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Abstract

Autism spectrum disorder (ASD) has been associated with imbalance between excitatory and
inhibitory (E/I) neurotransmission systems, as well as with neuroinflammation. Sitting at the
crossroads between E/I imbalance and neuroinflammation is a class of endogenous hormones
known as neurosteroids. Current literature points to dysregulated steroid metabolism and

atypical neurosteroid levels in ASD as early as /n utero. However, due to the complexity of
neurosteroid metabolomics, including possible sex differences, the impact of neurosteroids on
ASD symptomatology remains unclear. In this study, we assessed neurosteroid levels and ASD
symptom severity of 21 males with ASD and 20 full-scale-1Q-matched typically developing (TD)
males, all aged 18 to 39. Using liquid chromatography-tandem mass spectrometry, concentrations
of allopregnanolone, cortisol, dehydroepiandrosterone, progesterone, and testosterone were
measured in saliva and serum. With the exception of cortisol’s, all neurosteroids’ concentrations
were found to have ASD vs. TD group differences in distribution, where one group was normally
distributed and the other non-normally distributed. Serum allopregnanolone levels in males with
ASD were found to negatively correlate with clinician-rated measures of restricted and repetitive
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behavior measures (ADOS-2 RRB and ADI-R RRSB domain scores). Additionally, lower serum
allopregnanolone levels were found to predict more negative camouflaging scores, which represent
greater differences in self- and clinician-rated symptom severity, of both ASD symptomatology
overall and repetitive behaviors in particular. Taken together, our findings demonstrate that in
adult males with ASD, decreased serum allopregnanolone levels are associated with more severe
restricted and repetitive behaviors and with less insight into the severity of these behaviors.

Keywords

autism spectrum disorder; neurosteroids; allopregnanolone; liquid chromatography-mass
spectrometry; repetitive behaviors; camouflaging

1.

INTRODUCTION

Autism spectrum disorder (ASD) is a condition defined by deficits in social interactions,
communication, stereotypic behaviors, and restricted interests (American Psychiatric
Association. and American Psychiatric Association. DSM-5 Task Force., 2013). ASD is

a heterogeneous condition. About 900 genes have been found to be associated with ASD,;
about 100 of these genes are strongly associated with the condition (Satterstrom et al.,
2020). Many of these genes affect synapses, consistent with prominent hypotheses of
ASD. One major hypothesis proposes that an imbalance between excitatory and inhibitory
(E/1) neurotransmission systems may be a key biological factor in ASD (Rubenstein and
Merzenich, 2003). Another major hypothesis of ASD suggests that the condition is a result
of neuroinflammation (Sciara et al., 2020). Sitting at the crossroads between E/I imbalance
and neuroinflammation is a class of endogenous hormones known as neurosteroids.

Modulators of the E/I balance include neurosteroids, which are endogenous steroid
hormones that act at the central nervous system. They regulate a host of neurotransmitter
receptors—most prominently the GABA and NMDA receptors—that function in

the GABAergic and glutamatergic systems (Mellon, 2007; Zorumski et al., 2019).
Allopregnanolone is a potent allosteric agonist of the GABAA receptors and increases
inhibitory neurotransmission (Lambert et al., 1995; Majewska et al., 1986; Pinna et

al., 2000; Puia et al., 1990); it has little effect on excitatory NMDA receptors. By
enhancing the hyperpolarizing CI~ currents, allopregnanolone slows the rate of recovery
from desensitization (Zhu and Vicini, 1997). With an ECsgg value in the high nanomolar
range (AkKk et al., 2007), allopregnanolone has marked anxiolytic and anti-stress effects
(reviewed in Paul et al., 2020). Progesterone also potentiates the GABA response, but with
considerably lower affinity, and cannot directly modulate the GABA receptor (Callachan
etal., 1987; Wu et al., 1990). Allopregnanolone, however, is a derivative of progesterone
(Dong et al., 2001), and thus fluctuations in progesterone levels can have significant
influence on the GABAergic system. Testosterone can also exhibit influences on the E/I
balance via its metabolites. Androstanediol, a testosterone-derived neurosteroid, is a positive
allosteric modulator of GABAA, receptors with an ECsg of about 5 uM (Reddy and Jian,
2010). Estradiol, formed from testosterone, has been shown to negatively modulate NMDA
receptors for neuroprotection against NMDA excitotoxicity, as well as enhance GABA
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release from GABAp receptors in gonadotropin-releasing hormone neurons (Romano et
al., 2008; Weaver et al., 1997). Dehydroepiandrosterone (DHEA), on the other hand, is a
GABA antagonist, with typical 1Cgq values in the high nanomolar to micromolar range
(Akk et al., 2007; Imamura and Prasad, 1998). DHEA also positively modulates NMDA
receptors (Maninger et al., 2009).

Current literature points to dysregulated steroid metabolism and atypical levels in ASD,
although the data and collection methods—saliva, serum, or plasma—are inconsistent. Using
gas chromatography—mass spectrometry and radioimmunoassay, Majewska et al. found
significantly higher salivary concentrations of many steroid hormones in children with ASD
compared to neurotypical controls, particularly in older children and in males (Majewska

et al., 2014). These results are consistent with other findings of hyperandrogenemia in
Egyptian and U.S. autistic children using immunoassay (El-Baz et al., 2014; Geier and
Geier, 2007), but conflict with a radioimmunoassay study that did not find elevated levels
of DHEA in serum levels of autistic children, except for those with aggression (Tordjman

et al., 1995). In adults, one radioimmunoassay study found significantly lower plasma
levels of DHEA sulfate (DHEA-S) with ASD when compared to controls (Strous et al.,
2005). However, another immunoassay study did not find significant differences in levels of
DHEA-S in adults with ASD, but did find significantly elevated levels of androstenedione
(Ruta et al., 2011). Finally, in animal models, one study induced ASD-like behavior in male
but not female mice by inhibiting allopregnanolone biosynthesis; subsequent administration
of allopregnanolone abolished the phenotype (Ebihara et al., 2017).

Along this line of investigation, recent studies in other psychiatric conditions

have administered allopregnanolone as a possible treatment. Studies have implicated
allopregnanolone levels in posttraumatic stress disorder (PTSD) symptom severity,
specifically in the plasma and cerebrospinal fluid of premenopausal women with PTSD
(Pineles et al., 2020; Rasmusson et al., 2006), and in the cerebrospinal fluid of men

with PTSD (Kim et al., 2020). To veterans with posttraumatic stress disorder, a synthetic
derivative of allopregnanolone called ganaxolone was administered orally in a randomized
controlled trial (Rasmusson et al., 2017). Ganaxolone was not found to outperform placebo
in reducing PTSD symptom scores or increasing global well-being. However, the study
may have had issues with dosing, since 23.5% of the participants on active ganaxolone

had undetectable plasma trough levels at the end of the placebo-controlled trial. In contrast,
for women with moderate to severe postpartum depression, single continuous infusion of
allopregnanolone for 60 hours resulted in greater reduction of mean depression severity
scores compared to placebo (Meltzer-Brody et al., 2018). Future investigations may account
for the difference in these treatment outcomes by studying associated factors, such as
dosing, sex differences, and baseline allopregnanolone levels before starting treatment.

In the context of allopregnanolone’s relevance to postpartum depression, altered levels of
fetal neurosteroids in ASD are especially of interest. In amniotic fluid samples of males who
later received ASD diagnoses, elevated steroidogenic activity for sex steroids and cortisol
was observed, compared to samples of matched typically developing males (Baron-Cohen et
al., 2015). In contrast, placental allopregnanolone insufficiency in mice has been shown to
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lead to male-specific cerebellar white matter abnormalities and core ASD symptoms (Vacher
etal., 2019).

Due to the complexity of neurosteroid metabolomics, including possible sex differences,

the impact of neurosteroids on ASD symptomatology remains unclear. This study aims

to elucidate the relationships between neurosteroid levels and symptom severity in

ASD, particularly in high-functioning adult males. We focused on males due to the

previous literature surrounding allopregnanolone’s gender-dependent effect, and because
allopregnanolone levels vary across the menstrual cycle in females (Ossewaarde et al.,
2010). With liquid chromatography-tandem mass spectrometry (LC-MS/MS), concentrations
of allopregnanolone, cortisol, DHEA, progesterone, and testosterone were measured in

both saliva and serum, collected from typically developing adult males and from adult

males with ASD. The characterization of neurosteroid concentrations and their associated
symptomatology in ASD may help address the need for clinically useful biomarkers that can
aid in personalized therapy and response monitoring.

MATERIAL AND METHODS

Participants

21 males with ASD and 20 typically developing (TD) males aged 18 to 39 were included

in this study. Methodology of the study was approved by the Institutional Review Board

of Stanford University. Participants with ASD were excluded for the following criteria:

(a) evidence of a genetic, metabolic, or infectious etiology for their autism, on the basis

of medical history, neurological history, and available laboratory testing for inborn errors

of metabolism and chromosomal analysis; (b) a DSM-5 diagnosis of any severe mental
disorder such as schizophrenia and bipolar disorder; (c) taking psychotropic medications
that have not been stable for over a week; (d) a history of alcoholism; (e) a diagnosis

of a neurological disorder with active symptoms; or (f) 1Q < 70. TD participants were
excluded for the following criteria: (a) a diagnosed neurological disorder with active
symptoms; (b) a diagnosis of psychiatric disorders currently and in the past on the basis of a
clinical psychiatric evaluation and information obtained from behavioral scale; (c) historical
evidence of significant difficulty during pregnancy, labor, delivery, or immediate neonatal
period, or abnormal developmental milestones as determined by neurological history; or (d)
a history of alcoholism.

Our sample sizes were chosen based on previous literature. According to a recent study
(Majewska et al., 2014), the effect size for allopregnanolone was found to be large when
comparing salivary levels of the hormone between children with ASD and neurotypical
controls. Taking a conservative approach, assuming Cohen’s d of 1, we calculated that 17
subjects in each group would be required to achieve power of 0.8 and alpha level of 0.05.

Among the 21 participants with ASD, 15 were taking at least 1 psychotropic medication,
including serotonin reuptake inhibitors (A = 11), stimulants (7), atypical antipsychotics (3),
non-stimulants (3), and other medications (melatonin (3), bupropion (2), and oxcarbazepine
(2)). Among the 20 TD participants, one was taking melatonin and another was

taking medical marijuana. To account for possible confounding, in our investigations of
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neurosteroid—behavior relationships in the ASD group, psychotropic medication usage was
included as a binary covariate in subsequent generalized linear model (GLM) analyses (see
2.6. Statistical methods).

2.2. Clinical assessments

To confirm the diagnosis of ASD participants, the Autism Diagnostic Observation Schedule,
Second Edition (ADOS-2) and the Autism Diagnostic Interview-Revised (ADI-R) were
administered by a qualified clinician. ADOS-2 is a 45-minute direct assessment involving
observation of the participant’s social cues, and the ADI-R is a 3-hour interview of the
participant’s parent regarding the participant’s developmental history (Lord et al., 2000;
Lord et al., 1994). Both were used in order to assess each participant’s ASD symptom
severity at present and in early childhood.

Neuropsychological assessments of the participants included the Stanford Binet Intelligence
Scale-Fifth Edition (SB-5), Autism-Spectrum Quotient (AQ), Ritvo Autism Asperger
Diagnostic Scale-Revised (RAADS-R), Social Responsiveness Scale-Second Edition
(SRS-2), and Repetitive Behavior Scale-Revised (RBS-R).

The SB-5 is an intelligence test that measures five factors: knowledge, quantitative
reasoning, visual-spatial processing, working memory, and fluid reasoning (Goldstein
and Naglieri, 2011). The verbal and nonverbal subtests measuring these factors provide
composite 1Q scores: Verbal 1Q, Non-verbal 1Q, and Full Scale 1Q. Higher scores indicate
higher cognitive abilities.

The AQ assists the diagnosis of autism in adults, and it uses 50 questions to assess social
skill, attention switching, attention to detail, communication, and imagination (Baron-Cohen
etal., 2001). The RAADS-R also assists diagnosis of autism in adults, containing 80
questions related to language, social relatedness, circumscribed interests, and sensory-motor
symptom areas (Ritvo et al., 2011). Higher scores on the AQ and RAADS-R indicate the
degree to which individuals exhibit autistic traits.

The SRS-2 is a 65-item questionnaire that measures one’s ability to engage in appropriate
reciprocal social behaviors. Five subscale scores are provided: social awareness, social
cognition, social communication, social motivation, and restricted interests and repetitive
behavior. Higher scores represent more severe behavioral symptoms (Constantino et al.,
2003).

The RBS-R is a 43-item questionnaire measuring repetitive behaviors over six subscales—
stereotyped, self-injurious, compulsive, ritualistic, sameness, and restricted—as well as a
Global Severity Score (Lam and Aman, 2007). Higher scores indicate greater symptom
severity.

2.3. Sample acquisition

For each participant, blood and saliva samples were collected at a subsequent study visit no
more than 8 weeks after the neuropsychological assessments. Sample acquisition occurred
between 11am and 6pm. Approximately 10 mL of blood was drawn by a qualified lab
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technician or nurse, and approximately 2 mL of whole unstimulated saliva was collected
using a synthetic swab specifically designed for cortisol determination. Whole blood
aliquots were collected into chilled heparin-treated vacutainer tubes. Blood aliquots were
centrifuged, then serum fractions were transferred and aliquoted into small, code-labeled
polypropylene collection vials. Saliva samples were also obtained via centrifugation and
transferred into code-labeled polypropylene collection vials. All serum and saliva samples
were kept at —80°C until LC-MS/MS analyses.

2.4. Neurosteroids processing and LC-MS/MS

Five neurosteroids of interest were identified for analysis: allopregnanolone, cortisol,
DHEA, progesterone, and testosterone. Samples were processed by a liquid-liquid extraction
method. 200 ul of each sample—serum, saliva, standard curve, or quality control—was
mixed with 10 ul of the internal standard mix (100 ng/ml). Analytes were extracted by
methyl tert-butyl ether (MTBE) and derivatized to run in positive mode in a LC-MS/MS
system (see Supplemental Material). Separation was achieved by using a Shimadzu UFLC
system and C18 columns. Quantitation was performed on a triple quadrupole MS with
electron spray ionization. For each analyte, multiple reaction monitoring (MRM) transition
was used with a deuterated analogue or similar-structure compound as an internal standard
to perform quantitation (see Supplemental Material). The lower limit of quantitation was 10
pg/mL for all compounds.

2.5. Hypotheses

The primary hypothesis was that allopregnanolone concentrations in serum and saliva would
correlate with ASD symptom severity, in terms of both socio-communicative function and
restricted and repetitive behaviors.

There were two exploratory hypotheses. First, we explored whether concentrations of four
other neurosteroids of interest (cortisol, DHEA, progesterone, and testosterone) would

also correlate with ASD symptom severity. Then, we explored whether any neurosteroid
concentrations correlated with the ASD behavior of camouflaging, which represents the
difference in self- and clinician-rated symptom severity. We used and extended the methods
found in previous literature (Lai et al., 2017; Schuck et al., 2019) to formulate three
camouflaging metrics: of overall symptom severity, based on total AQ and ADOS-2 scores;
of restricted and repetitive behaviors, based on SRS-2: RRB domain and ADOS-2: RRB
domain scores; and of circumscribed interests, based on RAADS-R: Circumscribed Interest
and ADOS-2: Highly Specific Interests subscale scores.

2.6. Statistical methods

Analyses were run in R version 3.5.3. Demographic and neuropsychological data were
compared between ASD males and TD males with two-sided Welch’s T-test not assuming
equal variances. Significance was set at £< 0.05. Variables with significant group
differences were identified as possible confounders and included as covariates in subsequent
GLM analyses.
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With ASD males and TD males separately, the distributions of salivary and serum
concentrations of each neurosteroid were characterized with Shapiro-Wilk’s test for
normality. Then, between ASD males and TD males, neurosteroid concentrations were
assessed for heteroscedasticity with Levene’s test. Significance for both tests was set at 2
< 0.05 (significance a = 0.05, two-tailed). For any neurosteroid identified to be normally
distributed for each group, as well as having insignificantly different variances between
groups, two-sided student’s T-test was used to compare means between groups.

Pearson’s correlations were calculated between neurosteroid salivary/serum concentrations
and time of saliva/blood collection. Circadian rhythms of steroids in young adult males
have been found to involve mid-day decreases in plasma concentrations of steroids closely
related to allopregnanolone (Kage et al., 1982). To our knowledge, the circadian rhythm of
allopregnanolone itself has not been studied.

Pearson’s correlations were also calculated between neurosteroid salivary/serum
concentrations and age. With our more focused group of men ages 18-39, we sought to
replicate previous findings of age-related declines in male allopregnanolone (Genazzani et
al., 1998) and DHEA levels (Orentreich et al., 1992).

To investigate how allopregnanolone concentrations in males with ASD correlate with
behavior, both at present and in early childhood (as assessed with the ADI-R), two-sided
Spearman’s correlations were calculated with the total scores of ADOS-2, ADI-R, AQ,
RAADS-R, SRS-2, and RBS-R, as well as with the repetitive behavior subscales of
ADOS-2, ADI-R, RAADS-R, and SRS-2. Significance was set at £< 0.005 to correct for 10
bivariate correlations per collection method (serum or saliva).

To explore behavioral correlates of the four other neurosteroids of interest in males with
ASD, Spearman’s correlations were calculated as above.

To investigate possible confounding by age of the relationships between neurosteroid
concentrations and behavior, Spearman’s correlations were calculated between age and
behavioral scores of interest identified in the investigations above.

To test our exploratory hypothesis about camouflaging, the method to quantify camouflaging
as previously described (Schuck et al., 2019) was followed. Scores were calculated by
standardizing (mean-centering and scaling) ADOS and AQ total scores, then subtracting
standardized ADOS from standardized AQ: Sag-Sapos. In an exploratory fashion,

similar methods were utilized to calculate camouflaging specifically related to repetitive
behaviors. Using data from the RAADS-R and the SRS-2, SRaADS-Circumscribed Interest—
SADOS-Highly Specific Interests a1d Ssrs-RRB—SaADOS-RRB Were also calculated. Positive
camouflaging scores correspond to more severe self-reported symptoms than those observed
by clinicians. Negative camouflaging scores represent how much more severe clinicians
rated participants’ symptoms compared to what was self-reported.

The associations between these three camouflaging scores and neurosteroid concentrations
in males with ASD were assessed with two-sided Pearson’s correlations, after any necessary
log transformation to normality of the neurosteroid concentrations. Significance was set to
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P<0.0167 to correct for 3 comparisons. Post-hoc GLM analyses, with log-transformed
neurosteroid concentrations and possible confounders as the independent variables and
camouflaging score as the dependent variable, were run to test possible confounding by
medication usage (coded as a binary variable), age, and any variables with significant group
differences between TD males and males with ASD.

3. RESULTS
3.1. Demographics and clinical assessments

3.2.

Table 1 reports the demographic data of the participants by group, as well as the results

of neuropsychological assessments. The two groups were age-matched (ASD mean 23.7
years, TD mean 27.0 years, 2= 0.23) and full-scale-1Q-matched (ASD mean 100.5, TD
mean 109.8, £=0.11), but there existed a significant group difference in non-verbal 1Q (P
= 0.033). Because of this group difference, non-verbal 1Q was included as a covariate in
subsequent GLM analyses to test for confounding. As expected, males with ASD reported
significantly higher symptom severity than TD males did in terms of socio-communicative
function and repetitive behavior (P< 0.001 for AQ, RAADS-R, and SRS-2).

Neurosteroid concentrations

Table 2 reports the concentrations of each neurosteroid by group. Serum allopregnanolone,
DHEA, progesterone, and testosterone, as well as salivary DHEA and progesterone,

were found to have group differences in the distribution of concentrations, where one

group was normally distributed (Shapiro-Wilk 2> 0.05) and the other non-normally
distributed. Specifically, males with ASD had non-normally distributed concentrations of
serum allopregnanolone (W= 0.84, P=0.011, Figure 1), serum DHEA (W=0.83, P=
0.006), and salivary DHEA (W= 0.82, P=0.003), while TD males had non-normally
distributed concentrations of salivary progesterone (W= 0.84, P=0.01), serum progesterone
(W=0.84, P=0.011), and serum testosterone (W= 0.83, £=0.005).

In terms of variance, salivary progesterone was the one neurosteroid whose concentrations
were found to differ by group on Levene’s test (A1,19) = 12.08, £=0.003).

Since salivary cortisol levels were normally distributed for both groups and homoscedastic,
student’s T-test was used to compare the mean salivary cortisol levels of TD males and
males with ASD; no significant difference in means was found (P=0.17).

In our investigation of the effect of circadian rhythms on neurosteroid concentrations,
no significant correlation was found between the time of sample collection and any
neurosteroid level, salivary or serum, across both groups (see Supplemental Material).

In our investigation of the effect of age on neurosteroid concentrations, our data replicated
previous literature by demonstrating decreasing serum allopregnanolone (r = -0.39, P=
0.026) and salivary DHEA (r = -0.45, P=0.0064) with age across both groups.

Psychoneuroendocrinology. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chew et al.

Page 9

3.3. RRB correlates of allopregnanolone

Figure 2 shows scatterplots of repetitive behavior measures and serum allopregnanolone
concentrations. Serum allopregnanolone levels in males with ASD had significant Spearman
correlations with ADOS-2 RRB domain score (rho = —-0.74, £=0.0025) and ADI-R RRSB
domain score (rho = -0.70, A= 0.0039). Exploratory analyses found that the “Highly
Specific Interests” subscale of the ADOS-2 drove the correlation, being the only subscale

of five within the ADOS-2 RRB domain that correlated with serum allopregnanolone (rho
=-0.86, £=0.000069). The correlation with the total score on the ADOS-2 was nearly
significant (rho = —0.66, A= 0.0095) but did not meet the threshold set for multiple
comparisons. Age did not correlate with any of these four behavioral scores (£ > 0.05).

No significant correlations were found with the total scores of AQ, ADI-R, RAADS-R,
SRS-2, or RBS-R, nor with the repetitive behavior subscales of RAADS-R or SRS-2 (P>
0.005 on all). Additionally, there were no significant correlations between behavioral scores
and salivary allopregnanolone.

3.4. Camouflaging and allopregnanolone

One possible reason for the discordant correlation findings is that whereas the ADOS-2 and
ADI-R are administered by clinicians, the AQ, RAADS-R, and SRS-2 are self-reported. In
order to address this possibility, we tested our exploratory hypothesis around camouflaging,
since camouflaging represents a difference in self- and clinician-rated symptom severity.

Figure 3 shows camouflaging scores plotted against serum allopregnanolone concentrations
that were log-transformed to normality, all in males with ASD. Significant correlations were
found between camouflaging and log-transformed serum allopregnanolone: Sag—Sapos;
representing camouflaging of a broader scope of symptoms (r=0.75, = 0.0021),

and SraADS-Circumscribed Interest—SADOS-Highly Specific Interestss 'epresenting camouflaging of
circumscribed interests (r=0.75, P=0.0019). Camouflaging defined with SRS-2 was nearly
significant (r= 0.58, £=0.030) but did not meet the threshold set for multiple comparisons.

GLM analyses, with camouflaging scores as the dependent variables, and non-verbal

1Q, medication usage, age, and log-transformed serum allopregnanolone concentrations
as the independent variables, validated the significant effect of serum allopregnanolone
on camouflaging while accounting for possible confounding. The GLM predicting Sag—
Sapos (adjusted RZ = 0.78, A4,9) = 12.41, P=0.0010) reported 2= 0.049 for log-
transformed serum allopregnanolone. The GLM predicting SRaADS-Circumscribed Interest—
SADOS-Highly Specific Interests (adjusted R? = 0.65, A4,9) = 7.13, A= 0.0072) reported A=
0.012 for log-transformed serum allopregnanolone.

3.5. Other neurosteroids

Despite the significant group difference in variance in salivary progesterone levels, no
significant behavioral correlates of salivary progesterone were found in males with ASD (see
Supplemental Material). Additionally, no significant behavioral correlates of any of the other
neurosteroids of interest were found.
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4. DISCUSSION

To our knowledge, this is the first study to provide evidence that levels of a neurosteroid
are correlated with ASD symptom severity in adult males. Specifically, in adult males

with ASD, we found that serum concentrations of allopregnanolone, but not salivary
concentrations, were non-normally distributed and right-skewed, negatively correlated with
clinician-rated restricted and repetitive behavior measures, and positively correlated with
camouflaging scores. Previous literature had shown the clinical significance of altered serum
levels of allopregnanolone as related to pregnancy (Meltzer-Brody and Kanes, 2020): in
women with depressed mood during pregnancy, when levels normally increase throughout
gestation (Hellgren et al., 2014; Luisi et al., 2000); in women with depression postpartum,
when levels normally return to baseline (Nappi et al., 2001; Pennell et al., 2015), and

in male mice with ASD-like behaviors that had placental allopregnanolone insufficiency
(Vacher et al., 2019). Our findings extend the likely clinical significance of lowered serum
allopregnanolone levels into young adulthood for human males with ASD. In addition, our
findings suggest that measurement of allopregnanolone in serum rather than saliva can be
more clinically relevant.

Allopregnanolone is a GABAA receptor agonist (Majewska et al., 1986). Recent literature
suggests that allopregnanolone exerts protective effects on the brain by inhibiting
proinflammatory neuroimmune signaling (Balan et al., 2019). This protection against
inflammation has been shown to be therapeutic in animal models of Alzheimer’s (Irwin and
Brinton, 2014) and multiple sclerosis (Noorbakhsh et al., 2014), and it may be significant
in ASD as well. Selective induction of astrocytic gliosis has been found to cause deficits

in neuronal inhibition (and likely GABAergic activity) (Ortinski et al., 2010), a finding
consistent with the evidence of neuroinflammation in the postmortem brain samples of
individuals with ASD (Vargas et al., 2005). In children with ASD, higher plasma IL-1f
and IL-6 levels predicted greater severity of stereotyped behaviors (Ashwood et al.,

2011). Collectively, these findings suggest a relationship between inflammatory response,
GABAergic function, and restricted and repetitive behaviors, potentially moderated by
agents that modulate both the immune and GABAergic systems (e.g., allopregnanolone).
Future studies that investigate the connections between GABA signaling and inflammatory
processes will help better characterize the systemic biochemical changes in ASD.

In our study, participants with ASD and lower serum allopregnanolone levels demonstrated
more severe restricted and repetitive behaviors, especially “highly specific interests” as
measured on ADOS-2. This is a novel finding, as we are unaware of previous studies
reporting biochemical correlates of restricted and repetitive behaviors in adults with ASD.
Studies that administer allopregnanolone as treatment may very well assess any changes in
restricted interests and perseveration, as well as inflammatory markers, to better characterize
the neurosteroid’s role in complex systemic and behavioral changes.

Our group has shown previously that high-functioning females with ASD on average self-
report more severe symptoms than what clinicians observe on ADOS-2 (Schuck et al.,
2019). Interestingly, here we observe in males with ASD a spectrum of camouflaging
that is associated with allopregnanolone. Males with lower serum allopregnanolone levels
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rate the severity of their repetitive behaviors and their ASD symptomatology overall

with lower scores than those given by clinician’s assessment. Males with higher serum
allopregnanolone levels, on the other hand, are more similar to females in how they
camouflage their symptoms. This finding suggests that decreased allopregnanolone may
correlate with decreased insight into symptom severity in males with ASD, even those
with normal or elevated 1Q. Further investigation into administering allopregnanolone

may demonstrate allopregnanolone’s potential as adjuvant treatment to therapy-based
interventions of restricted and repetitive behaviors. Relatedly, previous literature has shown
that oral pregnenolone reduces irritability in adults with ASD (Fung et al., 2014). In
addition, in typically developing adult males, the concomitant elevation in allopregnanolone
levels after oral pregnenolone intake has been shown to increase functional connectivity
between dorsal medial prefrontal cortex and left amygdala, and this connectivity was
associated with less self-reported anxiety (Sripada et al., 2013).

We acknowledge several limitations to our study. First, our sample size was modest, and

we focused our investigation on males. Future studies with more participants, and with a
female cohort analyzed at a specific phase of the menstrual cycle, may help demonstrate

not just differences in neurosteroid levels between ASD and TD, but also sex differences.
Second, our study found behavioral correlates of neurosteroid levels only in the ASD

group, since we lacked behavioral assessments of restricted and repetitive behaviors that
were valid for both ASD and TD participants. However, restricted and repetitive behaviors
are less common and less severe in typically developing people, and our findings help
characterize a set of core ASD symptoms. Third, collection of blood and saliva samples was
not at the same time of day for all participants, and the intake of food and water was not
regulated prior to saliva acquisition. However, we found no correlation between neurosteroid
concentrations and times of sample collections. Fourth, though our LC-MS/MS method was
both sensitive and specific, the difficulty of measuring neurosteroid levels was nontrivial.
Salivary allopregnanolone and progesterone were especially difficult to measure, perhaps
contributing to the lack of correlation between behavioral measures and salivary levels.
Salivary levels of these neurosteroids are known to be low, with mean allopregnanolone
found to be about 16 pg/mL in a study of premenopausal women (Ossewaarde et al., 2011)
and median progesterone found to be 29.79 pg/mL in a study of adult men (Gavrilova and
Lindau, 2009). Even with blood, 3 of our 33 serum allopregnanolone levels were below

the lower limit of quantitation of 10 pg/mL. These 3 values were set at 5 pg/mL (¥

LLQ). Future studies with even finer methods of quantification will help demonstrate the
prevalence and clinical significance of extremely low levels of allopregnanolone. Finally, our
study looks at neurosteroid levels in young adulthood, well after early neurodevelopment
when ASD features manifest; it does not address how altered neurosteroid metabolomics
affect neurodevelopmental trajectories. However, by acknowledging that ASD behaviors and
altered allopregnanolone levels persist into adulthood, our study underscores the need for
investigating both treatment options and developmental mechanisms.

5. CONCLUSIONS

In conclusion, we demonstrate that decreased serum allopregnanolone levels in adult males
with ASD are associated with more severe restricted and repetitive behaviors, and with less
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insight into the severity of these behaviors. In light of these findings and recent research
showing efficacy of intravenous administration of single dose allopregnanolone in women
with postpartum depression (Meltzer-Brody et al., 2018), administration of allopregnanolone
may be a possible treatment strategy in treating disabling repetitive behaviors in adults with
ASD.
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HIGHLIGHTS
. Serum allopregnanolone levels in adult males with ASD are non-normally
distributed.
. Lower allopregnanolone levels correlate with more severe repetitive
behaviors.
. Lower allopregnanolone levels correlate with less insight into behavioral
severity.
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Clinician-rated measures of restricted and repetitive behavior vs. serum allopregnanolone
(pg/mL) for ASD males. (A) ADOS-2 RRB domain scores, (B) ADOS-2 “Highly Specific
Interests” subscale scores, (C) ADI-R RRSB domain scores. Correlation values reported are
Spearman’s rho. Simple logistic trendlines are provided to illustrate correlation.
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Scatterplots of camouflaging vs. log-transformed serum allopregnanolone for ASD

males, with trendlines and Pearson’s correlation coefficients. (A) Camouflaging based
on standardized AQ and ADOS total scores. (B) Camouflaging based on standardized
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RAADS: Circumscribed Interests and ADOS: Highly Specific Interests subscale scores. (C)

Camouflaging based on standardized SRS: RRB and ADOS: RRB domain scores.

Psychoneuroendocrinology. Author manuscript; available in PMC 2022 January 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Chew et al.

Table 1.
Participant demographics and clinical assessments
ASD Males TD Males Welch’s T-Test
N=21 N=20 P

Age 23.71 £5.05 26.00 + 6.69 0.2267
FSIQ 100.45+17.65 | 109.82 +17.49 | 0.1148

VIQ 103.10 £17.55 | 108.71 +16.50 | 0.3242

NVIQ 97.95 + 18.69 111.06 +17.31 | 0.03357
ADOS-2 - Total 12.61 +5.83 N/A N/A
ADOS-2 - RRB Domain 3.00+2.14 N/A N/A
ADI-R - Total 38.21 +11.62 N/A N/A
ADI-R — RRSB Domain 5.05+2.88 N/A N/A
AQ - Total 29.48 +7.00 19.20 +8.97 0.0002405
RAADS-R - Total 114.43 +40.59 63.20 +43.12 0.0003596
RAADS-R - Circumscribed Interest | 22.76 +9.19 12.25+7.15 0.0002134
SRS-2 - Total 67.48 +10.90 54.11 + 10.30 0.0002938
SRS-2 - Repetitive Behaviors 71.67 £12.46 56.16 +9.49 0.00007564
RBS-R - Total 51.07 +35.68 N/A N/A
Camouflagingaq -0.006 +0.209 | N/A N/A
Camouflagingraaps -0.033+0.416 | N/A N/A
Camouflagingsgs -0.016 +0.289 | N/A N/A

Note: Values reported are mean + SD. Bolded Welch’s T-test results are < 0.05.
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Abbreviations: FSIQ = Full-scale 1Q. VIQ = Verbal 1Q. NVIQ = Non-verbal 1Q. ADOS-2 = Autism Diagnostic Observation Schedule, Second

Edition-2. ADI-R = Autism Diagnostic Interview-Revised. AQ = Autism-Scale Quotient. RAADS-R = Ritvo Autism Asperger’s Diagnostic Scale.
SRS-2 = Social Responsiveness Scale. RBS-R = Repetitive Behavior Scale. CamouflagingAQ, CamouflagingRAADS, and CamouflagingSRs are
described in Materials and Methods: Statistical methods.
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Table 2.

Serum and salivary concentrations of neurosteroids in ASD and TD males

W=0.88, P=0.03*

W=0.88, P =0.02*

ASD Males TD Males Levene’s Test
N Median N Median
(IQR) (IQR) F P
Neurosteroid S-W Test W, P S-W Test W, P
Allopregnanolone | Serum | 16 | 74.45 17 | 99
(26.0-91.1) (63.5-122.0) 0.1773 | 0.6766
W =0.84, P =0.01* w=10.97, P=0.73
Saliva | 17 | 5 18|15
(5.0-52.0) (5.0-29.1) 3.7547 | 0.06126
W =0.69, P <0.001* W=0.68, P<0.001*
Cortisol Serum | 19 | 83900 18 | 89950
(52300-92500) (65450-102000) 0.221 0.6412
W=0.77, P< 0.001* W =0.79, P=0.001*
Saliva | 20 | 2805 19 | 1810
(1385.0-4705.0) (1295.0-3200.0) 2.9578 | 0.09382
W=0.91, P=0.05 W=0.91, P=0.08
DHEA Serum | 17 | 4030 17 | 4340
(3230-5750) (3570-6000) 0.3241 | 0.5732
W=0.83, P=0.006* W=0.93, P=0.25
Saliva | 18 | 23.0 18 | 94.10
(10.0-91.7) (39.1-120.5) 0.0964 | 0.7581
W =0.82, P=0.003* W=0.91, £=0.09
Progesterone Serum | 17 | 44.2 16 | 58.3
(22.9-62.1) (45.6-114.3) 1.6549 | 0.2078
Ww=0.91, P=0.12 Ww=10.84, P=0.01*
Saliva | 11 | 114.00 10 | 5.0
(73.4-192.0) (5.0-5.0) 12.078 | 0.00253
W=0.90, P=0.20 W =0.47, P<0.001*
Testosterone Serum | 17 | 3400 (1320.0-4640.0) | 17 | 3280
W =0.93, (1650.0-3790.0) 0.0105 | 0.9191
P=0.22 W=0.83, P=0.005*
Saliva | 18 | 45.45 18 | 24.15
(22.2-72.0) (16.1-36.7) 2.9385 | 0.09559

Note: Units for all neurosteroids are pg/mL. IQR is Inter-Quartile Range, 25%—-75%. S-W Test is Shapiro-Wilk test (* signifies non-normal

distribution based on Shapiro-Wilk test £< 0.05). Bolded Levene’s test results are £< 0.05.
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