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ARTICLE INFO ABSTRACT

Keywords: Methylglyoxal (MG) is a reactive and cytotoxic a-dicarbonyl byproduct of glycolysis. Our bodies have several bio-
G?yo;@lase 1 defense systems to detoxify MG, including an enzymatic system by glyoxalase (GLO) 1 and GLO2. We identified a
Vlta:lllnle’ | subtype of schizophrenia patients with novel mutations in the GLO1 gene that results in reductions of enzymatic
MeF yiglyoxa activity. Moreover, we found that vitamin B6 (VB6) levels in peripheral blood of the schizophrenia patients with
Schizophrenia . C e :
Mitochondria GLO1 dysfunction are significantly lower than that of healthy controls. However, the effects of GLO1 dysfunction

and VB6 deficiency on the pathophysiology of schizophrenia remains poorly understood. Here, we generated a
novel mouse model for this subgroup of schizophrenia patients by feeding GloI knockout mice VB6-deficent diets
(KO/VB6(—)) and evaluated the combined effects of GLO1 dysfunction and VB6 deficiency on brain function.
KO/VB6(—) mice accumulated homocysteine in plasma and MG in the prefrontal cortex (PFC), hippocampus, and
striatum, and displayed behavioral deficits, such as impairments of social interaction and cognitive memory and
a sensorimotor deficit in the prepulse inhibition test. Furthermore, we found aberrant gene expression related to
mitochondria function in the PFC of the KO/VB6(—) mice by RNA-sequencing and weighted gene co-expression
network analysis (WGCNA). Finally, we demonstrated abnormal mitochondrial respiratory function and subse-
quently enhanced oxidative stress in the PFC of KO/VB6(—) mice in the PFC. These findings suggest that the
combination of GLO1 dysfunction and VB6 deficiency may cause the observed behavioral deficits via mito-
chondrial dysfunction and oxidative stress in the PFC.

Oxidative stress

1. Introduction endogenously as a byproduct of the glycolytic pathway, by the degra-
dation of triphosphates or by nonenzymatic fragmentation of sugar [1].
Methylglyoxal (MG) is a highly reactive a-ketoaldehyde formed MG accumulates under conditions of hyperglycemia, impaired glucose
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metabolism, or oxidative stress. An excess of MG formation causes
mitochondrial impairment and reactive oxygen species (ROS) produc-
tion that further increases oxidative stress. It also leads to the formation
of advanced glycation end products (AGEs) due to MG reacting with
proteins, DNA, and other biomolecules [2,3], which can induce aberrant
inflammation via binding to receptors for AGEs (RAGE) [4,5]. These
effects imply that accumulating MG causes damage in a number of tis-
sues and organs [6], resulting in aging and diabetic complications, such
as neuropathy, retinopathy, and ischemic heart disease. In vivo, a
glyoxalase system works to remove the toxic MG. The glyoxalase system
comprised of two enzymes, glyoxalase (GLO) 1 and GLO2 is an enzy-
matic pathway that catalyzes the glutathione-dependent detoxification
of MG. GLO1 and GLO2 are ubiquitously expressed in various tis-
sues—including the brain—and provide an effective defense against the
accumulations of MG.

Schizophrenia is a heterogeneous psychiatric disorder characterized
by positive symptoms, such as hallucinations and delusions, negative
symptoms, such as anhedonia and flat affect, and cognitive impairment.
We have reported that GLO1 activity in patients with schizophrenia is
significantly lower than healthy controls, and we identified several
schizophrenia patients with a novel heterozygous frameshift and a single
nucleotide variation (SNV) in GLO1 gene that results in reductions of
enzymatic activity [7]. Furthermore, we found that vitamin B6 (VB6)
levels in peripheral blood of the schizophrenia patients with GLOI
dysfunction are significantly lower than that of healthy controls [7].
More than 35% of patients with schizophrenia have low levels of VB6
(clinically defined as male: < 6 ng/ml, female: < 4 ng/ml). Other groups
have replicated these results [8,9]. VB6 levels are inversely proportional
to the severity score on the Positive and Negative Syndrome Scale
(PANSS) [10]. Also, a recent review has shown the decreased VB6 in
patients with schizophrenia as the most convincing evidence in pe-
ripheral biomarkers for major mental disorders [11]. Moreover, we
recently reported that high-dose VB6 treatment was effective in allevi-
ating psychotic symptoms (especially PANSS negative and general
subscales), in a subset of patients with schizophrenia, coincident with
decreased AGEs levels in the peripheral blood [12]. Despite this evi-
dence, the effects of GLO1 dysfunction and VB6 deficiency on the
pathophysiology of schizophrenia in vivo remain unclear.

In the present study, we generated Glol KO mice to uncover the in-
fluence of GLO1 dysfunction on behavioral performances and neuro-
chemical function. We found that Glol KO mice fed with VB6-lacking
(VB6(-)) diets exhibited an accumulation of homocysteine in plasma
and MG within the brain and behavioral deficits including sensorimotor
deficit in a prepulse inhibition (PPI) test, although the Glo1 gene dele-
tion or VB6 deficiency alone did not cause the characteristic changes.
Furthermore, we found aberrant gene expression involved in mito-
chondria function in the prefrontal cortex (PFC) of the Glol KO mice
with VB6 deficiency and we demonstrated respiratory impairment in
mitochondria and enhanced oxidative stress within the PFC of Glol KO
mice with VB6 deficiency.

2. Material and methods
2.1. Generation of Glo1 knockout mice

A 129/Sv-derived ES cell line (S17-2B1) containing a gene trap
cassette in the Glol gene locus was purchased from Mutant Mouse
Regional Resource Centers (http://www.mmrrc.org/). The ES cells were
microinjected into embryonic day 3.5 (E3.5) blastocysts (genotype
C57BL/6J) and then transferred into pseudopregnant ICR females for
the generation of chimeras. Chimerism of newborn mice was assessed by
coat color inspection. A male chimera with high ES cell contribution
(100% agouti coat color) was crossed with C57BL/6J mice. The germ-
line transmission was judged by the presence of agouti pups (F1 gen-
eration) and disrupted alleles identified by PCR genotyping as indicated
below.
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One pair of heterozygous (HE) F1 mice were mated to confirm
whether the generated F2 Glol KO mouse was nonlethal and normal
judging by appearances or not. One randomly selected HE F1 male
mouse was backcrossed onto C57BL/6J female mice. The procedure was
repeated for ten generations. The HE F11 mice were intercrossed and the
behavioral tests were performed with the F12 generation. KO, HE, and
wild-type mice (WT) were identified by PCR genotyping before use.

2.2. Glol mRNA expression analysis

Total RNAs were extracted from the brains of KO, HE or WT mice
using the Fast Pure RNA kit (Takara). The purified RNA samples were
used as templates for reverse transcription reactions. Qualitative PCR
assays for wild-type transcripts of Glo1 or fusion transcripts of Glo1 exon
1 and PGEO were performed. Quantitative PCR for Glo1 was performed
with iQ SYBR Green Supermix and amplified PCR products were
measured by the iCycler iQ real-time PCR analyzing system (Bio-Rad).

2.3. GLO1 activity assay

GLO1 enzymatic activity was determined using the spectrophoto-
metric method as described previously with minor modifications [13].
Whole brains were homogenized in a complete Lysis-M reagent (Sig-
ma-Aldrich) containing a protease inhibitor cocktail (cOmplete:
Sigma-Aldrich) and a phosphatase inhibitor (PhosSTOP: Sigma-Aldrich).
After centrifugation at 15,000 rpm for 15 min at 4 °C, the supernatants
were collected and diluted to 1 mg/ml in the Lysis-M reagent. The
substrate of GLO1, hemithioacetal, was prepared by preincubation of 2
mM methylglyoxal with 2 mM glutathione in a 50 mM sodium phos-
phate buffer (pH 6.6) at 37 °C for 10 min. The supernatants of the brain
(4 pl) were mixed with the hemithioacetal solution (196 pl), and dis-
played an absorbance at 240 nm, owing to the formation of S-p-lac-
toylglutathione as measured for 15 min by a microplate
spectrophotometer EPOCH2 (BioTek).

2.4. Forced swimming test

Each mouse was placed in an opaque polyvinyl bucket (24 cm high,
23 cm in diameter), which contained water at 22-23 °C to a depth of 15
cm, and was forced to swim for 10 min. The duration of swimming was
measured using an infrared detector (Muromachi Kikai Co. Ltd., Japan).
The duration of swimming was measured every minute by an infrared
detector. Immobility time was calculated as follows: total time (sec) —
swimming time (sec) = immobility time (sec).

2.5. Prepulse inhibition (PPI) test

PPI of the acoustic startle response was measured using an SR-LAB
System (San Diego Instruments). The stimulus consisted of a 20-ms
prepulse, a 100-ms delay, and then a 40-ms startle pulse. The intensity
of the prepulse was 4, 8, or 16-dB above the 70-dB background noise.
The amount of PPI was calculated as a percentage of the 120-dB acoustic
startle response: 100 — [(startle reactivity on prepulse + startle pulse)/
startle reactivity on startle pulse] x 100.

2.6. Locomotor activity test

Locomotor activity was measured using an infrared detector (Mur-
omachi Kikai Co. Ltd., Japan). Mice were placed in a plastic round arena
(27 cm high, 27 cm in diameter) and locomotor activity was measured
over a period of 2 h.

2.7. Novel object recognition test

The novel object recognition test was performed as described pre-
viously with minor modifications [14]. The test procedure consisted of
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three sessions: habituation, training, and retention. Each mouse was
individually habituated to the box, with 10 min of exploration in the
absence of objects each day for 3 consecutive days (Day 1-3) (habitu-
ation session). On day 4, each animal was allowed to explore the box for
10 min, in which two novel objects were placed symmetrically. The time
spent exploring each object was recorded (training session). The objects
were different in shape and color but similar in size. Mice were
considered to be exploring an object when their heads were facing it or
when they were sniffing it at a distance of less than 2 cm and/or
touching it with their nose. After the training session, mice were
immediately returned to their home cages. On day 5, the animals were
placed back into the same box with one of the familiar objects used in
the training session and one novel object. Mice were allowed to explore
freely for 5 min and the time spent exploring each object was recorded
(retention session). An exploratory preference, the ratio of time spent
exploring either of the two objects (training session) or the novel object
(retention session) over the total amount of time spent exploring both
objects, was used to assess recognition memory.

2.8. Social interaction test

Twelve-week-old male mice were tested for social behavior using the
three-chamber social approach paradigm. The apparatus was a square
field (W50 x D50 x H40 cm) that is divided into three chambers of equal
size by grey walls, which was placed in a dark, sound-attenuated room.
During a habituation session, two empty wire cages were placed in the
lateral chambers. The mice were placed in the center chamber and
allowed to freely explore all chambers for 10 min. Immediately after the
habituation session, the mouse was placed in a home cage for 3 min.
After the interval, a test session started. The mice were placed in the
center chamber again and allowed to freely explore the left and right
arenas, which contained a social target (unfamiliar C57BL/6J male
mouse) in one chamber and empty in the other chamber. Experimental
mice were given 10 min to explore both chambers. The amount of time
spent in the lateral chambers and the quadrant around each wire cage as
interaction time (that is, sniffing, approach) was recorded and analyzed
by the EthoVision tracking system (Noldus, Netherland).

2.9. Induction of VB6 deficiency

To induce VB6 deficiency, WT and KO mice were fed with a VB6-
lacking diet containing 5 pg/100 g VB6 pellets from 8 to 12 weeks of
age, while control mice in normal VB6 condition were fed with a normal
diet, with 1.4 mg/100 g VB6 pellets. Food and tap water were available
ad libitum.

2.10. Measurement of VB6 and homocysteine in mouse plasma

VB6 and homocysteine concentration in plasma was determined with
ID-Vit VB6 (Immunodiagnostic AG: Bensheim, Germany) and homo-
cysteine ELISA kit (Cell Biolabs Inc., CA), respectively, according to the
manufacturer’s protocol.

2.11. Measurement of methylglyoxal in the brain

Methylglyoxal in the brain was quantified using high-performance
liquid chromatography with fluorescence (HPLC-FL) as described pre-
viously [15,16]. Brain tissues were homogenized using BioMasher
(Nippi, Japan) with nine volumes of ice-cold buffer: 0.1 M phosphate
buffer [pH 7.8] and a protease inhibitor cocktail (Nacalai Tesque,
Japan). The brain extracts were centrifuged at 12,000xg for 10 min at
4 °C. Subsequently, trichloroacetic acid was added to a final concen-
tration of 4% and centrifuged at 12,000xg for 10 min at 4 °C. The su-
pernatant was diluted with an equal volume of 1,2-diamino-4,
5-methylenedioxybenzene (MDB) solution and incubated at 60 °C for
40 min in the dark. This MDB-derived sample was then analyzed using

Redox Biology 45 (2021) 102057

HPLC-FL. Ten microliters of the resulting mixture were injected into a
C18 column pre-equilibrated with a mobile phase solution, which con-
sisted of water, methanol, and acetonitrile in the ratio 10:7:3. A flow rate
of 1.0 ml/min was used with a running time of 7 min. The retention
times and peak areas were monitored at excitation and emission
wavelength of 355 nm and 393 nm, respectively.

2.12. RNA sequencing

RNA-sequencing (RNA-seq) was performed as described previously
[17]. Briefly, total RNA from the PFC, STR, and HIP was extracted with
the miRNeasy Mini Kit (Qiagen, 217004) according to the manufac-
turer’s instructions. RNA integrity number (RIN) of total RNA was
quantified by an Agilent 2100 Bioanalyzer using an Agilent RNA 6000
Nano Kit (Agilent, 5067-1511). Total RNAs with an average RIN value
of 8.52 £ 0.05 were used for RNA-seq library preparation. mRNA was
purified from 2 pg of total RNA by NEXTflex poly(A) beads (Bioo Sci-
entific, 512981), subjected to fragmentation and first and second strand
syntheses, and cleaned up by EpiNext beads (EpiGentek, P1063). The
second strand DNA was adenylated, ligated, and cleaned up twice by
EpiNext beads. cDNA libraries were amplified by PCR and cleaned up
twice by EpiNext beads. cDNA library quality was quantified by a 2100
Bioanalyzer using an Agilent high-sensitivity DNA kit (Agilent,
5067-4626). Libraries were sequenced separately as 75-bp single ends
on an Illumina NextSeq 500.

2.13. RNA-seq data processing

An in-house RNA-seq pipeline was established for RNA-seq data
analysis and processing. Reads were aligned to the mouse mm10 refer-
ence genome using STAR 2.5.2b [18] with the following parameter
—outFilterMultimapNmax 10 -alignSJoverhangMin 10 -alignSJDBo-
verhangMin 1 —outFilterMismatchNmax 3 —-twopassMode Basic. Gen-
code annotation for mm10 (version vM11) was used as a reference to
build STAR indexes and alignment annotation [19]. For each sample, a
BAM file including mapped and unmapped with spanning splice junc-
tions was produced. Secondary alignment and multi-mapped reads
where further removed using in-house scripts. Only uniquely mapped
reads were retained for further analysis.

Overall quality control metrics were performed using RseqQC using
the UCSC mm10 gene model provided [20]. This includes the number of
reads after multiple-step filtering, ribosomal RNA reads depletion, reads
mapped to an exon, UTRs, and intronic regions.

Gene level expression was calculated using HTseq version 0.6.0 using
intersection-strict mode by exonic regions [21]. Counts were calculated
based on protein-coding genes annotation from mm10 Gencode gtf file
(version vM11). CPM (counts per million reads) was calculated using
edgeR [22]. To retain only expressed genes, we used a “by condition”
log2(CPM + 1) cutoff. Briefly, a gene is considered expressed with log2
(CPM + 1) > 0.5 in all four replicates of a given condition (WT/VB6(+),
WT/VB6(-), KO/VB6(+), KO/VB6(—)). In total, we detected 13428
protein-coding genes expressed in our data. We further used those genes
for differential and co-expression analyses.

2.14. Differential expression analysis

Differential expression was assessed using the DESeq2 package in R
[23]. We applied the following method on all the pairwise comparisons
between WT and KO, with/without VB6 in the diet.

The expression matrix contained the 13428 protein-coding genes
that passed the log2(CPM + 1) > 0.5 cut-off in all four replicates of an
experimental condition and the covariate matrix including RIN values
and Batches were included.

Using the SVA package in R [24], we identified potential unwanted
surrogate variables (2 surrogate variables).

Linear regression was performed using DESeq2 to remove covariate
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variables:
Gene expression ~ SVA1 + SVA2 + Batch

We calculated differentially expressed genes (DEGs) using criteria of
FDR < 0.05 and log2(fold change) > |0.3|. A permutation test was
additionally applied using 1000 permuted experiments. None of the
permuted analyses showed the same genes differentially expressed
(permutation p < 0.001).

Gene ontology (GO) analysis of the significant DEGs was carried out
using ToppGene (https://toppgene.cchmc.org), and the resultant GO
terms were consolidated using REVIGO (reduce and visualize GO) [25].

2.15. Co-expression network analysis (WGCNA)

To identify the modules of co-expressed genes, we carried out
weighted gene co-expression network analysis (WGCNA) [26] on the
RNA-seq data. As input, we used log2(CPM+1) values of the 13428
protein-coding expressed genes. Batch effects were further removed
using the ComBat function in the SVA package in R [24]. We generated a
signed network by using the blockwiseModules function in the WGCNA
package. Beta was chosen as 14 so the network has a high scale-free R
square (r> = 0.79). For other parameters, we used corType = bicor,
maxBlockSize = 14000, mergingThresh = 0.10, reassignThreshold =
le-5, deepSplit = 4, detectCutHeight = 0.999, and minModuleSize = 50.
Then the modules were determined by using the dynamic tree-cutting
algorithm.

The top 250 edges based on ranked weight were plotted to represent
the modules showing the top hub genes. We used Cytoscape 3.7.2 for
data visualization and optimization [27].

2.16. Identification of cell type preferential expression

To identify cell type preferential expression of the DEGs and detected
modules, we used a scRNA-seq data from mouse brain curated from
DropViz database [28]. Cell-types markers were downloaded and used
for the enrichment test. We used a Fisher’s exact test in R with the
following parameters: alternative = “greater”, conf.level = 0.99. We
reported Odds Ratio (OR) and Benjamini-Hochberg adjusted P-values
(FDR). This method was used for both DEGs and the WGCNA module
enrichment described below.

2.17. Collected data sources

Only genes that are expressed in the mouse brain samples are
included as the background information. The ASD-related genes were
obtained from the Simons Foundation Autism Research Initiative [29].
ASD modules were downloaded from an independent publication [30].
Intellectual disability genes were collected from multiple independent
sources [31]. Genes related to synapse were downloaded from the
SynaptomeDB [32]. Schizophrenia associated genes were curated from
the SZGR database [33]. For fragile X mental retardation (FMRP) gene
targets, we used an independent publication [34]. Epilepsy associated
genes were curated from the Epilepsy Gene Database [35]. scRNA-seq
from mouse brain was curated from DropViz databse [28]. Modules
associated with neuropsychiatric disorders were curated from an inde-
pendent publication [36]. All genes from human collections were
translated into mouse gene IDs using the biomaRt package in R [37].

2.18. Measurement of respiratory function in isolated PFC mitochondria

Mitochondria were isolated from the PFC with a mitochondria
isolation kit for tissue and cultured cells (Biochain Institute, CA) ac-
cording to the manufacturer’s protocol.

Respiratory function in the isolated mitochondria was quantified
using extracellular Flux Analyzer Seahorse XFe96 (Agilent technologies)
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as described previously with minor modifications [38,39]. Isolated
mitochondria were diluted at 0.2 mg/ml with mitochondria assay so-
lution [70 mM sucrose, 210 mM mannitol, 2 mM HEPES, 5 mM MgCl,,
10 m M KH3POy4, 0.2% fatty acid-free BSA, 10 mM sodium pyruvate, 2
mM p-malic acid (pH 7.4)]. The mitochondria (100 pl) were transferred
into a well of an assay plate and attached on the bottom of the well by
centrifugation at 2000 xg for 20 min at 4 °C. After incubation at 37 °C for
10 min, the measurement of oxygen consumption rate was calculated
according to the manufacturer’s protocol. Injections were as follows:
port A, 20 pl of 30 mM ADP (5 mM final); port B, 20 pl of 35 pM oli-
gomycin (5 pM final); port C, 20 pl of 40 pM FCCP (5 pM final); and port
D, 20 pl of 90 pM antimycin A (10 pM final) and 18 pM antimycin A (18
pM final). Typical mix and measurement cycle times for the assay were
the same as previous reports [38,39].

2.19. Evaluation of oxidative stress

Levels of hydrogen peroxide, 8-hydroxy-2-deoxyguanosine (8-
OHAG) and malondialdehyde (MDA) in the PFC were determined with
Hydrogen Peroxide Colorimetric Detection Kit (Enzo Life sciences, Inc.,
NY), EpiQuik 8-OHdG DNA Damage Quantification Direct Kit (Colori-
metric) (Epigentek, NY) and OxiSelect TBARS Assay Kit (Cell Biolabs
Inc., CA), respectively, according to the manufacturer’s protocol.

2.20. Statistical analysis

In the behavioral and biochemical studies, statistical differences
between the two groups were determined with a Student’s t-test. Sta-
tistical differences between more than 3 groups were determined using a
one-way or two-way ANOVA with repeated measures followed by
Tukey’s multiple comparisons test. A value of p < 0.05 was considered
statistically significant.

2.21. Study approval

For all animal studies, the experimental procedures were approved
by the Animal Experiment Committee of the Tokyo Metropolitan Insti-
tute of Medical Science (approval no. 15001, 16001, 17003, 18006,
19003, 20005).

2.22. Data availability

RNA-seq data are available in the NCBI Gene Expression Omnibus
(GEO): accession number is GSE149585 (token: crwvwyysvnipxwz).
Also, Custom R codes and data to support the analysis, visualizations,
functional and gene set enrichments are available at: https://github.co
m/konopkalab/Glo1_Vitamin.

3. Results
3.1. Generation of Glo1 knockout mouse

We generated Glol KO mice by gene trapping (Fig. 1A) and
confirmed the insertion of the gene-trap cassette into the Glo1 gene by
PCR (Fig. 1B). We confirmed Glol mRNA decreased to approximately
50% and 0% in the Glol HE and KO mice, respectively, without any
changes in gene expression of other enzymes for MG detoxification such
as glyoxalase 2 (Glo2) and aldo-keto reductase (Akr) (Fig. 1C). We also
determined the loss of the GLO1 protein in various organs and brain
regions of Glol KO mice (Fig. 1D and E) and loss of GLO1 enzymatic
activity in the whole brain of GloI KO mice (Fig. 1F). Furthermore, the
body weight in Glol KO mice was significantly decreased in both sexes
compared with WT mice (Fig. 1G).

Next, we assessed behavioral performances of Glol KO mice to
evaluate the effect of impairment of glyoxalase system on mouse be-
haviors. The Glol KO mice showed shortened immobility time in the
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Fig. 1. Generation of Glol knockout mice. (A) An overview of GloI gene trapping and (B) PCR for genotyping are shown. (C) mRNA expression in the whole brain
was quantified by qPCR (n = 4). Two-way ANOVA: Fineeraction(4,18) = 13.7, p < 0.0001; Fgene(2,18) = 46.4, p < 0.0001; Fgenotype(2, 9) = 9.88, p < 0.01. In the various
organs (D) and each brain regions (E), protein level of GLO1 is shown by western blotting using an anti-GLO1 antibody (Clone 6F10, Sigma) and anti-GAPDH (6C5,
Santa cruz). (F) GLO1 activity was measured in whole brain (n = 3). One-way ANOVA: F; ) = 880, p < 0.0001. (G) Body weight was measured at 8 weeks (n =
7-19). Two-way ANOVA: Fipteraction(2,64) = 0.168, p > 0.05; Fsex(1,64) = 250, p < 0.0001; Fgenotype(2, 64) = 7-26, p < 0.01. In the forced swimming test, (H) the time
course and (I) total scores of the immobility time are shown. Two-way ANOVA: (H) Fiyteraction(18, 396) = 1.89; p < 0.05, Frime(9, 396) = 75.9; p < 0.0001, Fgenotype(2, 44)
= 3.35; p < 0.05, (I) Fipeeraction(4, 92) = 2.08; p > 0.05, Frime(2, 92) = 248; p < 0.0001, Fgenotype(2, 46) = 2.16; p = 0.13. In the prepulse inhibition test, (J) acoustic startle
response without prepulse [One-way ANOVA: F(5, 41) = 6.91, p < 0.01.] and (K) prepulse inhibition [Two-way ANOVA: Fipeeraction(4, 84) = 2.41; p > 0.05, Fprepulse(2,
84y = 183; p < 0.0001, Fgenotype(z, 42) = 0.35; p > 0.05.] are shown. *p < 0.05, **p < 0.01, ***p < 0.001, **p < 0.01 and ***p < 0.001. OLB: olfactory bulb, PFC:
prefrontal cortex, NAC: nucleus accumbens, STR: striatum, HIP: hippocampus, CEL: cerebellum.

forced swimming test (FST) (Fig. 1H and I) and less acoustic startle
response in the prepulse inhibition (PPI) test without changes in PPI
score (Fig. 1J and K). However, the Glol KO mice showed almost no
changes in many behavioral tests, such as open-field test, social inter-
action tests, Y-maze test and novel object recognition test (Suppl.
Fig. S1). These findings suggest that gene deletion of Glol alone is
insufficient to cause schizophrenia-like behaviors.

3.2. Combined effects of Glol KO and VB6 deficiency on methylglyoxal
levels in the brain and mouse behaviors

Next, we sought to develop a novel in vivo model for schizophrenia by
an add-on treatment with an environmental factor, VB6 deficiency
observed in more than 35% patients with schizophrenia [7,10,40], to
the Glol KO mice. We fed the Glol KO and WT mice a VB6-lacking diet
containing low VB6 at 5 png/100 g pellets from 8 to 12 weeks of age. We
fed control mice a normal diet in which VB6 was present at 1.4 mg/100 g

pellets. Glo1 KO mice with the normal diet (KO/VB6(+)) showed lower
plasma VB6 levels than WT mice with the normal diet (WT/VB6(+)),
suggesting that Glo1 deletion slightly decreases plasma VB6 levels. After
feeding with the VB6-lacking diet for 4 weeks, we confirmed that plasma
VB6 levels in WT (WT/VB6(—)) and KO (KO/VB6(—)) mice significantly
decreased (Fig. 2A), although there is no change between them. Feeding
with the VB6-lacking diet decreased body weight in both WT and KO
mice (Fig. 2B). Furthermore, we measured homocysteine level in the
plasma of these mice, since VB6 deficiency is well known to elevate
homocysteine via dysfunction of VB6-dependent enzymes [41]. We
found that plasma homocysteine level in KO/VB6(—) mice significantly
increased compared with that in WT/VB6(+) mice (Fig. 2C). We also
determined that the VB6 deficiency is a cause of the accumulated ho-
mocysteine in the plasma (Two-way ANOVA: p = 0.006), although there
was no significant difference between WT/VB6(—) and WT/VB6(+)
mice.

To evaluate the effect of GLO1 dysfunction and VB6 deficiency on the
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MG levels, we quantified MG in various brain regions of Glol KO mice
with VB6 deficiency. The MG levels in the prefrontal cortex (PFC:
Fig. 2E), the striatum (STR: Fig. 2F) and the hippocampus (HIP: Fig. 2G)
of the KO/VB6(—) group significantly increased compared to the WT/
VB6(+) group, although there is no change in the whole brain (Fig. 2D)
and other brain areas (Suppl. Fig. S2). There were no changes in MG
levels in the WT/VB6(—) and KO/VB6(+) groups relative to the WT/VB6
(+) group in all brain regions, suggesting that the accumulation of MG
isn’t caused by Glo1 gene deletion or VB6 deficiency alone, but by the
combination of them.

Moreover, to investigate whether GLO1 dysfunction and VB6 defi-
ciency affect the function of monoaminergic neuronal systems resulting
in the behavioral impairments, we determined monoamines and their
metabolites in various regions of the brain (Suppl. Fig. S3) and found
that there were no changes in dopamine, noradrenaline (NA), or sero-
tonin across all brain regions of KO/VB6(—) mice. We also demonstrated
that 3-methoxy-4-hydroxyphenylglycol (MHPG) levels markedly
increased in the VB6-deficient groups, WT/VB6(—) and KO/VB6(-),
leading to enhanced NA turnover. This is in line with previous reports
that VB6 deficiency induces the enhancement of NA metabolism (Suppl.
Figs. S3G and S3H), although the differences were not significant.

Next, we assessed the behavioral performances of GloI KO mice with
VB6 deficiency. The VB6 deficient groups, WT/VB6(—) and KO/VB6(-),
showed less locomotor activity in the first 10 min (Fig. 3A). In the novel
object recognition test, the VB6 deficient groups also showed decreased
exploratory preference during the retention session compared with the
VB6 normal groups, although there was no change in exploratory time
(Fig. 3B and C). In a social interaction test using a 3-chamber apparatus,
the VB6 deficient groups spent less time in the chamber with an unfa-
miliar mouse and had decreased interaction time during the test session
compared to the WT/VB6(+) group (Fig. 3D and E). These data

$8p < 0.01 and %*%p < 0.001.

demonstrate that the VB6-deficient mice display behavioral deficits of
sociability and cognitive memory. Moreover, similar to the results in
Fig. 1H-K, the Glol KO, KO/VB6(+), and KO/VB6(—) groups showed
shortened immobility time in the FST (Fig. 3F and G) and less acoustic
startle response in the PPI test (Fig. 3H). However, these behavioral
abnormalities observed in the Glol KO groups did not worsen with the
combination of VB6 deficiency. Finally, the PPI deficit was only
observed in the KO/VB6(—) group (Fig. 3I), suggesting that sensori-
motor deficits occur only when the GLO1 dysfunction is combined with
VB6 deficiency.

3.3. Differential gene expression analysis in the brain of Glo1 KO x VB6-
deficient mice

To identify molecular pathways impaired by Glol KO and VB6
deficiency in the brain, we carried out RNA-seq in the PFC, STR, and
HIP, where MG significantly accumulated in KO/VB6(—) mice (Suppl.
Table S1). We identified only one differentially expressed gene (DEG),
Igf2, in the PFC and STR, not HIP, by comparison between WT/VB6(+)
vs WT/VB6(-), indicating the effect of the VB6 deficiency alone was
minimal (Fig. 4A; Suppl. Table S2). We identified more DEGs by
comparing WT/VB6(+) vs KO/VB6(+), indicating a greater effect of the
Glo1 deletion alone (Fig. 4B). Common DEGs in the three brain regions
were Glol and three zinc finger proteins (Zfp40, Zfp758, and Zfp983).
Moreover, we identified many more DEGs in all brain regions by
comparing WT/VB6(+) vs KO/VB6(-), reflecting the enhanced com-
bined effect of the VB6 deficiency and the Glo1 deletion (Fig. 4C). There
were 10 common DEGs in the PFC, STR, and HIP (Glo1, Zfp40, Atp6vOc,
Zfp758, Pla2g7, Zfp983, Decr2, Rps2, Gnptg, and Zfp760). It should be
noted that the DEGs in the PFC were markedly increased to 286 genes
compared with the other regions, suggesting that the combination of
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VB6 deficiency and the Glol deletion has a greater impact on gene
expression in the PFC.

Cell type gene enrichment analysis indicated that the 286 DEGs in
the PFC, 70 up-regulated and 216 down-regulated genes, were enriched
for genes expressing specifically in endothelial cells and glial cells rather
than neurons (Fig. 4D; Suppl. Table S3). The 286 DEGs were also
enriched with genes in an asdM16 module, which is related to autism
spectrum disorder (ASD), and enriched for genes involved in immune
and inflammatory responses [30], but was not enriched for schizo-
phrenia related genes (Fig. 4E). The enrichment results for the 286 DEGs
are driven by the down-regulated genes, because the results of the
down-regulated genes were the same as those of the 286 DEGs. To
further examine the relationship between the PFC DEGs and dysregu-
lation in neuropsychiatric disorders, we used modules associated with
schizophrenia, autism, or bipolar disorder [36]. We found that
down-regulated genes are overrepresented for genes in a
mitochondria-related module severely downregulated in schizophrenia
(M33), an astrocyte module upregulated in autism and schizophrenia

(M3), and a microglia module downregulated in schizophrenia (M15).
These results further underscore the role of combination of GLO1
dysfunction and VB6 deficiency in schizophrenia etiologies and high-
light the link between glial cells and neuropsychiatric disease etiologies
(Fig. 4F).

Gene ontology (GO) analysis of the down-regulated DEGs identified
enrichment for mitochondria-related function pathways, such as
“Mitochondrial envelop,” “Mitochondrion,” and “Respiratory chain
complex” (Fig. 4G), whereas that of the up-regulated genes enriched
with “Whole membrane” only. Taken together, these findings suggest
that the combination of VB6 deficiency and the Glol deletion may
impair gene expressions in endothelial and glial cells and induce mito-
chondrial dysfunction in the PFC.

3.4. Weighted gene co-expression network analysis (WGCNA) and
mitochondrial function in the PFC

To further identify gene co-expression modules in the PFC impaired
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by the combination of VB6 deficiency and Glo1 deletion, we performed
weighted gene co-expression network analysis (WGCNA) [26] (Fig. 5A;
Suppl. Table S4). We found two modules, “lightcyan” and “green-
yellow”, that were associated with the combination of VB6 deficiency
and Glo1 deletion. The lightcyan module showed enrichment with DEGs
in the PFC as well as mitochondria-related genes (Fig. 5B-D). GO anal-
ysis using the lightcyan module significantly identified enrichment for
mitochondrial function (Fig. 5E). Considering that GO analysis using
286 DEGs in the PFC also identified enrichment for
mitochondria-related functional pathways, these results suggest a hy-
pothesis that altered gene expression may affect mitochondrial function
in the PFC of the KO/VB6(—) mice.

To test the hypothesis, we evaluated respiratory function of mito-
chondria isolated from the PFC in the Glo1 KO mice with VB6 deficiency
using a flux analyzer. We found that the oxygen consumption rates in the
KO/VB6(—) mice were significantly decreased compared with the WT/
VB6(+) (Fig. 6A). Moreover, we demonstrated enhanced oxidative stress
markers with the mitochondrial dysfunction in the PFC, such as
hydrogen peroxide, an oxidative DNA damage marker 8-OHdG and a
lipid peroxidation marker MDA (Fig. 6B-D). Together, these results
indicate that the combination of VB6 deficiency and the GloI deletion
impaired mitochondrial respiratory function via aberrant gene expres-
sion, leading to enhanced oxidative stress in the PFC.

Redox Biology 45 (2021) 102057

4. Discussion

In a previous report, we identified novel GLO1 mutations that reduce
enzymatic activity in patients with schizophrenia [7]. To identify the
mechanism of GLO1 gene deletion on brain function, we first generated
Glo1 KO mice and evaluated behavioral phenotypes (Fig. 1). However,
the Glol KO mice showed few behavioral changes related to schizo-
phrenia (Fig. 1 and Suppl. Fig. S1). Moreover, we also confirmed that the
Glo1 KO alone did not increase MG levels in the brain (Fig. 2D-G and
Suppl. Fig. S2). These findings imply that other compensatory systems
remove MG in Glol KO mice. For example, other enzymes such as
aldehyde dehydrogenase and AKR metabolize MG to pyruvate and
hydroxyacetone, respectively [42,43]. Consistent with our findings, in
vitro and in vivo studies show that in the absence of Glol, AKR may
compensate concerning MG detoxification, resulting in no MG accu-
mulation [44,45]. We also found no change in gene expression of AKR in
the brain of Glol KO mice (Fig. 1C). This suggests that the catabolic
enzyme might compensate for the elimination of MG, which is usually
removed by the glyoxalase system.

The Glo1 KO mice exhibited shortened immobility time in the FST, a
behavior associated with antidepressant-like behavior (Fig. 1H and I).
This is consistent with a recent study that GLO1 inhibitors are useful as
novel antidepressants [46]. Two structurally distinct GLO1 inhibitors
decreased the immobility time in the FST and ameliorated the
stress-induced depression-like behavior. Furthermore, the treatment
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with the GLO1 inhibitors increased the expression of molecular markers
of the antidepressant response, including brain-derived neurotrophic
factor (BDNF) and cyclic-AMP response-binding protein (CREB) phos-
phorylation in the HIP and the medial PFC. Considering our result that
Glo1 gene deletion alone is insufficient to increase MG levels in the
brain, the therapeutic effect of the GLO1l inhibitors and the
antidepressant-like behavior in the Glol KO mice is probably indepen-
dent of MG accumulation.

Next, to develop a mouse model that further recapitulates the pa-
thology of schizophrenia, we depleted VB6 in the Glol KO mice by
feeding them VB6(—) diets. We found that the KO/VB6(—) mice dis-
played an accumulation of MG in the PFC, HIP, and STR (Fig. 2D-G).
Considering that VB6 is known to directly scavenge MG and trap ROS
[47,48], it is plausible that the combination of VB6 deficiency with
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GLO1 dysfunction can accumulate MG in the brain. Moreover, the
KO/VB6(—) mice showed behavioral deficits, such as social deficits,
cognitive impairment, and a sensorimotor deficit in the PPI test (Fig. 3).
Moreover, RNA-seq expression analysis revealed a marked increase in
DEGs in the PFC by the combination of Glol gene deletion and VB6
deficiency (Fig. 4A-C). Gene enrichment analysis showed that the 286
DEGs in the PFC were enriched with genes expressing specifically in
endothelial cells and glial cells, but not neurons (Fig. 4D). An association
between PPI deficits observed in KO/VB6(—) mice and glial cell damage
may fit with previous reports. For example, the expression of astrocytic
markers is variable in the PFC of a mouse model for schizophrenia
showing PPI impairment [49]. Cortical myelination by oligodendrocytes
correlates with PPI deficits [50]. Furthermore, chimeric mice of glia
cells differentiated from induced pluripotent stem (iPS) cells derived
from patients with schizophrenia displayed PPI deficits [51]. These
findings suggest that glial cells may be impaired in the subpopulation of
schizophrenic patients with GLO1 dysfunction and VB6 deficiency.

We performed WGCNA analysis and found that the gene co-
expression module “lightcyan” associated with mitochondrial function
in the PFC of KO/VB6(—) mice (Fig. 5A-E). Since enrichment and GO
analysis using DEGs also revealed mitochondrial dysfunction (Fig. 4G),
we isolated mitochondria from the PFC of KO/VB6(—) mice and found
that oxidative phosphorylation was impaired (Fig. 6A). Mitochondrial
dysfunction has been frequently reported in patients with schizophrenia
[52]. Several studies using postmortem brains demonstrated a decrease
in the activity of complex IV in the PFC of patients with schizophrenia
[53], and a global down-regulation of mitochondria-related genes by
microarray analysis [54]. Also, mitochondrial dysfunction has also been
found in patient-derived iPS cells [55,56]. These findings suggest that
the combination of GLO1 dysfunction and VB6 deficiency may affect
mitochondrial function in KO/VB6(—) mice, causing schizophrenia-like
sensorimotor deficits.

In the present study, significant changes in gene expression were
observed only in the PFC of KO/VB6(—) mice, even though the MG
accumulation was observed not only in the PFC but also in the STR and
the HIP. These findings suggest that the aberrant gene expression in the
PFC might occur independently of MG accumulation. The aberrant gene
expression observed in the PFC of KO/VB6(—) mice suggests the
disturbance of the respiratory chain (Fig. 6A). On the other hand, MG
can also disrupt mitochondrial respiration; incubation of isolated
mitochondria with MG produced a concentration-dependent decrease in
state III as well as an increase and then a decrease in state IV respiration
[57]. These findings suggest that mitochondrial dysfunction can be
caused by both the aberrant gene expression related to mitochondria
and the MG accumulation. Accordingly, the oxidative stress in the PFC of
KO/VB6(—) mice would be enhanced, since the disturbance of the res-
piratory chain leads to the production of oxidative stress [58]. In fact, we
found higher expression of oxidative stress markers (Fig. 6B-D). A
mouse model for enhanced oxidative stress by deficits of the glutathione
antioxidative system showed sensorimotor deficits in the PPI test, which
is consistent with our findings [59]. Also, accumulating evidence in-
dicates that oxidative damage exists in schizophrenia [60]. These find-
ings suggest that behavioral deficits shown in the KO/VB6(—) mice
might be caused by oxidative stress in the PFC.

VB6 deficiency impairs the transsulfuration pathway via dysfunction
of VB6-dependent enzymes such as cystathionine p-synthase and cys-
tathione y-lyase, resulting in hyperhomocysteinemia [41]. Here, we
demonstrated that VB6 deficiency enhanced homocysteine levels in
plasma (Fig. 2C). Animal models chronically administered with homo-
cysteine have shown mitochondrial dysfunction and increased oxidative
stress in the brain [61-63]. These findings suggest that homocysteine
accumulation related to VB6 deficiency might also contribute to the
mitochondrial dysfunction and the enhanced oxidative stress in KO/VB6
(—) mice, in addition to the aberrant gene expression related to mito-
chondria and the MG accumulation we observed.

There have also been a number of reports on the association between
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homocysteine accumulation and schizophrenia, including our previous
study [40]. Some meta-analyses have shown enhanced homocysteine in
schizophrenic patients [64,65], including first-episode psychotic sub-
jects without medication [66-68] and chronic schizophrenic patients
[69]. It has also been estimated that a 5 pmol increase in plasma ho-
mocysteine levels is associated with a 70% increase in the risk of
developing schizophrenia [64], and homocysteine levels are positively
correlated with the severity of negative symptoms [70-73]. Many early
case reports noted a genetic syndrome of homocysteinuria causes
schizophrenia-like deficiency [74-77], and genetic meta-analyses have
also shown that a variant in methylenetetrahydrofolate reductase
(MTHFR), one of the causative genes of homocysteinuria, is associated
with schizophrenia [64,78]. Betaine, a therapeutic agent of homo-
cysteinuria, has been reported to be therapeutic for mouse models and
iPS cell line phenotypes relevant to schizophrenia [79]. These studies
strongly suggested that homocysteine accumulation is a pathophysi-
ology of a subset of patients with schizophrenia. Considering that ho-
mocysteine accumulation is one of the causes of schizophrenia-like
behavioral deficits exhibited by KO/VB6(—) mice, such as the social
deficits, cognitive dysfunction and PPI deficits, homocysteine removal
may be an effective therapeutic strategy for patients with GLO1
dysfunction and VB6 deficiency.

Also, MG in the bloodstream appears to disrupt the blood-brain
barrier, resulting in activation of the inflammatory response [80,81].
Clinical studies have reported that the aberrant inflammation is
frequently seen in schizophrenia and related psychoses [82,83]. The fact
that the 286 DEGs in the PFC are significantly correlated with AsdM16,
which is associated with immune responses (Fig. 4E), and are also
significantly enriched for immune-associated genes [GO:0002376, Im-
mune system process, -logl0 (p-value) = 1.38] suggests that inflam-
mation may occur in the PFC of KO/VB6(—) mice. Furthermore, AGEs
made from MG are also able to activate the immune response through
receptors for AGEs (RAGE) [84]. Thus, AGEs produced from the accu-
mulated MG in KO/VB6(—) mice may lead to the activation of inflam-
mation and the behavioral deficits.

We also found that VB6 deficiency alone induced social deficits and
cognitive impairment (Fig. 3A-E). We have already linked behavioral
deficits induced by VB6 deficiency to enhanced noradrenergic signaling
[85]. The VB6-deficient groups WT/VB6(—) and KO/VB6(—) showed a
marked increase in MHPG, a metabolite of noradrenaline, in the brain
(Suppl. Fig. S3), although the combination of VB6 deficiency and Glo1
gene deletion did not increase MHPG synergistically. Thus, the norad-
renergic system activation by VB6 deficiency would not cause the PPI
deficits observed in the KO/VB6(—) mice.

Another module from the WGCNA, the “greenyellow” module, was
also associated with the combination of VB6 deficiency and Glo1 dele-
tion (Suppl. Figs. S4A and S4B). GO analysis of the greenyellow module
identified significant enrichment for RNA splicing and microtubule-
related pathways (Suppl. Fig. S4C). Thus, we checked differential exon
usage using the DEXseq method in our RNA-seq data [86] and identified
genes with differential exon usage in the PFC of Glo1 KO mice with VB6
deficiency (Suppl. Table S5). We also found that the genes with differ-
ential exon usage were enriched for synaptic function by GO analysis
(Suppl. Fig. S4D). Next, to evaluate synaptic function, we carried out an
electrophysiological analysis of the PFC of Glol KO mice with VB6
deficiency. However, the results showed no significant differences in
both miniature excitatory postsynaptic current (mEPSC) and miniature
inhibitory postsynaptic current (mIPSC) among all groups, although we
observed increased mEPSC amplitude in the KO/VB6(+) group and
depolarized membrane potential in the KO/VB6(—) (Suppl.
Figs. S4E-S4K). These findings suggest that the effect of alternative
splicing on synaptic function in the PFC of Glol KO mice with VB6
deficiency might be minimal.

Taken together, we generated Glo1 KO mice to evaluate the effect of
MG detoxification deficits on brain function and found that Glol KO
mice fed with VB6(—) diets exhibited an accumulation of homocysteine
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in plasma and MG in the PFC, STR, and HIP as well as behavioral deficits
including sensorimotor deficit. Furthermore, we found altered gene
expression involved in mitochondria function in the PFC of the KO/VB6
(—) mice. We therefore hypothesize that the aberrant gene expression
and the MG accumulation caused respiratory deficits in the mitochon-
dria of the PFC, leading to increased oxidative stress.
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