with certain 
mechanisms underlying autism spectrum disorder (ASD). The early evidence for this 
link was based on the increased incidence of ASD in children with a history of maternal 
infection during pregnancy. Observational studies show increased prevalence of 
immune-related disorders—ranging from atopy, food allergy, viral infections, asthma, 
primary immunodeficiency, to autoimmune disorders—in individuals with ASD and their 
families. Evidence of neuroglial activation and focal brain inflammation in individuals with 
ASD implies that the central nervous system immunity may also be atypical in some 
individuals with ASD. Also, both peripheral and central inflammatory responses are 
suggested to be associated with ASD-related behavioral symptoms. Atypical immune 
responses may be evident in specific ASD subgroups, such as those with significant 
gastrointestinal symptoms. The present review aimed to evaluate current literature of 
potential interventions that target inflammatory pathways for individuals with ASD and 
to summarize whether these interventions were associated with improvement in autism 
symptoms and adaptation. We found that the current literature on the efficacy of anti-
inflammatory interventions in ASD is still limited and large-scale randomized controlled 
trials are needed to provide robust evidence. We concluded that the role of immune-
mediated mechanisms in the emergence of ASD or related challenges may be specific to 
subsets of individuals (e.g. those with concurrent immunological disorders, developmental 
regression, or high irritability). These subsets of individuals of ASD might be more likely 
to benefit from interventions that target immune-mediated mechanisms and with whom 
next-stage immune-mediated clinical trials could be conducted.

Keywords: autism, inflammation, neuroinflammation, autism spectrum disorder, immune system

INTRODUCTION
Autism spectrum disorder (ASD) is a neurodevelopmental condition characterized by early onset 
social-communication challenges, repetitive, stereotypical behaviors, and idiosyncratic sensory 
responsivity (1). Although several genetic and environmental factors have been linked to ASD, the 
underlying pathophysiology is still not well-understood (2). To date, although there have been great 
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progress in developing behavioral and psychological support for 
individuals with ASD, no approved medication therapy exist for 
the core symptoms; established medication treatment aims at 
reducing concurrent challenges, such as increased irritability (3). 
Considering the heterogeneous nature of this condition and the 
paucity of biomarkers, development of a safe and effective “one-
size-fits-all” medical therapy is challenging.

Several lines of evidence suggest a role of inflammation 
in the underlying developmental mechanisms of ASD (4–6). 
Epidemiological studies show an association between maternal 
infection [such as influenza (7) or cytomegalovirus (8)] during 
pregnancy and increased risk of offspring autism (9, 10). Also, 
family history of autoimmune diseases is associated with higher 
rate of ASD (11). In the animal models of ASD, offspring of 
animals with infection during pregnancy present physiological 
and behavioral alterations resemble ASD symptoms in human 
(12,13). People with ASD are suggested to have altered levels of 
inflammatory markers in which pro-inflammatory markers tend 
to increase while anti-inflammatory markers decrease (14, 15). 
Furthermore, postmortem studies of inflammation in the brain 
suggest alterations of brain immune response in ASD, including 
increased levels of proinflammatory markers (16) and increased 
microglial activation (17–19). Suzuki and colleagues showed 
increased microglial activation in the brain of individuals with 
ASD (20). Also, multiple studies on CSF and plasma/serum 
samples of individuals with ASD reported increased levels of 
proinflammatory markers (4, 21–23). Genetic studies reveal 
association between genomic variations in the immune-related 
genes and ASD (24). For example, human leucocyte antigen 
(HLA) DRB1 alleles are suggested to be associated with a 
higher risk of autism (25, 26). There is an emerging consensus 
that a better understanding of inflammation and its relation 
with the underlying pathophysiology of autism can provide 
new insight into the underlying mechanisms of the challenges 
faced by at least a subgroup of people with ASD (27), and help 
with developing new treatments. Given the current evidence, a 
growing body of literature has examined the role of medications 
with anti-inflammatory effects in the treatment of ASD-
associated challenges, either alone or as an adjuvant therapy. In 
this narrative review, we aimed to summarize studies exploring 
the use of medications that target inflammatory pathways for 
people with ASD and evaluate the effectiveness and side effect 
profiles. Both medications with primary anti-inflammatory 
action (e.g. celecoxib) and those with additional anti-
inflammatory properties beside their primary mechanisms of 
action (e.g. minocycline) have been included. These medications 
were selected based on the previous evidence indicating their 
anti-inflammatory properties in other psychiatric or medical 
disorders. Due to the availability of up-to-date meta-analysis on 
some of these agents, such as polyunsaturated fatty acids (28–31), 
they were not included in this review.

METHODS
This narrative review aimed to summarize the available evidence 
on the role of anti-inflammatory medications in the management 

of challenges associated with ASD. The literature search was 
performed using PubMed in July 2018. No publication date 
restriction was applied. We only included peer-reviewed studies 
on human subjects (with no age limitation) that were published 
in English language. The following search terms were used: 
(autism OR autistic OR autism spectrum disorder OR ASD OR 
pervasive OR pervasive developmental disorder OR pervasive 
developmental disorders OR Asperger OR Asperger’s) AND 
(celecoxib OR minocycline OR NAC OR N-acetylcysteine OR 
ACTH OR prednisone OR prednisolone OR hydrocortisone 
OR methylprednisolone OR dexamethasone OR cortisone OR 
triamcinolone OR betamethasone OR flavonoid OR lenalidomide 
OR pentoxifylline OR pioglitazone OR IVIG OR spironolactone 
OR topiramate OR memantine OR amantadine OR galantamine 
OR riluzole  OR palmitoylethanolamide). We also identified 
additional articles by reference list/hand searching.

STUDIES OF MEDICATIONS TARGETING 
INFLAMMATORY PATHWAYS IN PEOPLE 
WITH ASD (IN ALPHABETICAL ORDER)

Amantadine
Amantadine is an antiviral and anti-Parkinson medication that 
is widely used in the management of central nervous system 
disorders including multiple sclerosis (32) and traumatic brain 
injury (33). This medication is shown to be neuroprotective by 
the following mechanisms: (1) anti-inflammatory properties, 
mainly by inhibiting the release of proinflammatory factors 
(34, 35); (2) increasing the level of neurotrophic factors; 
and (3) inhibiting effect on N-methyl-D-aspartate (NMDA) 
receptors (34). In a placebo-controlled trial, King and colleagues 
studied the efficacy of amantadine in the management of ASD 
(36). They administered amantadine (n = 19) or placebo (n = 
20) to individuals with ASD (age range of 5–19 years) over 4 
weeks. The efficacy was measured using the Aberrant Behavior 
Checklist (ABC) and the Clinical Global Impression (CGI) 
scales. Amantadine group had slightly higher percentage of 
responders (equal or more than 25% reduction in irritability 
and/or hyperactivity according to parent-rated ABC). Based on 
the clinician-rated ABC, the amantadine group had significantly 
more improvement in absolute scores of hyperactivity and 
inappropriate speech. Also, amantadine group had higher 
improvement according to their CGI score. The side effects 
did not significantly differ between the amantadine and 
placebo groups.

Mohammadi and colleagues in a randomized controlled 
trial on children with severe behavioral issues (i.e. disruptive 
symptoms such as irritability) related to autism (age range of 
4–12 years), compared risperidone plus amantadine (n = 20) 
with risperidone plus placebo (n = 19) over a 10-week period 
(37). They observed a significant improvement in hyperactivity 
and irritability as measured by ABC in the amantadine group 
as compared to placebo. Also, the amantadine group had 
significantly more improvement than the placebo group based 
on the CGI scores. Side effects were not significantly different 
between the groups.
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Celecoxib
Celecoxib is a nonsteroidal anti-inflammatory drug that 
selectively inhibits cyclooxygenase-2 (COX-2) enzyme. It has 
been widely studied as an adjuvant therapy in several psychiatric 
disorders including schizophrenia and depression (38, 39). In a 
randomized and double-blind controlled trial, Asadabadi and 
colleagues investigated the effect of celecoxib as an adjuvant 
therapy to risperidone in the treatment of children (age range of 
4–12 years) with ASD and severe behavioral issues over 10 weeks. 
They used ABC rating scale to assess the clinical symptoms (40) 
(Table 1). Autistic children under treatment with celecoxib as an 
adjuvant therapy (n = 20) had significantly improved scores in 
irritability, social withdrawal/lethargy, and stereotypic behavior 
compared to the placebo group (n = 20). The study groups did 
not differ in terms of inappropriate speech, hyperactivity/non-
compliance, or medications side effects.

Corticosteroids and ACTH
Corticosteroids have been effectively used in the management of 
neurological disorders, such as Landau–Kleffner syndrome (LKS) 
(41). Due to similarities in the progression and development 
between LKS and regressive ASD, and considering the growing 
evidence on the link between inflammation and ASD, a number 
of studies have investigated the effects of corticosteroids or 
adrenocorticotrophic hormone (ACTH) in regressive ASD (42). 
In a series of trials, Buitelaar and colleagues studied the role of 
ORG 2766, an ACTH analog, in the management of children 
with ASD (43–45). In the first trial, they enrolled 14 children 
(age range of 5–13 years) with ASD in a double-blind crossover 
study (45). ORG 2766 was administered over a 4-week period. 
They reported significant improvement in clinical symptoms (i.e. 
irritability, stereotypic behaviors, hyperactivity, and excessive 
speech) as measured by the parent-reported ABC and playroom 
data. In the second crossover trial, they reported positive effects 
of ORG 2766 (administered over an 8-week period) on symptoms 
of 20 children (age range of 5–15 years) with ASD as measured by 
ABC and CGI (43). In their third study, they reported the effect 
of ORG 2766 on social interactions of autistic children enrolled 
in their first trial (44). They found that ORG 2766 therapy 
resulted in a significant increase in the quality and quantity of 
social interactions in the participants.

In a single-case study, Stefanatos and colleagues administered 
corticosteroid (i.e. prednisone) to a 6-year-old boy with 
regressive ASD over a 28-month period (46). The patient started 
losing his language abilities at age 22 months. The medical and 
neurological assessments were mostly unremarkable except 
for hypoperfusion of perisylvian cortical region in SPECT and 
abnormal steady-state auditory evoked potentials. Corticosteroid 
therapy resulted in significant improvement in language, social 
abilities, and stereotypic behaviors.

More recently, Shenoy and colleagues reported a case of 
regressive ASD that was diagnosed at the age of 18 months (47). 
He presented with progressive lymphadenopathy, microcytic 
anemia, mild thrombocytopenia, and low white blood cells count. 
He was started on corticosteroid at the age of 33 months. After 
about a month of steroid therapy, the patient started regaining 

his language and communication abilities. After 26 months of 
therapy, all the laboratory values returned back to normal.

Matarazzo described two cases of regressive ASD with 
histories of recurrent bacterial infections (48). Both individuals 
were initially started on corticosteroid therapy and later due 
to the side effects, were switched to ACTH. In both cases, 
corticosteroid therapy led to improvement in language and 
communication skills, as well as behavioral symptoms, such as 
stereotypic behaviors.

Mordekar and colleagues reported two cases of regressive 
ASD treated with corticosteroid (49). The first case was a 
4.5-year-old boy with ASD and generalized tonic–clonic 
seizure that regained his personality and language abilities after 
treatment with corticosteroid. The second case was a 4-year-
old girl with ASD who lost her language and communication 
abilities after experiencing neurological symptoms associated 
with ataxia and fluctuation of consciousness. Her symptoms 
started to improve after three weeks of treatment with 
prednisolone. Forty-eight months after treatment, she was back 
to her normal function and personality.

Most recently, a retrospective study (age range of participants, 
3–5 years) compared 20 children with regressive ASD treated 
with corticosteroids (for a maximum period of 4 months) 
with 24 autistic children without corticosteroid treatment; the 
authors observed significant improvement in the frequency 
modulated auditory evoked response, language function, 
and ASD symptom score according to DSM-IV criteria after 
corticosteroid therapy (50).

Taken together, there is a lack of randomized controlled trials 
to inform the clinical utility of corticosteroid in individuals 
with ASD. Single case, case series, and observational studies 
indicate the potential of corticosteroid or ACTH as a treatment 
for regressive ASD, but this awaits rigorous controlled trials to 
validate and to investigate the potential underlying mechanisms 
of action.

Flavonoids
Flavonoids are a large group of nutrients found in vegetables and 
fruits. They are shown to have anti-inflammatory effects through 
inhibition of inflammatory pathways, including the synthesis/
activity of c-reactive protein, proinflammatory cytokines, 
and microglia (51). Theoharides and colleagues studied the 
effects of a flavonoids mixture (luteolin, quercetin, and rutin) 
in an open-label case-series of 37 children (age range of 4–14 
years) with ASD over a period of 4 months (52). They reported 
improvement in attention and eye contact (50%), allergy and 
gastrointestinal symptoms (75%), and social interaction (25%). 
No side effects due to the treatment were noted. More recently, 
using similar supplement, Taliou and colleagues in an open-label 
trial studied 40 children (age range of 4–10 years) with ASD over 
a 26-week period (53). They reported significant improvement in 
communication, daily living skills, and social skills as measured 
by the Vineland Adaptive Behavior Scales (VABS) and also in 
hyperactivity, irritability, lethargy, and stereotypical behavior as 
measured by the ABC. More recently, the same group using the 
same database reported that children with ASD that had the most 
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TABLE 1 | Summary of the studies on the role of anti-inflammatory medications in the management of ASD.

Drug Participants Type of study Treatment Outcomes References Benefit based 
on strength 
of evidence

Amantadine
Amantadine ASD (DSM-IV and 

ICD-10)  
N = 39  
Age: 5–19 years

Double-Blind, Placebo-
Controlled Trial Amantadine 
(n = 19), Placebo (n = 20)

Amantadine administered at 2.5 mg/kg/
day for 1 week and then 5 mg/kg/day 
for 3 weeks.

Based on parent-rated ABC amantadine group 
had slightly higher (statistically non-significant) 
percentage of responders. However, based on 
the clinician-rated ABC, the amantadine group 
had significantly more improvement in absolute 
score of hyperactivity and inappropriate 
speech than placebo group. 
- Amantadine group had higher CGI score (not 
statistically significant) than placebo group.

King et al., 2001 
(36)

Potential 
benefit

Amantadine plus 
risperidone

ASD (DSM-IV-R) and 
(6 or more DSM 
IV-TR symptoms)  
N = 39, Age: 4–12 
years

Double-Blind, Placebo-
Controlled Trial Risperidone 
plus Amantadine (n = 20) 
Risperidone plus placebo 
(n = 19)

Risperidone administered between 
1 and 2.0 mg/day, Amantadine 
administered at 100 mg/d (if <30 kg) or 
150 mg/d (if >30 kg), over 10 weeks

-Significant improvement in hyperactivity and 
irritability in the amantadine treated than the 
placebo group. 
- Significant improvement in the amantadine 
group on CGI

Mohammadi et al., 
2013 (37)

Celecoxib
Celecoxib plus 
risperidone

Children with ASD 
((DSM)-IV-TR) 
N = 40, Age: 4–12 
years

Parallel-group, randomized, 
double-blind, placebo-
controlled trial Risperidone 
plus Celecoxib (n = 20), 
Risperidone plus placebo 
(n = 20)

Celecoxib:100 mg/day to 200/300 
mg/day Risperidone: 0.5 mg/day to 
0.5 mg/week to 2–3 mg/day over 10 
weeks

Significant improvement in: 
- Irritability -Lethargy/Social Withdrawal 
- Stereotypic Behavior as measured with ABC

Asadabadi et al., 
2013 (40)

Potential 
benefit

Corticosteroids
Chronic oral 
prednisolone 
treatment

A 6-year-old boy 
with autoimmune 
condition plus ASD

Case study 2 mg/kg/day for 10 weeks followed 
by 0.5 mg/kg every other day for 12 
months 
2 mg/kg of daily for 4 weeks, measured 
monthly by 0.5 mg/kg from weeks 4 
through 12. Between weeks 12 to 28, 
alternate-day dosing was quantified in 
0.25 mg/kg steps every 4 weeks.

Significantly improved: 
-Spontaneous speech, greater responsiveness 
to verbal communications (Token Test for 
Children), and improved social relatedness. 
-Receptive (Peabody Picture Vocabulary Test) 
and expressive Vocabulary 
-Visuomotor abilities and Performance 
IQ(WISC-R) -Decreased Stereotyped 
utterances (Diagnostic Checklist for Behavior-
Disturbed Children)

Stefanatos et al., 
1995 (46)

Unknown 
benefit

Low-dose steroid 
therapy

Autism with 
autoimmune 
lymphoproliferative 
syndrome (ALPS) 
Age: 18 months old

Case study 2 mg/kg/day for 10 weeks. the 
prednisolone dose was further reduced 
to 0.4 mg/kg every other day. Finally, 
the dose of 0.5 mg/kg every other day 
was the effective maintenance dose for 
treatment of the ASD and autoimmune 
condition

- Increased social interaction 
- Improvements in speech, gesturing, 
non-verbal communication, and language 
expression and comprehension subjective 
improvement, followed by objective 
improvement in speech and developmental 
milestones

Shenoy et al., 2000 
(47)
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TABLE 1 | Continued

Drug Participants Type of study Treatment Outcomes References Benefit based 
on strength 
of evidence

Steroid Children with 
regressive Autism 
Spectrum Disorder 
(R-ASD) based on 
(DSM-IV)  
Steroid-treated 
R-ASD (STAR) 
(N = 20)  
Not-treated ASD 
patients (NSA) 
(N = 25), Age: 3–5 
years

Retrospective Study Oral prednisolone administered at 2 
mg/kg/day. Treatment group: 4 Hz 
frequency modulated evoked response 
(FMAER) derived from language cortex 
of the superior temporal gyrus (STG)

-Significant increase in the 4 Hz FMAER 
spectral response and a significant reduction in 
response distortion compared to STAR group 
relative to the NSA group. 
- Significant improvement in STAR group 
subjects’ language ratings 
- Most STAR group children showed significant 
behavioral improvement after treatment. 
-STAR group language and behavior 
improvement were retained one year after 
treatment. 
- Groups did not differ in terms of minor EEG 
abnormalities. -Steroid treatment produced no 
lasting morbidity.

Duffy et al., 2014 
(50)

Case 1: 4.5-year-old 
boy with Childhood 
disintegrative 
disorder (CDD) 
and generalized 
tonic clonic seizure 
Case 2: 4.5-year-
old girl with CDD 
who was mildly 
encephalopathic

Case series Case 1: Prednisolone (40 mg; 2 mg/kg/
day for 2 weeks and then weaned by 5 
mg a week over 8 weeks). Prednisolone 
(2 mg/kg for 2 weeks, tapered over 
1 week

-Remained seizure free on Sodium Valproate 
(30 mg/kg/day) and at 2-year follow-up his 
behavior remained normal. 
-Normal academic school progress at 30 
months follow-up. 
-Slow improvement with fewer periods of 
agitation in the next 3 weeks 
-Clear understanding of some verbal 
commands and developed a little speech.
- No periods of agitation or ataxia,

Mordekar et al., 
2009 (49)

Adrenocorticotropic hormone (ACTH)
ORG 2766 ASD  

(DSM-III) N = 14, 
Age: 5–13 years

Placebo-controlled double-
blind cross-over trial

20 mg/day over 4 weeks period Significant Improvement in irritability, 
stereotypic behaviors, hyperactivity, and 
excessive speech) as measured with ABC

Buitelaar et al., 
1990 (45)

Potential 
benefit

ORG 2766 ASD N = 14  
Age: 5–13 years

Double-blind, placebo-
controlled cross-over trial

20 mg/day over 8 weeks period - Significant Improvement in stereotypic 
behaviors 
- Social interaction-, play behavior, and 
stereotypy 
(P < 0.05 for each) compared with placebo 
(ABC and CGI); 
-Adverse effects were minimal

Buitelaar et al., 
1992 (44)

ORG 2766 ASD,  
N = 20  
Age: 5–15 years

Controlled trial 40 mg/day for 8 weeks -Significant improvement in the children’s play 
behavior and a significant increase in the social 
interaction between child and experimenter. 
-Gaze coordination between child and 
experimenter
—Parents’ checklist ratings (ABC) as well as 
clinicians’ ratings (CGI).

Buitelaar et al., 
1992 (43)

(Continued)
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TABLE 1 | Continued

Drug Participants Type of study Treatment Outcomes References Benefit based 
on strength 
of evidence

ACTH Case 1: 8-year-old 
boy with ASD Case 
2: 2-year-old girl with 
ASD

Case studies Case 1: prednisone l0 mg/day followed 
by ACTH 10 IU/day 
Case 2: 10 mg of prednisone plus 
ampicillin as prophylactic treatment 
daily for two months which was 
replaced by ACTH 10 IU i.m. daily

-He was attentive and had no more echolalia, 
or stereotypies, 
-He was able to communicate using simple 
phrases, and to perform simple tasks; to 
correctly use toys and was willing to play with 
other children 
-Improvement in pronouncing a few words, 
understanding demands, 
-Improved attentiveness, calmness, and less 
isolatedness.

Matarazzo et al., 
2002 (48)

Flavonoids
Children with ASD 
N = 37,  
Age: 4–14 years, 29 
boys and 8 girls

Case studies -luteolin (100 mg) + quercetin (70 mg) + 
Flavonoid (200 mg)  
−2 capsules/20 kg/weight, or at least 
400 mg total flavonoid

-Significant improvement in bowel color, form 
and habits in 2–3 weeks (75%) 
-Significant reduction in Allergic-like symptoms 
in their skin 
-Significant improvement in eye contact, and 
attention to directions (50%) 
-Significant improvement in retained learned 
tasks and social interactions (30–50% of patients) 
-Significant improvement in speaking skills (10%)

Theoharides et al., 
2012 (52)

Unknown 
benefit

ASD children N = 40, 
Age: 4–10 years; 42 
boys and 8 girls

Prospective, open-label trial 
Two age groups: 4–6 years 
(n = 25), 7–10 years (n = 25)

luteolin (100 mg/capsule, from 
chamomile) and quercetin (70 mg/
capsule), and the quercetin glycoside 
rutin (30 mg/capsule) for 26 weeks

-Significant improvement in adaptive 
functioning as measured by Vineland Adaptive 
Behavior Scale (VABS) age-equivalent 
scores in the communication domain, 
daily living skills, and the social domain 
-Significant improvement in overall behavior 
as demonstrated by the decline in ABC 
subscale scores. 
-Age had no significant effect on results

Taliou et al., 2013 
(53)

10-year-old boy Case study Co-Ultramicronized 
Palmitoylethanolamide/ Luteolin: 700 
mg + 70 mg for 1 year

-Significantly decrease both total and subgroup 
scores, in particular; sociability, demonstrating 
improved behavioral outcome, in particular 
sociability (as per ATEC) 
-Significantly reduced most indexes of 
hyperactivity, as shown by reduction in motor 
stereotypies 
-Improved cognition as reported by parents 
and teachers (e.g. understanding of simple 
commands and accomplishing them easily; 
-Improved eye contact and the child’s behavior 
became more affectionate

Bertolino et al., 
2017 (55)
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Drug Participants Type of study Treatment Outcomes References Benefit based 
on strength 
of evidence

Galantamine
Autism (DSM-
IV-TR) Case 1: 
21-year-old male
Case 2: a 32-year-
old male
Case 3: 42-year-old 
male

Case series Case 1: Initial dose of 4 mg each 
month to a maximum of 12 mg as 
an adjunct treatment to his asthma 
medications
Case 2: 4 mg daily Galantamine 
followed by a trial of donepezil due to 
side effects
Case 3: Initial does of 4 mg per day for 
a month to a maximum of 16 mg

Case 1: Improved speech and cognition: active 
speech sound production 
-Spontaneous articulation, proper to the 
context and complex verbalizations 
Case 2: -Improvements in verbalizations, which 
were restricted to one- or two appropriate 
word responses to the questions asked 
Case 3: 
-Slight improvement in spontaneous speech 
and drooling 
-Significant improvement in aggressive 
behavior within the first month of treatment.

Hertzman et al., 
2003 (57)

Potential 
benefit

Children with autism 
N = 13, Mean Age: 
8.8 +/- 3.5 years

12- week Open-label trial -Significant improvement in irritability and social 
withdrawal subscales of ABC 
-Significant progresses in inattention and 
emotional liability (Conners’ Parent Rating 
Scale-R) -Improvement in the anger subscale 
of the Children’s Psychiatric Rating Scale.

Nicolson et al., 
2006 (58)

ASD (DSM IV-TR) 
N = 40, Age: 4–12 
years

Parallel-group, placebo-
controlled, and double-
blind trial Risperidone 
plus galantamine (n = 20) 
Risperidone plus placebo 
(n = 20)

Galantamine administered up to 24 
mg/day or placebo, plus Risperidone 
administered up to 2 mg/day, for 10 
weeks

-Significant improvement in the Irritability and 
Lethargy/Social Withdrawal subscales in the 
galantamine treated patients than the placebo 
group as measured with ABC

Ghaleiha et al., 
2014 (59)

Intravenous immunoglobulin (IVIG)
ASD (DSM-III-R) 
and immunological 
abnormalities N = 10, 
Age: 3–12 years

Open-label Study 400 mg/kg/month for 6 months at 4 
weeks intervals

-Improvements in speech (better articulation 
and improved vocabulary) 
-one child almost completely recovered speech 
-Improved social behavior, better eye contact, 
loss of echolalia, and response to commands. 
- Mild improvement on spontaneous 
meaningful speech

Gupta et al., 1996 
(60)

Potential 
benefit in 
individual with 
concurrent 
immunological 
disorder

ASD (DSM-IIIR) 
N = 10, -Age: 4–17 
years

Open-label study 4 infusions of (154 to 375 mg/kg), every 
6 weeks

Mild improvements in attention and 
hyperactivity (n = 4) 
-No improvements (n = 5) 
- Almost total amelioration of autistic 
symptoms (n = 1)

Piloplys et al., 1998 
(61)
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Drug Participants Type of study Treatment Outcomes References Benefit based 
on strength 
of evidence

ASD (DSM IV) N = 7 
-Age: 3–6 years (6 
male, 1 female),

Pilot Open Clinical Trial 400 mg/kg/month- for 6 months Not beneficial for behaviors or severity Delgiudice-Asch et 
al., 1999 (62)

Outpatient male 
children with autism 
(ICD-10), N = 12, 
Age: 4.2–14.9 years

Double-blind and placebo-
controlled crossover study

0.4 g/kg at once Significant improvement in Irritability, 
hyperactivity, Inadequate eye contact, and 
Inappropriate speech as measured with ABC

Niederhofer et al., 
2003 (63)

ASD N = 26, Age: 
3–17 years

Open retrospective study 400 mg/kg/month IVIG for 6 months -Significant decrease in irritability, social 
withdrawal, stereotypy, hyper- activity, 
inappropriate speech as measured with ABC 
-Regressing to pre-IVIG level within 2 to 4 
months of termination of IVIG (n = 22)

Boris et al., 2005 
(64)

Children with ASD, 
N = 31

Open-label case series Initiated with 2 g/kg monthly with 1 g/
kg/day for 2 days monthly

Reports from parents:  
-Improvements in communication and/or 
language with fewer reporting  
-Improvements in aberrant behavior, repetitive 
behavior, and academics, social interactions, 
tics, motor function, and seizures  
-Significant Improvement in cognition and 
mannerisms on Social Responsiveness Scale, SRS)  
-Mild significant improvement in 
communication and motivation (SRS) 
-Significant improvement in irritability, 
lethargy/social withdrawal, hyperactivity, and 
inappropriate speech as measured with ABC

Connery et al., 
2018 (65)

Lenalidomide
ASD (DSM-IV-TR) 
N = 7, Age: 6–12 
years

Open-label (Pilot Study) 2.5 mg/day for 12 weeks -Significant improvement in socialization, 
expressive, and receptive language (CGI) 
-Significant decreased symptoms of autism 
based on the CARS scores in six children who 
completed the 6-week follow-up

Chez et al., 2007 
(67)

Unknown 
benefit

Memantine
Children with ASD 
(DSM-IV-TR) N = 40, 
Age: 4–12 years

Double-blind, placebo-
controlled study Risperidone 
plus Memantine (n = 20) 
Risperidone plus placebo 
(n = 20)

Risperidone was administered up to 3 
mg/d and memantine was administered 
up to 20 mg/day Initiate Risperidone 
with dose of 0.5 mg with subsequent 
dose increase in 0.5 mg increments 
weekly Initiate Memantine with dose 
of 5 mg/day with subsequent dose 
increase in 5 mg increments weekly for 
10 weeks

Significant improvement in irritability, 
stereotypic behavior, and hyperactivity as 
measured with ABC

Ghaleiha et al., 
2013 (69)

Unknown 
benefit

(Continued)
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Drug Participants Type of study Treatment Outcomes References Benefit based 
on strength 
of evidence

Autistic disorder, or 
Asperger disorder 
((DSM-IV-TR) plus 
Moderate to severe 
ASD based on Social 
Responsiveness 
Scale-Adult Research 
Version (SRS-A), and 
the clinician-rated 
CGI N = 18, Age: 
18–50 years

12-week, open-label 
treatment trial

Initiated with a daily dose of 5 mg that 
was increased by 5 mg weekly up to 
a maximum daily dose of 20 mg twice 
daily. (average dose, 19.7 ± 1.2 mg/day; 
range, 15–20 mg)

-Significant improvement in the severity of core 
features of autism based on (SRS) and (CGI)  
-Significant improvement in impaired reading 
and nonverbal communication based on 
Diagnostic Analysis of Nonverbal Accuracy 
Scale test and in executive function per self-
report (Behavior Rating Inventory of Executive 
Functioning–Adult Self-Report Global Executive)  
-Significant improvement in cognitive dysfunction 
in particular executive areas of emotional control, 
task initiation, cognitive flexibility, self-regulation, 
planning and organization, response inhibition, 
and working memory;  
-Significant improvement in global functioning 
-Significant improvement in anxiety and ADHD 
symptoms

Joshi et al., 2016 
(70)

ASD ((DSM-IV-TR), 
Autism Diagnostic 
Observation 
Schedule (ADOS) 
and the Autism 
Diagnostic Interview-
Revised (ADI-R) 
N = 121, Age: 6–12 
years Study 2: ASD 
(DSM-IV-TR) N = 66 
(completed the study) 
Age: 5–16 years

Study 1: 12- week, 
randomized, double-blind, 
placebo-controlled, parallel-
group. Placebo (n = 61), 
Memantine (n = 60). Study 
2: 48-week open-label 
extension trial (enrolled 
participants n = 102; n = 66, 
completed the study) 
Placebo/Memantine (n = 35), 
Memantine/Memantine 
(n = 31)

Memantine doses were administered 
based on bodyweight and ranged 
between 3 and 15 mg/day

Study 1:  
-No significant between-group difference 
on the efficacy outcome of caregiver/parent 
ratings based on the Social Responsiveness 
Scale (SRS),  
-A Significant improvement as compared to 
baseline at Week 12 in both groups  
Study 2:  
-A tendency for improvement at the end of the 
extension period (48 weeks).  
-No significant improvements in the active 
group  
- Significant worsening of one communication 
measure in memantine group relative to 
placebo after 12 weeks.

Aman et al., 2017 
(71)

Minocycline
ASD (Autism 
Diagnostic Interview 
- Revised (ADI-R)), 
DSM-IV, or the 
Autism Diagnostic 
Observation 
Schedule N = 10 
Age: 3–12 years

Open-label trial 1.4 mg/kg over 6 months No clinical improvement noticed Pardo et al., 2013 
(73)

Unknown 
benefit

(Continued)
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ASD (DSM-IV-TR) 
N = 46

Randomized, double-blind 
placebo-controlled trial 
Risperidone plus minocycline 
(n = 23), Risperidone plus 
placebo (n = 23)

50 mg twice per day for 10 weeks plus 
Risperidone titrated up to 2 mg/day

-Significant improvement of irritability and 
hyperactivity/noncompliance

Ghaleiha et al., 
2016 (74)

N-acetylcysteine
Children with ASD 
(DSM-IV-TR),  
N = 29, Age: 3–12 
years

Double-blind, randomized, 
placebo-controlled study 
NAC (n = 14) Placebo 
(n = 15)

Initiated with 900 mg/daily for 4 weeks, 
followed by 900 mg/twice daily for 4 
weeks and then 900 mg/three times 
daily for 4 weeks

-Significant reduction in irritability in the 
treatment group as measured with ABC 
-Significant improvement on stereotypies as 
measured with RBS-R  
- Significant improvements in social cognition 
and autism mannerisms as measured with SRS

Hardan et al., 2012 
(80)

Potential 
benefit

8-year-old boy with 
ASD (DSM-IV)

Case study 800 mg per day over 6 weeks - Significant reduction in his nail-biting behavior  
- Significant reduction in his autistic symptoms 
1 month after the onset of treatment  
-Significant improvement in: social interaction 
( visual analog scale), verbal skills and 
communication (visual analog scale), 
aggressive behavior, hyperactivity and limited 
interests, and severity and frequency of his 
blinking tic (parents report)

Ghanizadeh et al., 
2012 (78)

Children and 
adolescents with 
ASD (DSM-IV-TR), 
N = 40, Age: 3.5–16 
years

Randomized double blind 
placebo controlled trial NAC 
plus Risperidone (n = 17) 
Placebo plus Risperidone 
(n = 14)

1200 mg/day NAC + Risperidone or 
placebo + Risperidone for 8 weeks

Significant improvement in irritability as 
measured with ABC

Ghanizadeh et al., 
2013 (81)

4-year-old boy with 
self-injurious behavior

Case study Initiated with 0.45 g/d and titrated up to 
1.8 g/day over 3 weeks

Improvement in frequency and severity of self-
injurious behavior

Marler et al., 2014 
(77)

17 years old 
with ASD

Case study Administered 20% acetylcysteine oral 
solution started at 600 mg twice daily 
as an add-on to Quetiapine therapy for 
six weeks. continued acetylcysteine 
with 900 mg twice a day plus 
Quetiapine 200 mg twice a day

Significantly improved tantrums, irritability, and 
aggressive behavior

Stutzman et al., 
2015 (79)

Children with autism 
spectrum disorder 
(ASD) N = 40, Age: 
4–12 years

A Randomized, Double-Blind, 
Placebo-Controlled Clinical 
Trial Risperidone plus NAC 
(n = 20) Risperidone plus 
placebo (n = 20)

Risperidone administered up to 1 and 
2.0 mg/d, NAC dosage was 600 to 900 
mg/day over 10 weeks

-Significant interaction of time and treatment 
on irritability, and hyperactivity/ Noncompliance 
subscales.  
-By the end of trial, the treatment group 
had more improvement in irritability and 
hyperactivity/ noncompliance subscales scores 
as measured with ABC

Nikoo et al., 2015 
(82)

(Continued)
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Drug Participants Type of study Treatment Outcomes References Benefit based 
on strength 
of evidence

Children with 
Asperger’ s disorder, 
PDD NOS, ASD 
((DSM-IV, (ADI-R))) 
N = 31, Age: 4–12 
years

Randomized, double-blind, 
placebo-controlled trial NAC 
(n = 16), Placebo (n = 15)

Regular daily dose was 56.2 mg/
kg over week 12, with dose varying 
between 33.6 - 64.3 mg/kg. Initiated 
with the dose of 300 mg/day for 
weights between 15 to 30 kg Initiated 
with the dose of 600 mg/day, > 30 kg

- No significant difference between the 
treatment and placebo groups on the CGI test

Wink et al., 2016 
(83)

Children with ASD 
(DSM-IV-TR) N = 98, 
Age: 3–9 years

Placebo-controlled, 
randomized clinical trial NAC 
(n = 48) Placebo (n = 50)

500 mg/day orally administered over 
6 months

-No significant differences between treatment 
and placebo-treated groups for, scores on the 
SRS, Children’s Communication Checklist and 
the RBS  
-No significant difference found on the three 
global impression scales: DBC-P, CGI, and 
PGI-I

Dean et al., 2017 
(84)

Palmitoylethanolamide
Case 1: 13-year-old 
male with autism 
Case 2: 15-year-old 
male with autism

Case series Case 1: Oral administration of 1/2 
tablet (300 mg) twice daily, followed by 
(600 mg) tablet twice daily for a month 
Case 2: 600 mg tablet for 3 months

Case 1: -Improvement in his behavior and 
expressive language (parents and school 
teacher’s reports)  
-Decrease in tantrums, outburst, self-talking, 
and stereotypies. -Improvement in skin 
eczema, nose-picking, asthmatic cough, and 
allergy stigmata  
Case 2: -Improvement in speech, sociability, 
sensory/cognitive, and overall behaviour 
-Improvement in aggression and cognitive and 
behavioral skills, and Language

Antonucci et al., 
2015 (87)

Potential 
benefit

Autistic children 
(DSM-V) N = 62, 
Age: 4–12 years

Randomized, parallel group, 
double-blind placebo-
controlled trial Risperidone 
plus PEA (n = 31), Risperidone 
plus placebo group (n = 31)

Children in both groups received 
Risperidone equally with initial dose of 
0.5 mg and stepwise 0.5-mg weekly 
increases for the first 3 weeks plus 600 
mg PEA twice daily over 10 weeks

-Significant improvement on ABC irritability 
and hyperactivity/noncompliance, and 
inappropriate speech symptoms related to 
risperidone plus placebo group

Khalaj et al., 2018 
(88)

Pentoxifylline
Behavioral anomalies 
of biological basis or 
autism N = 36, Age: 
3–15 years

Open-label study 150–600 mg/day over 1 month -Remarkably effective in (N = 10) Fairly effective 
in (N = 8) Slightly effective in (N = 3) No effect 
(N = 2)  
-Improvement in sameness maintenance 
syndrome as well as in increasing the 
understanding of language and human 
relations and in their self-image to the extent 
(based on authors observations)

Sogame et al., 
1978 (90)

Potential 
benefit

ASD N = 30 Case 
reports: aged 12, 13, 
and 15 years

Open-label study Not specified -Marked improvement (n = 6) -Slight 
amelioration of symptoms (n = 14) -three out of 
six patients reported marked improvement

Nakane et al., 1980 
(91)

Male autistics N = 20, 
Age: 3–22 years

Open-label study 200 mg/day for 3 months –35% improvement in behavior and mental 
development

Shimoide et al., 
1981 (92)

(Continued)
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Psychotic (N = 18) 
and autistic children 
(N = 2): a 5-year-old 
boy and a 7-year-old 
girl

Open-label study Dose of 50 mg/day to 200 mg/day 
Over 4–10 months

-Significant improvement in pronunciation of 
syllables and words  
-Significant improvements in behavior and in 
language  
-Significant Increased in attention to others 
and speech 
-Improvement in pronunciation of syllables and 
words

Turek et al., 1981 
(93)

ASD (based on 
DSM IV-TR) N = 40, 
Age: 4–12 years

Randomized double-
blind, placebo-controlled 
Risperidone plus pentoxifylline 
(n = 20), risperidone plus 
placebo (n = 20)

Pentoxifylline: 200- 600 mg/day 
Risperidone: 0.5- 3 mg/day Over 
10 weeks

Significant improvement in:  
-Irritability, social withdrawal, and stereotypic 
behavior 
-Hyperactivity and inappropriate speech As 
measured with ABC

Akhondzadeh et al., 
2010 (94)

Pioglitazone
ASD (DSM-IV) N = 25, 
Age: 3 –17 years

Open-label study 30 mg/day for individuals with age 
range of 3 to 5 years 60 mg/day for 
individuals with age range of 6–17 
years -Over 4 months

-Significant decrease in hyperactivity, Irritability, 
lethargy, and stereotypy as measured with ABC

Boris et al., 2007 
(98)

Potential 
benefit

Outpatients with ASD 
N = 40, Age: 4–12 
years

Randomized, double-blind, 
parallel-group, placebo-
controlled trial Risperidone 
plus Pioglitazone (n = 20) 
Risperidone plus placebo 
(n = 20)

Risperidone: initial dose of 0.5 mg/
day which was titrated in 0.5 mg 
increments every week over 10 weeks 
Pioglitazone: dose of 30 mg/day (15 
mg two times daily) in one group

-Significant reduction in irritability, lethargy/
social withdrawal and hyperactivity/
non-compliance

Ghaleiha et al., 
2015 (99)

Riluzole
ASD (DSM-IV-TR), 
N = 40, Age: 5–12 
years

Double-Blind, Placebo-
Controlled, Randomized Trial 
Risperidone plus Riluzole (n = 
20), Risperidone plus placebo 
(n = 20)

Riluzole administered up to 50 or 100 
mg/day according to bodyweight. 
Risperidone administered up to 2 or 3 
mg/day (according to bodyweight) for 
10 weeks.

-Significant improvement in the irritability, 
lethargy/social withdrawal, stereotypic 
behavior, and hyperactivity/non-compliance 
subscale in Riluzole-treated patients - 11 
individuals in Riluzole group and 5 individuals 
in the placebo group were categorized as 
responders according to their CGI scores

Ghaleiha et al., 
2013 (110)

Potential 
benefit

Spironolactone
12-year-old boy with 
well-established 
autism, immune 
dysregulation, and 
food allergies

Case Report 2 mg/kg/day for 4 weeks -Significant improvement in irritability, social 
withdrawal, stereotypy, hyperactivity, inappropriate 
speech as measured with ABC 
-Significant improvement in receptive language 
(as measured with Peabody Picture Vocabulary 
Test III)

Bradstreet et al., 
2007 (103)

Unknown 
benefit

Topiramate
Autistic children 
(DSM IV), N = 40, 
Age: 3–12 years

Double-blind, placebo-
controlled trial Risperidone 
plus Topiramate (n = 20) 
Risperidone plus placebo 
(n = 20)

Risperidone was administered up to 2 
mg/d for children between 10 and 40 kg 
and 3 mg/day for >40 kg. Topiramate 
was administered up to 100 mg/day for 
individuals <30 kg and 200 mg/day for 
individuals >30 kg) over 8 weeks

Significant improvement on irritability, 
stereotypic behavior, and hyperactivity/non-
compliance subscales as measured with ABC

Rezaei et al., 2010 
(107)

Potential 
benefit
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behavioral improvement were the ones that had reduction in the 
serum levels of IL-6 and TNF following treatment with luteolin 
(54). Most recently, Bertolino and colleagues reported a single case 
of a 10-year-old boy with regressive ASD and history of recurrent 
febrile seizure who underwent treatment with a flavonoid 
supplement (Palmitoylethanolamide/Luteolin) over a 12-month 
period (55). Treatment with the flavonoid supplement led to 
improvement in ASD symptoms as measured by ASD treatment 
evaluation checklist (ATEC) and a scale for stereotypic behavior 
and the frequency of enuresis. No side effects were reported.

Overall, there may be a potential for the use of flavonoid in 
the management of individuals with ASD that need to be further 
examined in robust clinical trials. Due to insufficient evidence, 
no clinical recommendations can be made so far with regard to 
the use of flavonoids.

Galantamine
Galantamine is an acetylcholinesterase inhibitor approved 
for the treatment of Alzheimer’s disease. It also has anti-
inflammatory properties by inhibiting the pro-inflammatory 
markers, such as TNF and cytokines (56). Hertzman studied 
the effect of galantamine on three adults with autism (57). 
The first patient was a 21-year-old male. Treatment with 4 
mg of galantamine for a month led to improvement in verbal 
communication and the patient started making sound and 
responding. The second case was a 32-year-old male that after 
treatment with 4 mg of galantamine presented with improvement 
in verbalization; however, he experienced allergic reactions and 
the medication was discontinued. The third case was a 42-year-
old male. He presented aggressive behaviors and never had verbal 
communication. Treatment with 4 mg of galantamine within a 
month led to reduction of aggressive behaviors. In a more recent 
study, Nicolson and colleagues studied galantamine effects in an 
open-label trial on 13 children (mean age, 8.8 ± 3.5 years) with 
autism over a 12-week period (58). Children presented significant 
improvement in irritability and social withdrawal as measured by 
ABC and emotional liability and attention as measured by Conners’ 
parent-rating scale. Moreover, children presented improvement 
in aggression as measured by the children’s psychiatric rating 
scale. Except for headache in one child, galantamine treatment 
was well tolerated. In the only randomized controlled trial 
available, Ghaleiha and colleagues compared risperidone plus 
galantamine (n = 20) with risperidone plus placebo (n = 20) over 
a 10-week period in children (age range of 4–12 years) with ASD 
(59). They observed a significant improvement in irritability and 
lethargy/social withdrawal subscales of ABC with galantamine 
as compared to placebo. The side effects were not significantly 
different between the groups. These initial findings indicate the 
potential to further evaluate the benefit and safety of galantamine 
for autistic individuals in robust clinical trials.

Intravenous Immunoglobulin
Several open-label trials have investigated intravenous 
immunoglobulin (IVIG) therapy in ASD, particularly those 
with concomitant immunological deficits. Gupta and colleagues 
administered IVIG to 10 children (age range of 3–6 years) with 

ASD and IgG deficiency and/or high levels of maternal rubella 
antibody at 4 weeks interval for a minimum period of 6 months 
(60). Behavior, cognition, and developmental characteristics of 
these children were evaluated using Peabody picture vocabulary 
test, the VBAS, skill evaluation, and preschool language test. 
Treatment with IVIG resulted in improvement in social behavior, 
eye contact, echolalia, response to commands, and speech.

Later, Plioplys and colleagues studied IVIG administration in 
10 children (age range of 4–17 years) with ASD and immunologic 
abnormalities (61). The IVIG infusions were administered every 
6 weeks. Six children received four infusions and one individual 
each received 1, 3, 5, and 6 infusions. While five individuals did 
not experience any changes in their symptoms, four children were 
reported by their parents to have mild improvement in attention 
and hyperactivity. One individual had a significant improvement 
in social behavior and language in a step-wise fashion after each 
infusion. However, the clinical improvement reversed 2 months 
after the last (6th) infusion, and he again presented with the same 
severe autistic symptoms as he presented before participating in 
the study.

DelGiudice-Asch and colleagues administered IVIG to seven 
children (age range of 3.5–6 years) with ASD without known 
immunological anomalies at monthly intervals over a 6-month 
period (62). Five children received the six infusions and finished 
the study. Overall there were no significant improvement in any 
of the clinical symptoms as measured by Ritvo-Freeman Real 
Life rating scale, the children Yale-Brown Obsessive-Compulsive 
Scale, CGI scale for autistic disorder, and the ASD modification 
of the NIMH global obsessive-compulsive scale.

In a double-blind, placebo-controlled crossover study, 
Niederhofer and colleagues studied the effects of a single dose 
of IVIG on clinical symptoms of 12 children (age range of 4.2–
14.9 years) with ASD as measured by ABC (63). The participants 
were medication free and had no immunological disorders. They 
found a significant improvement in parent-reported irritability, 
hyperactivity, inadequate eye contact, and inappropriate speech 
as measured by ABC and drowsiness and decreased activity 
as measured by the symptom checklist. However, none of the 
clinician ratings showed significant differences between placebo 
and IVIG groups. No remarkable side effects were noted.

In an open-label study, Boris and colleagues administered 
IVIG to 26 children (age range of 3–17 years) with ASD (with 
history of developmental regression) at a monthly basis for 
6 months (64). They observed a significant improvement in 
total aberrant score (37%), hyperactivity (39%), inappropriate 
speech (25%), irritability (42%), lethargy (35%), and stereotypic 
behavior (28%) on the ABC. Only a small number of the 
participants experienced side effects. However, most children’s 
behavior returned to their pre‐IVIG status within 2–4 months of 
discontinuing the IVIG.

In an open-label case-series study, Connery and colleagues 
administered IVIG to 31 children (mean age of 9 years and 9 
months with standard deviation of 4 years and 5 months) with 
ASD and autoimmune encephalopathy on a monthly basis (65). 
Clinical outcomes were measured using ABC and the Social 
Responsiveness Scale (SRS) as completed by the caretakers. IVIG 
treatment resulted in significant improvement in cognition and 
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mannerism sub-scales and the total score of SRS. Moreover, 
they reported a significant improvement in irritability, lethargy, 
hyperactivity, and speech sub-scores as well as the total score of 
ABC. The most common side effects were headache and vomiting, 
which were common but limited to the infusion period.

Taken together, current evidence suggests potential benefit 
of IVIG in children with ASD and concomitant immunological 
disorders, such as autoimmune encephalopathy; however, given 
the common side effects and the invasiveness of the intervention, 
IVIG treatment needs to be considered cautiously, weighing 
the risks and benefits. More robust clinical trials in large cohort 
are required to further establish the evidence. For children 
with ASD without known immunological deficits, current 
evidence is inconsistent and insufficient, and therefore, there is 
no clear rationale so far to recommend IVIG treatment for this 
subpopulation of ASD.

Lenalidomide
Lenalidomide, a derivative of thalidomide, is an 
immunomodulatory medication widely used in the treatment 
of hematologic disorders and malignancies (66). In an open-
label study, Chez and colleagues administered lenalidomide to 
seven male children aged 6 to 12 years with ASD and history of 
developmental regression and elevated levels of TNF-alpha, for a 
12-week period (67). They observed a significant improvement 
in ASD symptoms as measured by the Childhood Autism Rating 
Scale (CARS) and also in expressive language as measured 
by CGI. Moreover, although not significant, treatment with 
lenalidomide decreased the levels of TNF-alpha in both serum 
and CSF. However, it is important to note that among the seven 
children enrolled, two developed a rash and discontinued the 
study, and an additional one discontinued from the study after 
eight weeks due to transient drop of absolute neutrophil count 
to <1500.

Memantine
Memantine is an NMDA receptor blocker with suggested 
neuroprotective and anti-inflammatory effects (68). Ghaleiha and 
colleagues in a randomized controlled trial compared treatment 
with memantine plus risperidone (n = 20) with risperidone plus 
placebo (n = 20) in children (age range of 4–12 years) with ASD 
(69). They reported significant improvements in irritability, 
stereotypic behavior, and hyperactivity/non-compliance as 
measured by ABC in the memantine group compared to the 
placebo group. They did not find any significant difference in the 
side effects between groups. More recently, an open-label study 
evaluated the efficacy and tolerability of memantine on 18 adults 
(age range of 18–50 years) with autism over a 12-week period 
(70). Treatment with memantine was associated with significant 
improvement in autism severity as measured by the SRS, CGI, 
MGH ASD rating scale, and brief psychiatric rating scale as 
well as anxiety, ADHD symptoms, nonverbal communication 
(measured by Diagnostic Analysis of Nonverbal Accuracy Scale 
test) and in executive function (measured by the Behavioral 
Rating Inventory of Executive Functioning and Cambridge 

neuropsychological test automated battery). Treatment with 
memantine was not associated with any serious adverse event. 
Most recently, in the largest randomized controlled trials so far 
on the efficacy of memantine in children (age range of 6–12 years) 
with autism, Aman and colleagues compared treatment with 
memantine (n = 60) with placebo (n = 61) over a 12-week period 
(71). They did not observe any significant clinical improvement 
as measured by the SRS, although in the 48-week open-label 
follow up, a trend of improvement was observed. They reported 
two serious adverse events during the study that both were 
recognized to be unrelated to the treatment.

Taken together, the current evidence does not support a role 
for memantine in the treatment of core autism characteristics 
and associated challenges. It is notable that some large-scale 
randomized controlled trials are still ongoing (e.g. https://
clinicaltrials.gov/ct2/show/NCT01972074).

Minocycline
Minocycline is a tetracycline-class antibiotic with anti-
inflammatory effects (72). In an open-label trial, Pardo and 
colleagues investigated the effect of minocycline on clinical 
measures (as measured by CGI and VABS) and blood/
cerebrospinal fluid (CSF) growth factors and markers of 
inflammation in autistic children (age range of 3–12 years) with 
history of regression (n = 10) over a 6-month period (73). While 
minocycline did not have a significant effect on core autism 
symptoms and adaptive functioning, it significantly reduced IL-8, 
an anti-inflammatory cytokine, and brain-derived neurotrophic 
factor (BDNF) in the CSF, and BDNF level (as normalized by 
alpha-2 macroglobulin level) in serum. In contrast to BDNF, 
hepatic growth factor (HGF) in the CSF significantly increased 
after treatment with minocycline.

In a randomized placebo-controlled trial, Ghaleiha and 
colleagues evaluated the effect of minocycline as an adjunctive 
therapy to risperidone in autistic children over a 10-week period 
(74). Minocycline significantly improved scores on irritability 
and hyperactivity/noncompliance on the ABC; however, it did 
not have any significant effect on lethargy/social withdrawal, 
stereotypic behavior, and inappropriate speech. The authors 
did not report any significant difference in side effects between 
groups. The observed difference in the effects of minocycline 
on clinical presentations of the participants in the above studies 
might be due to the difference in the administered dosage, 1.4 
mg/kg/day in the Pardo et al. study (73) versus 100 mg/day in the 
Ghaleiha et al. study (74).

Taken together, there is still insufficient evidence to support 
the use of minocycline in the treatment of core autism symptoms 
or associated challenges.

N-Acetylcysteine
There is a growing interest in the potential use of N-acetylcysteine 
(NAC) in the treatment of psychiatric disorders (75). NAC acts 
as a precursor for glutathione, the most abundant antioxidant 
in the brain and is shown to have both anti-oxidant and anti-
inflammatory properties in the body (76). Several case reports and 
trials have investigated the effect of NAC in individuals with ASD.
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In a case study, Marler and colleagues administered NAC to a 
4-year-old autistic child with self-injurious behavior over a 3-week 
period and observed improvement in frequency and severity of 
self-injurious behavior (77). In another case study, Ghanizadeh 
and Derakhshan examined NAC effects on clinical symptoms 
of an 8-year-old boy with ASD over a 6-week period (78). They 
observed significant improvement in social impairment, social 
interaction, nail-biting behavior, verbal skills and communication, 
tics, and aggression as measured with visual analog scale by the 
parents. Stutzman and Dophiede studied a 17-year-old boy with 
ASD and intellectual disability who was treated with NAC as an 
adjuvant therapy to quetiapine over 6 weeks (79). Treatment with 
NAC led to a reduction in irritability and aggressive behaviors.

Several small-scale clinical trials suggest a potentially 
positive role for NAC. Hardan and colleagues in a 12-week 
randomized controlled trial treated children (age range of 3.2–
10.7 years) with ASD with NAC (n = 14) or placebo (n = 15) 
(80). They observed a significant improvement in irritability 
(as measured by the ABC) and a trend toward significance 
on stereotypic/repetitive behaviors (as measured by ABC and 
Repetitive Behavior Scale-Revised) in the NAC compared to 
the placebo group. Additionally, NAC significantly improved 
mannerism score (as measured by the SRS). Groups did not 
significantly differ in terms of medication side effects. In a more 
recent randomized controlled trial, Ghanizadeh and colleague 
observed a significant improvement in irritability score (as 
measured by ABC), but not the core autism symptoms, in 
children (age range of 3.5–16 years) with ASD treated with 
risperidone and NAC (n = 17) as compared to risperidone 
and placebo (n = 14) over an 8-week period (81). In this trial, 
the most commonly reported side effects were constipation, 
increased appetite, fatigue, nervousness, and daytime 
drowsiness. In a similar study, Nikoo and colleagues compared 
autistic children (age range of 4–12 years) under treatment 
with risperidone and NAC (n = 20) with those treated with 
risperidone and placebo (n = 20) over a 10-week period (82). 
They observed a significant improvement in irritability and 
hyperactivity/noncompliance as measured by the ABC. No 
significant differences in side effects were found between 
the groups. Wink and colleagues in a 12-week randomized 
controlled trial compared autistic children (age range of 4–12 
years) on NAC (n = 16) versus placebo (n = 15) (6 patients 
were later excluded due to adverse effects or losing follow up) 
in terms of their social impairment as measured by CGI scale, 
and also oxidative stress markers in the blood (83). They did 
not find any significant difference between groups with regard 
to their CGI, ABC, SRS, or VABS-II scores. However, they 
observed a significant increase in the level of glutathione and 
a trend toward significance for increase in the level of oxidized 
glutathione (GSSG) in the NAC group.

Dean and colleagues in a randomized controlled trial 
compared treatment with NAC versus placebo in 98 children (age 
range of 3.1–9.9 years) with ASD (50 in the placebo group, 48 in 
the NAC group) (84) and observed no significant effect of NAC 
on their primary (i.e. SRS, RBS-R, and children’s communication 
checklist (CCC-2)) or secondary (i.e. CGI or developmental 

behavior checklist) outcomes. There was no significant difference 
in the frequency or severity of adverse events between groups.

Overall, although initial small-scale clinical trials show the 
potential of NAC in reducing irritability in children with ASD (and 
possibly some aspects of autistic characteristics in the repetitiveness 
domain), follow-up larger-scale trials so far fail to show impact on 
ASD core characteristics. Considering the relatively safe side effect 
profile, NAC may have a positive role in the treatment of irritability 
in autistic children (85), but so far there is no evidence supporting 
its use in targeting ASD core symptoms.

Palmitoylethanolamide
Palmitoylethanolamide is a fatty acid amide with neuroprotective, 
anti-inflammatory, and anti-nociceptive properties that exert its 
effect through the peroxisome proliferator-activated receptors 
(PPAR)-dependent pathway (86). In a case report, Antonucci 
and colleagues studied efficacy of palmitoylethanolamide on 
two adolescents with autism. The first was a 13-year-old male 
with regressive autism and history of eczema and allergy. After 
treatment with palmitoylethanolamide (Normast®; initially 600 
mg daily and then 1200 mg daily) for 1 month, they observed 
a significant improvement in the CARS-2 score, behavior 
(i.e. tantrums, stereotyped behaviors, self-talking, outbursts), 
language abilities, and allergic symptoms (87). The second child 
was a 15-year-old male with a history of epilepsy. Treatment with 
Normast for three months led to significant improvement in 
ATEC score, aggression, cognition, and behavioral skills as well 
as blood IgE levels. In a randomized controlled trial, Khalaj and 
colleagues compared risperidone plus palmitoylethanolamide 
versus risperidone plus placebo over a 10-week period in 
children (age range of 4–12 years) with ASD (88). Treatment with 
palmitoylethanolamide resulted in significant improvement in 
ABC irritability and hyperactivity/noncompliance compared to 
placebo. The groups did not differ with regard to the side effects.

Taken together, more randomized controlled trials are needed 
to evaluate the use of palmitoylethanolamide in the treatment of 
core autism characteristics or associated challenges, as current 
evidence is still too limited to support its clinical use.

Pentoxifylline
Pentoxifylline is a xanthine derivative which has an inhibitory 
effect on inflammatory responses in the body (e.g. by interfering 
with TNF-alpha effect) (89). In an early open-label trial, Sogame 
administered pentoxifylline to 36 children (age range of 3–15 
years) with ASD or behavioral disorders with organic etiology 
(90). He observed improvement in maintenance of sameness, 
language, and relation with others in the majority of the 
participants. He observed side effects, such as nausea, vomiting, 
headache, and low blood pressure in a small number of the 
participants. Nakane reported results of an open-label study 
of pentoxifylline on 30 children with ASD (91). Children were 
also on haloperidol. The assessment was based on the parents’ 
observation. While six children had significant improvement of 
symptoms, 14 children presented minor improvements. Shimoide 
administered pentoxifylline to 20 male individuals (age range 
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of 3–22 years) with ASD over a 3-month period and observed 
improvement in at least two of their three assessments (i.e. 
patients’ behavior in specific situations, mental developmental 
scale for young children, Seiken’s critical list for autistic children) 
(92). Side effects were related to gastrointestinal symptoms. 
Turek studied the effects of pentoxifylline on 2 children (a 
5-year-old boy and a 7-year-old girl) with ASD and 18 with 
psychosis (93). He observed significant improvement in syllables 
and words pronunciation of the autistic children. Observed side 
effects were limited to excitement and sleep disturbances. In the 
only randomized controlled trial, Akhondzadeh and colleagues 
compared treatment with risperidone plus pentoxifylline 
(n = 20) versus risperidone plus placebo (n = 20) (94). Treatment 
with pentoxifylline led to a significant improvement on ABC 
in irritability, lethargy/social withdrawal, stereotypic behavior, 
hyperactivity/noncompliance, and inappropriate speech. Side 
effects were not significantly different between groups.

Taken together, pentoxifylline may be a beneficial adjuvant 
therapy for ASD when combined with risperidone, but the 
evidence is still insufficient, and robust clinical trials are needed.

Pioglitazone
Pioglitazone is an antidiabetic medication of the thiazolidinedione 
class that is commonly used for reducing blood glucose in patients 
with type 2 diabetes mellitus. It exerts its effect mainly through 
the peroxisome proliferator-activated receptors (PPAR) pathway. 
Due to the anti-inflammatory properties of this medication, it 
is suggested to be potentially beneficial in the management of 
psychiatric disorders (95–97). In an open-label trial, Boris and 
colleagues administered pioglitazone to 25 children (age range of 
3–17 years) with ASD over a 3- to 4-month period and observed 
a significant improvement in irritability, lethargy, stereotypy 
behaviors, and hyperactivity as measured by the ABC (98). 
Improvements in irritability, lethargy, and hyperactivity were 
significantly associated with age, suggesting younger participants 
may benefit more from pioglitazone than older children. No 
significant side effects were observed among the participants.

Most recently, a 10-week randomized controlled trial 
compared the efficacy of risperidone plus pioglitazone (n = 
20) versus risperidone plus placebo (n = 20) (99). This study 
found a significant improvement in ABC irritability, lethargy/
social withdrawal, and hyperactivity/non-compliance after 
treatment with pioglitazone as compared to placebo. There was 
no significant difference in the side effects (mostly vomiting and 
headache) between pioglitazone and placebo groups.

Collectively, initial findings suggest a potential beneficial 
role for pioglitazone in the management of ASD in children, yet 
robust clinical trials are needed to provide adequate evidence.

Riluzole
Riluzole is known as the only beneficial medication for increasing 
survival in patients with amyotrophic lateral sclerosis (ALS). 
It mainly exerts its effect by inhibiting presynaptic release of 
glutamate. It is also shown to have anti-inflammatory effects (100). 
In a randomized controlled trial, Ghaleiha and colleagues (110)
compared risperidone plus riluzole (n = 20) versus risperidone 

plus placebo (n = 20) over a 10-week period in children (age range 
of 5–12 years) with ASD. They observed significant improvement 
in ABC irritability, lethargy/social withdrawal, stereotypic 
behavior, and hyperactivity/noncompliance. Regarding the side 
effects, the riluzole group had significantly higher increase in 
appetite and weight gain. It is noteworthy that a large phase 2 trial 
studying riluzole effects on 58 participants has been conducted 
recently (https://clinicaltrials.gov/ct2/show/NCT01661855).

Spironolactone
Spironolactone as an antagonist for aldosterone receptor has 
a primary use in the management of condition associated 
with elevated levels of aldosterone. It is shown to have anti-
inflammatory properties, potentially due to its affinity for other 
steroid receptors (101, 102). In a single case report and hypothesis 
paper, Bradstreet and colleagues administered spironolactone to 
a 12-year-old child with ASD and elevated testosterone level, 
over a 4-week period and observed improvement in irritability 
(79%), lethargy (83%), stereotypic behavior (60%), hyperactivity 
(72%), and inappropriate speech (67%) as measured by the ABC 
(103). They also noted improvement in receptive language.

Topiramate
Topiramate is an anti-epilepsy medication which is known to have 
neuroprotective effects (104), exerting through anti-inflammatory 
and antioxidant effects (105, 106). In the only study in autistic 
individuals, Rezaei and colleagues compared risperidone plus 
topiramate (n = 20) with risperidone plus placebo (n = 20) over 
an 8-week period in children (age range of 3–12 years) with ASD 
and observed a significant improvement in ABC irritability, 
stereotypic behavior, and hyperactivity/noncompliance (107). The 
topiramate group had significantly higher number of somnolence 
and decreased appetite than the placebo group.

Although initial evidence implies a potentially positive 
adjuvant role for topiramate, more robust clinical trials are 
required to determine whether the benefits are consistent and 
outweigh the side effects.

CONCLUSIONS AND FUTURE DIRECTION
While pharmacological interventions are frequently used in the 
management of concomitant psychiatric and behavior challenges 
in individuals with ASD, they have limited effect on the core 
symptoms of ASD. Current evidence on the role of inflammation 
in the underlying mechanisms leading to autism, or more 
importantly, to specific subgroups/subtypes of autism (e.g. those 
with concurrent immunological disorders) (27), has fueled the 
research on the potential use of agents with anti-inflammatory 
effects in the management of this condition (108) [as in a 
recent example of the treatment for a subgroup of individuals 
with depression (109)]. The literature on anti-inflammatory 
medications in the management of ASD is still in its infancy, 
dominated by case reports and open-label studies, with only a 
small portion of double-blind randomized controlled trials (in 
which many acted as adjuvant agents combined with risperidone) 
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for which the findings are often not replicated yet. Nevertheless, 
certain findings imply potential for future investigation with more 
robustly conducted trials, especially in ASD subgroups such as 
those with concurrent immunological disorders, developmental 
regression, or high irritability/behavioral challenges.

This literature implies potential benefits of the following 
medications for ASD children with severe behavioral 
challenges (alone or especially when acting as an adjuvant 
agent with risperidone): amantadine, celecoxib, galantamine, 
N-acetylcysteine, palmitoylethanolamide, pentoxifylline, 
pioglitazone, riluzole, and topiramate. A small number of case 
report and case-series studies suggests a potential role for 
corticosteroids and ACTH in the management of regressive 
autism. Flavonoids are suggested by a few open-label studies to 
be a safe medication to potentially improve behavioral symptoms 
such as irritability. IVIG might be beneficial in ASD individuals 
with concurrent immunological disorders. Lenalidomide 
appeared to be beneficial to ASD individuals with developmental 
regression and with elevated TNF-alpha. However, it is 
important to note that the current evidence for efficacy and 
safety of all these medications in individuals with ASD is still 
very preliminary and inconclusive. For clinical decision making, 
safety should be the primary concern. These medications 
should be considered only when 1) the medication is indicated 
for the co-occurring medical disorder (e.g. immunological 
disorders); or 2) standard treatments have been depleted or are 
insufficient, and the potential benefits are judged to outweigh 
potential harms [note: N-acetylcysteine has been recommended 
in the latest clinical care pathway for reducing irritability in 
autistic individuals (85)]. Current evidence on the role of anti-
inflammatory agents in ASD should be interpreted considering 
the following limitations. First, across all medications reviewed 
here, there is a lack of rigorous randomized double-blind 
placebo-controlled trials and very few successful replications 

so far. The available literature is enriched with case reports and 
open-label studies. There are a few randomized controlled trials, 
but they are often of small sample sizes and are being tested 
in the context of an adjuvant agent (i.e., with risperidone). 
Therefore, based on the studies that evaluate anti-inflammatory 
medications as adjuvant therapy, it is unclear whether the effect 
of an anti-inflammatory medication comes from the medication 
(or the anti-inflammatory action) itself. Secondly, most clinical 
trials have focused on short-term effects (about 12 weeks) of the 
medications. It can be difficult to detect significant changes in 
a short period of time, and the evidence for long-term efficacy 
or safety is still lacking. Finally, for most of the medications 
reviewed here, the exact mechanisms of action (including the 
biological link between their anti-inflammatory mechanisms 
and behavior changes of the individual) are not clear, so the 
interpretation of the findings is challenging, especially when 
there are other potentially non-immune-mediated mechanisms 
of action that may contribute to the neurobiological basis of 
ASD (e.g. the glutamatergic system).

In conclusion, current evidence supporting the efficacy and 
safety of anti-inflammatory interventions in ASD is still limited. 
Robust large-scale clinical trials are much needed. Nevertheless, 
some findings imply that the role for immune-mediated 
mechanisms in the emergence of autism or autism-related 
challenges may be specific to a subset of people with autism 
(27, 111). It may be the case that the greatest potential of anti-
inflammatory agents lies in this aspect, in the light of stratified 
psychiatry and precision medicine.
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Movement, behavioral, and neuropsychiatric disorders in children have been linked to
infections and a group of anti-neuronal autoantibodies, implying dopamine receptor-
mediated encephalitis within the basal ganglia. The purpose of this study was to determine
if anti-neuronal biomarkers, when used as a group, confirmed the acute disease in
Sydenham chorea (SC) and pediatric autoimmune neuropsychiatric disorder associated
with streptococcal infections (PANDAS). IgG autoantibodies against four neuronal
autoantigens (tubulin, lysoganglioside GM1, and dopamine receptors D1 and D2) were
detected in SC sera (N=8), sera and/or cerebrospinal fluid (CSF) from two groups of
PANDAS cases (N=25 first group and N=35 second group), sera from Tourette's
syndrome (N=18), obsessive-compulsive disorder (N=25), attention deficit hyperactivity
disorder (N=18), and healthy controls (N=28) by direct enzyme-linked immunosorbent
assay (ELISA). IgG specific for neuronal autoantigens was significantly elevated during the
acute symptomatic phase, and the activity of calcium/calmodulin-dependent protein
kinase II (CaMKII) pathway was significantly elevated in human neuronal cells. Five
assays confirmed the disease in SC and in two groups of children with PANDAS. In 35
acute onset PANDAS patients, 32 sera (91.4%) were positive for one or more of the anti-
neuronal autoantibodies compared with 9 of 28 healthy controls (32.1%, p<0.0001).
Importantly, CSF of 32 (91.4%) PANDAS patients had one or more detectable anti-
neuronal autoantibody titers and CaMKII activation. Among healthy control subjects with
elevated serum autoantibody titers for individual antigens, none (0%) were positively
associated with elevated positive CaMKII activation, which was a striking contrast to the
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sera of PANDAS subjects, who had 76–89% positive association with elevated individual
autoantibody titers and positive CaMKII activity. At 6 months follow-up, symptoms
improved for more than 80% of PANDAS subjects, and serum autoantibody titers also
significantly decreased. Results reported herein and previously published studies in our
laboratory suggest the antibody biomarkers may be a useful adjunct to clinical diagnosis
of SC, PANDAS, and related disorders and are the first known group of autoantibodies
detecting dopamine receptor-mediated encephalitis in children.
Keywords: streptococci, autoimmunity, autoantibodies, chorea, obsessive-compulsive disorder, tics, encephalitis,
dopamine receptors
INTRODUCTION

Infections and their autoimmune sequelae have been linked to
brain pathologies that manifest as adventitious movements and
abnormalities of behavior, emotion, and cognition (1–13).
Sydenham chorea (SC), the neurological manifestation of
acuteo rheumatic fever, is known to be a non-suppurative
sequela of group A streptococcal (GAS) infections (14, 15).
SC is characterized by the abrupt onset of choreoathetoid
movements (16), accompanied by cognitive dysfunction,
emotional lability, anxiety, depression, obsessive-compulsive
disorder (OCD), and even psychosis (17–19). The psychiatric
symptoms appear 2–4 weeks before the onset of chorea, with
rates of OCD increasing from 65% to 100% with recurrences of
illness (18, 20). These observations suggested that abrupt-onset
OCD (in the absence of chorea) might also represent a non-
suppurative sequela of GAS infections. A series of clinical studies
confirmed this hypothesis, as well as demonstrating emotional,
behavioral, and cognitive disturbances similar to those observed
in children with SC (21). The unique clinical features of the
presentation define the clinical entity, which is known as
Pediatric Autoimmune Neuropsychiatric Disorder Associated
with Streptococcal infections (PANDAS) (10). PANDAS is
characterized not only by the acuity of OCD onset, but also by
a complex constellation of co-occurring symptoms, including
emotional lability, separation anxiety, adventitious movements
[particularly tics and choreiform movements (10, 11)],
developmental (behavioral) regression, cognitive decline, and
somatic symptoms, including urinary urgency, frequency, and
enuresis, as well as insomnia and sleep disruptions. The complex
clinical presentation implicated basal ganglia dysfunction in
pathogenesis. The close relationship between SC and PANDAS
is confirmed not only by the overlapping clinical presentations
but also by shared genetic vulnerabilities and a growing body of
evidence suggesting that the two clinical presentations share
disease mechanisms (10–12, 22).

Both SC and PANDAS are postulated to be caused by an
aberrant autoimmune response resulting from molecular mimicry
of GAS bacterial and neuronal autoantigens (13, 23–28). The
molecular mimicry hypothesis postulates that symptoms arise
when antibodies against the dominant streptococcal group A
carbohydrate epitope, N-acetyl-beta D-glucosamine (GLcNAc),
cross-react with neurons in human basal ganglia (13, 25, 26, 28).
g 2235
Evidence has revealed that these cross-reactive antigens include
neuronal surface autoantigens lysoganglioside-GM1 and the
cytoplasmic a-helical protein tubulin, both of which
immunologically mimic GLcNAc (13, 25). Subsequently,
autoantibodies derived from SC patients were found to be
directed against dopamine D1 and D2L receptors (D1R, D2R,
respectively) (26, 29), and were shown to penetrate dopaminergic
and other neurons in vivo as well as signal the receptor (26).
Elevated anti-neuronal autoantibodies were associated with both
severity and duration of choreatic episodes, and sera from
symptomatic SC patients activated human neuronal cells in vitro
(13), including signaling of D2R (13, 25, 26, 29). In addition,
the ratio of D2R/D1R autoantibody titers in SC correlated
with neuropsychiatric symptoms of disease (29). Clinical trials
by Garvey et al. and Perlmutter et al. have shown that
plasmapheresis and intravenous immunoglobulin (IVIG)
decreased chorea severity in SC and improved OCD, tics, and
other neuropsychiatric symptoms in PANDAS (30, 31). This
collective evidence strongly suggests that both PANDAS and SC
are manifestations of basal ganglia encephalitis provoked by cross-
reactive anti-neuronal antibodies (26, 29–33).

Animal models provide further support for the clinical role of
autoantibodies in SC and PANDAS as passive transfer of anti-
streptococcal antibody into mice and rats led to behavioral
changes characteristic of both SC and PANDAS (34–37).
Expression of the chorea-derived human monoclonal antibody
(mAb) 24.3.1 in transgenic mice led to autoantibody targeting of
dopaminergic neurons in basal ganglia as well as additional
neurons in the cerebral cortex (26). Further, anti-neuronal
autoantibodies in sera of PANDAS patients have been shown
to target cholinergic interneurons in mouse striatum (38). These
interneurons depolarize spontaneously in a manner similar to
the cardiac sinoatrial node and help to auto-regulate the local
neuronal circuitries (39). The frequency of these spontaneous
depolarizations is affected by the activity of dopamine receptors
on the surface of cholinergic interneurons in the striatum (39).
Thus, development of anti-dopaminergic autoantibodies could
dysregulate basal ganglia functions through their impact on
cholinergic interneurons. Taken together, evidence from
human and animal studies provides strong support for an
etiologic role of cross-reactive antibodies in SC and PANDAS
and supports the hypothesis that specific antineuronal antibodies
might serve as clinically useful biomarkers (40, 41).
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The purpose of our study was to evaluate the relationship
between a group of anti-neuronal autoantibodies and disease
status (acute vs convalescent PANDAS). Serum samples were
obtained from two separate cohorts of children with PANDAS
[25 patients evaluated at NIMH from 1996 to 1998 (10, 30, 31)
and 35 participants of a Yale-NIMH collaborative clinical
trial (42)].
METHODS

Subjects
Samples were obtained from patients and healthy volunteers
enrolled in research protocols at NIMH or the Yale Child Study
Center. The protocols were reviewed by institutional review
boards (IRBs) at the respective institutions: at the NIMH by
National Institutes of Health Combined Neuroscience
Institutional Review Board, Bethesda, MD, USA; at Yale
University, by the Institutional Review Board Human Subjects
Committee, New Haven, CT, USA; and at the University of
Oklahoma Health Sciences Center by the Institutional Review
Board for Protection of Human Subjects, Oklahoma City, OK,
USA. In all studies, each parent and child gave written and
informed consent or assent, respectively, for the investigation.
All parents gave written and informed consent for their children
to participate (witnessed by a member of the NIMH human
subjects' protection team). All children 7 years and older gave
written and informed assent to participate and those 6 and under
gave verbal and informed assent. Samples were de-identified and
coded to obscure identity and diagnosis prior to shipment.

NIMH provided acute serum samples from eight children
with SC (with rheumatic fever) and 25 children with PANDAS
evaluated between 1996 and 1998 (10, 30, 31). The SC subjects
were identified by independent, direct examinations by two
neurologists specializing in movement disorders who identified
adventitious choreoathetoid movements that impaired function
(30). PANDAS subjects were identified by the following criteria
(briefly): presence of OCD and/or a tic disorder, pediatric onset
(between 3 years of age and the beginning of puberty), episodic
course of symptom severity (abrupt onset of symptoms or
dramatic symptom exacerbations, with a decrease in symptom
severity between episodes), an association with GAS infection
(i.e., associated with positive throat culture and/or elevated anti-
GAS antibody titers), and an association with neurological
abnormalities [i.e. motoric hyperactivity and adventitious
movements, such as tics or choreiform movements (fine piano-
playing movements of the fingers)]. Sera were obtained during
acute neuropsychiatric symptoms for the PANDAS and SC
patients (10). Due to the variable onset of the post-infectious
neuropsychiatric sequelae, and delays in referral to the clinical
research teams, serum samples were obtained with varying lag-
times following the inciting GAS infection. None of the
PANDAS or SC subjects had a positive GAS culture at the
time sera were collected. NIMH investigators also provided
sera from 18 children with chronic symptoms of attention
Frontiers in Psychiatry | www.frontiersin.org 3236
deficit hyperactivity disorder (ADHD) to serve as psychiatric
controls. Investigators at the Yale University Child Study Center
provided serum samples from 18 children with non-PANDAS
Tourette syndrome (TS) and 25 cases of non-PANDAS OCD, all
of whom were symptomatic at the time of evaluation. Control
samples were provided by 28 healthy subjects evaluated at
NIMH, Yale, or Oklahoma simultaneously. To minimize the
possibility of false positives, all were free from current infections,
pharyngitis, or known psychiatric or autoimmune diseases. Sera
were evaluated as soon as possible after collection and were
retested repeatedly.

In addition to sera and CSF provided for 25 subjects
examined for PANDAS from 1996 to 1998 (first group of 25
samples), serum samples were also provided for 35 participants
(12 girls and 23 boys) (second group of 35 samples) of a Yale-
NIMH collaborative clinical trial of IVIG for PANDAS (42). All
subjects fully met PANDAS diagnostic criteria described above
and were moderately-severely ill at baseline. Serum and
cerebrospinal fluid (CSF) samples were obtained at baseline
and 6 weeks after receipt of IVIG or placebo. Additional serum
samples were obtained at 3 and 6 months follow-up. Only the
baseline and 6-months samples were analyzed in the
investigation shown herein. All assays were conducted in a
masked fashion and diagnosis and treatment status revealed
only during final data analysis.

Direct Enzyme-Linked Immunosorbent
Assay (ELISA)
Ninety-six-well microtiter plates (Greiner Bio-One, Monroe,
NC) were coated with 50 ml of antigen in 100 mM carbonate/
bicarbonate buffer (pH 9.6) and stored up to 2 weeks at 4°C.
Antigen coating concentrations were as follows: 10 µg/ml of
purified porcine tubulin (MP Biomedicals, Santa Ana, CA), 10
µg/ml membrane fragments containing the recombinant human
dopamine D1 receptor (D1R, Perkin Elmer, Waltham, MA), 10
µg/ml membrane fragments containing the recombinant human
dopamine D2L receptor (D2R, Perkin Elmer), and 20 µg/ml of
purified lysoganglioside GM1 from bovine brain (Sigma Aldrich,
Darmstadt, Germany). Tubulin-, D1R-, and D2R-coated plates
were washed three times with phosphate buffered saline (PBS,
pH 7.2) containing 0.1% Tween (ThermoFisher Scientific,
Waltham, MA). Lysoganglioside-coated plates were washed
three times in PBS without Tween in all steps. Plates were
blocked with 1% bovine serum albumin (BSA, Roche) in PBS
for 60 min at 37°C. Serum or CSF samples serially diluted in 1%
BSA (in PBS) were added to washed plates, then incubated
overnight at 4°C. The next day, plates were washed as
described above and primary IgG antibody binding was
detected by adding 50 µl per well of diluted alkaline
phosphatase-conjugated goat anti-human g-chain-specific
secondary antibody (polyclonal, Cat# A3312, Sigma Aldrich)
and incubated for 60 min at 37°C. The final dilution of secondary
antibody was determined empirically for each antigen and
validated for every new antibody lot on previously tested
samples. Plates were developed at 26°C for 2 h with 50 µl per
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well of 1 mg/ml p-nitrophenylphosphate (Sigma Aldrich) in 0.1
M diethanolamine buffer (pH 9.8). Optical density values were
measured at 405 nm on an automated BioTek microplate reader
(BioTek Instruments, Winooski, VT) and corrected by blanks
(wells coated with antigen, without serum added). All samples
were assayed in duplicate and averaged. Duplicates not matching
with ≥20% variance were repeated. Titers represent the serum
dilution at optical density of 0.1 at 405 nm after 2 h. Samples with
known positive and negative results were included on each plate
to standardize and monitor assay performance (26, 29). Each
new lot of all reagents and antibodies were validated using serum
samples with known titers. Samples were de-identified and coded
to obscure identity and diagnosis prior to shipment. Serum
samples were periodically re-analyzed by ELISA to maintain
standardization of the assays, ensuring control test samples were
no more than one titer away from their previous result or the
assays were repeated.

Cell Culture
SK-N-SH human neuroblastoma cells (43) obtained from
American Type Culture Collection (ATCC HTB-11, Manassas,
VA) were grown in complete F12-Dulbecco's Modified Eagle
Medium (ThermoFisher Scientific) as previously described (13).
Complete media contained 10% fetal bovine serum
(ThermoFisher Scientific) and 1% penicillin-streptomycin
antibiotic (ThermoFisher Scientific). Cellular extracts used in
the CaMKII assay were centrifuged at 15,000 rpm for 20 min at
4°C. Protein concentrations of the extracts were determined by
Bradford assay using the Protein Assay Kit II (Bio-Rad, Hercules,
CA) and used to determine specific activity of CaMKII.

CAMKII Activity Assay
Assay for CaMKII activity was performed as previously
described (13). Briefly, SK-N-SH cells were plated in 6-well
plates at 2.5 million cells/well and incubated overnight in
complete F12-Dulbecco's Modified Eagle Medium, at 37°C
with 5% CO2. The next day, cells were serum-starved for 30
min in serum-free F12 media with 2 mM CaCl2, 2 mM KCl, and
0.4 mM MgCl2, then stimulated for 30 min with patient sera or
CSF diluted 1:100 in the same media, or with media alone (basal
control). Cells were harvested, centrifuged, solubilized in 0.165
ml of protein extraction buffer with protease inhibitors (Soybean
Trypsin Inhibitor, Phenylmethanesulfonyl fluoride, Leupeptin,
and Aprotinin, Sigma Aldrich, St. Louis, MO), and homogenized.
Enzymatic activity was measured using the CaMKII assay system
(Promega, Madison, WI) per manufacturer's instructions.
Briefly, 5 ml of cell lysate was incubated with 50 mM peptide
substrate, buffers and ATP [g-32P] (Perkin Elmer) for 2 min at
30°C. Samples were spotted onto capture membranes and
washed. Radioactivity retained on the membrane was
measured with a scintillation counter (Beckman Coulter,
Indianapolis, IN) and used to calculate specific activity of the
CaMKII enzyme (pmol/min/mg) as described in kit instructions.
The protein concentration of each sample was used to
standardize the CaMKII enzyme activity, and the percentage of
Frontiers in Psychiatry | www.frontiersin.org 4237
specific activity of baseline (basal control) was calculated for each
sample where the basal level was set at 100%. All samples were
assayed in triplicate and results were averaged. Triplicates not
matching with ≥20% variance were repeated. Sera from patients
with known high and low CaMKII activity and a basal control
sample were included to standardize the assay. Samples were de-
identified and coded to obscure identity and diagnosis prior to
shipment. Serum samples were periodically re-analyzed for
CaMKII activation to maintain standardization of the assays,
ensuring control test samples were no more than 20% different
from the previous result or the assays were repeated.

Antibody or IgG removal from serum in the CaMKII assay
was performed using beads coated with anti-IgG (Sigma Aldrich)
or BSA. Beads were diluted to 1 mg/ml in 1% BSA diluent and
were mixed with equal volumes of patient sera diluted 1:100 and
incubated for 30 min at 37°C, followed by overnight incubation
at 4°C with rocking. Sera without beads were diluted 1:200,
followed by the same incubation steps. The next day, the sera
+beads or sera alone were added directly to plated SK-N-SH cells
as described above for the CaMKII assay. All steps for the
CaMKII assay were subsequently performed as described above
and percent inhibition calculated.

ASO, ANA, and Anti-DNase B Titers
Antistreptolysin O (ASO), anti-nuclear antibodies (ANA), and
anti-DNase B tests were performed by the contributing
institutions according to methods previously described using
the classical microtiter plate methods with a dilution scheme
based on 0.1 log10 intervals (44–46).

Calculation of a Positive Assay and
Statistical Analyses
A positive serum ELISA titer was established by multiplying the
mean of a group of healthy controls times 2 for each of the
autoantibodies anti-D1R and anti-tubulin; times 4 for anti-D2R
and anti-lysoganglioside GM1. These calculations were
determined based on checkerboard titrations to accurately
separate normal from disease reactivity. Based on these
calculations, a positive serum titer result for anti-D1R was set
at ≥ 4,000, for anti-D2R ≥ 16,000, for lysoganglioside GM1, ≥ 640,
and for tubulin ≥ 2,000. A positive serum result for the antibody-
mediated CaMKII activation was ≥ 130% or three standard
deviations above basal mean activation rate. Also, the normal
range was based on results as shown in Table 3 (72–112%) and
Figure 1E where the normal range approached 125% above basal
rate. For CSF, a positive CaMKII activation threshold was
established as 100% using normal CSF activation range (70–
80%) (13). CSF positive titer results were ≥ 5 for all antigens in
the ELISA. Positive results for ASO were determined as ≥ 167
Todd units (44–46). Positive anti-DNase B results were > 375.
Positive ANA results were determined by the Mayo Clinic
standard of > 1. Statistical significance is defined as a P value ≤
0.05, as determined by Mann-Whitney (non-parametric) U test
for comparison of the median between independent groups and
by the Wilcoxon signed-rank test for comparison between paired
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groups. Non-parametric testing approaches were used because
normality of the distribution of means could not be assumed
under the Central Limit Theorem given the non-normal
distributions of the antibody titer measures and the available
sample sizes (47). An adjusted alpha level of 0.01 was used to
adjust for multiple pair-wise comparisons made between case
groups (five different groups) and the normal control groups
based on a Bonferroni correction for the five pairwise
comparisons of interest specified a priori. Proportions were
compared between independent groups using a Fisher's exact
test when expected frequencies were less than 5 for more than
20% of the cross-tabulated categories (47).
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RESULTS

Anti-Neuronal Autoantibodies in SC
and PANDAS
Using direct ELISA, we evaluated reactivity of sera from children
with SC (n = 8) or PANDAS (first group) (n = 25) against four
autoantigens dopamine receptors D1R and D2R (26, 29),
lysoganglioside GM1 (8, 13), and tubulin (25) tested in the
direct ELISA. Figure 1 shows serum results for the patient
groups compared to healthy volunteers. As shown, acute-onset
PANDAS sera had significantly elevated IgG autoantibody titers
against dopamine receptors D1R (P = 0.0064, Figure 1A) and
A B

C D

E

FIGURE 1 | Anti-neuronal autoantibody ELISA titers and CaMKII enzyme activation in childhood neuropsychiatric/movement disorders. (A). Anti-dopamine receptor
D1 (D1R) IgG titers, (B). anti-dopamine receptor D2 (D2R) IgG titers, (C). anti-lysoganglioside GM1 IgG titers, (D). anti-tubulin IgG titers, and (E). %CaMKII enzyme
activation in the human neuronal cell line SK-N-SH above basal level [Figure 1E adapted from (8) with permission from the Journal of Neuroimmunology, Elsevier].
Patients with specific neuropsychiatric/movement disorders include: pediatric autoimmune neuropsychiatric disorder associated with streptococcal infection
(PANDAS, from first 50 cases at NIMH5), obsessive-compulsive disorder (OCD), and attention deficit hyperactivity disorder (ADHD). Mann-Whitney non-parametric U
test performed between each disease group and the normal controls group. An adjusted alpha level of 0.01 was used to account for multiple pair-wise comparisons
made between case groups (five different groups) and the normal controls.
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D2R (P = 0.035, Figure 1B), lysoganglioside GM1 (P = 0.0004,
Figure 1C), and tubulin (P = <0.0001, Figure 1D). Consistent
with previous studies (8, 13, 25, 29), sera from patients with SC
demonstrated significantly elevated anti-neuronal autoantibodies
against D2R (P = 0.0011, Figure 1B), lysoganglioside GM1 (P =
0.0184, Figure 1C), and tubulin (P=0.0173, Figure 1D) compared
to healthy controls. ADHD subjects did not have elevated
autoantibodies, OCD subjects had elevated autoantibodies
against D1R antigen (P=0.0266, Figure 1A) and TS subjects had
elevated autoantibodies against lysoganglioside GM1 (P=0.00094,
Figure 1C) and tubulin (P=0.0007, Figure 1D), which supports
previous studies demonstrating inflammation in the basal ganglia
in TS (48, 49). In Figure 1, compared to healthy controls,
significant differences in IgG autoantibody titers are distinct for
the four individual neuronal antigens tested for each of the five
patient groups. Although the limited sample size is insufficient for
a rigorous breakdown of phenotypes, there were general trends of
more positive D2R autoantibodies in SC (6 out of 7) and more
positive D1R autoantibodies in PANDAS. The data further
suggested potential elevation of tubulin autoantibodies in tics
and D1R in OCD. These trends where certain antigens were more
positive in certain pathologies is interesting and potentially
important in our understanding of basal ganglia encephalitis but
the small sample size does limit the power of the study. The four
neuronal autoantibody specificities represent a group of
autoantibodies present in basal ganglia encephalitis with
patterns of overlap of the autoantibodies in different pathologies
(SC, PANDAS, TS, and OCD) that affect the basal ganglia.
PANDAS patients have these reflected in the four antigens
recognized in the autoantibody group due to their potentially
multiple neuropsychiatric pathologies. For the CaMKII results in
Figure 1, TS, OCD, and ADHD controls were negative. At the
time that these TS, OCD, and ADHD samples were collected
when the first 50 cases were enrolled at NIMH, the TS, and OCD
controls were not acute onset or related to GAS infections and
autoimmunity. Further studies are needed to sort out the
complexities of Tics, OCD, and ADHD in the clinical setting
where an acute onset or infection is not known or present.

In addition to the direct ELISA, serum antibody activation of
the CaMKII enzyme in the human neuronal cell line SK-N-SH
provides a significant advantage by detecting functionally
signaling autoantibodies in children with disease compared to
healthy control subjects (13). When CaMKII antibody-mediated
activation was studied in patients with neuropsychiatric
disorders such as PANDAS, TS, OCD, SC, and ADHD
compared to healthy subjects, it was significantly elevated in
PANDAS and acute SC (Figure 1E, P = <0.0001). Children
diagnosed with PANDAS demonstrated antibody-mediated
CaMKII enzyme activation at a mean of 150% (range = 115–
198%) and those with SC had CaMKII activation of 221%
(range = 194–249%) compared to normal control subjects with
a mean CaMKII activation of 93% (range = 72–112%). Sera from
the children diagnosed with non-PANDAS TS, OCD, or ADHD
demonstrated normal levels of CaMKII activation (Figure 1E),
despite the presence of elevated autoantibodies in some of
their sera.
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Results From Second Group of PANDAS
Sera (35 Cases)
Sera from 35 children acutely ill with PANDAS were evaluated
for reactivity to the group of four neuronal autoantigens (D1R,
D2R, lysoganglioside GM1, and tubulin) in the direct ELISA and
in the human neuronal cell antibody-mediated CaMKII
activation assay. The individual test results for each patient are
shown in Table 1. At baseline, 71.4% of the sera were positive
(≥ 4,000) for antibodies against dopamine receptor D1R, 25.7%
were positive (≥ 16,000) for antibodies against dopamine
receptor D2R, 17.1% were positive (≥ 640) for antibodies
against lysoganglioside GM1, 28.6% were positive (≥ 2,000) for
antibodies against tubulin, and 71.4% were positive (≥ 130%) for
CaMKII activation in the human neuronal cell line. Together, the
group of assays was sensitive enough to detect at least one
positive test result in 32 of 35 PANDAS patients, or 91.4%.
Other antibody tests also were performed, including ASO and
anti-streptococcal DNAse B (anti-DNaseB) which are used
clinically to detect recent streptococcal infection, and
antinuclear antibody (ANA) which is used for autoimmune
disorders (44–46, 50, 51). Positive ASO titers were found in
60.0% of the serum samples, 37.1% were positive for anti-
DNAseB, and 13 sera (37.1%) had positive ANA titers (Table
1). Among the 10 patients who had negative results for all three
clinical assays, nine had at least one positive test in the
autoantibody and CaMKII activation assays. Thus, the group
of anti-neuronal autoantibody assays identified 91.4% of patients
with PANDAS symptoms compared to 60.0%, 37.1%, and 37.1%
respectively for ASO, anti-DNase B assays, or ANA.

The PANDAS subjects underwent lumbar puncture at
baseline and CSF samples were tested for the presence of anti-
neuronal autoantibody biomarkers and antibody-mediated
CaMKII activity. As shown in Table 2, autoantibodies against
D1R were detectable in 10/34 CSF samples (29.4%, CSF titer
range = 5-250); 22/34 (64.7%) had antibodies against D2R (CSF
titer range = 5–80); 2/27 (7.4%) against lysoganglioside GM1

(CSF titer range = 5–10), and 4/32 (12.5%) against tubulin (CSF
titer range = 5–20). CaMKII activation was detectable in the CSF
of 24/34 subjects (70.6%; range = 104–171% above basal activity).
In total, 32 of 35 PANDAS CSF samples (91.4%) had at least one
positive test; 13 had one positive assay, 11 had two, 6 had three, 1
had four, and 1 sample was positive for all five assays. Results
demonstrate anti-neuronal autoantibodies which can activate
neuronal cells are detectable in CSF diluted 1:100. We diluted
CSF 1:100 and retained positive activity (≥100–171% of basal
activity) which was not as strong as observed in sera where a
positive sample was ≥130–>200% of basal activity. Although we
did not assay normal CSF in this study, we have found in our
previous studies where normal CSF was available that normal
CSF signaling in the CaMKII assay was ≤ 60% of basal activation
of human neuronal cells (13). In Table 2, CSF CaMKII activation
remained above 100% in 91.4% of the PANDAS cases.

When we directly compared results from serum and CSF
samples (diluted 1:100), we found that 33 out of 35 (94.3%)
subjects had matched results, with 31 subjects displaying one or
more positive results in both serum and CSF (Table 2, right
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columns). For example, subject #10 displayed high antibody
titers for all neuronal autoantigens and CaMKII activation in
both serum and CSF, with others also showing multiple positive
results in both serum and CSF. Only two of 35 subjects (5.7%)
had serum-CSF results which did not match. One subject (#11)
only had detectable autoantibodies in CSF and another subject
(#34) only had detectable autoantibodies in serum.

Although individual PANDAS patients of the second group
had matching sera and CSF based on at least one positive result
in the five assays, not every positive neuronal antigen in the
serum ELISA matched with the CSF ELISA when the four
autoantigens were considered individually. See Table 2 (*) for
where the CSF and sera positivity for that antigen matched
exactly. The percent positivity for each of the four antigens tested
is shown at the bottom of Table 2. There were 12 CSF that did
not have a positive ELISA with any of the four autoantigens while
Frontiers in Psychiatry | www.frontiersin.org 7240
10 of those 12 CSF did have a positive result in the neuronal cell
activation assay, the CaMKII which provided nearly 100 percent
correlation of the serum and CSF reactivities with the five assays.
Because there were clearly more positives in the D1R and D2R
autoantibody groups, it was interesting to note that the D2R
antibody positivity was strikingly higher (64.7%) in the CSF
compared to the sera (25.7%) and could suggest that the D2R
autoantibody concentrated in the CSF compared to the serum
either by IgG or lymphocyte/plasma cell leakage across the blood
brain barrier (BBB). Although there was a clear D1R
autoantibody preference in serum vs D2R autoantibody
preference in CSF, it is difficult to know the effects of D1R vs
D2R and the contribution of their ratio and avidity as well as the
receptors as displayed in individuals with disease. The ratio of
these two autoantibodies has already been shown to correlate
with symptoms in a previous study of SC (30). Further the
TABLE 1 | Autoantibody ELISA titers and antibody-mediated CaMKII activation results in sera from patients diagnosed with PANDAS.

Patient # a-D1R a-D2R a-Lysoganglioside-GM1 a-Tubulin CaMKII Activation ASO ANA Anti-DNase B

1 16,000 16,000 160 1,000 154.0 0 0 0
2 8,000 4,000 160 1,000 112.0 403 1.0 397
3 16,000 16,000 320 2,000 149.0 180 0 103
4 2,000 4,000 640 2,000 136.7 692 1.7 650
5 2,000 4,000 160 1,000 177.7 267 0 580
6 2,000 2,000 160 1,000 145.7 0 1.6 0
7 4,000 4,000 160 1,000 120.8 206 1.1 126
8 4,000 8,000 160 2,000 192.3 575 1.4 956
9 1,000 2,000 160 1,000 168.5 36 0 112
10 8,000 16,000 320 2,000 216.5 0 2.0 106
11 1,000 2,000 320 500 108.4 39 0 194
12 4,000 4,000 20 500 109.0 0 0 96
13 4,000 4,000 160 500 136.0 283 0 450
14 4,000 4,000 160 1,000 127.0 0 0 0
15 8,000 16,000 160 500 173.0 0 2.0 0
16 8,000 16,000 320 500 169.0 485 0 205
17 8,000 8,000 640 2,000 125.0 379 0 104
18 16,000 16,000 320 2,000 167.0 843 1.8 420
19 4,000 4,000 320 2,000 112.0 601 0 615
20 4,000 4,000 320 1,000 197.0 37 0 196
21 2,000 16,000 320 2,000 152.3 455 0 366
22 2,000 8,000 320 1,000 204.5 395 1.2 164
23 8,000 8,000 640 1,000 178.6 533 1.2 0
24 4,000 8,000 640 1,000 179.6 307 0 499
25 4,000 16,000 640 2,000 95.1 96 4.3 642
26 2,000 2,000 160 2,000 160.2 20 0 0
27 4,000 4,000 160 500 180.1 55 0 352
28 4,000 8,000 20 1,000 187.6 671 1.3 629
29 4,000 8,000 160 1,000 189.6 183 1.6 286
30 4,000 8,000 640 1,000 209.4 265 0 617
31 1,000 2,000 80 500 124.4 0 0 0
32 4,000 4,000 160 500 144.0 174 0 185
33 4,000 4,000 160 1,000 133.0 0 0 88
34 8,000 16,000 160 500 157.9 1110 1.2 1310
35 1,000 8,000 320 1,000 128.6 875 0 624
Number of positive results 25/35 9/35 6/35 10/35 25/35 21/35 13/35 13/35
Percent of positive results 71.4% 25.7% 17.1% 28.6% 71.4% 60.0% 37.1% 37.1%
Total panel positivity 32/35 PANDAS cases were positive (91.4% sensitivity in SERA)
June 2020
 | Volume 1
D1R, dopamine receptor D1, positive ≥ 4,000; D2R, dopamine receptor D2L, positive ≥ 16,000; lysoganglioside, positive ≥ 640; tubulin, positive ≥ 2,000; CaMKII, calcium/calmodulin-
dependent protein kinase, positive ≥ 130%; ASO, anti-streptolysin O, positive ≥ 167; ANA anti-nuclear antibodies, positive = >1; anti-DNase B, positive >375.
Bold = positive result or neuronal panel-positive patient.
“0” = undetectable level of antibody.
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positivity of anti-lysoganglioside and anti-tubulin antibodies
could be additive affect the outcome in the disease, but this is
not yet well established.

In summary for Tables 1 and 2, our data demonstrate the
presence of elevated anti-neuronal autoantibodies in both the serum
and CSF of 94.3% of PANDAS patients, supporting the hypothesis
that autoantibodies (IgG) or lymphocytes producing these
autoantibodies can cross the BBB, bind to neuronal antigens, and
signal neuronal cells. The importance of positive CSF in PANDAS
supports an inflammatory pathogenesis in the brain which may be
described as an encephalitis (52), and the study of magnetic
resonance imaging (MRI) in PANDAS has previously
demonstrated inflammation in the basal ganglia (40).
Frontiers in Psychiatry | www.frontiersin.org 8241
Results From Healthy Volunteers
Sera from 28 healthy subjects were also tested for autoantibodies
against the neuronal autoantigens in the direct ELISA, as well as
in the human neuronal cell CaMKII activation assay. In healthy
controls, the mean titer calculated for anti-D1R was 1,096, for
anti-D2R 6,000, for anti-lysoganglioside 147, and for anti-
tubulin 956. Individual test specificities showed that 85.7% of
healthy subjects were negative (≤2,000) for antibodies against
dopamine receptor D1R, 85.7% were negative (≤8,000) for
antibodies against dopamine receptor D2R, 96.4% were
negative (≤320) for antibodies against lysoganglioside GM1,
96.4% were negative (≤1,000) for antibodies against tubulin,
and 100% were negative (≤129%) for CaMKII activation
TABLE 2 | Autoantibody ELISA titers and antibody-mediated CaMKII activation results in CSF* from patients diagnosed with PANDAS.

Patient # a-D1R a-D2R a-Lysoganglioside-GM1 a-Tubulin CaMKII Activation At least one positive result?

Serum CSF

1 20* 10* <5 ND 95 Yes Yes
2 <5 5 <5 <5 121 Yes Yes
3 10* 20* <5 <5 69 Yes Yes
4 <5 ND ND <5 154* Yes Yes
5 <5 <5 <5 <5 144* Yes Yes
6 <5 <5 <5 <5 141* Yes Yes
7 <5 <5 <5 <5 104 Yes Yes
8 ND <5 <5 ND 110* Yes Yes
9 <5 5 <5 5 99 Yes Yes
10 20* 80* 10 20* 122* Yes Yes
11 <5 5 <5 5 121 No Yes
12 <5 <5 ND <5 121 Yes Yes
13 <5 <5 <5 <5 114* Yes Yes
14 <5 5 <5 <5 104 Yes Yes
15 5* 20* <5 <5 123* Yes Yes
16 5* 5 ND <5 115* Yes Yes
17 <5 20 <5 <5 110* Yes Yes
18 10* 40* 5 <5 69 Yes Yes
19 <5 5 <5 <5 ND Yes Yes
20 5* 5 ND <5 124* Yes Yes
21 <5 5* <5 <5 136* Yes Yes
22 <5 5 <5 <5 96 Yes Yes
23 5* 5 <5 <5 171* Yes Yes
24 <5 <5 <5 <5 113* Yes Yes
25 <5 5* <5 <5 127 Yes Yes
26 5 5 <5 5* 145* Yes Yes
27 <5 5 <5 <5 98 Yes Yes
28 <5 5 <5 <5 107* Yes Yes
29 <5 5 ND ND 147* Yes Yes
30 <5 5 <5 <5 142* Yes Yes
31 <5 <5 <5 <5 99 No No
32 <5 <5 ND <5 121* Yes Yes
33 250* <5 ND <5 92 Yes Yes
34 <5 <5 ND <5 96 Yes No
35 <5 <5 <5 <5 88 No No
Number of Positive Results 10/34 22/34 2/27 4/32 24/34 33/35 =
Percent of Positive Results 29.4% 64.7% 7.4% 12.5% 70.6%

Total panel positivity 32/35 PANDAS cases were positive (91.4% sensitivity in CSF) 94.3%
Match with Sera
Ju
ne 2020 | Volume 11 | Ar
Diluted 1:100.
ND, not determined (limited sample); <5, below detectible limits; D1R, dopamine receptor D1, positive ≥ 5; D2R, dopamine receptor D2L, positive ≥ 5; lysoganglioside, positive ≥ 5; tubulin,
positive ≥ 5; CaMKII, calcium/calmodulin-dependent protein kinase, positive ≥ 100%.
Bold = positive result, positive patient.
Yes = One or more positive result.
No = No positive results.
* = Positive result also seen in sera from same patient.
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(Table 3). Nineteen out of 28 healthy subjects (67.8%) had
completely negative results for the group of anti-neuronal
autoantibody assays, in other words, 32% of healthy subjects
had at least one elevated autoantibody ELISA test in the group.
The CaMKII was negative in all healthy control subjects in
the study.

Table 4 summarizes the positive autoantibodies in the 35
PANDAS subjects compared to the 28 healthy controls. The
comparison showed statistically elevated autoantibodies against
D1R (P<0.0001) and tubulin (P=0.0094), as well as elevated
autoantibody-mediated CaMKII activation (P<0.0001) in the
entire PANDAS cohort. Treatment of selected PANDAS sera
with anti-IgG beads removed IgG antibodies in the sera and thus
reduced the CaMKII activation to that of normal sera (Figure 2).

When children with PANDAS had elevated serum
autoantibodies against each of the individual four neuronal
autoantigens, they most often had positive CaMKII functional
activity, while healthy control subjects with elevated serum
autoantibodies did not (summarized in Table 5). Data from
Table 1 showed that among the 25 subjects with PANDAS who
had elevated D1R titers (≥4,000), 19 also had positive (≥130)
CaMKII activation (76%). Eight of nine PANDAS subjects with
elevated D2R titers (≥16,000) had positive CaMKII activation
(89%), as did five of six with elevated lysoganglioside-GM1 titers
Frontiers in Psychiatry | www.frontiersin.org 9242
(≥320, 83%) and 8 of 10 with elevated tubulin titers (≥2,000,
80%). The same trend was observed between individual
autoantibody titers and CaMKII in CSF (Table 2), although
not quite as high as in sera of the same subjects (60% for D1R,
68% for D2R, 50% for lysoganglioside-GM1, and 75% for tubulin,
as summarized in Table 5). Most importantly, among healthy
control subjects who had elevated serum autoantibody ELISA
TABLE 4 | Comparison of percent positive anti-neuronal autoantibody ELISA
assays, antibody-mediated CaMKII activation, and anti-streptolysin O assay
results in PANDAS vs healthy subjects.

Autoantigen PANDAS
(N = 35)

Healthy Subjects
(N = 28)

P-Value

#
Positive

%
Positive

#
Positive

%
Positive

Anti-D1R 25 71.4% 4 14.3% <0.0001
Anti-D2R 9 25.1% 4 14.3% 0.27
Anti-lysoganglioside-GM1 6 17.1% 1 3.6% 0.12*
Anti-tubulin 10 28.6% 1 3.6% 0.0094
CaMKII activation 25 71.4% 0 0.0% <0.0001*
ASO 21 60.0% 12 42.9% 0.18
June
 2020 | Volume 11 | A
*Fisher's exact test.
PANDAS, pediatric autoimmune neuropsychiatric disorder associated with streptococcal
infections; D1R, dopamine receptor D1; D2R, dopamine receptor D2L; CaMKII, calcium/
calmodulin-dependent protein kinase; ASO, anti-streptolysin O.
TABLE 3 | Autoantibody ELISA titers and antibody-mediated CaMKII activation results in healthy subjects.

Patient # a-D1R a-D2R a-Lysoganglioside-GM1 a-Tubulin CaMKII Activation ASO

1 500 16,000 160 1,000 93 87
2 1,000 16,000 160 1,000 100 221
3 2,000 4,000 80 500 99 166
4 1,000 16,000 80 500 98 79
5 500 2,000 200 500 89 513
6 500 2,000 100 250 94 271
7 1,000 2,000 200 250 98 487
8 500 2,000 100 500 92 70
9 2,000 4,000 200 1,000 106 421
10 1,000 8,000 100 1,000 99 78
11 1,000 2,000 80 500 88 240
12 1,000 4,000 80 500 96 200
13 1,000 4,000 80 500 94 200
14 500 2,000 160 250 86 200
15 2,000 8,000 80 500 99 320
16 1,000 4,000 80 1,000 53 25
17 2,000 8,000 320 2,000 95 35
18 1,000 2,000 80 500 79 63
19 1,000 4,000 80 500 87 200
20 2,000 8,000 80 1,000 80 25
21 4,000 8,000 1280 1,000 72 25
22 4,000 8,000 320 1,000 88 25
23 8,000 4,000 320 1,000 90 25
24 2,000 16,000 320 500 112 250
25 8,000 4,000 160 500 80 25
26 2,000 4,000 160 500 100 50
27 2,000 2,000 160 1,000 92 160
28 1,000 1,000 80 500 104 125
Number of Negative Results 24/28 24/28 27/28 27/28 28/28 16/28
Percent of Negative Results 85.7% 85.7% 96.4% 96.4% 100% 57.1%
Total Panel Specificity 19/28 healthy subjects were negative (67.8% specificity)
rti
D1R, dopamine receptor D1, positive ≥ 4,000; D2R, dopamine receptor D2L, positive ≥ 16,000; Lyso, lysoganglioside GM1, positive ≥ 640; tubulin, positive ≥ 2,000; CaMKII, calcium/
calmodulin-dependent protein kinase, positive ≥ 130%; ASO, anti-streptolysin O, positive ≥ 167.
Bold = positive result or neuronal panel-positive subject.
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titers for individual antigens, none (0%) were positive for
CaMKII activation, which is a striking contrast to the sera of
PANDAS subjects, who had 76–89% elevated individual
autoantibody ELISA titers and positive CaMKII activity
(Tables 1 and 3, summarized in Table 5). Clearly, elevated
individual ELISA titers were concomitantly elevated with
positive functional CaMKII activity in disease subjects but not
in healthy controls.

Six Months Follow-Up of Second Group
(n=35) of PANDAS Cases Reveals
Symptomatic Improvement Associated
With Reduced Anti-Neuronal Autoantibody
ELISA Titers and CaMKII Activation.
At 6 months follow-up, symptom severity was decreased for all
35 PANDAS patients, with 80% reported to be “much improved”
Frontiers in Psychiatry | www.frontiersin.org 10243
or “very much improved”. Significant reduction in autoantibody
titers was observed for anti-D1R (P = 0.002, Figure 3A), anti-D2R
(P = 0.0392, Figure 3B), and anti-lysoganglioside GM1 (P =
0.0005, Figure 3C). Reduction in antibody-mediated CaMKII
activation (P <0.0001, Figure 3E) was also observed with
improvement. Tubulin titers were not significantly reduced
(Figure 3D). The number of positive tests for each convalescent
serum sample was reduced from the number of positive tests in
the child's acute sera (P = 0.0005, Figure 1F).
DISCUSSION

Historically, the etiologic role of GAS infections in SC has long
been recognized (14, 15, 19, 28, 29). More recently, GAS
infections have been linked to the abnormal movements and
behaviors of PANDAS (8, 10–12, 53–55). In both disorders,
evidence suggests that neuroinflammation may result from a
process known as molecular mimicry, where epitopes are shared
between host and pathogen (28). Human monoclonal antibodies
in sera and CSF derived from SC demonstrated cross-reactivity
between streptococcal and neuronal antigens (13, 25, 26), and
antibodies in PANDAS sera and CSF cross-reacted with both
microbial and neuronal antigens (8). The ability of cross-reactive
autoantibodies to access the CSF and brain is a critical effector
component to the pathogenesis of autoimmune encephalitis.
There is increasing evidence that the components of the
peripheral immune system are able to cross the BBB and enter
the central nervous system (CNS) (52, 56–60) when permeability
of the BBB is compromised by infectious or non-infectious
factors (57, 58). Bacteria, including group A streptococci, can
impair BBB function in neurological niches like the olfactory
bulb leading to loss of function, i.e. odor processing (52). In these
recent studies, Th17 lymphocytes promoted vascular and
neurological deficits in a mouse model of GAS infection
induced encephalitis. In this model, multiple GAS infections
led to Th17 lymphocyte extravasation from the nose into the
brain causing BBB breakdown with IgG entering the CNS and
loss of excitatory synapses within the olfactory bulb (58). Th17
cells in the upper respiratory tract mucosa are activated by
extracellular pathogens, such as group A streptococci, may
promote autoimmune sequelae with autoantibodies and are
closely associated with activated neutrophils which lead to
clearance of extracellular bacterial pathogens. Further,
inflammatory cytokines and chemokines may also impair the
stability of the BBB by disrupting tight junction proteins. The
upregulation of certain adhesion molecules such as VCAM-1,
ICAM-1, and ICAM-2 on CNS vessels during inflammation can
promote the trafficking of lymphocytes into the CNS. Antibody-
secreting B cells are found in the brain and CSF in infectious
neurological diseases as well as in demyelinating diseases (59).
One study suggested short-term sleep deprivation led to an
influx of B cells across the BBB through a mechanism involving
CXCR5 (60), a chemokine linked to BBB permeability (61).
Inflammation in basal ganglia was demonstrated in PANDAS
cases by PET imaging (40) and by mRNA analysis of post-
TABLE 5 | Elevated anti-neuronal autoantibody ELISA titers were associated
with positive CaMKII activation in disease subjects but not in healthy controls.

Autoantigen PANDAS
Sera

Dual Positive
w/CaMKII
(Table 1)

PANDAS
CSF

Dual Positive
w/CaMKII
(Table 2)

Healthy
Subjects

Dual Positive
w/CaMKII
(Table 3)

# %* # %* # %*

Anti-D1R 19/25 76% 6/10 60% 0/4 0%
Anti-D2R 8/9 89% 15/22 68% 0/4 0%
Anti-lysoganglioside-GM1 5/6 83% 1/2 50% 0/1 0%
Anti-tubulin 8/10 80% 3/4 75% 0/1 0%
*Percent CaMKII positive
PANDAS, pediatric autoimmune neuropsychiatric disorder associated with streptococcal
infections; D1R, dopamine receptor D1; D2R, dopamine receptor D2L; CaMKII, calcium/
calmodulin-dependent protein kinase, positive ≥130 for sera, ≥100 for CSF.
FIGURE 2 | Anti-IgG inhibited PANDAS serum activation of CaMKII in a
human neuronal cell line. Diluted sera (1:100) from two subjects diagnosed
with PANDAS were incubated in triplicate with no beads, anti-IgG-coated
beads, or BSA-coated beads and analyzed for CaMKII activation. Sera from
one normal subject was also analyzed for CaMKII activation. Mann-Whitney
non-parametric U test performed. ns, not significant.
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mortem specimen of affected individuals (62). Our results are
consistent with these mechanisms proposed, and the actual
in vivo pathology may be multifactorial, involving several
immune processes that occur during inflammation, such as
BBB permeability due to cytokine signaling, trafficking of
autoantibody-producing B cells and T cells to the CNS,
promoting microglial damage to tissue, in addition to
autoantibody-mediated signaling with alterations in movement
and behavior.

Although anti-neuronal autoantibody titers were lower in the
CSF than in the sera, their presence in CSF of PANDAS subjects
is evidence of neuronal inflammation during symptomatic
episodes and demonstrates the ability of these auto-antibodies
to cross the BBB and potentially bind to neuronal antigens.
Antibodies of any kind are not typically detected in CSF of
healthy individuals. In cases where antibodies are detected in
CSF but not serum, the differences may be related to delayed
clearing of antibodies from the central nervous system (63). It
could also be related to the timing of CSF vs serum collection, the
presence of B cells secreting antibody in the CSF, the avidity of
the antibodies, the degree of cross reactivity of the antibodies or
the overall concentration of the antibodies in the CSF. Therefore,
Frontiers in Psychiatry | www.frontiersin.org 11244
it is not surprising that there are differing levels of autoantibodies
in serum vs CSF of symptomatic subjects, particularly since
similar findings have been reported previously in anti-NMDA
receptor and other forms of autoimmune encephalitis (64–66).

The results of this investigation suggest that autoantibodies
may play a role in the disease pathogenesis of both SC and
PANDAS by promoting inflammation and pathological
neuronal signaling after crossing the BBB (40, 67). The
activation of CaMKII is an important part of normal neuronal
signaling cascades, leading to transcriptional activation and
synthesis of neurotransmitters such as dopamine (68–72). In
SC and PANDAS, antibody-mediated signaling through CaMKII
activates tyrosine hydroxylase in neuronal cells and leads to
excess dopamine synthesis (9, 73). We can speculate that binding
of high avidity, cross-reactive, anti-neuronal autoantibodies to
lysoganglioside GM1 and dopamine receptors on neurons may
lead to pathological alterations in dopamine synthesis and lead to
accelerated neurotransmission. Activation of the dopamine
receptors or excess synthesis of dopamine may lead to
continuous activation of CaMKII or regulate other genes
related to disease, which could result in the accumulation of
excess extracellular dopamine (73, 74). Studies in our laboratory
A B C

D E F

FIGURE 3 | Summary of serum autoantibody ELISA titers and antibody-mediated CaMKII activation results of PANDAS study subjects at diagnosis (black bar) and
after improvement (gray bar). Sera were examined from subjects diagnosed with PANDAS at the NIMH at the time of diagnosis (symptomatic baseline) and at
symptom improvement at 6 months (6 month post-treatment). (A) Anti-dopamine receptor D1 (D1R), (B) anti-dopamine receptor D2 (D2R), (C) anti-lysoganglioside
GM1, (D) anti-rubulin, (E) calcium/calmodulin-dependent protein kinase II (CaMKII) activation. (F) The number of total positive tests per patient before and after
treatment are shown. Dotted line represents the mean titer result for normal controls. Wilcoxon signed-ranked test performed.
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demonstrate increased dopamine release in vitro in the tritiated
thymidine dopamine release assay (9). Further, we have shown
in vivo that intrathecal administration of SC mAb 24.3.1 led to
increased tyrosine hydroxylase in neurons in rat brain tissue (9,
13, 75), and expression of SC mAb V gene in transgenic mice
demonstrated that the anti-neuronal autoantibodies targeted
dopaminergic neurons in the basal ganglia (26). Given the
established role of dopamine in movement disorders, including
SC and PANDAS, it is not surprising that most acute PANDAS
sera (74.3%) were positive for dopamine receptor autoantibodies
(D1R and/or D2R). Interestingly, 71.4% of acute PANDAS sera
demonstrated positive autoantibodies against D1R and 25.7%
against D2R. These results contrast with those from SC wherein
six of seven subjects had positive anti-D2R autoantibodies and
only two (28.6%) had positive antibodies against D1R (Figure 1).
Ben-Pazi and colleagues found a similar distribution in a group
of SC patients (29). It is tempting to speculate that the differing
prevalence of anti-D1R and anti-D2R antibodies in SC and
PANDAS may be related to clinical differences between the
two disorders. Although both acute and chronic cases may
occur in these diseases and the mechanism in these two types
of disease may be different, most appear to have at least one
elevated autoantibody as evidence of an inflammatory condition.

A recent editorial delineated the steps required to confirm
pathogenicity of the autoantibodies in PANDAS (76). In our
studies, we document and establish the presence of elevated anti-
neuronal autoantibodies in the clinical conditions, both SC and
PANDAS, with choreiform (piano-playing) movements. We have
shown for some time not only the presence of elevated
autoantibodies in serum but also in CSF (8, 13). We now
herein confirm the presence of elevated autoantibodies in both
serum and CSF in a new group of PANDAS subjects. Secondly,
autoantibodies in SC and PANDAS recognize antigens on the
surface of the targeted cell and are more likely to be associated
with clinical symptoms than autoantibodies binding to
intracellular proteins. In addition, we confirm the presence of
IgG in the basal ganglia of animal models (34–37) and in
transgenic mice or humans expressing autoantibodies from
these conditions (24, 26), and that patients with these disorders
respond to plasmapheresis with clinical improvement, suggesting
autoantibodies play a role in disease (30). Finally, antibodies from
animals developing symptoms similar to these disorders can
transfer behaviors in animal models (35, 37).

A critical point is how these antibodies are a useful adjunct to
clinical diagnosis and identify a basal ganglia encephalitis. For
the five tests represented in the anti-neuronal antibody panel,
the tests should be positive in affected individuals regardless
of the status of commercially available anti-streptococcal
antibodies (ASO and anti-streptococcal DNaseB). Anti-neuronal
autoantibody ELISA and CaMKII signaling assays demonstrated
better sensitivity (91.4%) for the identification of PANDAS than
currently clinically available antibody assays, ASO, anti-DNaseB,
and ANA. In cases where GAS antibodies are not detectable and
psychiatric symptoms and the anti-neuronal autoantibodies are
present, Pediatric Acute Onset Neurologic Syndrome or “PANS”
would be considered in the differential diagnosis. Anti-neuronal
Frontiers in Psychiatry | www.frontiersin.org 12245
autoantibody titers and antibody-mediated CaMKII activation
were elevated in serum and CSF samples taken from acutely ill
children meeting diagnostic criteria for PANDAS. Further,
the abnormally elevated concentrations of anti-neuronal
autoantibodies decreased to normal (negative) levels at 6
months follow-up when more than 80% of the children were
much improved (42).

Of the normal subjects examined in this study, 32% had
positive results for at least one of the autoantibody ELISA titers,
but none had elevated CaMKII signaling activity (Tables 3 and
5), suggesting that the autoantibodies in healthy subjects lack
ability to signal human neuronal cells. It is well-established that
autoantibodies can be elevated for months to years preceding the
development of some reported autoimmune syndromes (77, 78),
and it is known that autoantibodies can be found in normal
unaffected populations due to infections and/or cross-reactivity
of autoantibodies with microbial antigens (8, 13, 25, 79).
Positivity in a healthy control sample is likely related to cross-
reactivity of microbial and host antigens as our previous work
has shown (12, 29). This may explain the high rate of positive
autoantibodies found by Hesselmark and colleagues in a study of
healthy children and adults (80), as they didn't screen for GAS
infections. Although the Swedish study found poorer specificity,
the sensitivity in their investigation was comparable to the
present study, with 100% of PANDAS children having at least
one positive autoantibody (80). Results for individual
autoant ibody assays in both studies were s imilar ,
reemphasizing the need to assimilate the complete panel of
four antineuronal autoantibodies and CaMKII activation to
confirm a diagnosis of PANDAS.

Dale et al. in 2012 reported that 12/17 children with basal
ganglia encephalitis (movement and psychiatric disorders) had
elevated serum levels of anti-D2R autoantibodies and 10/30
patients with SC, 4/44 with TS, 0/22 with PANDAS, and 0/67
controls had these antibodies (33). They also reported that no
patient groups or controls had detectable anti-D1R
autoantibodies, which differed from our report here. There are
likely technical reasons for these differences including the
increased sensitivity of the ELISA compared to the cell-based,
flow cytometry assay used in the Dale et al. study. The cell-based
assay may have not been sensitive enough or epitopes of the
antigen recognized in the ELISA were not exposed in the cell-
based assays and therefore fewer samples were positive. In
addition, problems with control sera may also have prevented
the detection of the antibodies in a cell-based assay. Most
importantly, signaling in the CaMKII assay or signaling assays
of dopamine receptor expressing transfectants have
demonstrated functional activation of dopamine receptors by
the autoantibodies. The Dale study did not investigate anti-D2R
autoantibody function/signaling. Our study herein extends these
findings to demonstrate that anti-D1R and anti-D2R
autoantibodies are elevated in the sera and CSF by ELISA, and
previous studies have confirmed PANDAS-derived autoantibody
signaling of D2R in D2R transfectants (26). Current studies
suggest that anti-D1R autoantibodies in PANDAS signal a D1R
expressing reporter cell line (Menendez and Cunningham,
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manuscript in preparation). Signaling of D1R and D2R receptors
by PANDAS IgG and human mAbs derived from PANDAS
supports the hypothesis that functional antibodies which bind
and enter human neuronal cells may be important in the
pathogenesis of disease. The dopamine receptor antigens used
in this study are membrane fragments of the D1 and D2
dopamine receptors, chosen for their maintenance of the
receptors' physiological conformation. Previous studies of SC-
derived human mAb 24.3.1 bound dopamine receptors as well as
sera from SC suggest similar specificity of the human mAb vs
sera from the SC patient donor (13, 26, 29). The ratio of anti-
dopamine receptor antibody titers correlated with symptoms has
already been reported (29). D1R and D2R autoantibody titers
were associated with disease outcomes as titers decreased during
improvement and increased during worsening symptoms.

Our study suggests that also anti-lysoganglioside antibodies are
relevant to disease outcomes. Lysogangioside-GM1 is a small
molecule shown previously to mimic GLcNAc, the dominant
epitope of the group A carbohydrate of Streptococcus pyogenes
(9). The tubulin protein antigen is purified, which may disrupt
the physiological conformation of the protein. A previous study
identified specific cross-reactive epitopes of the tubulin protein
with GLcNAc (25), the dominant epitope of the group A
carbohydrate antigen. However, tubulin does not always track
well with episodic changes (Figures 3C–E) in PANDAS
compared to the other three autoantibodies. Our data suggest
that the dopamine receptors as well as lysoganglioside are essential
targets in disease and individual symptom presentations depending
on the autoantibodies' specificity, cross-reactivity, and avidity.

A limitation of this study is the small number of patients used
in all groups. A larger cohort of healthy controls is needed to
determine the frequency of positive autoantibodies among
children who have had recent GAS infections; such a study
was recently completed and data are currently being analyzed
(Ben-Pazi, et al. manuscript in preparation). To further assess the
specificity of the autoantibodies, samples should be obtained
from individuals with a wider variety of neuropsychiatric
disorders, such as pediatric bipolar disorder, anorexia nervosa,
autism, and others. In addition, the sensitivity of the assays in
chronic and recurrent PANDAS requires further exploration to
determine if autoantibodies remain present throughout the course
of illness. If so, the assay will be an important adjunct to the
clinical diagnosis of chronic PANDAS, as it is often difficult in
the months following onset to determine if neuroinflammation is
still playing a role in disease presentation. Anti-neuronal
autoantibody profiles and biological mechanisms may be
different in the acute and chronic conditions and additional
studies are needed to compare them.

With the increased awareness of neuroinflammatory
disorders in children, biomarkers are needed that can identify
autoantibody-mediated symptom presentations. Our results
suggest that the panel of four antineuronal antibodies and
CaMKII activation assays successfully identify acute illness in
PANDAS, providing opportunities for rapid and accurate
diagnosis and treatment. At least one of the panel of
Frontiers in Psychiatry | www.frontiersin.org 13246
autoantibodies was present in elevated concentrations during
acute illness in both PANDAS and SC (8, 13, 25, 26), and
decreased to normal levels during recovery. Elevation of
CaMKII activity suggested that the autoantibodies have
bioactivity, consistent with findings of autoimmunity and
neuroinflammation in PANDAS and SC (27), including basal
ganglia and/or dopamine receptor encephalitis (26, 33).
Additional studies are in progress to further investigate the
validity of our conclusions, the presence of other neuronal
autoantibodies (38), and better understand the pathogenetic
mechanisms in disease.
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