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A B S T R A C T   

Methylglyoxal (MG) is a highly reactive α-ketoaldehyde formed endogenously as a byproduct of the glycolytic 
pathway. To remove MG, various detoxification systems work together in vivo, including the glyoxalase system, 
which enzymatically degrades MG using glyoxalase 1 (GLO1) and GLO2. Recently, numerous reports have shown 
that GLO1 expression and MG accumulation in the brain are involved in the pathogenesis of psychiatric disor-
ders, such as anxiety disorder, depression, autism, and schizophrenia. Furthermore, it has been reported that 
GLO1 inhibitors may be promising drugs for the treatment of psychiatric disorders. In this review, we discuss the 
recent findings of the effects of altered GLO1 function on mental behavior, especially focusing on results obtained 
from animal models.   

1. Introduction 

Methylglyoxal (MG) is a highly reactive α-ketoaldehyde formed 
endogenously as a byproduct of the glycolytic pathway either by the 
degradation of triphosphates or by nonenzymatic fragmentation of sugar 
[1]. MG accumulates under conditions of hyperglycemia, impaired 
glucose metabolism, or oxidative stress. Excess MG formation causes 
mitochondrial impairment and reactive oxygen species production, 
which further increases oxidative stress. MG also reacts with proteins, 
DNA and other biomolecules, leading to the formation of advanced 
glycation end products (AGEs) [2,3]. These imply that accumulation of 
MG causes damage to various tissues and organs [4], resulting in aging 
and diabetic complications, such as neuropathy, retinopathy, and 
ischemic heart disease. In addition, AGEs, formed by MG, induce aber-
rant inflammation by binding to receptors for AGEs, which play a role in 
chronic inflammation and Alzheimer’s disease [5,6]. 

To remove MG, various detoxification systems work together in vivo. 
The glyoxalase system, comprising two enzymes, glyoxalase (GLO) 1 
and GLO2, is an enzymatic pathway that catalyzes the glutathione- 
dependent detoxification of MG (Fig. 1). GLO1 catalyzes the 

conversion of the hemithioacetal formed by the non-enzymatic reaction 
of glutathione with MG to S-D-lactoylglutathione, which is then con-
verted to D-lactate by GLO2 [1,7]. GLO1 and GLO2 are ubiquitously 
expressed in various tissues, including the brain, and provide an effec-
tive defense against MG accumulation. Furthermore, DJ-1, aldo-keto 
reductase, and aldehyde dehydrogenase are also known as enzymes with 
MG removal activity, and these enzymes work in concert with GLO1 and 
GLO2 to protect against MG-induced cytotoxicity [8–12]. 

To date, studies of the MG detoxification system have mainly been 
conducted in fields related to physical disorders, such as diabetes and 
renal dysfunction. However, recent years have shown an increased in-
terest in the role of GLO1 and its clinical applications in mental illness. 
In the present review, we summarize the latest findings on the effects of 
altered GLO1 function on mental behavior, focusing on the findings from 
animal models. 

2. Clinical studies 

A C419A single nucleotide polymorphism (SNP) (reported in dbSNP 
as rs2736654 or rs4746; NM_006708.3:c.332A>C, p.Glu111Ala) present 
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in GLO1, which causes an Ala111Glu substitution in the protein, has 
been reported to be associated with panic disorder [13] and autism [14, 
15]. Junaid et al. reported that the GLO1 enzymatic activity in the 
autopsied brains of patients with autism was 38% lower than that in 
healthy controls, and an accumulation of AGEs was also found in the 
brains of autistic patients [14]. Another clinical study also reported that 
the GLO1 enzymatic activity was decreased in autistic patients with the 
A419 allele [16]. Interestingly, another study found that the C419A SNP 
might affect alternative splicing in GLO1, probably leading to a change 
in GLO1 enzymatic activity [17]. 

However, contrary to these reports, some clinical studies have 
demonstrated no association between C419A SNP and autism [18–20]. 
One clinical study even reported an association between the C419 allele, 
instead of A419, and autism, and found lower GLO1 enzymatic activity 
in autistic patients with the C419 allele than in those with A419 [21]. 
Consistent with these findings, our research showed that GLO1 enzy-
matic activity was decreased in schizophrenia patients with the C419 
allele, compared with those with A419, although there is no significant 
change in enzymatic activity between GLO1 with A419 and with C419 
using recombinant proteins [22]. We have reported that several patients 
with schizophrenia have a novel heterozygous frameshift P122fs 
(rs754100427; NP_006699.2:p.Pro122fs) and an A419C SNP in GLO1, 
resulting in 40–50% and 15–20% reductions in enzymatic activity, 
respectively [22]. The frameshift mutation P122fs has also been re-
ported by another group [23]. Moreover, synchrotron radiation nano-
tomography of the structures of cerebral tissues of the anterior cingulate 
cortex revealed that a schizophrenia patient with the frameshift P122fs 
in GLO1 showed marked differences in the curvature of neurites, 
compared with healthy controls [24]. Another group recently reported 
that significant differences in GLO1 mRNA expression and enzymatic 
activity were found in the peripheral blood of first-onset anti-
psychotic-naïve patients with schizophrenia and controls, and that 
receiver operating characteristic (ROC) curve analysis showed that 
GLO1 could predict schizophrenia risk (mRNA, P = 4.75 × 10− 6; 
enzymatic activity, P = 1.43 × 10− 7) [25]. A clinical study found MG 
accumulation in the peripheral blood of a subgroup of patients with 
schizophrenia [26]. These findings suggest that the decrease in GLO1 
activity and subsequent accumulation of MG are involved in the path-
ogenesis of schizophrenia. Additionally, reduced Glo1 mRNA expression 

was also observed in major depressive and bipolar disorder patients in a 
current depressive state, whereas no correlation was observed in a 
remissive state [27]. This indicated that Glo1 expression level was 
inversely proportional to the severity score on the Hamilton Depression 
Rating Scale, suggesting that decreased GLO1 expression might be 
related to pathophysiology of depression disorder. 

However, it is also important to note that recent genome-wide as-
sociation studies (GWASs) have not shown single nucleotide variants 
(SNVs) near the GLO1 gene as being relevant to psychiatric diseases. A 
genome-wide meta-analysis demonstrated the association between an 
SNV in the GLO1 gene and major depression disorder in males, but there 
was no genome-wide significance [28]. It should be noted that the re-
sults of the clinical studies described above are based on a very limited 
number of samples, and the results of the genetic analysis of GLO1 may 
be false positives. In fact, GWASs, case-control studies, and 
meta-analysis studies have reported no association between SNVs in the 
GLO1 gene and psychiatric disorders [18,20,29]. 

We have yet to obtain consistent results regarding the relationship 
between SNVs in GLO1 and psychiatric disorders. However, the finding 
that GLO1 enzymatic activity is decreased in patients with psychiatric 
disorders is likely to be consistent. For example, it is necessary to 
consider not only the SNVs in GLO1 and its gene expression, but also the 
effects of environmental factors, including levels of zinc as a cofactor 
[30] and phosphorylation of T107 in GLO1 [31], and treatment with 
psychotropic drugs on the enzymatic activity of GLO1. Thus, rather than 
discussing the SNVs, it is more important to discuss the relationship 
between reduced GLO1 activity and psychiatric disorders. 

3. Animal models 

3.1. Anxiety 

A number of studies have reported an association between Glo1 
expression and anxiety-like behavior in rodents. Table 1 summarizes the 
findings of mouse models in which Glo1 expression has been experi-
mentally manipulated. First, using a combination of behavioral analysis 
of six inbred mouse strains and quantitative gene expression, Hovatta 
et al. demonstrated that there was a statistically significant positive 
correlation between anxiety-like behavior and Glo1 expression as well as 

Fig. 1. Glyoxalase detoxification system. 
Accumulation of reactive carbonyl compounds results in the modification of proteins and the eventual formation of advanced glycation end (AGE) products and 
methylglyoxal-adducts. Glyoxalase proteins are ubiquitously expressed in various tissues, including the brain, and provide an effective defense against the accu-
mulation of reactive dicarbonyl compounds. GLO1, glyoxalase I; GLO2, glyoxalase II; GSH, glutathione. 
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GLO1 enzymatic activity in the brain [32]. Moreover, Glo1 over-
expression in the cingulate cortex enhanced anxiety-like behavior, 
whereas Glo1 knockdown by siRNA reduced anxiety-like behavior. 
These findings suggested that Glo1 is a strong candidate for regulating 
anxiety-like behavior, and a higher expression of GLO1 increased anx-
iety. The results were replicated in several studies. For example, a whole 
brain proteomics study showed that the expression of the GLO1 protein 
is significantly higher in anxious mice [33]. In DBA/2C mice, a highly 
anxious mouse strain, Glo1 mRNA showed increased expression in the 
brain [34]. In addition, a less than 475 kb tandem duplication on 
chromosome 17, which includes Glo1 in mice, has been identified, and 
CD-1 mice carrying the duplication of the Glo1 region showed higher 
Glo1 expression and greater anxiety-like behavior [35]. Overexpression 

of Glo1 in mice on a transgenic bacterial artificial chromosome [36] and 
overexpression of Glo1 only in neurons displayed enhanced anxiety-like 
behavior [37]. Consistent with these findings, treatment with a GLO1 
inhibitor reduced anxiety-like behavior [36,38–40], as summarized in 
Table 2. Glo1 knockout (KO) mice have also been reported to exhibit less 
anxiety-like behavior [41]. These findings suggest that increased Glo1 
expression in neurons enhances anxiety-like behavior in mice. 

Since GLO1 degrades MG, a decrease in GLO1 expression or activity 
would result in an increase in MG levels in the brain. Consistent with the 
findings that a decrease in GLO1 expression is associated with a decrease 
in anxiety, several studies have reported that anxiety is reduced in MG- 
treated mice [36,42]. The behavioral changes in MG-treated animals are 
summarized in Table 3. Since the intracerebroventricular administration 

Table 1 
Genetic mouse model for Glo1 (by Hambsch et al. [87] with some modifications.).  

Authors Animal model GLO1 
expression in 
brain 

GLO1 
activity 

MG level AGEs Behavior Rescue 

Hovatta, et al.[32] A/J, 
DBA/2J 
mouse 

High anxiety strain 
(compared with 
C57BL/6J, FVB/ 
NJ) 

↑ (AMY, CIN, 
BNS HIP, HYP, 
PAG) 

↑ - - Anxiety↑ (OF) Improved by 
Glo1 OE in the 
cingulate 
cortex 

Krömer, et al.[45], 
Hambsch, et al.[44], 
Ditzen, et al.[46], 
Zhang, et al.[47] 

CD1 
mouse 

HAB inbred ↓ - - - Anxiety↑ (EPM, LDB), 
Locomotor↓, USV↑ 

-  

LAB inbred ↑ - ↑ MG-dependent 
protein↑ 

Anxiety↓ (EPM, LDB), 
Locomotor↑, USV↓, 
Depression↓(TS,FS) 

- 

Williams, et al.[35], 
Distler, et al.[81] 

BXD RI 
lines 

Glo1 gene 
duplication 

↑ - - - Anxiety↑ (OF), High 
atmospheric pressure- 
induced seizure↑ 

- 

Szegö, et al.[33] MG15 
inbred 
mouse 

AX inbred ↑ - - - Anxiety↑ (EPM, OF, LDB) - 

Distler, et al.[36, 81], 
McMurray, et al.[82], 
Barkley-Levenson, et al. 
[84] 

C57BL/ 
6J, FVB/ 
NJ mouse 

Glo1 OE ↑ ↑ ↓ - Anxiety↑ (OF), Pilocarpine- 
induced seizure↓, Alcohol 
comsumption↑, HIC after 
alcohol injection↑, 

- 

McMurray, et al.[37] C57BL/6J 
mouse 

Glo1 OE in neuron ↑ ↑ - - Anxiety↑ (OF) - 

Jang, et al.[41] C57BL/ 
6N mouse 

Glo1 KO ↓ ↓ - MG-H1 n.s. Anxiety↓ (OF, LDB), 
Depression-like behavior↑ 
(FS), Locomotor↑(OF) 

- 

McMurray, et al.[39, 82] C57BL/6J 
mouse 

Glo1 hemizygous 
KD 

- ↓ [88] - - Depression↓(TS, FS), 
Alcohol comsumption↓ 

- 

Matsuo, et al.[34] DBA/2C 
mouse 

High anxiety strain 
(compared with 
C57BL/6J) 

↑ (AMY, HIP, 
THA, HYP, 
STR, CER) 

- - - Anxiety↑ (EPM, OF), 
Locomotor↓ 

- 

Toriumi, et al.[58] C57BL/6J 
mouse 

Glo1 KO ↓ ↓ n.s. - Depression↓ (FS) - 

C57BL/6J 
mouse 

Glo1 KO + VB6 
deficiency 

- - ↑ (PFC, 
HIP, STR), 
n.s. (NAC, 
BS, CER) 

↑ (PFC, HIP, 
NAC, STR, BS, 
CER)[67] 

Depression↓ (FS), 
Locomotor↓, Sociability↓, 
Long-term memory↓ (OR), 
Sensorimotor deficit (PPI) 

-  

Table 2 
Effect of GLO1 inhibitors on mouse models for psychiatric disorders.  

Authors Animal model GLO1 
inhibitor 

GLO1 
activity 

MG 
level 

AGEs Effect of GLO1 inhibitor 

Distler, et al.[36] C57BL/6J mouse ↓ ↑ - - Anxiety↓ (OF) 
Distler, et al.[81] Pilocarpine-treated C57BL/6J 

mouse 
- - - - Seizure↓ 

Wang, et al.[38] Prenatal VPA-treated B6 mouse ↓ ↑ - - Anxiety↓ (OF, SD, MB), Sociability↑, Nociceptive 
threshold↓ (TF) 

McMurray, et al.[82] C57BL/6J mouse - - - - Alcohol comsumption↓ 
de Guglielmo, et al.[83] Wister rat - - - - Alcohol self-administration↓ 
Barkley-Levenson, et al. 

[84] 
FVB/NJ, C57BL/6J mouse - - - - HIC after alcohol injection↓ 

McMurray, et al.[39] C57BL/6J, BALB/cJ, FVB/NJ 
mouse 

- - - - Depression↓(TS,FS), Anxiety↓(OF) 

CMS mouse (BALB/cJ) - - - - Depression↓(FS) 
OBX mouse (C57BL/6J, BALB/cJ) - - - - Hypeactivity↓ 

Yoshizawa, et al.[40] C57BL/6N mouse - - - - Anxiety↓ (EPM)  
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of MG into the brain also reduces anxiety [43,44], the effect of this MG 
administration is thought to have a direct effect on the central nervous 
system. Furthermore, McMurray et al. reported reduced anxiety with the 
administration of microinjection of MG into the basolateral amygdala, a 
well-known region of brain responsible for anxiety [37]. Additionally, 
contrary to the findings so far, several reports have shown that Glo1 
expression is high in mice with low anxiety [44–47]. However, even in 
these mice, MG levels and MG-derived AGEs were found to be high in the 
brain [44], indicating that there is a consensus on the relationship be-
tween increased MG and reduced anxiety. Regarding the reason why the 
low-anxiety mice showed high MG levels instead of elevated Glo1 
expression, the authors presumed that the low-anxiety animals were 
primarily selected for high concentrations of MG and that selection of 
mice with elevated expression of Glo1 as well, which is protective 
against AGE formation, was expected [44]. Thus, the finding is also 
consistent with those of other studies in that the increase in MG de-
creases anxiety, although it may contradict them in terms of the amount 
of Glo1 expression. This is consistent with our hypothesis that the 
decrease in GLO1 activity and subsequent increase in MG levels, rather 
than SNVs and expression within the GLO1 gene, should be the focus. 

However, how does MG suppress anxiety-like behavior? A recent 
study provides a possible answer to this question: MG is a partial agonist 
to the GABAA receptor [36]. It has been electrophysiologically 
confirmed that MG directly activates the GABAA receptor, leading to the 
suppression of anxiety-like behavior in mice. These findings suggest that 
MG can act as an anxiolytic through GABAA receptor activation, similar 
to benzodiazepine. Thus, it is suggested that high GLO1 expression can 
reduce MG concentration in the brain, thereby decreasing the activity of 
the GABAA receptor, resulting in enhanced anxiety-like behavior. 

Contrary to these findings, STZ-treated rats [48,49] and Akita mice 
[50], which are models of type I diabetes, showed high anxiety with 
decreased GLO1 expression and accumulation of MG-derived proteins in 
the brain. In addition, rats that were fed a high-salt diet showed 
decreased GLO1 expression in the amygdala and hippocampus and 
enhanced anxiety-like behavior [51]. Moreover, perinatal 

administration of methylmercury reduces hippocampal expression of 
GLO1 and enhances anxiety [52]. Various rodent disease models with 
altered gene expression of Glo1 are summarized in Table 4. However, 
there are no data to show that the decrease in Glo1 expression and 
subsequent MG accumulation directly affect the enhanced anxiety 
exhibited in these animal models. We cannot rule out the possibility that 
anxiety in these animal models was triggered by other factors that had a 
greater impact than decreased Glo1 expression. Therefore, to clarify 
whether Glo1 expression is involved in anxiety in other disease models, 
rescue experiments by direct manipulation of Glo1 gene expression and 
MG administration would be necessary. Furthermore, measurement of 
GLO1 activity and quantification of MG levels in the brain are important 
to clarify the role of GLO1 in these pathological models. 

3.2. Depression 

GLO1 inhibitors have been reported to be useful as novel antide-
pressants [39]. Two structurally distinct GLO1 inhibitors (S-bromo-
benzylglutathione cyclopentyl diester or methyl-gerfelin) ameliorated 
depression-like behavior in a rodent model after 5 days of treatment, 
whereas an existing antidepressant, fluoxetine, takes 14 days of treat-
ment to ameliorate depression-like behavior. Furthermore, the 5-day 
treatment with GLO1 inhibitors induced molecular markers of the an-
tidepressant response, including brain-derived neurotrophic factor and 
cyclic-AMP response-binding protein phosphorylation in the hippo-
campus and medial prefrontal cortex. These findings are also supported 
by a report showing that Glo1 is one of the genes contributing most to 
the antidepressant response [53]. Thus, GLO1 inhibitors may be effec-
tive as novel and fast-acting drugs for treating depression. 

In contrast, several reports have shown that MG-treated mice exhibit 
depression-like behavior [42,54]. In addition, rodent models of 
depression induced by chronic mild stress [55] and social defeat stress 
[56,57] showed depression-like behaviors with decreased GLO1 
expression in the brain. Furthermore, we have shown that Glo1 KO mice 
showed no accumulation of MG in the brain, although Glo1 KO mice 

Table 3 
Effect of MG treatment on rodent behavior.  

Authors Rodent 
model 

Treatment MG treatment Neurotransmitter AGE Behavior Rescue 

Distler, et al.[36] C57BL/6J 
mouse 

Acute treatment 50, 100, or 300 mg/ 
kg, i.p. 

- - Anxiety↓ (OF), Locomotor↓, 
Ataxia↑, Hypothermia↑ 

- 

Distler, et al.[81] C57BL/6J 
mouse 

Acute treatment 50 or 200 mg/kg, i.p. - - Picrotoxin-induced seizure↓, 
Pirocarpine-induced seizure↓ 

- 

Szczepanik, et al. 
[42] 

Swiss 
mouse 

Acute treatment 10, 20, or 25 mg/kg, 
i.p. 

- - Anxiety↓ (MB, OF), Depression↑ 
(FS), Long-term spatial memory↓ 
(OL) 

-  

Chronic 
treatment 

10, 20, 25, or 50 mg/ 
kg, i.p. for 5-12 days 

DA↓ (PFC), NA n.s. (PFC, 
HIP), 
5-HT n.s. (PFC. HIP) 

- Depression↑ (FS), Long-term 
memory↓ (OL, OR), Working 
memory↓ (YM), Long- & short- 
term aversive memory↓ (IA) 

- 

de Almeida, et al. 
[54] 

Swiss, 
C57BL/6, 
BALB/C 
mouse 

Chronic 
treatment 

25 or 50 mg/kg, i.p. 
for 7 days 

DA↓ (PFC), 5-HT↓ (PFC), DA 
n.s. (STR), 5-HT n.s. (STR, 
HIP), NA n.s. (PFC, STR, HIP) 

- Depression↑ (FS), Short-term 
memory↓ (YM), Long-term 
spatial memory↓ (OL) 

Improved by 
bupropion 

Hansen, et al.[43], 
Lissner, et al. 
[89] 

Wister rat ICV 
administration 

3μmol/μl x 1day, 
1μmol/μl x 3days, or 
0.5μmol/μl x 6days, 
5μL, i.c.v. 

Glu reuptake↓ (HIP) CML↑ 
(HIP) 

Anxiety↓ (OF, EPM), Locomotor↓, 
Long- & short-term memory↓ 
(OR), Spatial memory↓ (YM) 

- 

Jakubcakova, 
et al.[90] 

CD1 mouse ICV 
administration 

0.7μmol, i.c.v. - - Number of NREMS & REMS 
episode↑, Duration of NREMS & 
REMS episode↓ 

- 

Hambsch, et al. 
[44] 

CD1 mouse ICV 
administration 

0.7μmol, i.c.v. for 6 
days 

- - Anxiety↓ (EPM) - 

McMurray, et al. 
[37] 

C57BL/6 
mouse 

Microinjection 
into BLA 

12μM or 24μM x 
0.5uL 

- - Anxiety↓ (EPM) - 

Yang, et al.[91] CD1 mouse Prenatal 
exposure 

0.5mg/kg , i.p. twice 
daily into pregnant 
dams (G12/G13 to 
delivery) 

- - Social recognition↓, Anxiety↑ 
(MB) 

-  
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exhibit antidepressant-like behavior [58]. This result is supported by in 
vitro and in vivo studies showing that in the absence of GLO1, aldo-keto 
reductase may compensate for MG detoxification, resulting in no MG 
accumulation [9,10]. Another group also reported that Glo1 KO induced 
no accumulation of MG-H1, an MG-derived AGE, in the brain [41]. 

Thus, further studies are required to evaluate the pharmacological 
mechanisms underlying the antidepressant effects of GLO1 inhibitors. 
For example, the molecular mechanism underlying the anxiolytic and 
antidepressant-like effect of GLO1 inhibitors is thought to be due to 
GABAA receptor stimulation by accumulated MG [39], but there is still 
no direct evidence that decreased GLO1 activity actually stimulates the 
GABAergic system in the brain, including the hippocampus and pre-
frontal cortex, through MG accumulation, leading to low levels of anx-
iety. In addition, since a previous study reported that Glo1 KO mice 
showed antidepressant-like behavior in the forced swimming test even 
though there was no MG accumulation [58], it is necessary to examine 
how GLO inhibitors could reduce MG levels in the brain. We believe that 
it is also necessary to consider the possibility that the administration of 
GLO1 inhibitors improved depression-like behavior without the phar-
macological effects of MG. 

3.3. Schizophrenia 

As mentioned above, we have reported that several patients with 
schizophrenia have a novel frameshift mutation and SNP in GLO1 that 
results in reductions in enzymatic activity [22]. To elucidate the impact 
of loss of function of GLO1 on the pathogenesis of schizophrenia, we 
generated Glo1 KO mice and evaluated their behavioral phenotypes 
[58]. However, the Glo1 KO mice did not show schizophrenia-like 
behavior, and the MG levels in the brain remained unchanged. 

Next, we sought to develop a novel model for schizophrenia with an 
add-on treatment of an environmental factor, vitamin B6 (VB6) defi-
ciency, observed in patients with schizophrenia [22,59,60], in Glo1 KO 
mice. VB6 is known as a carbonyl scavenger that detoxifies MG [61,62]. 
We previously found that VB6 levels in the peripheral blood of schizo-
phrenia patients with GLO1 dysfunction were significantly lower than 
those in healthy controls [22]. More than 35% of patients with 

schizophrenia have low levels of VB6 (clinically defined as male, < 6 
ng/ml; female, < 4 ng/ml). Various other studies have reported similar 
results [63,64]. VB6 levels are inversely proportional to the severity 
score on the Positive and Negative Syndrome Scale [60]. Moreover, a 
recent review has shown that decreased VB6 in patients with schizo-
phrenia is the most convincing evidence of peripheral biomarkers for 
major mental disorders [65]. Moreover, we recently reported that 
VB6-deficient mice showed an enhanced noradrenergic system in the 
brain, leading to social deficits and cognitive impairment comparable to 
the negative symptoms and cognitive impairment seen in patients with 
schizophrenia [66]. 

Based on these findings, we depleted VB6 in Glo1 KO mice by feeding 
them VB6-lacking diets to develop a mouse model that further re-
capitulates the pathology of schizophrenia. We demonstrated that MG 
accumulated in the brain of Glo1 KO mice with VB6 deficiency (KO/VB6 
(− )), and that these mice exhibited schizophrenia-like behaviors, such as 
a sensorimotor deficit in the prepulse inhibition test [58]. These findings 
suggest that Glo1 deletion alone is insufficient to increase MG levels in 
the brain, and MG accumulation in the brain occurs only when another 
MG detoxification is deficit, such as VB6 deficiency. In fact, we could 
also confirm the accumulation of MG-H1, an MG-derived AGE, in the 
brains of KO/VB6(− ) mice [67]. 

Furthermore, we found aberrant gene expression related to mito-
chondrial function and respiratory deficits in the mitochondria of KO/ 
VB6(− ) mice. Moreover, we found higher expression of oxidative stress 
markers as a result of mitochondrial dysfunction. 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 [68]. These findings 
suggest that mitochondrial dysfunction can be caused by aberrant gene 
expression related to mitochondria and MG accumulation. Our findings 
are consistent with the result that GLO1 KO-hiPSC-derived neurons show 
mitochondrial dysfunction and MG-H1 accumulation after MG treat-
ment [69]. 

Mitochondrial dysfunction has frequently been reported in patients 
with schizophrenia [70]. Several studies using postmortem brains 
demonstrated a decrease in the activity of complex IV in the PFC of 

Table 4 
Rodent models with altered Glo1 gene expression.  

Authors Animal model Glo1 
expression in 
brain 

GLO1 
activity 

AGEs Behavior Rescue 

Karpova, et al. 
[52] 

C57BL/6J 
mouse 

Perinatal 
methylmercury 
treatment (G7 to P7) 

↓ (HIP), n.s. 
(PFC) 

- - Anxiety↑ (EPM, OF), Reversal 
spatial learning↓ (MWM), 
Depression↑ (FS) 

Improved by TrkB OE 

Yang, et al. 
[55] 

SD rat CUMS for 28 days ↓ (PFC) - - Locomotor↓, Depression↑ (SP) - 

Patki, et al. 
[56], 
Solanki, 
et al.[57] 

SD rat Social defeat stress ↓ (AMY, HIP), 
n.s. (PFC) 

- - Anxiety↑ (EPM, LDB, OF, MB), 
Locomotor↓, Depression ↑ (SP, 
FS), Long- & short-term 
memory↓ (RAWM) 

Improved by grape powder 
treatment 

Patki, et al. 
[92] 

Wister rat OVX ↓ (HIP), n.s. 
(AMY, COR) 

- - Anxiety↑ (LDB, OF), Short-term 
memory↓ (RAWM) 

Improved by grape powder 
treatment 

Wong, et al. 
[93] 

129S6/ 
SvEvTac 
mouse 

COX2-deficient KI ↓ - - Locomotor↑, Anxiety↑ (OF, MB), 
Motor ability↓ (IST), Sociability↓ 

- 

Zhu, et al.[48, 
49] 

SD rat Model for type I 
diabetes by STZ 

↓ (COR, HIP, 
AMY) 

- MG-dependent 
protein↑ (AMY, 
HIP) 

Depression↑ (FST), Anxiety↑ 
(OF, EPM) 

Improved by treatment of 
hesperatin or 
tertbutylhydroquinone 

Chugh, et al. 
[51] 

FBN rat Feeding with high-salt 
diet 

↓ (AMY, HIP), 
n.s. (COR) 

- - Anxiety↑ (LDB, OF), 
Locomotor↓, Short-term 
memory↓ (RAWM) 

- 

Maher, et al. 
[50] 

C57BL/6 
mouse 

Akita mouse model for 
type I diabetes 

↓ ↓ MG-dependent 
protein↑ (COR) 

Locomotor↓ Improved by fisetin treatment 

↑: Increase, ↓: Decrease, -: Not checked, n.s.: No significant, SD: Sprague-Dawley, FBN: Fischer brown Norway, OVX: ovariectomized, KI: Knock-in, CUMS: chronic 
unpredictable mild stress, OE: Overexpression, AMY: Amygdala, HIP: Hippocampus, PFC: Prefrontal cortex, COR: Cortex, OF: Open field test, TS: Tail suspension test, 
FS: Forced-swimming test, MWM: Morris water maze test, SP: Sucrose preference test, MB: Marble burying test, EPM: Elevated plus-maze test, LDB: Light and dark test, 
RAWM: Radial-arm water maze test, IST: Inverted screen test 
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patients with schizophrenia [71], and a global downregulation of 
mitochondria-related genes by microarray analysis [72]. Mitochondrial 
dysfunction has also been observed in patient-derived iPS cells [73,74]. 
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. Mitochondrial 
dysfunction has been observed in many psychiatric disorders, including 
depression [75], autism [76], anxiety disorders [77], and epilepsy [78]. 
Thus, this may be a common molecular basis for psychiatric disorders. 

In a mouse model of schizophrenia, as well as other physical disor-
ders, MG accumulation was found to have adverse effects on brain 
function. Considering the molecular mechanism revealed in this study, 
GLO1 inducers, such as trans-resveratrol and hesperatin [79], rather 
than inhibitors and VB6 supplementation [80] may be effective as a new 
therapeutic strategy for schizophrenia patients with GLO1 dysfunction 
and VB6 deficiency. 

3.4. Other psychiatric and neurological traits 

A recent study on prenatal treatment with valproic acid (VPA) in a 
mouse model of autism showed enhanced GLO1 expression and reduced 
MG levels in the brain [38]. Furthermore, GLO1 inhibitors ameliorated 
the autism-like phenotype in VPA-treated mice through GABAA stimu-
lation by MG. These findings are not consistent with the clinical findings 
that GLO1 enzymatic activity was decreased, and AGE accumulation 
was found in the autopsied brains of patients with autism [14]. The 
reason for this disagreement may be secondary effects unrelated to the 
autistic pathology caused by prenatal VPA administration. In addition, 
the possibility that the decreased GLO1 activity observed in patients 
with autism reflects secondary effects of the onset of autism may need to 
be considered. 

The GABAA agonistic activity of MG has also been reported to have 
antiepileptic and alcohol detoxification effects, such as benzodiazepine. 
Pretreatment with MG attenuated picrotoxin- and pilocarpine-induced 
seizures at both behavioral and electroencephalogram levels [81]. Pre-
treatment with a GLO1 inhibitor also alleviated pilocarpine-induced 
seizures, whereas Glo1 overexpression exacerbated seizures and 
decreased the MG concentration in the brain. Likewise, GLO1 inhibitors 
reduced alcohol consumption [82,83] and handling-induced convulsion 
after alcohol injection [84], whereas Glo1 overexpression exacerbated 
these effects. In addition, alcohol consumption was reduced in Glo1 
hemizygous-knockdown mice [82]. Although there are no clinical re-
ports showing an association between alcoholism/sleep disorder and 
GLO1, a clinical study reported that rs1049346 T>C SNP in 5′-UTR of 
GLO1 was associated with late-onset epilepsy and drug-resistant epi-
lepsy [85]. The C allele increases GLO1 enzymatic activity in whole 
blood cells [86]. These findings are consistent with the results of rodent 
studies. 

4. Summary 

According to the present review, the expression and activity of GLO1 
in the brain may be involved in the pathogenesis of various psychiatric 
disorders. In contrast to the effects on physical diseases, the various 
GABAA receptor-mediated effects of MG, such as anxiolytic and anti-
depressant effects, associated with suppression of GLO1 function, are 
brain-specific effects. To clarify the effects of GLO1 on brain function 
and the development of psychiatric disorders, it is necessary to clarify 
the relationship between GLO1 activity and psychiatric disorders in 
clinical studies with large sample sizes and to examine in detail the 
molecular mechanisms by which increased GLO1 activity leads to anx-
iety and depression in studies involving mouse models. 
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