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Maternal exposure to the valproate short-chain fatty acid (SCFA) during pregnancy is
known to possibly induce autism spectrum disorders (ASDs) in the offspring. By contrast,
case studies have evidenced positive outcomes of this anticonvulsant drug in children
with severe autism. Interestingly, the same paradoxical pattern applies to the IL-17a
inflammatory cytokine involved in the immune system regulation. Such joint apparent
contradictions can be overcome by pointing out that, among their respective signaling
pathways, valproate and IL-17a share an enhancement of the “type A monoamine
oxidase” (MAOA) enzyme carried by the X chromosome. In the Guided Propagation
(GP) model of autism, such enzymatic rise triggers a prenatal epigenetic downregulation,
which, without possible X-inactivation, and when coinciding with genetic expression
variants of other brain enzymes, results in the delayed onset of autistic symptoms. The
underlying imbalance of synaptic monoamines, serotonin in the first place, would reflect
a mismatch between the environment to which the brain metabolism was prepared
during gestation and the postnatal actual surroundings. Following a prenatal exposure to
molecules that significantly elicit the MAOA gene expression, a daily treatment with the
same metabolic impact would tend to recreate the fetal environment and contribute
to rebalance monoamines, thus allowing proper neural circuits to gradually develop,
provided behavioral re-education. Given the multifaceted other players than MAOA that
are involved in the regulation of serotonin levels, potential compensatory effects are
surveyed, which may underlie the autism heterogeneity. This explanatory framework
opens up prospects regarding autism prevention and treatment, strikingly in line with
current advances along the gut microbiome–brain axis.

Keywords: autism spectrum disorders, brain enzymes, epigenetics, cytokines, short-chain fatty acids, gut
microbiome, MAOA, guided propagation networks

Abbreviations: ASD, autism spectrum disorder; BBB, blood–brain barrier; BS, Brunner syndrome; BA, butyric acid;
COMT, catechol-O-methyl transferase; DA, dopamine; ENS, enteric nervous system; EPU, elementary processing unit;
FDA, Food and Drug Administration; GP, Guided Propagation; SCFA, short-chain fatty acid; VPA, valproic acid; MAOA,
type A monoamine oxidase; MAOB, type B monoamine oxidase; NE, norepinephrine; PPA, propionic acid; SERT,
serotonin transporter; TPH2, type 2 tryptophan; 5-HT, serotonin; 5HT2BR, type 2B serotonin receptor; WT, wild type.
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INTRODUCTION

Living organisms do not passively undergo inputs from their
biological environment. Whether air particle, radiation, food,
or drug, any ambient stimulus generates different net effects
depending on both its strength and context of intrusion
into the human body. Contradictory global effects can even
be initiated by the same input and can raise a paradox
deserving examination for possibly gaining insights into the
biological mechanisms at work. Although not considered as fully
‘‘environmental’’ (Modabbernia et al., 2017), autism spectrum
disorder (ASD) cases have followed an asymptotic increase
in number over the last 50 years (Demeneix, 2014), too
rapidly to argue a clear genetic cause like in hemophilia
(Evatt, 2010; Figure 1). Rather than being attributable to a
significant genetic mutation, such as Fragile X, Brunner (Piton
et al., 2014), and Rett syndromes among close conditions,
ASD is usually described by several symptoms of variable
severities. Communication deficits are likely to result from a
lack of emotional guiding and control of perception, worsened
in most severe cases by irrelevant repetitions of a few acts
(stereotypy). A high comorbidity evokes a condition of the
systemic type, including poor sleep, digestive problems, and
epileptic signs.

The survey reported here has been motivated by the
identification of an intriguing phenomenon relating recent trials
of molecules with potential impact on autism. As a matter of fact,
paradoxical data were issued by distinct scientific experiments
whose respective molecular targets [i.e., IL-17a cytokine and
valproate (VPA) anticonvulsant] were found to alleviate autistic
symptoms (Yim et al., 2017; Aliyev and Aliyev, 2018), albeit
previously seen as ‘‘at risk’’ if absorbed by the embryonic brain
(Schneider and Przewocki, 2005; Christensen et al., 2013; Wong
and Hoeffer, 2018). In other words, separate studies suggest that
some molecules can be implicated in the etiology of ASD when
interfering with gestation, while providing potential remedies
against overt autism. This issue requires clarification, notably
in order to avoid promising treatments being shadowed by
the knowledge of their adverse effects on pregnancy. More
fundamentally, resolving this paradox may shed new light
on the genesis of autism, as well as on its prevention and
potential treatments.

CONTEXT-DEPENDENT EFFECTS OF
DRUGS

Life is communication. Indeed, living beings are driven by
complex networks of signal transmission and control, within
and between their constituent cells. More precisely, biological
interactions between the cell and its microenvironment are
performed through ‘‘cell signaling’’, thanks to small proteins
named cytokines, functionally close to hormones. At the
macro-environmental level, drugs contain chemicals aimed at
favorably interfering with the signaling cascades that interweave
within the human body. Not surprisingly then, any single
drug is likely to activate many such pathways, including
the subnetworks responsible for protecting the host organism

against pathogens: the immune system. Moreover, the expression
of genes—orchestrated by epigenetics—can be disrupted by
pharmaceutical formulations (Csoka and Szyf, 2009). In any
case, the impact of a given drug depends on possible coincident
stimuli (e.g., polypharmacy), plus the ongoing business of the
host organism, as well as its background (epi)genetic traits.
For example, the efficacy of a subclass of anti-hypertension
agents (beta-blockers) undergoes variations throughout the day,
coincidently with systems that control the blood pressure
(Morgan and Anderson, 2003). Of note here, pregnancy
constitutes a unique period during which most drugs must
be either avoided or prescribed with caution, because critical
periods of fetal development especially enhance drug side effects
involving epigenetic and immune systems. With respect to ASD,
exposure to the following molecules, either ‘‘during’’ or ‘‘after’’
pregnancy, may either ‘‘induce’’ or ‘‘reduce’’ symptoms.

1. Cytokine IL-17a is a small protein that contributes to cell
signaling; it belongs to the interleukin family on which
the immune system relies for regulating the maturation
and responsiveness of cellular populations. IL-17a triggers
signals aimed at recruiting white blood cells involved in
immunity, while promoting the expression of anti-microbial
peptides. It is important to add here that IL-17a is known to
enhance the action of IL-13, an anti-inflammatory interleukin
(Hall et al., 2017).

2. VPA is a synthetic short-chain fatty acid (SCFA), chemically
similar to a molecule found in valerian. Among several
medical uses, VPA is primarily an antiepileptic drug, which, in
the early century, turned out to be deleterious for the offspring
when prescribed across pregnancy.

TWO MOLECULES IN QUESTION

Temporary improvements have been reported in autistic
individuals who experienced fever (Yim et al., 2017; Grzadzinski
et al., 2018) or followed an antiepileptic treatment based on VPA
(Hollander et al., 2001; Aliyev and Aliyev, 2018; Béroule, 2019).
As introduced above, such reduction of symptoms is surprising
because both medical conditions can also produce adverse effects
during pregnancy (Patterson, 2011; Meador et al., 2013). At first
sight, the same initial event (e.g., infection or drug) may therefore
result in opposite final effects depending on the context, either
embryonic or ‘‘postnatal with ASD.’’

Interleukin-17a
A large-scale study of children born in Denmark between
1980 and 2005 found that severe viral infections occurring within
the first trimester of gestation increased by a factor of three
the risk for autism in the offspring (Atladóttir et al., 2010). A
molecular basis was given to account for this epidemiological
study, namely, the elevation of cytokines associated with
maternal immune response (Patterson, 2011). Among the set
of pro-inflammatory actors that play their part in fighting
infection, a significant contribution comes from interleukin-17a
signaling. In pregnancy with maternal inflammatory condition,
the activation of IL-17a pathways in the placenta may indeed
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FIGURE 1 | Evolution of the autism rate (blue asymptotic curve, from Demeneix, 2014) compared with genetic diseases: hemophilia (yellow line superimposed on a
graph (excerpt from Evatt, 2010) and Brunner syndrome (BS; displayed by green line segments). Intellectual disabilities associated with BS, as observed in only two
families around 1993 and 2013 (Piton et al., 2014), prevent transgenerational transmission, contrary to hemophilia, which can be passed on by healthy carriers from
one generation to the next. By contrast with BS, the rate of hemophilia follows at least a slight progression, as reflected by a Venezuelan survey of affected patients
over a decade (Evatt, 2010). The asymptotic increase of autism spectrum disorder (ASD) cases is proposed here to result from environmental factors inducing the
silent inheritance of an epigenetic mark. The latter would remain hidden until genetic features are met across human generations. Accordingly, the ASD rates
currently released would only account for cases of “overt autism”, irrespective of “healthy carriers” of the epigenetic mark at issue.

predispose to the postnatal onset of ASD-like deficits (Choi et al.,
2016; Wong and Hoeffer, 2018). Specifically, in pregnant mice,
intestinal Th17 cells, which produce IL-17a and are released
by the human bacteria, are more likely to cause inflammation-
associated abnormalities in the offspring (Kim et al., 2017).
Other investigations evidenced that cytokine IL-17 participates
in several neurological diseases, notably through the disruption
of the blood–brain barrier (BBB) as well as a direct effect
on brain cells (Cipollini et al., 2019). Unexpectedly, then,
episodes of fever have been shown to temporarily alleviate
aberrant behaviors in some autistic children (Curran et al.,
2007). A molecular–behavioral link is now proposed between the
release of IL-17a and the temporary reduction of impairments
in animal models of autism (Reed et al., 2020). According
to the authors of the relevant study, maternal exposure to
this cytokine would impact a brain region (S1DZ) located in
the somatosensory cortex, by getting bound to receptors and
thus reducing neural activity in this cortical area (Yim et al.,
2017). Autistic symptoms would result from the disturbed
development of S1DZ during gestation. Near inhibition of
the same region through IL-17a release would then restrict

its defective functioning. However, it remains unclear how
reducing the activity in this specialized brain area could either
generate long-term wide-spectrum deficits or temporarily inhibit
them, afterwards.

Valproate
In 2006, building on previous work concerning the effectiveness
of VPA against mood lability and irritability (Hollander et al.,
2001), a 2-month, double-blind, placebo-controlled trial tested
its benefits on stereotypy in ASD (Hollander et al., 2010). Based
upon these preliminary results and the link found between
isolated epileptiform discharges and deficits in attention,
language, and behavior (Spence and Schneider, 2009), a clinical
trial was planned in 2014 for investigating several medical
outcomes of VPA. Because not enough subjects could satisfy
the enrolment criteria, including the presence of epileptiform
discharges, this study was withdrawn. No clinical trial was carried
out until the end of the decade, preventing VPA from being
assessed as a potential treatment against autistic symptoms.
Incidentally, the US Food and Drug Administration (FDA) had
advised health professionals mid-2013 that anti-seizure drugs
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based on VPA were contraindicated for pregnant women. This
alert was supported at that time by a study showing that
children exposed to VPA while their mothers were pregnant
had significantly lower IQs at age 6 than children exposed
to other antiepileptic drugs (Patterson, 2011). Consequently,
the pregnancy status of VPA had then been shifted from
a ‘‘possible use despite potential risks’’ to the ‘‘X’’ category
warning that the risk of use clearly outweighs any possible
benefit. In France, a 2015 administrative report stated that
existing medical alerts had not accurately informed about
known risks for pregnant women (Chastel et al., 2015). As
a matter of fact, up to 40% of women exposed to VPA
during pregnancy had given birth to children with intellectual
disabilities and autism. Meanwhile, on the research front,
a computational model of autism (Béroule, 2018) predicted
that besides its classical anticonvulsant properties, VPA could
serve as an autism-modifying drug for its capacity to promote
the type A monoamine oxidase (MAOA) genetic expression
(Gupta et al., 2015). In 2015–2016, a preliminary case study
concerned the daily intake of a VPA-based anticonvulsant,
monitored over 12 months in an 11-year-old child with severe
autism and epileptic signs. Gradual improvements arose across
a broad autism spectrum, some of them showing up only
9 months after the trial beginning, and sometimes disturbed
by bursts of overactivity. In order to remedy the latter,
methylphenidate could complete VPA at the pharmacological
level, without mutual interference (Béroule, 2019). This favorable
outcome has been corroborated by a double-blind placebo-
controlled trial of the same VPA-based drug, involving
100 children and using a global rating scale of ASD; 80% of
the treated subjects showed significant global improvement,
compared with 12% in subjects having received a placebo
(Aliyev and Aliyev, 2018). The researchers who conducted this
clinical study eventually gave neurobiological interpretations
that are often put forward to explain autism, relating the
amplitude of sodium-dependent action potentials, as well
as the inhibitory GABA neurotransmitters. However, neither
heterogeneity of ASD nor paradoxical effects of specific
molecules like VPA can currently be enlightened by the only
global excitatory/inhibitory imbalance of brain neural circuits
(Uzunova et al., 2015).

PERSISTENT ADAPTATION TO THE FETAL
ENVIRONMENT

At this stage, the paradox raised by inconsistent effects of
two molecules can be addressed through the following couple
of questions.

1. What kinds of physiological events, caused by the same input,
could either (during gestation) underlie the development of an
ASD case or (in the autistic child) facilitate the onset of proper
behavior?

2. Are there common signaling pathways at the intersection
of those activated by the molecules under focus here?
Accordingly, if all autism inducers shared a chemical cascade

leading to ASD onset, any of them could form the basis of a
potential remedy, regardless of the condition actual initiators.

In attempting to answer the above questions, the human broad
adaptability can first be reminded and associated with the trend
to keep track of environmental stimuli in the long run. Even early
molecular memory acquired in the fetal life may thus modulate
the impact of postnatal inputs. By contrast, the seemingly sudden
onset of autistic signs in the infancy is still believed to readily
result from early medications, especially vaccination, despite
epidemiological studies based on large populations evidencing
no such causal relationship (Hviid et al., 2019). The occurrence
of symptoms before the age of 3 can less directly be linked to
prenatal adverse events memorized in some way and silently
integrated into the developmental script of the infant until a
revealing situation. As a matter of fact, not so many biological
systems (e.g., neural and immune) are capable of reliably
implementing both ‘‘print’’ and ‘‘reading’’ memory functions in
the long run. Of noticeable exception is that the DNA gene
pool sustainably crosses generations, although experiencing rare
mutations. Additionally, the embryonic genetic programming of
stem cells—through epigenetics—propagates unaltered identities
along cell lines (e.g., X chromosome inactivation; Pinheiro
and Heard, 2017) and, under certain conditions, over human
generations without genetic mutations: among pathologies of
epigenetic origin, defects are still reported in the third generation
after the grandmother was treated with diethylstilbestrol during a
pregnancy carried in the third quarter of the 20th century (Gore
et al., 2015). Beyond this transgenerational pathology, it seems
that critical periods of embryonic brain development (Kim et al.,
2011) exhibit enhanced susceptibility to the environment. Quite
possibly, an early ‘‘snapshot’’ of this environment may be taken
as reference for the baseline expression of ‘‘regulating genes’’
being fixed once and for all (e.g., MAOA enzyme). In particular,
the synaptic concentration of neurotransmitters is likely adapted
to the maternal health and feeding resources conveyed by the
composition of the mother’s blood. With the latter being passed
through both placenta and BBB to the fetus neural system, the
neurotransmitters’ metabolism could be tuned so as to account
for environmental signals. But this partial information may not
actually reflect the chemical surroundings that the newborn
will find after the end of gestation, when breastfeeding is over.
In case of significant gap between (maternal) signals received
in the womb and (autonomously) after birth, weaning may
resemble a sort of withdrawal (a well-known example is the
newborn of a smoking mother, whose brain does not receive any
more psychotropic molecules). This environmental mismatch
would be harmless if the early genetic programming could be
refined according to the postnatal context, encompassing the
erasure of obsolete epigenetic marks. Otherwise, a closer fit of
prenatal and postnatal situations may however be reached by
bringing the child chemical environment closer to influential
events experienced in the mother’s womb. Although unusual,
this view is consistent with the paradoxical situations addressed
here. Environmental feature(s) to the metabolic effects of which
the fetal brain got permanently adapted during a critical stage
of gestation would thus favorably be brought into play. But
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apart from a few identified factors such as maternal infection,
VPA-based treatment, or polluted surroundings (von Ehrenstein
et al., 2019), the origin of a given case of autism remains often
uncertain. Furthermore, not every environmental item, such
as a pesticide, can form the basis of a safe treatment. These
difficulties bring us back to the second question concerning
the possibility that, although respectively generating various
physiological outcomes, all potential initiators of an autistic case
could share a subset of signaling pathways. Interestingly, this
would allow molecules that are medically safe to partly reinstate
the ‘‘lost environment’’ for which neuronal stem cells had been
programmed into the womb.

SHARED BRAIN ENZYMATIC PATHWAYS

Among neurotransmitters, monoamines are modulating agents
involved in the control of behavior and learning. The ongoing
synaptic concentration of monoaminergic neurotransmitters is
therefore central in the brain function, relying on a subtle balance
to be preserved between their production/synthesis, recycling,
and degradation/catabolism. Reabsorbed through reuptake into
the afferent synapse, monoamines can either be used again
(recycled) or be degraded in the presynaptic neuron by MAOA,
while another enzyme, named catechol-O-methyl transferase
(COMT), works in the postsynaptic neuron. The potential for
regulated trafficking between relevant systems relies on early
epigenetic setup, as well as feedback loops to properly adjust
metabolic parameters. Provided an optimal range of synaptic
levels for a given neurotransmitter, the inner promotion of its
catabolism may for instance be set ‘‘down’’ and its synthesis
be boosted in case of a too-low concentration. Such out-of-
range output may be due to an accidental input involving
for instance MAOA. The A type of MAO, carried by the X
chromosome and known as a vital regulator of embryonic
brain development (Wang et al., 2011), is capable of degrading
at least three key monoamines, namely, dopamine (DA),
serotonin (5-HT), and norepinephrine (NE), whereas type B
monoamine oxidase (MAOB) and COMT cannot catabolize
5-HT. On first analysis, this discrepancy is likely to elicit
unbalanced synaptic concentrations between 5-HT and other
monoamines. However, as long as MAOA remains the main
player to carry on the degradation of all monoamines, their
levels consequently decrease at the same rate. In the Guided
Propagation (GP) model of autism, monoaminergic equilibrium
tends to continue if COMT is poorly expressed, if X-inactivation
occurs (in women), and until MAOB is fully operational (around
2 years after birth). At the computational level, the higher the
local parameter Da that codes for DA, the more controlled
the response of elementary processing units (EPUs) despite
possible imbalance of other monoamine-like parameters; this
occurs when the ‘‘Da concentration’’ is decreased, which in
the real world accompanies an increase of MAOB activity.
A theoretical scenario therefore begins with an accidental
stimulation of MAOA during gestation, eliciting a long-term
epigenetic regulation of the same enzyme in the embryonic
neurons. This epigenetic mark would become deleterious
when meeting high-functioning COMT promoter, and without

protection by X-inactivation (because all X chromosomes carry
the downregulated MAOA). The relatively poor degradation of
5-HT assumed here would only initiate visible effects in the
early childhood, when the third metabolizer (MAOB) is mature
enough to supply the baseline catabolism of DA. This enzymatic
reading provides an explanation for the regressive feature
of ASD, while the X-inactivation and COMT polymorphism
(low to high expressions) can together account for the male
prevalence (Béroule, 2018, 2019). Consequent structural deficits
are represented by a GP network in which the local 5ht
parameters decrease slower than Ne across offline encoding,
inducing either aberrant or lacking memory pathways (Béroule,
2016). The higher the 5ht/Ne ratio, the wider themisconnections,
namely, the chaining of meaningless sensorimotor patterns,
magnified convergence of inner stimuli towards EPUs inducing
their overactivity, and missing links between channels that
normally cooperate in sensorimotor tasks. For the sake of
simplicity, the way the above events are represented in the
GP model can be displayed by an assembly of puzzle pieces
(Figure 2).

Given that the downregulation ofMAOA is being proposed as
key crossover point between prenatal signaling and a spectrum of
postnatal symptoms, the second question to be addressed is about
the generic nature of this central feature. Ultimately, is IL-17a
able to affect MAOA just as VPA?

As stated above, VPA is already known to stimulate the
MAOA gene promotion, through select signal pathways
(Gupta et al., 2015). Of note, several ‘‘medium-chain’’ fatty
acids and SCFAs share chemical and structural properties
with VPA, making them potential MAOA inducers; they
are named pelargonic/nonanoic, decenoic, propionic, butyric,
and valeric from which VPA is made. Now, with regard to
the IL-17 cytokine, no direct action was reported towards
MAOA. But other molecules activated by IL-17 could promote
MAOA and therefore be responsible for ASD cases through
a mathematical transitive relation. Indeed, MAOA is one of
the most strongly upregulated gene within cells activated
by the IL-13 anti-inflammatory interleukin (Dhabal et al.,
2018), which gives the following: (1) IL-13 → MAOA+. Not
surprisingly then, elevated gestational IL-13 associated with
maternal inflammatory immune response and maternal–fetal
cytokine signaling increases the risk for the offspring to
develop abnormalities, namely, ASD, hyperactivity, and
inattention (Thürmann et al., 2019). Importantly here, the
genetic expression of IL-13 is enhanced by the pro-inflammatory
IL-17, i.e., (2) IL-17 → IL-13, provided that their signaling
pathways are present in the same cell (Hall et al., 2017). Indeed,
IL-13 can be produced inside the brain, where its receptors
have been evidenced (Mori et al., 2016); for its part, the
IL-17 generated outside the brain is conveyed by the blood,
can get across the fetal BBB, and then reach receptors (IL-
17R) found in neural cells (Luo et al., 2019), together with
IL-13 receptors. Taken together, (1) and (2) lead to IL-17 →

MAOA+.
To sum up, the paradoxes that motivated this study only

appear from a distant point of view. A close-range focus shows
an immediate common effect of molecules at issue, regardless of
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FIGURE 2 | Puzzle of autism, according to the Guided Propagation (GP) model. Pieces containing a green label in italics represent hypotheses, while labels in black
indicate actual facts. The main stream of pieces goes from the epigenetic regulation hypothesis (top-left piece, no. 1) towards core symptoms (bottom-right piece,
no. 12). Two-tone pieces (nos. 4, 6, and 11) stand for facts that appear downstream of two pieces coding for a hypothesis and another fact: in this theoretical
framework, the disrupted architecture of sleep (no. 7) is caused by a poor degradation of serotonin (no. 3), which leads to aberrant neural paths (no. 11) that are built
“offline” in the anticipation mode normally only relevant “online” (no. 10). For further details, see Béroule (2018).

context, namely, an increased promotion of the MAOA enzyme.
In the GP model, second-order effects differ according to the
context of exposure:

1. Blank situation, critical period of neurulation: The
monoamine metabolism is durably adapted to the current
fetal environment through MAOA downregulation
(MAOA–in Figure 2). When the transport of causal
molecule(s) by maternal blood/milk is discontinued, no
later than the end of gestation/breastfeeding, the MAOA
setting remains.

2. Then, the occurrence of MAOA inducers is expected by the
epigenetic memory to comply with its prenatal regulation.
A metabolic imbalance may otherwise result from the
high-expression variant of COMT and be enhanced by
matured MAOB.

3. In case of epigenetic masking (i.e., X-inactivation in
women) or genetic variant (low/medium COMT), the MAOA
downregulation is silently transferred to the next offspring
where it may occur in a different genetic context leading to
overt autism (case 2 above).

According to this possible etiology of ASD (Figure 3), only
the erasure of specific epigenetic traits supporting the MAOA
downregulation could permanently reverse the brain enzymatic
imbalance at issue. Disease-modifying treatments based on
MAOA stimulation nevertheless represent an alternative thanks
to neurogenesis and targeted neural migration. Favored by
an educational program, the gradual growth of proper neural

structures is assumed to support the enrichment of social
conduct, at the price of a sustained supply of drugs aimed at
approaching the embryonic microenvironment. The sooner the
treatment initiation, the better its expected outcomes. However,
while shown to be effective against both epileptic signs and some
ASD symptoms, VPA-based drugs can be toxic to detoxification
organs, most commonly below 6 years of age (Star et al.,
2014), encompassing the earlier time at which behavioral deficits
start arising. Alternative treatments remain to be established
with the aim of being safe at an early age. Accordingly, one
should care about recent strides in the understanding of the
gut microbiome function.

THE MICROBIOME RESOURCES

The enteric nervous system (ENS), also referred to as the ‘‘second
brain,’’ notably allows some autonomy in the management of
digestion, however mediated by the same chemical mediators
as those at work in the ‘‘first’’ brain. It logically follows that
a systemic metabolic imbalance of monoamines is likely to
affect the neural cells of both nervous systems. In the close
neighborhood of trillions of microbes, some of which induce
inflammation and produce SCFAs, the ENS appears to be better
equipped than the brain to deal with a metabolic dysregulation.
Molecules elicited by the gut microbiota mostly serve local
functions before being degraded in the liver, but those which
can reach the blood circulation (via the distal colon bypass)
and get through the BBB are eventually able to spread their
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FIGURE 3 | Theoretical key functions of the molecular stimulation of type A monoamine oxidase (MAOA) in either initiation or alleviation of autism. At the top, several
non-genetic factors share the property to significantly promote the expression of the MAOA gene. In the early gestation, an epigenetic downregulation of MAOA
(MAOA—), which notably combines here with genetic variants of the catechol-O-methyl transferase (COMT) enzyme, may be inherited (blue arrow at the left-hand
side) and/or favored/caused by MAOA enhancers (brown down arrow to the left). At the right-hand side, the series of smaller green arrows stand for a daily intake of
MAOA inducer, which may bridge the gap between gestational and postnatal respective environments by reducing the metabolic imbalance of monoamines and
consequently support behavioral re-education. At the bottom, a genetic variant (low-to-medium expression of COMT) and the classical epigenetic X-inactivation may
hide the “MAOA—” mark, which is however silently carried towards the next human generation.

metabolic influence across the brain. In particular, regulatory
outcomes primarily aimed at the second brain may benefit
the first one. Besides a common lowered diversity of the
autistic children microbiome, a trend seems to emerge from
existing data, reminiscent of the alternative ASD inducer/remedy
represented here by cytokines and SCFAs. In absence of medical
intervention involving antibiotics, the microbiota would develop
along the inflammatory arm and its associated digestive troubles:
any shift towards a gut pro-inflammatory state can in turn
trigger the activation of neuro-inflammatory responses in the
brain (Golubeva et al., 2017), with potential improvement
of ASD. A relatively low concentration of SCFAs can then
be observed in the plasma of autistic children (El-Ansary
et al., 2011). When reset by a strong antibiotic, short diet,
and replaced by typical germs, following a microbiota transfer
therapy, the SCFA by-products arm can be privileged in a
long-lasting way (Kang et al., 2017). Data obtained in vitro by
using a neuron-like embryonic cell-line notably demonstrate
the regulation exerted by propionic acid (PPA) and butyric
acid (BA; i.e., propionate and butyrate) over the expression
of neural genes (Nankova et al., 2014). Among a large set of
genes tested for their link with ASD, the MAOA expression
is doubled by each of these acids, while COMT is decreased
by a factor of 2.7 (which means a total of 7.3 if assuming
a multiplicative combination of the two acids). Whereas both
genetic modulations alleviate the harmful setting pointed out by
the GP model (MAOA–and high COMT), therefore suggesting
a corrective action of the microbiome, the latter is rather
usually believed to exacerbate ASD symptoms (Goines and
Ashwood, 2013; Slattery et al., 2016). Even at odds with
the theory presented here, immediate behavioral worsening
has been proposed to result from exposure to SCFA. Rats

whose brain directly receives PPA show epileptiform activity
within the 30 min of infusion, accompanied by a variety of
abnormal responses (retropulsion, hyperextension, turning, and
dystonia) considered as ‘‘bearing some resemblance’’ to bouts
of irrelevant actions found in autism (MacFabe et al., 2007).
Bacteria that produce SCFAs and elicit inflammation can thus
be viewed as unwelcome guests in the gut of subjects with
ASD. This position is now challenged by a study in which
significant improvements of 18 children with ASD occurred
together with the colonization of the gut by antibiotic-resistant
and SCFA-producing bacteria (Bifidobacterium, Prevotella, and
Desulfovibrio). Persistency of this favorable effect has been
confirmed in the same subjects, 2 years after their initial
enrollment. Both Prevotella and Desulfovibrio were on average
more abundant in ASD subjects following treatment than in the
donor samples: Prevotella was 712 times higher after 6 weeks
and maintained an 84-times increase after 2 years (Kang et al.,
2019). Although Clostridia and Bacteroides are also reported
as PPA producers in ASD, they share with Sutterella the joint
occurrence of gastrointestinal disorders such as inflammatory
bowel disease (Bezawada et al., 2020). An added plus in favor
of the Prevotella prevalence is the production of up to three
times more PPA than the Bacteroides-dominated microbiota
associated with high-fat intake (Chen et al., 2017). If PPA
was confirmed as effective against overt autism, evidence
of its deleterious effects on gestation would provide further
support to the present theory. Unexpectedly, such indication
already exists. As a matter of fact, propionic acidemia is a
genetic disease—obviously affecting early gestation—in which
the accumulation of PPA elicits several metabolic disorders,
including seizures, gastrointestinal disturbances, intellectual
disability, and delayed development (Pena and Burton, 2012).
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In addition, a microbiome shift in maternal gut, leading to
formation of PPA and BA by-products during the early stages of
the fetus’ neural development, has been linked to ASD (Abdelli
et al., 2019).

Through daily intake, VPA primarily protects against
epilepsy. A preliminary trial led to its association with
the methylphenidate psychostimulant for balancing the
monoaminergic metabolism (Béroule, 2019). By comparison,
the possible natural production of propionate and butyrate by
the microbiome, following a process for initiating the relevant
change (Kang et al., 2017), may be preserved by a high-fiber
diet. Furthermore, PPA and BA would properly regulate MAOA
and COMT, whereas VPA proved to require a complementary
medication. Although this avenue still requires closer analyses
and refinements, the gut microbiota are therefore likely to
provide an alternative to the pharmacological approach of
ASD. Regarding now the protection of gestation, SCFA gut
by-products should be restricted, particularly when realizing
that they would add to similar substances widely used as anti-
mold/preservative ingredients in the food industry (Abdelli et al.,
2019). Together with the immune system, the microbiome may
consequently require follow-up when planning pregnancy, as
part of a strategy aimed at limiting autism development (Paysour
et al., 2019).

DISCUSSION: ALLOCATION OF ROLES
AMONG NETWORKS OF PLAYERS

Facing the Autism Complexity
In 2020, a wide-angle approach to the wide spectrum of
autism can be adopted (e.g., Marotta et al., 2020). Given the
myriad of various factors that have been linked to ASD over
the past decades, a shared responsibility is assumed today,
however possibly modulated by emphasis on a selection of
signaling pathways. At the molecular level, interdependent
systems control the expression of numerous susceptibility
genes constrained by their respective polymorphisms and
rare mutations, and moreover submitted to environmental
stimuli through epigenetics. A strict focus on any of these
participants is thus challenged by the known involvement
of many other players. With regard to neurotransmitters
(Cetin et al., 2015), their metabolic breakdown by brain
enzymes only concludes a series of contributions for them
to be synthesized, released in the synaptic space, and either
recycled or degraded in the presynaptic neuron thanks
to transporters, towards several subtypes of receptors. All
along repetitive rounds of this ‘‘neurotransmitter cycle’’, any
player disruption is likely to alter the functions of its
partners. Conversely and more positively, several partners
may respond by implementing compensatory mechanisms,
hence possibly repairing/masking an original impairment. An
irrelevant molecular activity can thus be elicited in signaling
cascades by upstream previous alterations as well as feedbacks
from downstream events, whereas the impact of a local deficit
may be hidden by the genetic background and ongoing
homeostatic regulations. This situation confirms that the actual

picture is obviously more complicated than the representation
displayed in Figure 3.

Pivotal Role of Serotonin
Despite the complex crosstalk between numerous candidates
likely to underlie the ASD heterogeneity, a leading role can be
attributed to one monoamine for its recognized contribution
to the brain development. Among neurotransmitters, 5-HT
has truly become a main biomarker of autism (Benza and
Chugani, 2015; Muller et al., 2016). Half a century ago, elevated
whole blood 5-HT (hyperserotonemia) was the first molecular
phenomenon found in a subset of ASD subjects, today associated
with 25–30% of cases. The fact that hyperserotonemia is not
detected in every autistic case is consistent with the correlation of
this feature with ASD severity (Abdulamir et al., 2018) and also
reveals individual variations in the biological inner management
of disturbances impacting the 5-HT system. Along this line,
it is worth knowing first that the level of 5-HT contained in
blood platelets does not reflect its synaptic concentration. The
opposite relationship rather applies, notably through the SERT
transporter, which transfers 5-HT from the ‘‘extra-’’ to ‘‘intra-’’
cellular space of neurons, glial cells, and platelets. The 5-HT
2B receptor (5-HT2BR) signaling has recently been proposed to
control this process thanks to a feedback loop that keeps synaptic
5-HT at tonic concentrations necessary for brain functions
(Baudry et al., 2019). Consequently, a high synaptic level of 5-HT
would promote its low uptake. 5-HT2BR, among other auto-
receptors, thus participates in 5-HT tuning, which also relies on
opposed contributions, namely, synthesis and degradation. The
brain 5-HT precursor, named ‘‘type 2 tryptophan’’ (TPH2), is key
in 5-HT synthesis and affects both 5-HT availability and synaptic
levels in the opposite way as MAOA. These various agents form
a team that allows a player irrelevant action to be alleviated
by the overexpression/subexpression of other team members.
Studies concerning either knock-out (KO) or overexpressed
genes are informative of this partnership, aimed at keeping
sufficient 5-HT concentrations in both presynaptic vesicles and
synaptic cleft.

Multiple-Source Serotonin Tuning
Targeted genetic modifications of the ‘‘5-HT team’’ members
have provided animal models of autism to be compared with
wild-type (WT) subjects (Muller et al., 2016). In SERT-KO mice,
the aforementioned vesicles lack the ‘‘recycled 5-HT’’ input;
5-HT availability then depends on its upgraded synthesis and/or
reduced breakdown. On the opposite side, in high-functioning
SERT (Ala56) gain-of-function mutants, the related high-rate
uptake favors the storage of 5-HT into vesicles at the expense
of synaptic 5-HT signaling extent and duration. In both out-
of-range situations, whether regulating factors could on the one
hand optimize the availability of 5-HT packaged into vesicles
and, on the other hand, could maintain tonic concentrations
in the synapse represents a known conceptual problem for the
mechanism of vesicular release (Blakely and Edwards, 2012).
However, 5-HT-enhanced synthesis and reduced degradation
can be suspected to: (a) better feed the pool of releasable
5-HT despite inactive reuptake (in SERT-KO mice); and (b)
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maintain the 5-HT synaptic level required for receptor activation
despite hyperactive reuptake (in Ala56 mice). Consistent with
this common solution, the 5-HT synthesis capacity has been
found to increase gradually in autistic children, up to 1.5 times
the adult normal value (Chugani et al., 1999), while a 30%
deficit of MAOA activity has been identified in the cerebellum
(for 70% of autistic children) and in the frontal cortex (for
55% of young subjects; Gu et al., 2017). Of note, such a
depressed enzymatic activity cannot be witnessed by platelets
since they only harbor MAOB. Amazingly enough, despite a
significant in vivo increase in the rate of synaptic clearance in
Ala56 vs. WTmice, no change was observed in brain tissue 5-HT
levels (Veenstra-VanderWeele et al., 2012), which underpins
the implication of compensatory processes. Moreover, the male
full prevalence suggests the mediation of at least one protein
whose gene is carried by the X chromosome (i.e., MAOA),
besides sex-specific loci present in the SERT gene (Weiss et al.,
2005). In addition, the surprising time delay of positive effects
following SERT inhibition aimed at alleviating ASD symptoms
in Ala56 mice (Robson et al., 2018) can be explained by the
time-consuming neural migration necessary for new neural
structures to be encoded and consolidated under well-regulated
MAOA (Béroule, 2018).

After having pointed to metabolic implications of out-of-
range SERT, let us start now from the downregulated MAOA
hypothesis. In order to avoid a 5-HT synaptic overload caused
by MAOA deficiency, possible counteractions include a stronger
SERT gene expression, possibly less controlled by 5HT2BR.
Indeed, the SERT gene promoter variants determine different
levels of expression affecting 5-HT levels and social skills
(Tanaka et al., 2018); a potent clearance of synapses can then
be linked with the peripheral hyperserotonemia found in a
subset of children with autism, likely carriers of the long allelic
variants of the SERT gene promoter (Quinlan et al., 2020). On
the opposite, low expressing short-allele of SERT in autistic
children and SERT knock-out in mice are both associated with
increased cortical volume (macrocephaly), counted as hallmark
of severe autism. Either loss-of-function polymorphism or
epigenetic downregulation of TPH2, the rate-limiting enzyme
that allows tryptophan to be transformed into brain 5-HT,
could modulate the biosynthesis of the latter (Chen and Miller,
2012). Consequently, a lower 5-HT concentration in the synapse
would in turn generate the observed enhanced sensitivity of
5HT1A and 5HT2A postsynaptic receptors in mice mutants
(Veenstra-VanderWeele et al., 2012). It eventually appears
that the modulating agents mentioned above (TPH2 enzyme,
SERT-based recycling system, and 5-HT receptors) are likely to
counteract a chronic metabolic breakdown of synaptic 5-HT,
while exerting a specific influence onASD-nonspecific behaviors,
such as the management of stress (Chen and Miller, 2012).

Reviewed Position of Type A Monoamine
Oxidase
The acute excess of MAOA, which is assumed to trigger
an epigenetic reaction, may stand downstream a signaling
cascade initiated by factors that stimulate the synaptic
5-HT at an early stage of the brain development. Among

molecules holding this property, exposure of fetuses to 5-
HT selective reuptake inhibitors increases the risk of ASD
(Harrington et al., 2014), unless the 5-HT3 receptor is
knocked out (Engel et al., 2013). Within the GP framework,
this receptor would be required to detect the 5-HT excess
leading to an acute boost of MAOA, fostering then its
persistent epigenetic downregulation. The scenario shown
in Figure 3 is more fundamentally challenged by the fact
that a MAOA deficit has not been evidenced in every case
of autism. An imbalance activity between the transporter
proteins in charge of monoamines (e.g., Low SERT)
could then induce the 5-HT synaptic excess at issue, in
which case MAOA would not represent a key factor in
ASD etiology.

To conclude this discussion, variations of synaptic 5-HT
induced by several interactive players may combine so as to
cover the full ASD spectrum. Not systematically tested in
connection with blood levels of 5-HT (Weiss et al., 2005)
nor in SERT-oriented models of autism (Quinlan et al.,
2020), MAOA and its enzymatic partners however deserve
interest, in connection with other concerned agents, including
SERT, 5-HT receptors, and TPH2 among a large family of
neurotransmission regulators.

First, MAOA is the only enzyme to catabolize 5-HT, whose
disruption is a prime ASD biomarker.

Second, the co-occurrence of a weak MAOA, high COMT,
and mature MAOB can account for two ASD features
that remained unexplained beforehand, namely, the onset of
symptoms before 3 years of age and the sex ratio that partly
results from the localization of MAOA on the X chromosome.
Other characteristics of the condition can be simulated in
a computational model that incorporates a representation of
monoamine functions.

Third, among genetically modified rodents—whose
neuromodulating system is comparable with the human
one, MAOA-KO mice exhibit high correspondence to ASD
core symptoms, which warrants its status of ‘‘animal model of
autism.’’ In human, the very rare mutation of MAOA responsible
for the BS has only been linked to autism 20 years after the former
discovery of a family with serious behavioral troubles (Piton
et al., 2014). At that time, according to the GP model of autism,
ASD symptoms could have been masked by genetic variants such
has low-COMT polymorphism, or immature MAOB enzyme, or
DA overexpression. MAOA might have raised more awareness
among researchers, otherwise.

Fourth but not false, the extinction of both 5-HT and NE
across every sleep cycle cannot take full advantage of the online
multiple regulations of 5-HT addressed above. If the balanced
offset of these two monoamines turned out to hold a critical
functional role, the disparate 5-HT levels observed online within
the autism spectrum would eventually appear not so critical for
the structural foundation of autism. Essentially, the GP theory
puts forward a 5-HT ‘‘noise’’ that improperly remains into the
synaptic cleft during sleep whatever the (non-null) baseline
level of 5-HT at the beginning of every sleep cycle, therefore
relatively irrespective of the online regulation exerted by the
players introduced above.
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CONCLUSION: NATURAL FATTY ACIDS
UNDER FOCUS

In our modern environment, possible enzymatic disruptions
during gestation are substantiated by the finding of chemical
factors that overexpress the MAOA enzyme and strikingly
entail similar paradoxical effects. One purpose of the present
article was to clarify this point, which included confronting
a theory of autism to experimental data. An avenue for
research now appears to widen, already suggesting medical
approaches. In a few words, the goal would be to reinstate
the enzymatic shift that caused a persistent epigenetic reaction
through which the identity of neuron cell lines was irreversibly
fixed in the early gestation (Figure 3). From a clinical point
of view, this global prediction can be tested on the occasion of
future trials concerning MAOA-inducing molecules. Relevant
biomarkers have been proposed (Béroule, 2019), including the
periodic control of sleep electroencephalogram (EEG), levels of
monoamines, their metabolizers andmetabolites, and, if possible,
the family phenotyping of selected genes responsible for the
management of monoamines.

Although not initially expected to be relevant, data on
the gut microbiome turned out to strengthen the resolution
presented in this article, while offering a potential medical
resource. Feedbacks from the gut microbiota towards nervous
systems can in fact be viewed as an attempt to reduce the
enzymatic imbalance assumed here to underlie autism. As an
aside, the continuous release of microbiota by-products remains
challenging, since it may maintain the causal epigenetic traits
in a sort of vicious cycle, a point to be raised in future works.
Furthermore, studies focused on the microbiome enlarged the
list of ‘‘at risk’’ industrial chemicals, the natural origin of which
is often put forward by their marketer. Obviously, ‘‘natural’’
does not mean ‘‘safe.’’ It would be wise for women with a
parenthood plan to avoid several products that contain SCFAs
or medium-chain fatty acids close to VPA (e.g., food ingredient;
Martinez-Mayorga et al., 2013), among other MAOA inducers
such as progesterone (Kobayashi, 1980) and forskolin. Studied
for inhibiting ASD progression in rat (Sidharth et al., 2020),
forskolin is likely to enhance the MAOA promoter activity, at
least in Neuro2a cells akin to neural stem cells, and particularly
responsive to environmental factors (Gupta et al., 2015). It is
also known as an effective weight-loss agent extracted from
the Indian coleus plant, but its consumption is already not
recommended for pregnant women (Godard et al., 2005). As an
illustration of misleading advertisement, the glyphosate herbicide

molecule has been replaced by the FDA-approved pelargonic
acid, declared to occur naturally inmany plants and animals. One
may however bear in mind that pelargonic and valproic acids are
close molecules and that permitted concentrations of the first
one are comparable with the initial dosing of the second one
for an anticonvulsant treatment, which is now forbidden during
gestation (Béroule, 2019). Although potentially harmful during
pregnancy, some of the molecules that stimulate the expression
of MAOA could paradoxically form the basis of medications
aimed at stopping the growth of aberrant neural structures, as
soon as possible after the onset of autistic signs, hopefully giving
conventional school a chance to be effective.

A shifted conception of autism emerges from the above
organized set of data and hypotheses, as a side effect of systemic
adaptation to environmental changes that, incidentally, could
participate in the human evolution. Against this background,
medical problems occur in case of critical mismatch between
the after-birth surroundings of the brain and the gestational
‘‘snapshot’’ on which a persistent metabolic regulation of its
monoamines is supposedly based. Accordingly, this instance of
transgenerational epigenetics might one day reveal appropriate,
if our environment became continuously overwhelmed by
small/medium fatty acids in food, cosmetics, drugs, and
pesticides, not mentioning inflammation associated with
widespread viral dissemination.

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. This
data can be found here: https://perso.limsi.fr/domi/Movie-
S1_DGB_nov16.mov.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.

FUNDING

This work was supported by CNRS salary.

ACKNOWLEDGMENTS

This article is dedicated to the young scientific researcher Joseph
J. Mariani, who, in 1983, allowed Guided Propagation Networks
to be developed at LIMSI (CNRS former laboratory).

REFERENCES

Abdelli, L. S., Samsam, A., and Naser, S. A. (2019). Propionic acid induces
gliosis and neuro-inflammation through modulation of PTEN/AKT pathway
in autism spectrum disorder. Sci. Rep. 9:8824. doi: 10.1038/s41598-019-
45348-z

Abdulamir, H. A., Abdul-Rasheed, O. F., and Abdulghani, E. A. (2018). Serotonin
and serotonin transporter levels in autistic children. Saudi Med. J. 39, 487–494.
doi: 10.15537/smj.2018.5.21751

Aliyev, N. A., and Aliyev, Z. N. (2018). A double-blind placebo-controlled trial
of acediprol (valproate sodium) for global severity in child autism spectrum
disorders. Online J. Neurol. Brain Disord. 2, 93–97. doi: 10.32474/ojnbd.2018.
02.000127

Atladóttir, H. O., Thorsen, P., Østergaard, L., Schendel, D. E.,
Lemcke, S., Abdallah, M., et al. (2010). Maternal infection requiring
hospitalization during pregnancy and autism spectrum disorders.
J. Autism Dev. Disord. 40, 1423–1430. doi: 10.1007/s10803-010-
1006-y

Frontiers in Cellular Neuroscience | www.frontiersin.org 10 November 2020 | Volume 14 | Article 585395

https://perso.limsi.fr/domi/Movie-S1_DGB_nov16.mov
https://perso.limsi.fr/domi/Movie-S1_DGB_nov16.mov
https://doi.org/10.1038/s41598-019-45348-z
https://doi.org/10.1038/s41598-019-45348-z
https://doi.org/10.15537/smj.2018.5.21751
https://doi.org/10.32474/ojnbd.2018.02.000127
https://doi.org/10.32474/ojnbd.2018.02.000127
https://doi.org/10.1007/s10803-010-1006-y
https://doi.org/10.1007/s10803-010-1006-y
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Béroule Paradoxical Effects in Autism

Baudry, A., Pietri, M., Launay, J. M., Kellermann, O., and Schneider, B.
(2019). Multifaceted regulations of the serotonin transporter: impact on
antidepressant response. Front. Neurosci. 13:91. doi: 10.3389/fnins.2019.
00091

Benza, N., and Chugani, D. (2015). ‘‘Serotonin in autism spectrum disorder:
insights from human studies and animal models,’’ in The Molecular Basis of
Autism. Contemporary Clinical Neuroscience, ed. S. Fatemi (New York, NY:
Springer), 257–274.

Béroule, D. G. (2016). Available online at: https://perso.limsi.fr/domi/Movie-
S1_DGB_nov16.mov. Accessed October 2020.

Béroule, D. G. (2018). Offline encoding impaired by epigenetic regulations of
monoamines in the guided propagation model of autism. BMCNeurosci. 19:80.
doi: 10.1186/s12868-018-0477-1

Béroule, D. G. (2019). Autism-modifying therapy based on the promotion
of a brain enzyme: an introductory case-report. AIMS Mol. Sci. 6, 52–72.
doi: 10.3934/molsci.2019.3.52

Bezawada, N., Phang, T. H., Hold, G. L., and Hansen, R. (2020). Autism spectrum
disorder and the gut microbiota in children: a systematic review. Ann. Nutr.
Metab. 76, 16–29. doi: 10.1159/000505363

Blakely, R. D., and Edwards, R. H. (2012). Vesicular and plasma membrane
transporters for neurotransmitters. Cold Spring Harb. Perspect. Biol. 4:a005595.
doi: 10.1101/cshperspect.a005595

Cetin, F. H., Tunca, H., Guney, E., and Iseri, E. (2015). Neurotransmitter
Systems in Autism Spectrum Disorder, Autism Spectrum Disorder—Recent
Advances, Michael Fitzgerald, IntechOpen. Available online at: https://
www.intechopen.com/books/autism-spectrum-disorder-recent-advances/
neurotransmitter-systems-in-autism-spectrum-disorder. Accessed October
2020.

Chastel, X., Essid, A., and Lesteven, P. (2015). Enquête Relative aux
Spécialités Pharmaceutiques Contenant du Valproate de Sodium,
Inspection Générale des Affaires Sociales, 2015–094R. Available online at:
http://www.igas.gouv.fr/IMG/pdf/2015-094R.pdf. Accessed October 2020.

Chen, G.-L., and Miller, G. M. (2012). Advances in tryptophan hydroxylase-2
gene expression regulation: new insights into serotonin-stress interaction
and clinical implications. Am. J. Med. Genet. B Neuropsychiatr. Genet. 159B,
152–171. doi: 10.1002/ajmg.b.32023

Chen, T., Long, W., Zhang, C., Liu, S., Zhao, L., and Hamaker, B. R. (2017).
Fiber-utilizing capacity varies in Prevotella- versus Bacteroides-dominated gut
microbiota. Sci. Rep. 7:2594. doi: 10.1038/s41598-017-02995-4

Choi, G. B., Yim, Y. S., Wong, H., Kim, S., Kim, H., Kim, S. V.,
et al. (2016). The maternal interleukin-17a pathway in mice promotes
autism-like phenotypes in offspring. Science 351, 933–939. doi: 10.1126/science.
aad0314

Christensen, J., Grønborg, T. K., Sørensen, M. J., Schendel, D., Parner, E. T.,
Pedersen, L. H., et al. (2013). Prenatal valproate exposure and risk of
autism spectrum disorders and childhood autism. JAMA 309, 1696–1703.
doi: 10.1001/jama.2013.2270

Chugani, D. C., Muzik, O., Behen, M., Rothermel, R., Janisse, J. J., Lee, J.,
et al. (1999). Developmental changes in brain serotonin synthesis capacity in
autistic and nonautistic children. Ann. Neurol. 45, 287–295. doi: 10.1002/1531-
8249(199903)45:3<287::aid-ana3>3.0.co;2-9

Cipollini, V., Anrather, J., Orzi, F., and Iadecola, C. (2019). Th17 and
cognitive impairment: possible mechanisms of action. Front. Neuroanat. 13:95.
doi: 10.3389/fnana.2019.00095

Csoka, A. B., and Szyf, M. (2009). Epigenetic side-effects of common
pharmaceuticals: a potential new field in medicine and pharmacology. Med.
Hypotheses 73, 770–780. doi: 10.1016/j.mehy.2008.10.039

Curran, L. K., Newschaffer, C. J., Lee, L. C., Crawford, S. O., Johnston, M. V., and
Zimmerman, A. W. (2007). Behaviors associated with fever in children with
autism spectrum disorders. Pediatrics 120, 1386–1392. doi: 10.1542/peds.2007-
0360

Demeneix, B. (2014). Losing our Minds How Environmental Pollution Impairs
Human Intelligence and Mental Health, Oxford Series in Behavioral
Neuroendocrinology. New York, NY: Oxford University Press.

Dhabal, S., Das, P., Biswas, P., Kumari, P., Yakubenko, V. P., Kundu, S., et al.
(2018). Regulation of monoamine oxidase A (MAO-A) expression, activity and
function in IL-13-stimulated monocytes and A549 lung carcinoma cells. J. Biol.
Chem. 293, 14040–14064. doi: 10.1074/jbc.RA118.002321

El-Ansary, A. K., Ben Bacha, A. G., and Al-Ayahdi, L. Y. (2011). Plasma fatty acids
as diagnostic markers in autistic patients from Saudi Arabia. Lipids Health Dis.
10:62. doi: 10.1186/1476-511X-10-62

Engel, M., Smidt, M. P., and van Hooft, J. A. (2013). The serotonin 5-HT3
receptor: a novel neurodevelopmental target. Front. Cell. Neurosci. 7:76.
doi: 10.3389/fncel.2013.00076

Evatt, B. (2010). Guide Pour la Création D’un Registre National des Patients.
Montreal, World Federation of Hemophilia. 33p.

Godard, M. P., Johnson, B. A., and Richmond, S. R. (2005). Body composition
and hormonal adaptations associated with forskolin consumption in
overweight and obese men. Obes. Res. 13, 1335–1343. doi: 10.1038/oby.
2005.162

Goines, P. E., and Ashwood, P. (2013). Cytokine dysregulation in autism spectrum
disorders (ASD): possible role of the environment. Neurotoxicol. Teratol. 36,
67–81. doi: 10.1016/j.ntt.2012.07.006

Golubeva, A. V., Joyce, S. A., Moloney, G., Burokas, A., Sherwin, E., Arboleya, S.,
et al. (2017). Microbiota-related changes in bile acid and tryptophan
metabolism are associated with gastrointestinal dysfunction in a mouse model
of autism. EBioMedicine 24, 166–178. doi: 10.1016/j.ebiom.2017.09.020

Gore, A. C., Chappell, V. A., Fenton, S. E., Flaws, J. A., Nadal, A., Prins, G. S.,
et al. (2015). EDC-2: the endocrine society’s second scientific statement on
endocrine-disrupting chemicals. Endocr. Rev. 36, E1–E150. doi: 10.1210/er.
2015-1010

Grzadzinski, R., Lord, C., Sanders, S. J., Werling, D., and Bal, V. H. (2018).
Children with autism spectrum disorder who improve with fever: insights
from the simons simplex collection. Autism Res. 11, 175–184. doi: 10.1002/
aur.1856

Gu, F., Chauhan, V., and Chauhan, A. (2017). Monoamine oxidase-A and B
activities in the cerebellum and frontal cortex of children and young adults with
autism. J. Neurosci. Res. 95, 1965–1972. doi: 10.1002/jnr.24027

Gupta, V., Khan, A. A., Sasi, B. K., and Mahapatra, N. R. (2015). Molecular
Mechanism of Monoamine oxidase A gene regulation under inflammation
and ischemia-like conditions: key roles of the transcriptions factors
GATA2, Sp1 and TBP. J. Neurochem. 134, 21–38. doi: 10.1111/jnc.
13099

Hall, S. L., Baker, T., Lajoie, S., Richgels, P. K., Yang, Y., McAlees, J. W., et al.
(2017). IL-17A enhances IL-13 activity by enhancing IL-13-induced signal
transducer and activator of transcription 6 activation. J. Allergy Clin. Immunol.
139, 462.e14–471.e14. doi: 10.1016/j.jaci.2016.04.037

Harrington, R. A., Lee, L.-C., Crum, R. M., Zimmerman, A. W., and
Hertz-Picciotto, I. (2014). Prenatal SSRI use and offspring with autism
spectrum disorder or developmental delay. Pediatrics 133, e1241–e1248.
doi: 10.1542/peds.2013-3406

Hollander, E., Chaplin, W., Soorya, L., Wasserman, S., Novotny, S., Rusoff, J.,
et al. (2010). Divalproex sodium vs. placebo for the treatment of
irritability in children and adolescents with autism spectrum disorders.
Neuropsychopharmacology 35, 990–998. doi: 10.1038/npp.2009.202

Hollander, E., Dolgoff-Kaspar, R., Cartwright, C., Rawitt, R., and Novotny, S.
(2001). An open trial of divalproex sodium in autism spectrum disorders.
J. Clin. Psychiatry 62, 530–534. doi: 10.4088/jcp.v62n07a05

Hviid, A., Hansen, J. V., Frisch, M., and Melbye, M. (2019). Measles, mumps,
rubella vaccination and autism: a nationwide cohort study. Ann. Intern. Med.
170, 513–520. doi: 10.7326/M18-2101

Kang, D.-W., Adams, J. B., Coleman, D. M., Pollard, E. L., Maldonado, J.,
McDonough-Means, S., et al. (2019). Long-term benefit of microbiota
transfer therapy on autism symptoms and gut microbiota. Sci. Rep. 9:5821.
doi: 10.1038/s41598-019-42183-0

Kang, D.-W., Adams, J. B., Gregory, A. C., Borody, T., Chittick, L., Fasano, A.,
et al. (2017). Microbiota transfer therapy alters gut ecosystem and improves
gastrointestinal and autism symptoms: an open-label study. Microbiome 5:10.
doi: 10.1186/s40168-016-0225-7

Kim, K. C., Kim, P., Go, H. S., Choi, C. S., Yang, S. I., Cheong, J. H., et al.
(2011). The critical period of valproate exposure to induce autistic symptoms
in Sprague–Dawley rats. Toxicol. Lett. 201, 137–142. doi: 10.1016/j.toxlet.2010.
12.018

Kim, S., Kim, H., Yim, Y. S., Ha, S., Atarashi, K., Tan, T. G., et al. (2017). Maternal
gut bacteria promote neurodevelopmental abnormalities in mouse offspring.
Nature 549, 528–532. doi: 10.1038/nature23910

Frontiers in Cellular Neuroscience | www.frontiersin.org 11 November 2020 | Volume 14 | Article 585395

https://doi.org/10.3389/fnins.2019.00091
https://doi.org/10.3389/fnins.2019.00091
https://perso.limsi.fr/domi/Movie-S1_DGB_nov16.mov
https://perso.limsi.fr/domi/Movie-S1_DGB_nov16.mov
https://doi.org/10.1186/s12868-018-0477-1
https://doi.org/10.3934/molsci.2019.3.52
https://doi.org/10.1159/000505363
https://doi.org/10.1101/cshperspect.a005595
https://www.intechopen.com/books/autism-spectrum-disorder-recent-advances/neurotransmitter-systems-in-autism-spectrum-disorder
https://www.intechopen.com/books/autism-spectrum-disorder-recent-advances/neurotransmitter-systems-in-autism-spectrum-disorder
https://www.intechopen.com/books/autism-spectrum-disorder-recent-advances/neurotransmitter-systems-in-autism-spectrum-disorder
http://www.igas.gouv.fr/IMG/pdf/2015-094R.pdf
https://doi.org/10.1002/ajmg.b.32023
https://doi.org/10.1038/s41598-017-02995-4
https://doi.org/10.1126/science.aad0314
https://doi.org/10.1126/science.aad0314
https://doi.org/10.1001/jama.2013.2270
https://doi.org/10.1002/1531-8249(199903)45:3<287::aid-ana3>3.0.co;2-9
https://doi.org/10.1002/1531-8249(199903)45:3<287::aid-ana3>3.0.co;2-9
https://doi.org/10.3389/fnana.2019.00095
https://doi.org/10.1016/j.mehy.2008.10.039
https://doi.org/10.1542/peds.2007-0360
https://doi.org/10.1542/peds.2007-0360
https://doi.org/10.1074/jbc.RA118.002321
https://doi.org/10.1186/1476-511X-10-62
https://doi.org/10.3389/fncel.2013.00076
https://doi.org/10.1038/oby.2005.162
https://doi.org/10.1038/oby.2005.162
https://doi.org/10.1016/j.ntt.2012.07.006
https://doi.org/10.1016/j.ebiom.2017.09.020
https://doi.org/10.1210/er.2015-1010
https://doi.org/10.1210/er.2015-1010
https://doi.org/10.1002/aur.1856
https://doi.org/10.1002/aur.1856
https://doi.org/10.1002/jnr.24027
https://doi.org/10.1111/jnc.13099
https://doi.org/10.1111/jnc.13099
https://doi.org/10.1016/j.jaci.2016.04.037
https://doi.org/10.1542/peds.2013-3406
https://doi.org/10.1038/npp.2009.202
https://doi.org/10.4088/jcp.v62n07a05
https://doi.org/10.7326/M18-2101
https://doi.org/10.1038/s41598-019-42183-0
https://doi.org/10.1186/s40168-016-0225-7
https://doi.org/10.1016/j.toxlet.2010.12.018
https://doi.org/10.1016/j.toxlet.2010.12.018
https://doi.org/10.1038/nature23910
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Béroule Paradoxical Effects in Autism

Kobayashi, R. (1980). Effects of estradiol and progesterone on monoamoine
oxidase activity in various regions of rat brain and endometrium. J. ShowaMed.
Assol. 40, 165–172. doi: 10.14930/jsma1939.40.165

Luo, H., Liu, H.-Z., Zhang, W.-W., Matsuda, M., Lv, N., Chen, G.,
et al. (2019). Interleukin-17 regulates neuron-glial communications synaptic
transmission, and neuropathic pain after chemotherapy. Cell Rep. 29,
2384–2397doi: 10.1016/j.celrep.2019.10.085

MacFabe, D. F., Cain, D. P., Rodriguez-Capote, K., Franklin, A. E., Hoffman, J. E.,
Boon, F. (2007). Neurobiological effects of intraventricular propionic acid
in rats: possible role of short chain fatty acids on the pathogenesis and
characteristics of autism spectrum disorders. Behav. Brain Res. 176, 149–169.
doi: 10.1016/j.bbr.2006.07.025

Marotta, R., Risoleo, M. C., Messina, G., Parisi, L., Carotenuto, M.,
Vetri, L., et al. (2020). The neurochemistry of autism. Brain Sci. 10:163.
doi: 10.3390/brainsci10030163

Martinez-Mayorga, K., Peppard, T. L., López-Vallejo, F., Yongye, A. B., and
Medina-Franco, J. L. (2013). Systematic mining of generally recognized as safe
(GRAS) flavor chemicals for bioactive compounds. J. Agric. Food Chem. 61,
7507–7514. doi: 10.1021/jf401019b

Meador, K. J., Baker, G. A., Browning, N., Cohen, M. J., Bromley, R. L., Clayton-
Smith, J., et al. (2013). Fetal antiepileptic drug exposure and cognitive outcomes
at age 6 years (NEAD study): a prospective observational study. Lancet Neurol.
12, 244–252. doi: 10.1016/S1474-4422(12)70323-X

Modabbernia, A., Velthorst, E., and Reichenberg, A. (2017). Environmental risk
factors for autism: an evidence-based review of systematic reviews and meta-
analyses.Mol. Autism 8:13. doi: 10.1186/s13229-017-0121-4

Morgan, T. O., and Anderson, A. (2003). Different drug classes have variable
effects on blood pressure depending on the time of day. Am. J. Hypertens. 16,
46–50. doi: 10.1016/s0895-7061(02)03081-9

Mori, S., Maher, P., and Conti, B. (2016). Neuroimmunology of the interleukins
13 and 4. Brain Sci. 6:18. doi: 10.3390/brainsci6020018

Muller, C. L., Anacker, A., and Veenstra-VanderWeele, J. (2016). The serotonin
system in autism spectrum disorder: from biomarker to animal models.
Neuroscience 321, 24–41. doi: 10.1016/j.neuroscience.2015.11.010

Nankova, B. B., Agarwal, R., MacFabe, D. F., and La Gamma, E. F. (2014).
Enteric bacterial metabolites propionic and butyric acid modulate gene
expression, including CREB-dependent catecholaminergic neurotransmission,
in PC12 cells—possible relevance to autism spectrum disorders. PLoS One
9:e103740. doi: 10.1371/journal.pone.0103740

Patterson, P. H. (2011). Maternal infection and immune involvement in autism.
Trends Mol. Med. 17, 389–394. doi: 10.1016/j.molmed.2011.03.001

Paysour, M. J., Bolte, A. C., and Lukens, J. R. (2019). Crosstalk between the
microbiome and gestational immunity in autism-related disorders. DNA Cell
Biol. 38, 405–409. doi: 10.1089/dna.2019.4653

Pena, L., and Burton, B. K. (2012). Survey of health status and complications
among propionic acidemia patients. Am. J. Med. Genet. A 158A, 1641–1646.
doi: 10.1002/ajmg.a.35387

Pinheiro, I., and Heard, E. (2017). X chromosome inactivation: new players
in the initiation of gene silencing. F1000Res. 6:F1000Faculty Rev-344.
doi: 10.12688/f1000research.10707.1

Piton, A., Poquet, H., Redin, C., Masurel, A., Lauer, J., Muller, J., et al.
(2014). 20 ans après: a second mutation in MAOA identified by targeted
high-throughput sequencing in a family with altered behavior and cognition.
Eur. J. Hum. Genet. 22, 776–783. doi: 10.1038/ejhg.2013.243

Quinlan, M. A., Robson, M. J., Ye, R., Rose, K. L., Schey, K. L., and Blakely, R. D.
(2020). Ex vivo quantitative proteomic analysis of serotonin transporter
interactome: network impact of the SERT Ala56 coding variant. Front. Mol.
Neurosci. 13:89. doi: 10.3389/fnmol.2020.00089

Reed, M., Yim, Y. S., Wimmer, R., Kim, H., Ryu, C., Welch, G., et al. (2020). IL-
17a promotes sociability in mouse models of neurodevelopmental disorders.
Nature 577, 249–253. doi: 10.1038/s41586-019-1843-6

Robson, M. J., Quinlan, M. A., Margolis, K. G., Gajewski-Kurdziel, P. A.,
Veenstra-VanderWeele, J., Gershon, M. D., et al. (2018). p38αMAPK signaling
drives pharmacologically reversible brain and gastrointestinal phenotypes in

the SERT Ala56 mouse. Proc. Natl. Acad. Sci. USA 115, E10245–E10254.
doi: 10.1073/pnas.1809137115

Schneider, T., and Przewocki, R. (2005). Behavioral alterations in rats prenatally
exposed to valproic acid: animal model of autism. Neuropsychopharmacology
30, 80–89. doi: 10.1038/sj.npp.1300518

Sidharth, M., Saloni, R., Aarti, T., Kapoor, T., Rajdev, K., Sharma, R., et al.
(2020). Adenylate cyclase activator forskolin alleviates intracerebroventricular
propionic acid-induced mitochondrial dysfunction of autistic rats. Neural
Regen. Res. 15, 1140–1149. doi: 10.4103/1673-5374.270316

Slattery, J., MacFabe, D. F., and Frye, R. E. (2016). The significance of the enteric
microbiome on the development of childhood disease: a review of prebiotic
and probiotic therapies in disorders of childhood. Clin. Med. Insights Pediatr.
10, 91–107. doi: 10.4137/CMPed.S38338

Spence, S., and Schneider, M. (2009). the role of epilepsy and epileptiform EEGs
in autism spectrum disorders. Pediatr. Res. 65, 599–606. doi: 10.1203/PDR.
0b013e31819e7168

Star, K., Edwards, I. R., and Choonara, I. (2014). Valproic acid and fatalities
in children: a review of individual case safety reports in VigiBase. PLoS One
9:e108970. doi: 10.1371/journal.pone.0108970

Tanaka, M., Sato, A., Kasai, S., Hagino, Y., Kotajima-Murakami, H., Kashii, H.,
et al. (2018). Brain hyperserotonemia causes autism-relevant social deficits in
mice.Mol. Autism 9:60. doi: 10.1186/s13229-018-0243-3

Thürmann, L., Herberth, G., Rolle-Kampczyk, U., Röder, S., Borte, M., von
Bergen, M., et al. (2019). Elevated gestational IL-13 during fetal development
is associated with hyperactivity and inattention in 8-year-old children. Front.
Immunol. 10:1658. doi: 10.3389/fimmu.2019.01658

Uzunova, G., Pallanti, S., and Hollander, E. (2015). Excitatory/inhibitory
imbalance in autism spectrum disorders: implications for interventions and
therapeutics. World J. Biol. Psychiatry 17, 174–186. doi: 10.3109/15622975.
2015.1085597

Veenstra-VanderWeele, J., Muller, C. L., Iwamoto, H., Sauer, J. E., Owens, W. A.,
Shah, C. R., et al. (2012). Autism gene variant causes hyperserotonemia,
serotonin receptor hypersensitivity, social impairment and repetitive behavior.
Proc. Natl. Acad. Sci. U S A 109, 5469–5474. doi: 10.1073/pnas.11123
45109

von Ehrenstein, O. S., Ling, C., Cui, X., Cockburn, M., Park, A. S., Yu, F.,
et al. (2019). Prenatal and infant exposure to ambient pesticides and autism
spectrum disorder in children: population based case-control study. BMJ
364:l962. doi: 10.1136/bmj.l962

Wang, C. C., Borchert, A., Ugun-Klusek, A., Tang, L. Y., Lui, W. T., and
Chu, C. Y. (2011). Monoamine oxidase A expression is vital for embryonic
brain development by modulating developmental apoptosis. J. Biol. Chem. 286,
28322–28330. doi: 10.1074/jbc.M111.241422

Weiss, L. A., Abney, M., Cook, E. H. Jr., and Ober, C. (2005). Sex-specific genetic
architecture of whole blood serotonin levels. Am. J. Hum. Genet. 76, 33–41.
doi: 10.1086/426697

Wong, H., and Hoeffer, C. (2018). Maternal IL-17A in autism. Exp. Neurol. 299,
228–240. doi: 10.1016/j.expneurol.2017.04.010

Yim, Y. S., Park, A., Berrios, J., Lafourcade, M., Pascual, L. M., Soares, N.,
et al. (2017). Reversing behavioral abnormalities in mice exposed
to maternal inflammation. Nature 549, 482–487. doi: 10.1038/nature
23909

Conflict of Interest: The author declares that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Béroule. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org 12 November 2020 | Volume 14 | Article 585395

https://doi.org/10.14930/jsma1939.40.165
https://doi.org/10.1016/j.celrep.2019.10.085
https://doi.org/10.1016/j.bbr.2006.07.025
https://doi.org/10.3390/brainsci10030163
https://doi.org/10.1021/jf401019b
https://doi.org/10.1016/S1474-4422(12)70323-X
https://doi.org/10.1186/s13229-017-0121-4
https://doi.org/10.1016/s0895-7061(02)03081-9
https://doi.org/10.3390/brainsci6020018
https://doi.org/10.1016/j.neuroscience.2015.11.010
https://doi.org/10.1371/journal.pone.0103740
https://doi.org/10.1016/j.molmed.2011.03.001
https://doi.org/10.1089/dna.2019.4653
https://doi.org/10.1002/ajmg.a.35387
https://doi.org/10.12688/f1000research.10707.1
https://doi.org/10.1038/ejhg.2013.243
https://doi.org/10.3389/fnmol.2020.00089
https://doi.org/10.1038/s41586-019-1843-6
https://doi.org/10.1073/pnas.1809137115
https://doi.org/10.1038/sj.npp.1300518
https://doi.org/10.4103/1673-5374.270316
https://doi.org/10.4137/CMPed.S38338
https://doi.org/10.1203/PDR.0b013e31819e7168
https://doi.org/10.1203/PDR.0b013e31819e7168
https://doi.org/10.1371/journal.pone.0108970
https://doi.org/10.1186/s13229-018-0243-3
https://doi.org/10.3389/fimmu.2019.01658
https://doi.org/10.3109/15622975.2015.1085597
https://doi.org/10.3109/15622975.2015.1085597
https://doi.org/10.1073/pnas.1112345109
https://doi.org/10.1073/pnas.1112345109
https://doi.org/10.1136/bmj.l962
https://doi.org/10.1074/jbc.M111.241422
https://doi.org/10.1086/426697
https://doi.org/10.1016/j.expneurol.2017.04.010
https://doi.org/10.1038/nature23909
https://doi.org/10.1038/nature23909
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Paradoxical Effects of a Cytokine and an Anticonvulsant Strengthen the Epigenetic/Enzymatic Avenue for Autism Research
	INTRODUCTION
	CONTEXT-DEPENDENT EFFECTS OF DRUGS
	TWO MOLECULES IN QUESTION
	Interleukin-17a
	Valproate

	PERSISTENT ADAPTATION TO THE FETAL ENVIRONMENT
	SHARED BRAIN ENZYMATIC PATHWAYS
	THE MICROBIOME RESOURCES
	DISCUSSION: ALLOCATION OF ROLES AMONG NETWORKS OF PLAYERS
	Facing the Autism Complexity
	Pivotal Role of Serotonin
	Multiple-Source Serotonin Tuning
	Reviewed Position of Type A Monoamine Oxidase

	CONCLUSION: NATURAL FATTY ACIDS UNDER FOCUS
	DATA AVAILABILITY STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	REFERENCES




