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An increasing body of literature suggests that peri-
natal exposure to low doses of bisphenol A (BPA)

has lasting effects on brain development and/or behav-
ior in rodents (1, 2). Concerns about the occurrence of
similar effects in humans are based on the parallel in-
crease of neurobehavioral conditions in humans that
appear in rodents exposed to BPA (3), and on epidemi-
ological studies (4). In their recent article, Franssen et al
(5) demonstrated opposite dose-dependent effects of
BPA on the neuroendocrine maturation of female rats ex-
posed during early life from postnatal day (PND)1 to
PND15. In animals exposed to a 0.025-�g BPA/kg bw
(body weight)/d dose, neuroendocrine maturation related
to puberty was found to be delayed, with opposite effects
observed in animals exposed to a 5000-�g BPA/kg bw/d
dose. Modulation of inhibitory �-aminobutiric acid
(GABA)ergic neurotransmission was found to be associ-
ated with the delayed maturation of GnRH secretion
through increased GABAergic tone for the 0.025-�g
BPA/kg bw/d dose; opposite effects were observed for the
higher dose.

These new findings prompted us to reexamine in
more detail our results obtained for male mice exposed
to very low doses of BPA from gestational day 8 to
PND16 (maternal exposure to 0-, 0.025-, 0.25-, or
25-�g BPA/kg bw/d) (6). In this 2013 study, we used
untargeted 1H-nuclear magnetic resonance (NMR)
metabolomics to explore the metabolites present in a set
of tissues, including male brains at PND21. All brain
metabolites were included in a partial least square-dis-

criminant analysis model, which demonstrated ex-
tremely significant differences between the 4 groups.
GABA was one of the major metabolites responsible for
intergroup differences. To better understand the mech-
anisms by which BPA disrupts brain development, we
reanalyzed our raw data from 2013 with the purpose of
1) challenging the hypotheses by Franssen et al, and 2)
seeking additional hypotheses that could explain the
disruption of GABAergic pathways. We addressed the
former by means of a 2 by 2 group comparison and
the latter by analyzing the genome-scale metabolic net-
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Abbreviations: BPA, bisphenol A; bw, body weight; GABA, �-aminobutiric acid; NMR,
nuclear magnetic resonance; PND, postnatal day.

Figure 1. Relative intensity of GABA in the brain of PND21 mice
perinatally exposed to 0-, 0.025-, 0.25-, or 25-�g BPA/kg bw/d (based
on 1H-NMR semiquantitative spectral data from Cabaton et al [6]).
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work based on our 2013 1H-NMR brain metabolomics
data, and by extracting the most prominent pathways
(eg, subnetworks) modulated by BPA exposure.

In the first place, our results clearly support the con-
clusions by Franssen et al about GABA being a key de-

terminant of BPA effects, despite
species, sex, and exposure scenario
differences (perinatal in our study,
strictly postnatal in the Franssen
et al work). In our study, GABA
was significantly increased in whole-
brain extracts from the 0.025-�g
BPA/kg low-dose group compared
with controls (vehicle). No compar-
isons could be carried out for the
5000-�g/kg dose, not addressed in
Cabaton et al (6). However, untar-
geted metabolomics already high-
lighted a decrease of GABA at the
highest dose tested in Cabaton et al,
namely 25-�g BPA/kg compared
with controls (Figure 1). In other
words, the lower GABAergic tone
observed by Franssen et al at
5000-�g BPA/kg in specific brain re-
gions was already obvious at 25-�g
BPA/kg in a perinatal scenario when
using NMR-based metabolomics on
whole-brain extracts.

In a second step, based on our raw
data from brain extracts, metabolic
networks analysis was performed for
the lowest and highest BPA doses
used in Cabaton et al. The discrimi-
nant metabolites were examined us-
ing MetExplore, the open access
webserver we developed for map-
ping, visualization, and mining of
omics data (www.metexplore.fr)
(7). The subnetworks of interest re-
lating to 0.025-�g BPA/kg bw/d
animals (vs controls) and 25-�g
BPA/kg bw/d animals (vs controls)
are displayed in Figure 2, A and B,
respectively.

L-glutamate is the primary sub-
strate for GABA synthesis, which is
carried out by brain glutamate de-
carboxylases. Both L-glutamate
and GABA were found to change
in a similar way: increased in
0.025-�g BPA/kg exposed mice
and decreased in 25-�g BPA/kg ex-

posed mice. For this reason, and because there is only 1
report so far (8) suggesting regulation of the glutamate
decarboxylase activity by BPA (at 40 �g/kg, in rats), it
is unlikely that this enzymatic pathway would play a

Figure 2. Metabolic subnetwork extractions obtained using the webserver MetExplore
(www.metexplore.fr) showing the metabolic pathways modulated by BPA perinatal exposure in
PND21 mice: (A) 0.025-�g/kg bw/d vs control and (B) 25-�g/kg bw/d vs control. The “�” dots
represent the identified metabolites that were increased, the “�” dots represent the identified
metabolites that were decreased, and the white dots represent the metabolites predicted to be
involved in the corresponding biochemical pathway. The gray boxes are the enzymes catalyzing
the reactions linking substrates and products. Metabolites: M1, (S)-2-[5-amino-1-(5-phospho-D-
ribosyl)imidazole-4-carboxamido]succinate; M2, 5-amino-1-(5-phospho-D-ribosyl)imidazole-4-
carboxamide. Enzymes: (1), phospho-ribosyl-amino-imidazole-succino-carboxamide synthase; (2),
phospho-ribosyl-amino-imidazole-succino-carboxamide formyltransferase.
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major role in the observed alterations of GABA levels.
Rather, we clearly favor the hypothesis that the con-
centration of L-glutamate itself is the determining pa-
rameter in all of these studies.

Network analysis based on the Cabaton et al study
provides further support for BPA-driven GABA modula-
tion by highlighting the active pathways of L-glutamate
consumption and production.

For L-glutamate consumption, an enhanced deple-
tion of L-glutamate ultimately leading to the production
of the final metabolite Glycine was demonstrated for the
highest BPA dose of 25-�g BPA/kg. Glycine was signif-
icantly increased in the brain of these animals (Figure
2B). This observation could be explained by the mod-
ulation of 2 metabolic pathways, the most direct one
being the production of L-serine. No existing data cur-
rently documents alteration of this specific pathway by
BPA. However, up-regulation of the phosphoserine
transaminase gene by estrogen was previously shown in
vitro in female rat trigeminal ganglia, consistent with an
enhanced consumption of L-glutamate (9). This path-
way may participate in lowering glutamate (and con-
sequently GABA) levels via increased phosphoserine
transaminase activity.

For L-glutamate production, for 0.025-�g BPA/kg
exposed animals (Figure 2A), the study by Cabaton et al
demonstrated that at least 2 direct substrates of L-glu-
tamate, namely the metabolites L-alanine (through the
L-alanine transaminase pathway) and L-aspartate
(through the aspartate transaminase pathway) were sig-
nificantly higher in BPA exposed animals than in con-
trols. Also, the latter metabolite is unequivocally
involved in the regulation of L-glutamate (and conse-
quently, of GABA) in the high-dose group (25-�g
BPA/kg bw/d) (Figure 2B).

All these features strongly suggest that the modula-
tion of transaminases involved in the synthesis and con-
sumption of L-glutamate are key factors involved in the
effects of BPA on neuroendocrine maturation high-
lighted by Franssen et al. Although data supporting this
hypothesis based on experimental studies involving
xeno-estrogens are lacking, it should be stressed that
estradiol and ageing were previously found to decrease
transaminase activity in rat brains (10), which is con-
sistent with Franssen et al’s conclusions for their high-
dose BPA group, eg, an accelerated maturation of rats
through diminished inhibitory GABAergic neurotrans-
mission. It is hypothesized on the basis of network
modeling that an opposite situation may take place for
lower doses of BPA. BPA undoubtedly impacts brain

development, and it is likely that part of its effects occur
at the level of brain transaminases.

Our data together with those of Franssen et al suggest
that the pathways of biosynthesis, action and metabolism
of excitatory and inhibitory amino acids may be a funda-
mental component of BPA disruption of neurodevelop-
ment. Finally, given that the brain is a heterogeneous or-
gan, it is counterintuitive that BPA could sufficiently affect
the content of the metabolites implicated in the synthesis
of neurotransmitters such as GABA and glutamate, so that
the observed effect would remain significant even in ex-
tracts of the whole organ. This suggests that BPA modu-
lates transaminase activity in a generic way, as suggested
for estrogens (10).
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