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ABSTRACT: D-Amino acids were believed to occur only in
bacteria and invertebrates. Today, it is well known that D-amino
acids are also present in mammalian tissues in a considerable
amount. In particular, high levels of free D-serine (D-Ser) and D-
aspartate (D-Asp) are found in the brain. While the functions of D-
Ser are well known, many questions remain unanswered regarding
the role of D-Asp in the central nervous system. D-Asp is very
abundant at the embryonic stage, while it strongly decreases after
birth because of the expression of D-aspartate oxidase (Ddo)
enzyme, which catalyzes the oxidation of this D-amino acid into
oxaloacetate, ammonium, and hydrogen peroxide. Pharmacologi-
cally, D-Asp acts as an endogenous agonist of N-methyl D-aspartate
and mGlu5 receptors, which are known to control fundamental
brain processes, including brain development, synaptic plasticity, and cognition. In this work, we studied a recently generated
knockin mouse model (R26Ddo/Ddo), which was designed to express DDO beginning at the zygotic stage. This strategy enables D-Asp
to be almost eliminated in both prenatal and postnatal lives. To understand which biochemical pathways are affected by depletion of
D-Asp, in this study, we carried out a metabolomic and lipidomic study of Ddo knockin brains at different stages of embryonic and
postnatal development, combining nuclear magnetic resonance (NMR) and high-resolution mass spectrometry (HRMS) techniques.
Our study shows that D-Asp deficiency in the brain influences amino acid pathways such as threonine, glycine, alanine, valine, and
glutamate. Interestingly, D-Asp is also correlated with metabolites involved in brain development and functions such as choline,
creatine, phosphocholine (PCho), glycerophosphocholine (GPCho), sphingolipids, and glycerophospholipids, as well as metabolites
involved in brain energy metabolism, such as GPCho, glucose, and lactate.
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■ INTRODUCTION

Free D-aspartate (D-Asp) is found in high amounts in the
mammalian brain during prenatal and early postnatal life and
dramatically decreases after birth1−8 because of the activity of
D-aspartate oxidase (DDO), the only known enzyme able to
degrade D-Asp, by catalyzing its oxidation in oxaloacetate,
ammonium, and hydrogen peroxide.9−11 Interestingly, recent
studies revealed that Ddo mRNA expression increases in the
brain during postnatal life because of a progressive Ddo
promoter demethylation, suggesting that epigenetic regulatory
events at the Ddo promoter ultimately control DDO expression
and activity and, in turn, the time-dependent variations of D-
Asp levels.1,4,12−14 Unlike the well-established D-Asp degrading
enzyme, the specific mechanisms and enzymes governing the
biosynthesis of this endogenous D-amino acid in mammals
remain a matter of debate.9 However, a role for serine

racemase has been recently reported in the generation of this
D-amino acid in specific rodent brain regions.15,16

Despite the considerable abundance of D-Asp in the
embryonic phase, the biological role of D-Asp in brain
development and function has not been fully elucidated.17 In
the last decade, D-Asp has been shown to act as an endogenous
agonist of N-methyl D-aspartate (NMDA) and mGlu5
receptors.6,18−21 In line with these pharmacological features,
non-physiological higher D-Asp cerebral concentrations
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obtained by its exogenous administration or by Ddo knockout
(Ddo−/−) approach in mice have been reported to influence
synapse morphology, synaptic plasticity, and cognition.6−8,19,22

Consistent with the pharmacological ability of D-Asp to
stimulate NMDA receptors, studies in Ddo−/− mice and
primary cortical neurons have demonstrated that persistently
high levels of this D-amino acid induce severe neuro-
inflammation and neuronal cell death.1,23−25

Despite the findings above regarding the role of D-Asp in
adulthood, the biological significance of high D-Asp content
during brain development has not been elucidated. Hence, to
fill this gap, we recently generated a genetically engineered
knockin mouse, R26Ddo/Ddo, characterized by embryonic over-
expression of the Ddo gene and consequent depletion of
cerebral D-Asp. In these animals, early cerebral D-Asp removal
is associated with alteration in the number of parvalbumin-
positive cortical interneurons and memory abilities.4

In the present work, we attempted to elucidate the metabolic
influence of D-Asp during brain development. To this end, we
analyzed brain tissue extracts of R26Ddo/Ddo and control R26+/+

mice at different stages of embryonic and early postnatal brain
development using nuclear magnetic resonance (NMR)
spectroscopy and high-resolution mass spectrometry
(HRMS). Notably, our results showed the dramatic impact
of early cerebral D-Asp in modulating central biochemical
pathways linked to cell bioenergetic processes, brain develop-
ment and function, as well as L-amino acids and lipid
metabolism.

■ MATERIALS AND METHODS

Animal Care and Protocol

R26Ddo/+ mice were interbred to produce R26+/+ and
homozygous R26Ddo/Ddo animals. Mice were genotyped by
PCR using the following primers: R26 wt Fw, 5′-CTG TGG
ACA GAG GAG CCA TAA C-3′; R26 wt Rev, 5′-CTG TCT
CTG CCT CCA GAG TGC T-3′; DdoLacZ Rev 5′-TGG
ACT AAA CAC CGG TGC CC-3′. The wild-type fragment
(316 bp) was generated by the primers R26 wt Fw and R26 wt
Rev; the targeted fragment (490 bp) was generated by the
primers R26 wt Fw and DdoLacZ Rev. Amplification
conditions were 95 °C for 5 min; 35 cycles: 95 °C for 30 s,
62 °C for 30 s, 72 °C for 1 min; and 72 °C for 10 min. Animals
were group housed (five per cage) at a constant temperature
(22 ± 1 °C) on a 12 h light/dark cycle (lights on at 7 AM)
with food and water ad libitum.

Mouse Tissue Collection

Metabolomic analysis was performed on whole brains of wild-
type mice (R26+/+) and knockin littermates (R26Ddo/Ddo). We
used both male and female animals. Whole brains were
collected from R26+/+ and R26Ddo/Ddo mice at different
developmental stages, including the following time points:

embryonic day (E) E13.5 (n(R26
+/+

) = 5 and n(R26
Ddo/Ddo

) = 5),

E16.5 (n(R26
+/+

) = 5 and n(R26
Ddo/Ddo

) = 5), E18.5 (n(R26
+/+

) = 5 and

n(R26
Ddo/Ddo

) = 5), postnatal day (P) P3 (n(R26
+/+

) = 4 and n(R26
Ddo/Ddo

)

= 4) and P7 (n(R26
+/+

) = 5 and n(R26
Ddo/Ddo

) = 5). Animals were
sacrificed, and the whole brains were dissected out within 20 s
on an ice-cold surface. All tissue samples were pulverized in
liquid nitrogen and stored at −80 °C for subsequent
processing. Before killing, pregnant dams and offspring of
both genotypes were weighted at different time points to

analyze the potential effect of D-Asp depletion on body weight.
We found no genotype effect or genotype × age interaction in
both dams and offspring (dams: genotype, F(1,12) = 0.426, p =
0.5262; genotype × age, F(2,12) = 0.925, p = 0.4232; pups:
genotype, F(1,38) = 2.104, p = 0.1551; genotype × age, F(4,38) =
0.385, p = 0.8180) (see Supporting Information Table S1).

NMR Sample Preparation

Brain samples were collected from mice according to the
standard operating procedure for metabolomic-brain sam-
ples.26,27 To each 15−30 mg sample of lyophilized tissue, 0.45
mL of water and 2 mL of methanol were added. The samples
were then sonicated and diluted in a mixed solution of
chloroform/water (2/1 mL), vortexed, and centrifuged at
10,000g for 10 min at 4 °C. After centrifugation, polar and
apolar phases were separated and lyophilized (for details, see
Supporting Information).27 Polar phase was used for NMR
analysis, while the apolar phase for HRMS analysis.
Dried polar extracts were dissolved into 500 μL of buffer (50

mM Na2HPO4, 1 mM trimethylsilyl propionic-2,2,3,3-d4 acid,
sodium salt (TSP-d4), 50 μL of D2O) and transferred into 5
mm NMR tubes for 1H NMR detection. TSP-d4 at 0.1% in
D2O was used as an internal reference for the alignment and
quantification of NMR signals.26,27

NMR Spectra Acquisition

NMR experiments were acquired on a Bruker-AVANCE II 600
MHz spectrometer equipped with a 5 mm triple-resonance z-
gradient CryoProbe (Bruker Co, Rheinstetten, Germany) at
310 K. Topspin, version 3.0, was used for spectrometer control
and data processing (Bruker Biospin). 1D nuclear Overhauser
enhancement spectroscopy (NOESY) experiments were
acquired using a spectral width of 14 ppm, 16k data points,
excitation sculpting for water suppression,28 192 transients, 4 s
relaxation delay, and 60 ms mixing time. A weighted Fourier
transform was applied to the time domain data with a 0.5 Hz
line-broadening followed by manual phase and baseline
correction in preparation for targeted profiling analysis.

NMR Data Analysis

Analysis of the NMR spectra was performed according to a
targeted metabolomic approach. Specifically, the identity of the
metabolites was established before statistical data analysis
using Chenomx NMR-Suite v8.0 (Chenomx Inc., Edmonton,
252 Canada). ChenomxNMRSuite allows for the identification
of the metabolites combining advanced analysis tools with a
compound library. The signals within the selected spectral
regions are identified for comparison with a database, including
the NMR spectra of biological fluids and tissue extracts.
Quantitative analysis of NMR spectra was performed using

NMRProcFlow.29 The 1D NMR spectra were subjected to
baseline correction, ppm calibration, spectral alignment,
solvent suppression, and normalization by probabilistic
quotient. After the processing, metabolites were quantified by
choosing ppm ranges for each metabolite peak located in
uncrowded areas of the spectrum to avoid contamination by
adjacent ones. All the data needed for the quantification were
exported into a spreadsheet workbook using the “qHNMR”
template. The latter aggregates information within five separate
tabs: the sample table, the bucket table, the signal-to-noise
ratio matrix, and the values of integration for each bucket
(columns) and each spectrum (rows). The workbook allows to
include the data necessary for a correct quantification, such as
sample volume (mL), the mg of brain tissue, the number of
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protons related to the metabolites’ peaks, and the molecular
weight of the metabolites. The data matrix generated by
NMRProcFlow was finally used for statistical analysis.

HRMS Sample Preparation and Processing

The nonpolar fraction was diluted in 200 μL of 1:1 MeOH 10
mM HCOONH4/CHCl3, centrifuged, and directly employed
for direct infusion. Data were acquired on a SolariX XR 7T FT-
ICR (Bruker Daltonics, Bremen, Germany) in direct infusion
mode using a 250 μL Hamilton syringe at a flow rate of 2 μL/
min. The instrument was tuned with a standard solution of
sodium trifluoroacetate. Mass spectra were recorded in a
broadband mode in the range 100−1500 m/z with an ion
accumulation of 20 ms, 32 scans using two million data points
(2 M), and a mass resolution of 200.000 at m/z 400.
Nebulizing (N2) and drying gases (air) were set at 1 and 4
mL/min, respectively, with a drying gas temperature of 200 °C.
Both positive and negative ESI ionization were employed in
separate runs. Funnel amplitude was set to 100 V, transfer
optics: frequency 6 MHz, and time of flight 0.7 s. The
instrument was controlled by Bruker FTMS Control. HRMS
data set was published on the Massive platform with doi:
10.25345/C5PJ4R.
HRMS data analysis was performed with Metaboscape 4.0

(Bruker), where the first step is the creation of a feature matrix
(bucket table) using the T-ReX 2D algorithm. Assignment of
the molecular formula was performed for the detected features
using SmartFormula (SF), isotopic fine structure (ISF) and
data recalibration. The bucket table was annotated with a list of
lipids obtained from the LIPIDMAPS database (www.
lipidmaps.org). Annotation was performed with 0.2 ppm
(narrow) or 0.5 ppm (wide) mass tolerance. Five replicates of
each injection were performed.
Lipid metabolites detected by HRMS were putatively

annotated with high accurate mass/ISF, level 2 of metabolomic
standard initiative,30,31 taking benefit of the ultra-high

resolution, high mass accuracy, and ISF delivered by FT-ICR
measurements.32

Statistical Analysis

Multivariate statistical analysis (MVA) and partial least-squares
discriminant analysis (PLS-DA) were conducted with
normalized metabolomics data using MetaboAnalyst 4.0
(http://www.metaboanalyst.ca/).33 NMR data matrices were
normalized by sum and Pareto scaling; moreover, HRMS data
matrices were normalized by median and range scaling.
Two separated multivariate analyses have been conducted

on the NMR and MS data set. The performance of the PLS-
DA model was evaluated using the coefficient Q2 (using the 7-
fold internal cross-validation method) and the coefficient R2,
defining the variance predicted and explained by the model,
respectively (see Supporting Information Table S2a,b). The
loading plot was used to identify significant metabolites
responsible for maximum separation in the PLS-DA score plot,
and these metabolites were ranked according to their variable
influence on projection (VIP) scores. VIP scores are weighted
sums of the PLS-DA weights’ squares, which indicate the
importance of the variable.

■ RESULTS

Multivariate Data Analysis of NMR Data

Matrices, including metabolites and their concentrations
derived from 1H NMR data collected in 1D NOESY,34,35

were analyzed according to MVA using MetaboAnalyst 4.0.36

We prepared five matrices, including the samples for each
developmental phase (E13.5 R26(5)

+/+ vs R26(5)
Ddo/Ddo; E16.5

R26(5)
+/+ vs R26(5)

Ddo/Ddo; E18.5 R26(5)
+/+ vs R26(5)

Ddo/Ddo; P3
R26(4)

+/+ vs R26(4)
Ddo/Ddo; and P7 R26(5)

+/+ vs R26(5)
Ddo/Ddo) and the

metabolite concentrations. For each sample, 31 metabolites
were identified and quantified. A representative 1H NMR

Figure 1. Representative 1D NOESY spectrum of mouse brain extracts (E13.5). The region on top is multiplied for better visualization. The
spectrum is acquired at 600 MHz and T = 310 K. Thirty-one brain metabolites are identified and annotated.
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spectrum of polar extracts of whole brains is shown in Figure 1
with the metabolite signals indicated.
After normalization by sum and Pareto scaling, the data

matrices were analyzed by univariate methods (fold change
and T-test) (see Supporting Information Tables S3 and S4)
and a multivariate supervised method, PLS-DA.36 In Figure 2,
PLS-DA shows that the data sets relative to the extracts of
control R26+/+ whole mouse brains are well separated from the

extracts of mutant R26Ddo/Ddo whole mouse brains at each
development phase. Table 1 reports the components with
relative variances for the samples of each developmental phase.

Inspection of the PLS-DA score scatter plots and loading
scatter plots (Figure 2) shows that several metabolites
significantly discriminate polar extracts of control R26+/+

whole mouse brains from polar extracts of mutant R26Ddo/Ddo

whole mouse brains. This evidence is confirmed by applying
VIP score analysis (Figure 3). Accordingly, the metabolites
characterized by a VIP score higher than one are considered
good classifiers between the two genotypes in each phase.
The Cartesian space of representation is described by the

presence of the most discriminating metabolites between the
two genotypes, according to the value of the VIP score. As
reported in the VIP graph, R26Ddo/Ddo mutant brains at the
E13.5 embryonal phase are different from the relative R26+/+

control mouse brains because they are characterized by
changes in the concentration of γ-aminobutyric acid
(GABA), choline, glycine, L-alanine, and N-acetyl-aspartate
(NAA). Moreover, we identified different L-threonine, creatine,
GABA, and L-glutamine concentrations in R26Ddo/Ddo mutant
brains at E16.5 compared to R26+/+ control mouse brains. At
E18.5, we detected changes in L-alanine, L-glutamine, L-
glutamate, GABA, and L-valine. VIP metabolic analysis
recognized a different metabolic profile also in early postnatal
tissues. In detail, in P3 R26Ddo/Ddo mutants, we found variations
related to L-threonine, creatine, glucose, and NAA, while in P7
R26Ddo/Ddo mutants, we found variations related to choline,
lactate, L-glutamate, glycine, and GABA. Importantly, in line
with the deaminative oxidation catalyzed by DDO, which
produces oxaloacetic acid from D-Asp,9,10 and consistent with
the striking increased DDO activity observed in Ddo knockin
mice,4 we found that this ketoacid appears to be the most
discriminating metabolite at E16.5 and P3, as its concentration
increases in R26Ddo/Ddo mice compared to controls.
Multivariate Data Analysis of HRMS Data

Data acquired using mass spectrometry define a lipidomic
matrix that includes the average of the intensities, derived from
the five measurements for each sample’s detected features. As
reported in Table S5 of Supporting Information, after
alignment and filtering, 120 lipids were annotated for each
sample for each brain developmental phase. The data, after
normalization by median and range scaling, were analyzed by
the univariate analysis made by T-test and fold change (see
Supporting Information Table S5)36 and the multivariate
supervised method, PLS-DA (MetaboAnalyst 4.0).36

Figure 4 shows the PLS-DA for the data sets exhibiting a
characteristic lipidomic profile in R26+/+ compared to
R26Ddo/Ddo. In particular, the lipidomic profile of R26Ddo/Ddo

mouse brains at the E13.5 and P7 development phases is
significantly different than the lipidomic profile of R26+/+. At

Figure 2. PLS-DA score scatter plot and PLS-DA loading scatter plot
for the 1H NMR data collected in 1D NOESY spectra acquired at 600
MHz. Data are relative to brain extracts of R26+/+ (green circles) and
R26Ddo/Ddo (red circles) mice for each development phase: E13.5 (5),
E16.5 (5), E18.5 (5), P3 (4), and P7 (5).

Table 1. Percentage Variance of Components Relative to
the Sample of Each Developmental Phase

phase 1° component (%) 2° component (%)

E13.5 33.4 39.2
E16.5 24.3 9.1
E18.5 24.4 27.2
P3 43.4 20.4
P7 30.6 12.5
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the E13.5 brain developmental phase, the first component
explains 32% of the variance, while the second explains 17.7%;
at the P7 developmental phase, the first component explains
18.7% of the variance, while the second explains 13.4%.
An examination of the PLS-DA score scatter plots and

loading scatter plots (Figure 4) points to different metabolites
that significantly discriminate apolar extracts of R26Ddo/Ddo

mouse brains from R26+/+ mouse brains. This evidence is
confirmed by applying VIP score analysis (Figure 5). The
graphs reported in Figure 5 show that apolar extracts of
R26Ddo/Ddo mouse brains at E13.5 are characterized by variations
of several lipid classes, in particular long chain fatty acid
derivatives (palmitoylcarnitine), phosphocholines (PC(33:2),
PC(38:5), and PC(35:4)), phosphoserines (PS(O-33:1)) and
sphingomyelines (SM(d18:1/18:0)) (see Supporting Informa-
tion Table S6). Moreover, apolar extracts of R26Ddo/Ddo mouse
brains at P7 are characterized by changes in phosphocholines
(PC(40:6), PC(32:2) and PC(36:5)), phosphoserines (PS(O-
33:1)), and sphingolipids (Cer(d18:1/18:0) and SM(d18:1/
18:0)) (see Supporting Information Table S7 and Figure S1).

Combined Pathway Analysis

To analyze the previously reported data, we applied metabolic
pathway analysis using MetaboAnalyst 4.0 and Reactome37

software. Pathway analysis included both 1H NMR and HRMS
data. Data reported in Tables 2 and 3 indicate all matched
pathways according to p-values and false discovery rate (FDR)
values. The pathways were classified according to the total
number of compounds found in the KEGG database.38,39 The
pathway impact is correlated with the number of metabolites
involved (number of hits). By combining pathways charac-

terized by hits >1 and p-values < 0.05, we observed the
pathways most perturbed in our analysis in each development
phase.
Pathway analysis was further optimized by Reactome.37 The

function analysis tool was used to identify the pathways
featuring the different brain development phases more
accurately. All Reactome pathways are shown in Tables 2
and 3, classified according to the p-value and FDR values.
Interestingly, the analysis of metabolic pathways made by
MetaboAnalyst and Reactome identifies a potential relation-
ship between aspartate metabolism and the macro areas of
solute-carrier gene (SLC) disease.

OmicsNet Analysis

The metabolite data have been uploaded in PubChem entry
format into the OmicsNet platform of MetaboAnalyst 4.0, a
platform for multiomics analysis. As a result, we qualitatively
assessed the relationship between the NMR and HRMS
metabolites. Furthermore, thanks to the multi-omic vision of
OmicsNet, the possible genes related to these metabolites and
their networks are identified.
Figure 6 shows the modules derived by OmicsNet. The

modules refer to parts of networks that have higher
connections than the average connections expected over the
whole network. Networks were displayed using Waltrap, Label
Propagation, and InfoMap algorithms.40,41 All the modules
were classified by size and p-value. Figure 6 shows that the
aspartate pathway, with a p-value of 2.41 × 10−21, is the most
significant (p-value <0.05 calculated by T-test). The genomics
analysis of this pathway shows a link with several genes
correlated to cognitive disabilities, schizophrenia, and brain

Figure 3. Metabolites discriminating R26+/+ from R26Ddo/Ddo based on NMR-based metabolomic analysis of whole-brain polar extracts at different
embryonal and postnatal development stages.
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aging and therefore with possible SLC disorder, as shown by
Reactome.

■ DISCUSSION

The concentration of D-Asp in the brain follows a specific
temporal occurrence, being much higher during the embryonic
stage compared to postnatal life.1−5 This time-dependent
change is due to the Ddo gene expression and the consequent
activity of DDO enzyme in the postnatal period.1,42 Although
the spatiotemporal distribution of D-Asp in the brain has been
extensively investigated, its physiological role in the devel-
opmental brain is still largely unknown.
To determine the metabolic influence played by D-Asp in the

developing brain, in this study, we characterized the
metabolomic fingerprint of embryonic and early postnatal
R26Ddo/Ddo brains, compared to R26+/+controls. To this end, 1H

NMR spectroscopy and HRMS techniques were used to
analyze brain extracts of R26+/+and R26Ddo/Ddo mice. NMR
spectroscopy and HRMS are the techniques of choice to define
the metabolic profile of biofluids and tissue extracts; they are
complementary analytical techniques and often used in parallel.
MVA of data obtained from polar extracts by 1H NMR

spectroscopy indicated that characteristic metabolomic finger-
prints distinguish R26Ddo/Ddo from R26+/+ brains in both
embryonic and postnatal stages. We found that cerebral D-
Asp depletion increased choline, glycine, NAA, taurine,
oxaloacetate, L-threonine, glucose, and lactate. All these
molecules were upregulated at one prenatal and one postnatal
time-point, except glucose and lactate, which were increased at
postnatal but not prenatal phases (both P3 and P7). Myo-
inositol and PCho increased at only one time-point, E13.5 and
E16.5, respectively. On the other hand, D-Asp depletion is

Figure 4. PLS-DA score scatter plot and PLS-DA loading scatter plot for the HRMS data acquired on a SolariX XR 7T. Data are relative to brain
extracts of R26+/+ mice (green circles) and R26Ddo/Ddo mice (red circles) for development phases E13.5 (5) and P7 (5).
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associated with reduced malate, L-valine, acetate, L-alanine,
formate, GPCho, L-glutamine, and ATP/ADP levels, at least at
one time-point analyzed. Of these metabolites, only malate and
ATP/ADP were reduced postnatally (P3 and P7, respectively)
(see Supporting Information Figures S2−S4).
VIP score analysis points to GABA and L-glutamate, as

discriminating metabolites with fluctuating concentrations over
the different time-points between genotypes. GABA is the

primary inhibitory neurotransmitter required for the control of
synaptic excitation. GABA and L-glutamate belong to a
common metabolic pathway: GABA is synthesized for
decarboxylation by glutamic acid decarboxylases (GADs).43

Therefore, GABA and GADs concentrations have been found
highly correlated and spatiotemporally regulated during the rat
brain’s postnatal development.44 Our data confirm this
evidence: indeed, GABA concentration patterns at different

Figure 5. VIP score analysis: metabolites discriminating mouse brain apolar extracts of R26+/+ from R26Ddo/Ddo at the E13.5 and P7 brain
development phases.

Table 2. Metabolic Pathways Potentially Related to Each Embryonal Phase of Mice According to p-Values and FDR Values

E13.5 E16.5 E18.5

pathway name pathway source p-value FDR p-value FDR p-value FDR

arginine and proline metabolism MetaboAnalyst 9.97 × 10−7 3.59 × 10−5

alanine, aspartate and glutamate metabolism MetaboAnalyst 1.70 × 10−2 2.64 × 10−1 3.24 × 10−3 1.17 × 10−2 2.53 × 10−3 2.28 × 10−2

glycine, serine and threonine metabolism MetaboAnalyst 4.36 × 10−2 3.60 × 10−1

glycerophospholipid metabolism MetaboAnalyst 5.00 × 10−2 3.60 × 10−1

sphingolipid metabolism MetaboAnalyst 1.12 × 10−2 8.25 × 10−1

biosynthesis of unsaturated fatty acids MetaboAnalyst 3.16 × 10−2 8.25 × 10−1

linoleic acid metabolism MetaboAnalyst 3.93 × 10−2 8.25 × 10−1

fatty acid degradation MetaboAnalyst 3.66 × 10−2 8.25 × 10−1

glycolysis−gluconeogenesis MetaboAnalyst 6.62 × 10−8 1.31 × 10−6 1.17 × 10−4 3.80 × 10−3

pyruvate metabolism MetaboAnalyst 7.28 × 10−8 1.31 × 10−6 2.30 × 10−3 2.28 × 10−2

glyoxylate and dicarboxylate metabolism MetaboAnalyst 2.77 × 10−7 3.02 × 10−6

D-glutamine and D-glutamate metabolism MetaboAnalyst 5.11 × 10−5 2.71 × 10−4

arginine biosynthesis MetaboAnalyst 5.27 × 10−5 2.71 × 10−4

aminoacyl-tRNA biosynthesis MetaboAnalyst 8.18 × 10−3 5.89 × 10−2

defective SLC6A19 causes Hartnup disorder
(HND)

Reactome 1.93 × 10−5 0.008 4.69 × 10−6 0.002 2.32 × 10−5 0.011

aspartate and asparagine metabolism Reactome 2.38 × 10−5 0.008 6.26 × 10−6 0.002 3.10 × 10−5 0.011
Na+/Cl− dependent neurotransmitter
transporters

Reactome 2.39 × 10−4 0.067 5.01 × 10−5 0.012 3.08 × 10−4 0.083

degradation of GABA Reactome 4.18 × 10−4 0.084 1.81 × 10−4 0.031 4.80 × 10−4 0.095
defective SLC1A1 is implicated in
schizophrenia 18 (SCZD18) and
dicarboxylic aminoaciduria

Reactome 0.003 0.173 0.003 0.189

defective GSS causes glutathione synthetase
deficiency

Reactome 8.06 × 10−4 0.069 0.002 0.16
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stages of embryonic and postnatal development are super-
imposable to those previously observed for GADs.45 The
nonlinear trajectory of GABA and L-glutamate concentrations
can be interpreted in the frame of the critical function that
GABA and GADs have shown to exert during early brain
development as trophic factors for the regulation of
proliferation and synapse formation.46,47 These roles, although
extensively investigated, remain almost undisclosed for their
underlying mechanisms. Future studies may help understand
possible crosslinking between Ddo and GAD expression, as

increasing evidence shows that both are involved in the onset
of pathologic conditions such as schizophrenia.48

Concerning other metabolites following unexpected con-
centration patterns, we cannot exclude that the analysis of
whole-brain samples, rather than discrete brain subregions,
could have produced net concentrations of differences between
genotypes at different time-points. Future studies using a larger
cohort of mutant mice and discrete brain subregions are
mandatory to clarify this puzzling issue.

Table 3. Metabolic Pathways Potentially Related to Each Postnatal Phase of Mice According to p-Values and FDR Values

P3 P7

pathway name pathway source p-value FDR p-value FDR

valine, leucine and isoleucine biosynthesis MetaboAnalyst 2.39 × 10−7 7.39 × 10−6

glycine, serine and threonine metabolism MetaboAnalyst 1.26 × 10−6 1.95 × 10−5 1.05 × 10−7 6.28 × 10−7

arginine and proline metabolism MetaboAnalyst 2.49 × 10−5 2.58 × 10−4 9.36 × 10−7 3.37 × 10−6

pyruvate metabolism MetaboAnalyst 3.67 × 10−3 2.84 × 10−2

alanine, aspartate and glutamate metabolism MetaboAnalyst 2.04 × 10−2 6.32 × 10−2 1.07 × 10−4 2.74 × 10−4

glutathione metabolism MetaboAnalyst 2.66 × 10−9 4.80 × 10−8

D-glutamine and D-glutamate metabolism MetaboAnalyst 1.02 × 10−8 9.17 × 10−8

aminoacyl-tRNA biosynthesis MetaboAnalyst 7.13 × 10−8 5.13 × 10−7

histidine metabolism MetaboAnalyst 2.02 × 10−7 1.04 × 10−6

glycerophospholipid metabolism MetaboAnalyst 2.71 × 10−7 1.22 × 10−6

arginine biosynthesis MetaboAnalyst 3.53 × 10−7 1.41 × 10−6

glyoxylate and dicarboxylate MetaboAnalyst 1.52 × 10−5 4.57 × 10−5

sphingolipid metabolism MetaboAnalyst 1.81 × 10−3 1.52 × 10−1

glycerophospholipid metabolism MetaboAnalyst 5.31 × 10−3 2.23 × 10−1

α-linolenic acid metabolism MetaboAnalyst 4.25 × 10−2 8.92 × 10−1

defective SLC6A19 causes Hartnup disorder Reactome 9.54 × 10−6 0.003 1.24 × 10−5 0.004
defective GCLC causes hemolytic anemia due to γ-glutamylcysteine
synthetase deficiency

Reactome 9.95 × 10−4 0.086 0.001 0.104

SLC transporter disorders Reactome 0.002 0.106 0.003 0.155
defective SLC1A1 is implicated in schizophrenia 18 (SCZD18) and
dicarboxylic aminoaciduria

Reactome 0.002 0.106 0.002 0.132

Figure 6. Graph Force module regarding the elaboration of the data matrix through OmicsNet. Each module (pathway) is labeled with different
colors; the circles represent metabolites and genes involved in the pathway. The table describes the subnetworks searched by OmicsNet with their
p-value and relative size (abundance of metabolites).
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Interestingly, a significant number of deregulated molecules
are involved in neurotransmission. Indeed, among the
increased metabolites, we found glycine, choline, and taurine.
In addition to its role in proteinogenesis and cell metabolism,
glycine is involved in regulating NMDA receptor signaling as
an important coagonist at glutamatergic synapses.49−51

Choline plays a central role in brain development because it
is an essential brain precursor of the acetylcholine neuro-
transmitter.52−55 Consistent with this finding, deficits in
choline levels in the brain during gestation are known to
cause alterations in cognitive functions.52,55 In addition to
choline, the VIP score also indicates a variation in other
choline class compounds, such as GPCho and PCho.56 Finally,
taurine appears to act as a major inhibitory neurotransmitter/
modulator in the embryonic and early postnatal brain, having
much higher concentrations than GABA in most brain areas.57

Interestingly, these three molecules increase at the same time-
points (E13.5 and P7), indicating an overall change in
neurotransmission in these phases (see Supporting Informa-
tion Figure S4). Other significant D-Asp-mediated changes
potentially affecting glutamatergic neurotransmission include
GABA and L-glutamate, whose levels, as discussed above,
fluctuate at the different periods analyzed. In particular, MVA
identified the inhibitory neurotransmitter, GABA, as a
discriminating metabolite between genotypes at all stages
tested. Interestingly, our recent work has already shown a
potential link between D-Asp and GABAergic neurotransmis-
sion because we found that D-Asp deprivation results in an
increased number of cortical parvalbumin-positive GABAergic
interneurons in adult R26Ddo/Ddo brains.4 Therefore, based on
these observations, future studies are required to understand
the influence of early D-Asp in regulating cellular GABA levels
and the potential causal relationship with the number of
parvalbumin-positive GABAergic interneurons.
In line with the ability of D-Asp to influence glutamatergic

neurotransmission, analysis of the brain polar extracts provided
evidence that D-Asp depletion in mutants induces changes in
the L-glutamate concentration at P7 in R26Ddo/Ddo compared to
R26+/+ mice. This observation is discrepant with that provided
by HPLC methods, in which the levels of L-glutamate were
unchanged between R26Ddo/Ddo and R26+/+ brains.4 In this
regard, we cannot exclude the possibility that differences in
method sensitivity might account for this discrepancy.
Remarkably, in agreement with the production of

oxaloacetate by DDO,9,10 and in line with an abnormally
increased enzymatic DDO activity in R26Ddo/Ddo,4 the VIP score
values of NMR data showed an increase in oxaloacetate
concentrations at E16.5 and P3 in R26Ddo/Ddo brains compared
to controls.
Furthermore, MVA allowed us to identify other dysmetab-

olism associated with D-Asp depletion and linked to L-amino
acids, including L-threonine and L-valine. In particular, VIP
score analysis showed an increment of L-threonine in E16.5
R26Ddo/Ddo and P3 R26Ddo/Ddo brains compared to controls.
Threonine is a central amino acid because it has significant
involvement in glycine and serine metabolism, as well as in
choline and creatine, and valine, leucine, and isoleucine
biosynthesis (see Supporting Information Figure S3).58

On the other hand, we reported lower L-alanine and L-valine
concentrations in the brain of R26 Ddo/Ddo mice at E18.5
compared to controls.
Overall, our NMR and HRMS data in Ddo knockin brains

suggest, for the first time, a prominent influence for prenatal

and early postnatal D-Asp occurrence in modulating the
metabolism of L-amino acids, such as L-alanine, L-valine, L-
serine, and L-threonine, as well as of glycine.
A further observation obtained by MVA is the alteration of

creatine concentrations in R26Ddo/Ddo brains at E16.5 and P3,
compared to controls. Although the meaning of its altered
concentration in the mutant brain remains unclear, it is
relevant to remark that creatine is essential for proper brain
development, and its reduction causes severe neuronal
malfunctions.54,59−61

NMR analysis allowed us to identify considerable alterations
in the brain energy metabolism of R26Ddo/Ddo mouse brains. The
mechanisms of lipid synthesis and energy production in the
brain are very peculiar. Numerous metabolites participate in
brain lipid metabolism, including NAA, which is synthesized
from L-aspartate and acetyl-coenzyme A in neurons.62−66

During postnatal central nervous system development, the
expression of lipogenic enzymes, such as the NAA-degrading
enzyme aspartoacylase (ASPA),67 increase in oligodendrocytes
along with the production of NAA in neurons.62,68,69

Interestingly, our metabolomic analysis showed evidence that
the lack of D-Asp is linked to an increment of NAA in
R26Ddo/Ddo mouse tissues at E13.5 and P3 compared to R26+/+

mice. Besides lipids, other metabolites involved in brain
energetic processes have been identified by VIP analysis in
R26Ddo/Ddo brain tissues, such as oxaloacetate, glucose, lactate,
and malate, directly involved in the Krebs cycle (see
Supporting Information Figure S2).
We have previously shown a relationship between dysfunc-

tional cerebral D-Asp metabolism and schizophrenia.23,24,70

Interestingly, analysis of the pathways carried out by
Reactome37 in R26Ddo/Ddo mutant brains provided supporting
evidence relative to the dysmetabolism of the SLC transporters
and, in particular, of defective SLC1A1 pathway in psychiatric
disorders, including schizophrenia (Table 3).71−73

Moreover, in R26Ddo/Ddo mutant brains, other altered
pathways have been identified by OmicsNet41 (Figure 6). In
particular, the aspartate pathway revealed a connection with
the presence of the glycine amidinotransferase mitochondrial
gene, whose mutation causes a congenital error of creatine
synthesis characterized by cognitive impairment, language
impairment, and behavior disorders.74−76

Although the overall findings obtained in R26Ddo/Ddo mice
indicate an involvement of D-Asp depletion in the brain’s
fundamental metabolic processes, some intrinsic limitations of
this work should also be discussed to target future studies and
determine the next objectives. First, our biochemical studies
have been performed on total brain homogenates. Therefore, it
is mandatory to perform further metabolomic analyses on
brain homogenates and microdialysis samples to evaluate
whether these alterations are found in the extracellular space
where these molecules directly influence neurotransmission.
Moreover, it will be of fundamental importance to focus future
studies on specific brain regions to understand if the
deregulations observed in this study are region-specific or are
part of more massive changes affecting larger brain regions or
the whole brain. In both cases, it is essential to evaluate
whether cerebral changes in energy and amino acid
metabolism are influenced, at least in part, by peripheral
alterations because all the deregulated molecules we found also
take part in peripheral metabolic processes. In this regard,
molecules such as L-glutamate, glycine, GABA, and taurine are

Journal of Proteome Research pubs.acs.org/jpr Article

https://dx.doi.org/10.1021/acs.jproteome.0c00622
J. Proteome Res. 2021, 20, 727−739

735



neurotransmitters and important cellular metabolites regulat-
ing different intracellular metabolic pathways.
Another critical point is related to clarify whether the

metabolomic changes observed in this study are also extended
to adulthood. Because D-Asp levels are the highest during the
developmental phase,1−5 the early time points we chose for our
analyses are those at which there is the widest gap in D-Asp
levels between Ddo knockin and wild-type mice. Therefore, it is
useful to evaluate whether the metabolomic alterations found
in this work in the prenatal and early postnatal phases are also
extended at adulthood when cerebral D-Asp levels strongly
decrease. Finally, future investigations will be addressed to
understand the biochemical relationship between D-Asp and
the deregulated molecules found in this study because none of
them, except oxaloacetate, directly links with D-Asp metabo-
lism. In this regard, future studies will also help assess the
expression levels and the activity of the main enzymes involved
in these molecules’ homeostasis.

■ CONCLUSIONS
Our metabolomic analysis conducted on polar and apolar
extracts using 1H NMR and HRMS, respectively, has helped to
elucidate the role of D-Asp as a signaling molecule involved in
neural metabolism. The overexpression of the DDO enzyme
and the consequent D-Asp depletion during prenatal and early
postnatal development affect various metabolic L-amino acid
pathways such as L-threonine, L-glycine, L-alanine, L-valine, and
L-glutamate. Furthermore, we found variations of metabolites
involved in brain development and functions (choline,
creatine, PCho, GPCho, sphingolipids, and glycerophospholi-
pids) and in brain energy metabolism (GPCho, glucose, and
lactate). These results suggest that early cerebral D-Asp and its
degradation by DDO might regulate intracellular metabolic
pathways so far never evaluated, thus extending the influence
of this D-amino acid beyond its well-known role in neuro-
transmission.
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