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Abstract

dose within the range tested was 0.75 mg/Kg once daily.

deemed to be global responders.

Background: Pioglitazone is a promising compound for treatment of core autism spectrum disorder (ASD)
symptoms as it targets multiple relevant pathways, including immune system alterations.

Obijective: This pilot study aimed to elucidate the maximum tolerated dose, safety, preliminary evidence of efficacy,
and appropriate outcome measures in autistic children ages 5-12 years old.

Methods: We conducted a 16-week prospective cohort, single blind, single arm, 2-week placebo run-in, dose-finding
study of pioglitazone. Twenty-five participants completed treatment. A modified dose finding method was used to
determine safety and dose response among three dose levels: 0.25 mg/kg, 0.5 mg/kg, and 0.75 mg/kg once daily.

Results: Maximum tolerated dose: there were no serious adverse events (SAEs) and as such the maximum tolerated

Safety: overall, pioglitazone was well tolerated. Two participants discontinued intervention due to perceived non-efficacy
and one due to the inability to tolerate interim blood work. Three participants experienced mild neutropenia.

Early evidence of efficacy: statistically significant improvement was observed in social withdrawal, repetitive behaviors,
and externalizing behaviors as measured by the Aberrant Behavior Checklist (ABC), Child Yale-Brown Obsessive
Compulsive Scale (CY-BOCS), and Repetitive Behavior Scale—Revised (RBS-R). Forty-six percent of those enrolled were

Conclusions and relevance: Pioglitazone is well-tolerated and shows a potential signal in measures of social withdrawal,
repetitive, and externalizing behaviors. Randomized controlled trials using the confirmed dose are warranted.

Trial registration: ClinicalTrials.gov, NCT01205282. Registration date: September 20, 2010.

Keywords: Pioglitazone, Autism spectrum disorder, Cytokines, Treatment, Clinical trial, Efficacy, Safety profile,
Inflammation, Drug therapy, Physiological effects of drugs, Maximum tolerated dose (MTD)

Introduction

Autism spectrum disorder (ASD) is a complex neurode-
velopmental condition with life-long impact on patients,
affecting almost 1 in 59 children [1, 2]. The core symp-
toms of ASD involve varying degrees of difficulty in so-
cial communication, repetitive behavior, and restricted
interests [1]. Autistic individuals' also experience fre-
quent physical and mental health comorbidity. Risperi-
done and aripiprazole are the only medications approved
for use in ASD for the treatment of irritability and
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aggression. There are no pharmaceutical treatment op-
tions for the core symptoms of ASD, and perhaps more
importantly, none that impact the developmental trajec-
tory of autistic children. Part of the challenge in the de-
velopment of new treatments is identifying the biological
basis of the pathophysiology underlying the clinical het-
erogeneity in ASD.

The pathophysiology underlying ASD is under investi-
gation. The disorder is known to have strong genetic in-
fluences and some environmental risk factors. Clinical
heterogeneity in autism makes it difficult to match indi-
viduals with effective treatments. Literature evidence
supports a role for immune signaling and inflammation
in ASD [3-10] but current approaches have not
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examined or identified individual differences in biology
that underlie the striking clinical heterogeneity. Of note,
whether immune differences are primary to the patho-
physiology or a later epiphenomenon has not been clari-
fied. In an effort to advance our understanding of the
role of the immune system in ASD, we assessed baseline
and treatment-related changes in peripheral cytokines in
an exploratory fashion, as part of a maximum tolerated
dose (MTD) study with pioglitazone (NCT01205282).

Evidence of abnormal central nervous system
immune signaling and inflammation in ASD
Evidence of immune system alterations within the brains of
autistic individuals comes from examination of post-mor-
tem brain tissue, cerebrospinal fluid (CSF), and positron
emission tomography (PET) studies. Post-mortem tissue
analysis has demonstrated activated microglia and astro-
cytes in several areas of cerebral cortex, cingulate gyrus,
white matter, and cerebellum [11-13]. Recently, elevated
microglial activation was demonstrated in vivo using PET
[14]. The ages of individuals in these studies varies from
early childhood to adulthood suggesting that such neuroin-
flammation may affect the presentation of autism across
the life span. In comparison to controls, autistic individuals
have elevated levels of glial fibrillary acidic protein (GFAP),
confirming astroglial activation (reviewed in [15]). In-
creased expression and release of cytokines and chemo-
kines, the mediators of inflammatory reactions in the
CNS, have also been observed. Elevated levels of proin-
flammatory chemokines reported in ASD include
macrophage chemoattractant protein-1 (MCP-1), thymus
activation-regulated chemokine (TARC), proinflammatory
cytokines interleukin-6 (IL-6), interleukin-10 (IL-10),
macrophage chemoattractant protein-3 (MCP-3), eotaxin,
eotaxin 2, macrophage derived chemokine (MDC),
chemokine-8 (Ckf8.1), neutrophil activating peptide-2
(NAP-2), monokine induced by interferon-Y (MIG), and
B-lymphocyte chemoattractant (BLC) [11]. Studies com-
paring CSF in autistic children versus controls have shown
elevated pro-inflammatory cytokines tumor necrosis
factor-a (TNF-a), IL-6 and granulocyte-macrophage col-
ony stimulating factor (GM-CSF), Thl cytokine (IFN-Y),
and chemokine (IL-8) (reviewed in [15]). Other studies
have found that patients with ASD produce lower levels of
anti-inflammatory cytokines IL-10 and TGEF-1p [16, 17].

Evidence of abnormal peripheral immune system
signaling and inflammation in ASD

Studies comparing cytokine levels from the peripheral im-
mune system (from blood samples) to CNS (via CSF) do
not find a clear relationship, suggesting that blood samples
may not provide a clear indication of CNS immune activ-
ity [4]. However, cross-talk between peripheral cytokines
and the CNS are known to impact behavior [18, 19].
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Elevated levels of pro-inflammatory cytokines and reduced
levels of anti-inflammatory cytokines have been observed
in autistic children compared to controls [20-22]. A re-
cent meta-analysis of studies of peripheral cytokine levels
in ASD compared to controls demonstrated higher con-
centrations of interleukin (IL)-1B, IL-6, IL-8, interferon-
gamma, eotaxin, and MCP-1, while concentrations of
transforming growth factor-p1 (TGF-1p—anti-inflamma-
tory cytokine) were significantly lower [20, 21]. In a study
of 65 autistic children compared to healthy controls, level
of IL-8 in the blood was found to be significantly higher,
while IL-10 was significantly lower [23]. However, in a
longitudinal study of 104 autistic children compared to
controls, there was no difference in levels of traditional
markers of active inflammation such as IL-6, TNF-a, and
IL-1P [4].

Evidence is accumulating that demonstrates a link be-
tween elevated cytokine levels and behavior. Ashwood et
al. [24] found that increased IL-6 level in autistic chil-
dren was associated with increased stereotypy scores on
the Aberrant Behavior Checklist (ABC). Tsilioni et al.
[25] observed that both IL-6 and TNF-a were decreased
significantly in autistic children when they took luteolin
a natural flavonoid, and children with high levels of both
IL-6 and TNF-a at baseline had significant improvement
of all subscales of the Vineland adaptive behavior scale
following this treatment. Reduced TGF-13 was seen in
ASD versus controls and correlated with lower adaptive
behavior and worse behavioral symptoms [16]. Similarly,
another study found that levels of TGF-B1 and IL-23
were significantly decreased in the plasma of autistic
children in comparison to healthy controls with a nega-
tive correlation between TGF-B1, IL-23, and IL-17 with
the severity of autism [26]. Additionally, IL-17A was
found to be significantly higher in the serum of autistic
children than healthy controls, and higher levels corre-
lated with severity of autism [7].

Pioglitazone pharmacodynamics and studies in ASD
Overall, the studies discussed above demonstrate that alter-
ations in both peripheral and CNS cytokines are observed
in ASD and identifying drug treatments that normalize
some of these immune markers may be a fruitful avenue of
research. Pioglitazone is an agonist of peroxisome prolifera-
tor activated receptor (PPAR)-Y, and is part of a drug class
called thiazolidinediones (TZDs). PPAR-Y is a nuclear hor-
mone receptor which modulates insulin sensitivity but is
also shown to have anti-inflammatory effects [27]. The
anti-inflammatory functions of PPAR-Y have received
much attention since its agonists have been shown to exert
a broad spectrum of protective effects in several animal
models of neurologic and cardiovascular diseases [28, 29].
To date, pioglitazone has been shown in vitro and in early
in vivo studies to have a variety of effects of interest in the
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pathophysiology of autism. Those include inhibition of ex-
pression of inflammatory cytokines (IL-1b, IL-6, and IL-8)
[29], and reduction in TNF-« [30], but also affects on mito-
chondrial function and NMDA glutamate receptor activity
[31, 32], which may also be important in ASD pathophysi-
ology [33-35].

Studies of pioglitazone in autistic individuals include one
case series and a pilot double-blind placebo-controlled
study of pioglitazone as adjunctive treatment to risperidone
[36, 37]. The authors of the case series reported on 25 chil-
dren (mean age 7.9+0.7 years) with autism who were
treated with 30-60 mg of pioglitazone a day, over 3—
4 months. They reported improvements in four of five
scales of the ABC and no side effects other than mild eleva-
tion in liver enzymes, a well-known phenomenon with this
medication. A drawback of this study was the choice of pio-
glitazone dose. The FDA-approved maximum adult dose is
45 mg. Lower doses have been used in the trials of type II
diabetes and studies for use of pioglitazone in central ner-
vous system diseases such as multiple sclerosis. Addition-
ally, only the ABC was piloted as an outcome measure.
Other outcome measures may prove to be more sensitive.
Ghaleiha et al. [37] randomized autistic children receiving
risperidone to pioglitazone or placebo adjunct treatment.
Forty-four patients aged 4—12 years with a score of more
than 12 on the Aberrant Behavior Checklist-Community
(ABC-C) were included in a 10-week study. They found a
significant reduction in irritability, lethargy/social with-
drawal, and hyperactivity/non-compliance, but not for
stereotypic behavior and inappropriate speech subscales in
the pioglitazone group compared with the placebo group.
Vomiting and headache were the most frequent reported
side effects. Of the two studies conducted on pioglitazone
in ASD to date, one used doses above the recommended
maximum for adults, while the other used pioglitazone as
adjunct therapy. Therefore, both the safety and efficacy of
pioglitazone in ASD requires further study.

In this study, we conducted a weight-based evaluation
of maximum tolerated dose using a modified dose find-
ing method, where maximum dose was based on the
FDA and Health Canada approved adult maximum. We
used several outcome measures sensitive to changes in
behavior, to help guide the design of a larger multisite
placebo-controlled trial. In an exploratory fashion, we
measured levels of cytokines (IL-1(, IL-6, TNF-a, and
IL-10) pre and post treatment as potential predictors of
response to drug. The design was a phase II, 16-week,
single-blind, single arm, placebo run-in, modified MTD
study of pioglitazone in autistic children.

Methods

Participants

Eligible participants were 5-12 years old with a Diagnostic
and Statistical Manual of Mental Disorders 4th edition,
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text revision (DSM-IV-TR [38]) diagnosis of autistic
disorder or Asperger syndrome (autism spectrum dis-
order) supported by the Autism Diagnostic Observational
Schedule, First or Second Edition (ADOS [39] or ADOS-2
[40, 41]) and the Autism Diagnostic Interview-Revised
(ADI-R [42]). The Diagnostic and Statistical Manual of
Mental Disorders 5th edition (DSM-5) was published after
participant enrollment had begun; therefore, the protocol
was not revised for use of DSM-5 for diagnosis. Eligibility
for inclusion also required a Clinical Global Impression-
Severity (CGI-S [43]) score >4 to ensure participants were
experiencing functional impairment at least moderate in
severity that could benefit from medication treatment.
The CGI-S is a standardized measure commonly used in
mental health research, for ranking illness severity (there-
fore for autism this would include both core and associ-
ated symptoms). All participants had normal physical
examination and laboratory test results at screening visit.
Participants receiving non-pharmacologic educational, be-
havioral, or dietary interventions at study entry were re-
quired to be stable on such interventions (continuous
participation during the preceding 3 months) and to not
electively initiate new or modify ongoing interventions for
the duration of the study. Participants were excluded if
they had a primary psychiatric diagnosis other than ASD,
a current neurological disease including a movement dis-
order, tuberous sclerosis, fragile X or any other known
genetic syndrome, or any medical condition that might
interfere with the conduct of the study, confound inter-
pretation of the study results, or endanger a participant’s
well-being. Hence, patients with evidence or history of
malignancy or any significant hematological, endocrine,
cardiovascular (including any rhythm disorder), respira-
tory, renal, hepatic, or gastrointestinal disease were ex-
cluded. However, patients with stable epilepsy (defined as
no seizures for 6 months) and on stable doses of antiepi-
leptic medications (no changes in the 3 months preceding
screening) were allowed to participate. Prior studies of pi-
oglitazone have shown that individuals taking this medica-
tion had a slightly higher incidence of bladder cancer and
the risk seemed to be higher in smokers. Therefore, partic-
ipants were not allowed to participate if they had a family
history of bladder cancer, a caregiver who smoked, or a
personal history of bladder infection. Participants tak-
ing any psychoactive medication or insulin were ex-
cluded as were any female participants who were
sexually active, taking the birth control pill for any reason,
or pregnant. Participants were excluded if unable to toler-
ate venipuncture procedures for blood sampling.

The informed consent process was conducted in accord-
ance with the Tri Council Policy Statement, the Declar-
ation of Helsinki, and the International Council for
Harmonization of Technical Requirements for Pharmaceu-
ticals for Human Use (ICH)-Good Clinical Practice (GCP)
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guidelines and institutional policy. This study was ap-
proved by the Holland Bloorview Research Ethics Board.

Study design

This phase II pilot study was designed as a 16-week,
modified maximum tolerated dose study of pioglitazone
in autistic children conducted at Holland Bloorview Kids
Rehabilitation Hospital in Toronto, Canada. Participants
were enrolled consecutively over 2 years. Our national
pharmaceutical regulatory body, Health Canada, re-
quired that a maximum tolerated dose (MTD) study be
conducted prior to additional clinical trials of pioglita-
zone for autistic children. Such studies are normally
open label; however, in an effort to improve our confi-
dence in evaluating preliminary efficacy and safety, we
employed a 2-week placebo run-in and single-blind de-
sign. Parents were blinded to the timing of the 2-week
placebo period. The consent process disclosed that at
some point during the study, participants would get pla-
cebo, but not when. The study involved 2 weeks of pla-
cebo run-in and 14 weeks of active treatment. The
placebo was identical in composition to the active drug
except for the active ingredient. Compliance with the
study dosing schedule was monitored with a medication
diary that was provided to parents/guardians that they
completed daily. Parents were the primary efficacy raters
and were blinded to treatment as described above. Clini-
cians were not blinded, and were solely responsible for
safety assessments and outcome ratings (using CGI-S,
Clinician Global Impression scale-Improvement (CGI-I)
[43] and the Child Yale-Brown Obsessive Compulsive
Scale (CY-BOCS; [44], modified by [45]).

Participants were required to attend approximately
seven study visits—screening, baseline, 2, 4, 8, 12, and
16 weeks from baseline. A modified dose finding method
was used to determine safety and dose response among
three dose levels (0.25 mg/kg once daily, 0.5 mg/kg once
daily, and 0.75 mg/kg once daily). The dose was based
on the FDA-approved maximum adult dose of 45 mg.
Taking 60 kg as an average adult weight, the per kilo-
gram maximum dose is 0.75 mg/kg. Standard toxicity
protocols are based on serious adverse events (SAEs) to
determine the MTD. We defined toxicity as the presence
of SAEs or severe side effects deemed by the treating
clinician and investigators to be likely or probably re-
lated to study drug. The most recent monograph of pio-
glitazone lists heart failure, hepatic insufficiency, and
allergic reactions as significant side effects of pioglita-
zone. Five participants were studied at the first dosing
level (0.25 mg/kg), and five were studied at the second
dosing level (0.5 mg/kg). No serious adverse events pre-
sented at 0.25 or 0.5 mg/kg, therefore the remaining 18
participants were studied at the final dosing level of
0.75 mg/kg.
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Assessments

Screening/diagnostic assessments

At the screening visit, confirmation of DSM-IV diagnosis of
autism or Asperger syndrome was obtained by medical his-
tory, either ADOS or ADOS-2 and ADI-R. Additionally, a
comprehensive medical history and physical exam as well
as a Safety Monitoring Uniform Report Form (SMURF)
and Clinician’s Global Impression (CGI)-severity (Global &
Social [43]) were completed by a study physician. An esti-
mate of intellectual ability was obtained using the Stanford
Binet 5th Edition. The Stanford Binet 5th Edition was
chosen to provide an estimate of intellectual ability because
it provides a full-scale intelligence quotient and is able to
assess the full age range of our study sample.

Outcome assessments

Treatment outcome measures were selected to elucidate a
comprehensive set of behaviors. This included measures
of global behavioral disturbance, social function, repetitive
behaviors, and anxiety. The Aberrant Behavior Checklist
(ABC) community version [46] and the CGI-improvement
(CGI-I)-global were used to assess global behavioral dis-
turbance. The ABC was designed to objectively identify
five behavior subscales through observation by the pri-
mary caregiver. Items are rated on a four-point Likert
scale, with higher scores indicating more severe problems.
We used three subscales: irritability, hyperactivity, and so-
cial withdrawal. The CGI-I global is a well validated
clinician-rated measure that employs a seven point scale
(1 = very much improved to 7 = very much worse) to de-
termine the patient’s response to treatment. The Social
Responsiveness Scale (SRS) [47] and the Clinical Global
Impressions Improvement Scale (CGI-I)-Social [43] were
used to measure social function. The SRS is a 65-item
caregiver rating scale of social behaviors specific to ASD
and provides a total score that quantifies ASD severity.
The CGI-I social allows clinicians to provide an impres-
sion of improvement (1 = very much improved to 7 = very
much worse) on a seven-point Likert Scale. The Child
Yale-Brown Obsessive Compulsive Scale (CY-BOCS; [44],
modified by [45]) and the Repetitive Behavior
Scale-Revised (RBS-R) [48] were used to measure repeti-
tive behaviors. The CY-BOCS is a clinician-rated ques-
tionnaire measuring the time spent, distress, interference,
resistance, and control in relation to obsessions and com-
pulsions based on a five-point scale. The RBS-R was de-
veloped to capture the breadth of repetitive behaviors
specific to autism and is a 43-item parent report measure.
Lastly, the Behavioral Assessment System for Children
2nd Edition (BASC-2) [49] anxiety scale and the Child
and Adolescent Symptom Inventory (CASI) [50] anxiety
component were used to measure symptoms of anxiety.
These outcome measures were completed at the baseline
visit, week 8 and week 16. Research bloodwork included
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Assessed for eligibility (n=131)

A 4

A

Excluded (n=103)

+ Not meeting inclusion criteria (n=0)

e Declined to participate (n=38)

e Meeting exclusionary criteria (n = 57)
e Other reasons (n= 8)

Started study (attended
baseline visit) (n=28)

A 4

Allocated to intervention (n=28)

Early termination (n=3):
+ Participant’s choice due to
perceived lack of efficacy (n=2)

v

[ Analysis ]

l

v

e Participant unable to tolerate
required interim blood work (n=1)

Analysed (n=27)

e Excluded from analysis (placebo responder) (n=1)

Fig. 1 CONSORT 2010 flow diagram

cytokines (IL-1p IL-6, IL-10, and TNF-a) and was per-
formed at screening and week 16. Cytokine levels, includ-
ing IL1-B, IL-10, and TNF-a in plasma; IL-6 in serum,
were measured by ELISA using standard manufacturer’s
protocol. ELISA kits were selected based on range of sen-
sitivity by manufacturer and previous reports. Samples
were run in duplicate using human TNF-«a quantikine HS
ELISA (R&D systems), human IL-6 quantikine HS ELISA
(R&D systems), human IL1-B ELISA (Ray Biotech), and
human IL-10 ELISA (Ray Biotech). Cytokine levels (pg/
ml) were detectable in all IL-6 samples and all but one
TNEF-a and IL1-p samples, and all but two IL-10 samples.
Specifically, one baseline sample was below detectable
levels for TNF-a, IL10, and IL1-B and one baseline sample
was below detectable for IL-10. These samples were
treated as missing values and not included in the analysis.

Safety assessments

Safety was assessed using the Clinical Global Impressions
Improvement Scale (CGI-I)-Global and the Safety Moni-
toring Uniform Report Form (SMUREF). If a participant

Table 1 Sample characteristics

Age in years [mean (SD)] 6.3 (24)
Male:Female 13:1

1Q [Mean (SD)] 69.9 (26.5)
ADQOS score [mean (SD)] 17.1 (5.7)
Concomitant IBI (%) 10.7
Concomitant ABA (%) 214
Concomitant social skills group (%) 214

Diagnosis # patients with comorbidity (/28)
Anxiety NYD 4
Specific phobia 2
ADHD 3
ocb 1

Abbreviations: 1Bl intensive behavioral therapy, ABA applied behavior analysis,
NYD not yet diagnosed, ADHD attention deficit/hyperactivity disorder, OCD
obsessive compulsive disorder
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Table 2 Adverse events Table 2 Adverse events (Continued)
Event # Participants Event # Participants
Eye disorders Respiratory
Eye redness 1 Cough 1
Oral/gastrointestinal disorders Nasal congestion 2
Vomiting 3 Sleep apnea 1
Abdominal pain 2 Throat clearing 1
Constipation 1 Skin
Diarrhea 1 Skin rash 2
Mouth sore/dry lips 2 Skin scratching/picking 3
Tooth problem 6
General disorders
Increased energy/behavioral activation 3 had scored 6 or greater for two or more weeks, they would
Fatigue 1 have been discontinued from the study. At each study
Increased sweating 1 visit, the treating physician completed the SMURF [51],
Immune system disorders assessed vital signs, height, and weight. Funduscopic exam
Neutropenia ; was performed at weeks 8 and 16. Clinical laboratory tests
for safety included bloodwork [complete blood count
Infections (CBCQ), electrolytes, blood urea nitrogen (BUN), creatin-
Fever 1 ine, alanine aminotransferase (ALT), aspartate amino-
Gastroenteritis 3 transferase (AST), insulin, fasting glucose, and creatine
Upper respiratory tract infection 1 kinase (CK)] and electrocardiogram performed at screen-
Injury ing and weeks 4, 8, and 16. Urinalysis for micro- and
Skin bruise : macroscopic hematuria was performed at screening and
week 16. A urine pregnancy test was performed at screen-
Skin burm ! ing in any menstruating girl.
Insect bite 2
Appetite Statistical analysis
Decreased appetite 5 All analyses compared baseline visit to the week 16 visit,
Increased appetite 1 and controlled for participant’s age. One subject demon-
Musculoskeletal strated a placebo response and was removed from the
analyses. We used repeated measures ANOVA to model
Muscle pain/cramps 2 the outcomes at each of the study visits, with a planned
Nervous system disorder contrast statement to assess the change from baseline to
Concentration difficulty 1 week 16. CGI scores at weeks 8 and 16 were classified as
Headache 1 responders if they scored 1 or 2 on the measure. The
Psychiatric disorders percentage of responders is presented with exact 95%
Disinhibition/silliness 2 confidence limits.
Change in cytokine levels (pg/ml) from baseline to
Increased impulsivity ! week 16 was highly skewed and, therefore, was assessed
Emotional lability 2 using the Wilcoxon signed rank test. We used Spearman
Increased aggression/irritation/anger 5 correlation coefficients to examine the degree of associ-
Insomnia (initial/mid-cycle) 6 ation between baseline cytokine levels and their change
Negative thoughts 1 from baseline to the end of the study with the change in
o ) outcome measures. Only cytokines and outcomes that
Self-injurious behavior 2 .o .
showed a significant difference over the course of the
Genitourinary study were included in this analysis.
Diurnal/nocturnal enuresis 3

Increased urinary frequency

Genital discomfort

Results

Participant attrition and baseline characteristics

Potential participants were screened over the phone
(131). Twenty-eight participants started treatment and
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25 participants completed the study (see Fig. 1). Baseline
characteristics are summarized in Table 1. Refer to
Additional file 1: Table S1 for a list of educational and
dietary interventions being received by participants.

Maximum tolerated dose and overall safety
There were no serious adverse events (SAEs) in any of
the doses within the range tested (0.25 mg/kg, 0.5 mg/
kg, and 0.75 mg/kg) and as such the maximum tolerated
dose was determined to be 0.75 mg/kg once daily.
Overall, pioglitazone was well tolerated (see Table 2).
Two participants discontinued intervention due to per-
ceived non-efficacy and one due to the inability to tol-
erate interim blood work during the study. Adverse
events (AEs) were of mild to moderate severity.
Thirty-nine percent of the sample experienced upper

Table 3 Change in outcome measures with treatment
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respiratory tract infection (URTI). Three participants
experienced mild neutropenia [see Additional file 1:
Table S2 (a—c) for complete blood count results for
each of these participants]. In one participant this was
a pre-existing condition, in another it resolved while
staying on medication, and in the third it only pre-
sented during the final visit and spontaneously recov-
ered. As such, it was deemed to be unlikely related to
the study intervention. BMI did not change significantly
during the study [mean change 0.12; 95% confidence
interval (- 0.03; 0.28) p =0.1].

Preliminary evidence of efficacy

One participant had a response to placebo at week 2 and
was removed from the statistical analyses. Results from
the remaining participants showed statistically significant

Estimate (95%CL)

Estimate (95%CL) Effect size®

p value pooled sd
Baseline Week 8 Week 16 Week 16-baseline
n 27 25 25
Social function
ABC social withdrawal 10.1 (6.6, 13.7) 75 (4.8;,103) 6.7 (3.8, 9.6) —34 (-53; 1.6) 0.0005* —-0437.96
SRS total® 884 (73.6; 103.2) 88.2 (789;97.5) 85.8 (75.2; 96.4) —-26 (172,120 0.7 —0.09 29.29
Externalizing behaviors
ABC irritability 138 (102; 17.4) 112 (83; 14.0) 100 (6.9; 13.0) —38(-63; - 1.3) 0.004* —046 827
ABC hyperactivity 21.7 (176, 25.7) 18.7 (14.9; 22.4) 16,5 (13.2, 19.7) —52(-78;—26) 0.0003* —0.58 8.96
Anxiety
BASC-2 anxiety® 9(55;122) 1(53;108) 2(52;113) -06(-28;15) 06 —-0.08 776
CASI-4 generalized anxiety® 6 (5.1; 8.0) 4 (4.3;6.6) 2 (4.0;6.3) —14 (=25, -03) 0.02 —044 3.16
CASI-4 social phobia“ 4 (1.6, 3.3) 2 (14 3.0) 6 (1.1; 2.1) -08 (- —0.2) 001 —0.50 1.66
CASI-4 separation anxiety® 4(1.3;3.5) 8 (1.1, 2.6) 6 (0.8; 2.4) -08(-16;0.1) 008 -033232
Repetitive behaviors
RBSR total 33.0 (25.7; 40.3) 27.5 (20.6; 34.3) 245 (174; 31.5) —85 (=13.3; —3.7) 00009 -048 1762
CY-BOCS? 126 (11.1; 14.2) 10.7 (94;12.7) 94 (8.0; 10.9) —32(-44,-20) <.0001% —0.90 354
Clinical global impression % Responders: score of 1 or 2 (95%CL)
Week 8 Week 16
n 25 27
CGl social 203 34.1
(94; 38.2) (18.6; 54.0)
CGl global 260 458
(11.7,48.1) (27.8; 65.0)

Score (95%CL) at each visit is estimated from a repeated measures linear model controlling for age; a planned contrast is used to estimate the change from
baseline to week 16 from the model; model excludes one participant with a placebo response at week 2

%n =26 at baseline and week 16

Bn=24 at week 8

“n=26 at week 16; * = remains significant using Bonferroni adjusted level for significance of p =0.005
dWeek 16-baseline/pooled standard deviation where the pooled standard deviation is derived from the baseline and week 16 standard deviations obtained from

the repeated measures model
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changes in scores on global function, social function, irrit-
ability, hyperactivity, repetitive behaviors, and anxiety, al-
though not on all measures (see Table 3, Additional file 1:
Table S3, Figs. 2, 3, and 4). The outcome measures that
remained statistically significant after using Bonferroni
adjusted level for significance (p =0.05/10=p <0.005)
were ABC social withdrawal, irritability and hyperactivity,
as well as CYBOCS and RBS-R total score. Effect size
calculated using the pooled standard deviation ranged
from medium to large (0.43 to 0.9) on these measures
(see Table 3).

Cytokine levels

Cytokine levels in serum (IL-6) and plasma (TNF-a, IL-10,
IL1-B) were measured at screening and week 16 visits.
Two participants were removed from these analyses. The
first was the placebo responder noted in the last section,
and the second was an outlier in that cytokine levels were
significantly higher than the rest of the cohort. One partici-
pant provided the second sample at week 8 due to early
withdrawal from the study, and it was analyzed as a week
16 per a last observation carried forward approach in keep-
ing with the intent-to-treat principle. Figure 5 shows the
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change in each cytokine value with pioglitazone treatment.
Additional file 2: Figure S3 shows cytokine concentrations
as measured pre and post-treatment with pioglitazone. Sig-
nificant changes with treatment occurred with both IL-6
and IL-10 (mean change (Wilcoxon sign rank p value) IL6:
~16 (p=00006); IL-10: 13.6 (p=0.03)) (Table 4). IL-1p
and TNF-a did not change significantly with treatment.
We then looked at the association between the two cyto-
kines showing significant change with continuous outcome
measures that also showed a significant change with treat-
ment: ABC-social withdrawal, irritability, and hyperactivity,
CY-BOCS, and CASI-generalized anxiety and social pho-
bia. Baseline IL-6 levels were significantly positively corre-
lated (0.5, p=0.01) with the change in CYBOCS scores
over the course of the study, but change in IL-6 levels did
not correlate with change for any of the outcome mea-
sures. Baseline IL-10 levels were not significantly correlated
with the change in any of the outcome measures. Change
in IL-10 levels with treatment was significantly positively
correlated with change in ABC social withdrawal scores
(0.44, p =0.05) and showed a trend (0.41, p = 0.06) toward
a positive correlation with change in CASI-social phobia
score.

Fig. 2 Change in ABC subscales with treatment
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CASI
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Fig. 3 Change in anxiety with treatment
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Discussion

This study had three main objectives: Firstly, to identify
the maximum tolerated dose of pioglitazone in autistic
children within the range approved by Health Canada and
the FDA. Secondly, to evaluate which of a number of out-
come measures could best capture the therapeutic effect
of pioglitazone in this population. Finally, to evaluate
whether a biomarker, cytokine, levels in a peripheral blood
sample significantly predict the effect of pioglitazone on
outcome measures. The maximum tolerated dose of pio-
glitazone identified was 0.75 mg/kg in autistic children.
No serious adverse events occurred at any of the three
doses tested. None of the three participants with early ter-
mination dropped out due to adverse effects related to
study drug, but rather related to perceived non-efficacy
and an inability to tolerate study safety bloodwork. The
most recent monograph of pioglitazone lists heart failure,
hepatic insufficiency, and allergic reactions as significant
side effects of pioglitazone. None of these side effects were
observed in our study nor were they observed in either of
the two previously published studies of pioglitazone in
autistic children [36, 37]. Boris et al. [36] observed two
incidents of slightly elevated white blood cell and glucose

levels and three incidents of slightly elevated liver enzymes
(ALT and AST), all resolved without intervention.
Ghaleiha et al. [37] found that the most common adverse
events were headache and vomiting, but the incidence
was not statistically different between the pioglitazone
group and the control group. A few studies have examined
the safety and efficacy of pioglitazone and the related drug
rosiglitazone (also a thiazolidinedione) in children and ad-
olescents with diabetes and obesity and similarly found
these drugs to be well tolerated [52—54]. Reported adverse
events included transient elevation of liver enzymes,
weight gain, edema, and hypoglycemia (only in rosig-
litazone combined with metformin [52]). None of our par-
ticipants experienced these adverse events. Three
participants in our study experienced mild neutropenia,
which was determined to be unlikely related given the
time frame and course. Two cases of reversible neutro-
penia have been reported in adults with diabetes treated
with pioglitazone [55, 56] and a retrospective study of 50
diabetic adults treated with pioglitazone showed a signifi-
cant reduction in hemoglobin, hematocrit, platelets, and
white blood cell count, compared to placebo suggesting a
possible mild bone marrow suppressive effect of the drug
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[57]. Therefore, future studies should carefully monitor
complete blood counts of patients taking pioglitazone.
Thirty-nine percent of our participants experienced upper
respiratory tract infection (URTI). URTT occurs very com-
monly in children, and because we did not have a
placebo-arm for comparison, it was unclear if pioglitazone
further predisposes children to URTI. URTI is noted in
the product monograph for pioglitazone as a common oc-
currence (occurring in >1% to <10% of adult patients).
Placebo-controlled trials of pioglitazone in adolescents did
not list URTI as a common adverse event [52—54]. Future
placebo-controlled trials in children should monitor
closely for a significant risk of URTL

We used a number of outcome measures to evaluate
the potential efficacy of pioglitazone in autistic children.
Consistent with the prior two studies of pioglitazone in
ASD, we found significant improvement in irritability,
hyperactivity, and social withdrawal within the dose
range approved by regulatory agencies, as measured by
the ABC. In addition, we identified significant improve-
ment in repetitive behaviors and anxiety as measured by
the CY-BOCS, RBS-R, and CASI-4 anxiety scales. The
ABC social withdrawal, irritability, and hyperactivity as

well as CY-BOCS and RBS-R total score remained sig-
nificant after correction for multiple comparisons. Im-
provement in repetitive behavior as measured by the
CY-BOCS had a large effect size, while changes in the
ABC social withdrawal, irritability, hyperactivity, and
RBS-R (for repetitive behavior) had a medium effect size.
Using the standard deviations of scores on the ABC so-
cial withdrawal, irritability and hyperactivity subscales
taken from Brown et al. [58], and the standard devia-
tions of the total scores of the RBS-R and CYBOCS
taken from Lam and Aman [48] and Scahill et al. [59],
respectively, we found that the ABC social withdrawal,
irritability, and hyperactivity subscale scores as well as
RBS-R total score were just shy of — 0.5 SD (with mean
change of - 0.42 to - 0.49 SDs). The CYPBOCS showed
a mean change of — 1.14 SD. This along with effect sizes
calculated from our data suggest that pioglitazone has
the largest signal for reduction of repetitive behavior as
measured by the CYBOCS. Using the CGI-global and
social, clinicians rated 46% of participants as significantly
improved in global functioning and 34% significantly im-
proved in social functioning. These findings require con-
firmation in a larger, randomized, double-blind, placebo-
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Fig. 5 Change in cytokine value with treatment

controlled study, but do provide preliminary evidence
that pioglitazone may improve both core ASD symptoms
and frequently associated symptoms.

The direction of change in cytokines in our study
(decreasing IL-6 and increasing IL-10) is consistent
with the known effect of PPAR-gamma agonists like
pioglitazone [60]. It was expected that IL-1p and

Table 4 Cytokine levels measured at baseline and post-
treatment

Baseline Post-treatment (n = 26) p value
Mean  sd. Mean sd.
IL6 (pg/ml) 1.37 1.29 0.760 043 0.0006
IL1B (pg/ml) 135 348 144 203 >005
TNF-a (pg/ml) 069 037 0782 049 >0.05
IL10 (pg/ml) 31.2 539 428 72.5 0.03

TNF-a would also decrease with treatment. This was
not observed in our study and may relate to the small
sample size. One study did not find that thiazolidine-
diones were able to suppress TNF-a and IL-6 in mac-
rophages [61]. While baseline IL-6 levels were
correlated with worse CYBOCS scores as expected,
reduction of IL-6 with treatment was not correlated
with outcome measures. Change in IL-10 with treat-
ment was correlated with outcome measures but con-
trary to our expectations. This was contrary to
expectation given studies such as one examining chil-
dren with 22ql1l deletion syndrome (at high risk of
autism) that found that level of IL-1B in the blood,
and the ratio of IL-6:IL10 in serum was significantly
associated with social scores on the ADI-R [62]. This
again may relate to the small sample size in our
study. Alternatively, peripheral cytokine levels do not
directly reflect cytokine levels in the CNS, nor do
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they reflect immune activation and inflammation in
the CNS [4]. Pioglitazone is able to cross the
blood-brain barrier and PPAR-Y is expressed in the
following areas of CNS: mostly microglia and astro-
cytes, less so in hippocampal dentate gyrus, basal
ganglia, thalamus, and piriform cortex [63-65]. Pio-
glitazone is able to inhibit the secretion of TNF-a,
IL-1B, and IL-6 and enhance IL-10 secretion in
mouse astrocytes [66]. Moreover, pioglitazone can
affect mitochondrial biogenesis and reduce currents
through the NMDA glutamate receptor, two alterna-
tive mechanisms that may be important in autism
[31-35]. Such alternative mechanisms could explain
the improvement seen on outcome measures during
treatment with pioglitazone in our study, but without
a direct correlate with peripheral cytokine levels.
Given that IL-6 and IL-10 both changed as expected
with pioglitazone treatment, it may be worth repeat-
ing these analyses in a larger study.

Limitations

This study had some important limitations to consider.
Firstly, this study was primarily designed as a pilot max-
imum tolerated dose (MTD) study. The study used a
single arm with no placebo control group with which to
compare change in behavioral outcome measures and
cytokine levels. Additionally, the sample size may be too
small to detect cytokine change with treatment and to
find an association with behavior outcome measures. A
typically developing control group may help identify a
subgroup of autistic children having abnormal cytokine
levels and may more accurately demonstrate a relation-
ship with outcome measures.

In summary, we identified 0.75 mg/kg of pioglita-
zone to be the maximum tolerated dose within the
range allowed by Health Canada and the FDA using a
MTD design. Pioglitazone was well tolerated with no
serious adverse events identified. Pioglitazone demon-
strated efficacy in improving both core (social with-
drawal and repetitive behaviors) and associated
(irritability, —hyperactivity, and anxiety) autism
symptoms and did significantly decrease the pro-in-
flammatory cytokine IL-6 and increase the anti-in-
flammatory cytokine IL-10. These findings indicate
the need for a larger randomized controlled trial with
potential emphasis on pioglitazone’s efficacy in redu-
cing repetitive behavior as measured by the CYBOCS,
to replicate these promising findings.

Endnotes

"We acknowledge that there is no consensus within
the community about whether to use identity-first (i.e.
autistic individual) language, or person-first language

Page 12 of 14

(i.e. person with autism). We are choosing to use the
term autistic individual in this paper, but respect both
perspectives.

Additional files

Additional file 1: Table S1. Concurrent educational and dietary
interventions received by participants. Table S2a. Complete blood count
and corresponding visit for participant 1 with mild neutropenia. Table
S2b. Complete blood count and corresponding visit for participant 2
with mild neutropenia. Table S2c. Complete blood count and
corresponding visit for participant 3 with mild neutropenia. Table S3.
Change from baseline to week 16 by dose. (DOCX 162 kb)

Additional file 2: Cytokine concentrations pre and post-treatment with
pioglitazone. (PDF 44 kb)
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