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A B S T R A C T   

Glycation, caused by reactive dicarbonyls, plays a role in various diseases by forming advanced glycation end 
products. In live cells, reactive dicarbonyls such as glyoxal (GO) and methylglyoxal (MGO) are produced during 
cell metabolism, and these should be removed consistently. However, the dicarbonyl metabolic system in the 
mitochondria remains unclear. It has been speculated that the mammalian mitochondrial protein ES1 is a ho
molog of bacterial elbB possessing glyoxalase III (GLO3) activity. Therefore, in this study, to investigate ES1 
functions and GLO3 activity, we generated ES1-knockout (KO) mice and recombinant mouse ES1 protein and 
investigated the biochemical and histological analyses. In the mitochondrial fraction obtained from ES1-KO 
mouse brains, the GO metabolism and cytochrome c oxidase activity were significantly lower than those in the 
mitochondrial fraction obtained from wildtype (WT) mouse brains. However, the morphological features of the 
mitochondria did not change noticeably in the ES1-KO mouse brains compared with those in the WT mouse 
brains. The mitochondrial proteome analysis showed that the MGO degradation III pathway and oxidative 
phosphorylation-related proteins were increased. These should be the response to the reduced GO metabolism 
caused by ES1 deletion to compensate for the dicarbonyl metabolism and damaged cytochrome c oxidase by 
elevated GO. Recombinant mouse ES1 protein exhibited catalytic activity of converting GO to glycolic acid. 
These results indicate that ES1 possesses GLO3 activity and modulates the metabolism of GO in the mitochon
dria. To our knowledge, this is the first study to show a novel metabolic pathway for reactive dicarbonyls in 
mitochondria.   

1. Introduction 

Glycation, the nonenzymatic glycosylation of biomolecules, leads to 
the formation of advanced glycation end products (AGEs). AGE forma
tion is a common feature of diabetes [1,2] and aging [3] and is associ
ated with various diseases, such as transthyretin amyloidosis, 

Alzheimer’s disease, and Parkinson’s disease [4–9]. Reactive dicarbon
yls, including glyoxal (GO) and methylglyoxal (MGO), are well char
acterized as the main causative agents of glycation. The reactivity of 
reactive dicarbonyls is 20,000 times higher than that of glucose, and 
they react with lysine and arginine residues in a nonenzymatic manner 
to form AGEs [10,11]. In particular, GO is involved in the formation of 
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carboxymethyl lysine, a type of AGE that causes changes in protein 
molecular structure, enzyme activity, and receptor function [12]. 
Reactive dicarbonyls are primarily produced as glycolytic byproducts; 
lipid peroxidation and DNA oxidation are also sources of reactive 
dicarbonyls [13]. Hence, reactive dicarbonyls are present in all cells 
under both normal and pathological conditions. Dicarbonyl stress is 
caused by an imbalance between dicarbonyl formation and depletion; 
thus, the dicarbonyl metabolic system plays an essential role in live cells. 

Dicarbonyls can diffuse across mitochondrial membranes and enter 
the mitochondria. Mitochondrial dicarbonyl stress can account, at least 
partially, for the mitochondrial dysfunction and oxidative damage 
observed with hyperglycemia and aging [14–17]. Glycation damage in 
mitochondria can cause mitochondrial dysfunction in neurodegenera
tive diseases [18,19]. The presence of multiple dicarbonyl-metabolizing 
enzymes in the cytoplasm has been reported [20–22], but these enzymes 
have not been found in mitochondria. Therefore, the mechanism un
derlying the detoxification of mitochondrial dicarbonyls remains 
unclear. 

We focused on the mitochondrial protein ES1, which is highly ho
mologous to elbB in bacteria (approximately 43% identity of amino acid 
sequence). ES1 and elbB are members of the DJ-1/Pfpl family [23]. In 
mammals, ES1 expression has been confirmed in various species, 
including humans and mice; however, the function of mammalian ES1 
remains unclear. elbB possesses glyoxalase (GLO) activity; GLO converts 
GO and MGO to glycolic acid and lactic acid, respectively [24,25]. The 
main GO-detoxification system is the glutathione-dependent pathway, 
which is mediated by GLO1 and GLO2 [26]. In contrast, elbB exhibits 
GLO3 activity, converting dicarbonyl to acid species in a one-step, glu
tathione-independent reaction [27,28]. Mammalian ES1, similar to 
other well-known proteins with GLO3 activity such as Hsp31, has Cys 
and Glu residues that are essential for catalytic activity [25,29]. Based 
on these facts, we speculated that mammalian ES1 also possesses GLO3 
activity. When cells are exposed to dicarbonyls, the depletion of gluta
thione and NADPH leads to dysfunction of the cell detoxification sys
tems that depend on these electron donors [30,31]. Therefore, GLO3 
activity, which lacks this dependence, may play an essential role in 
protecting cells from dicarbonyl-induced cell death. 

In the present study, ES1-knockout (KO) mice were generated to 
clarify the function of mammalian ES1 as human and mouse ES1 pro
teins are highly homologous and have common essential catalytic resi
dues [29]. We analyzed mitochondrial morphological features and 
performed GLO and mitochondrial activity assays with the ES1-KO mice. 
We performed a comprehensive proteomic analysis of wildtype (WT) 
and ES1-KO mice using liquid chromatography-tandem mass spec
trometry (LC-MS/MS). The semiquantitative proteomic data obtained 
were subjected to pathway and network analyses. A recombinant mouse 
ES1 protein was generated for detailed functional analysis. To our 
knowledge, this is the first study that aimed to evaluate the direct 
metabolic activity of dicarbonyl-metabolizing enzymes in the mito
chondria and to identify any novel metabolic pathways involved. 

2. Materials and methods 

STAR★METHODS KEY RESOURCES TABLE  
REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 
ES1 This paper N/A 
Adenylate Kinase 2 (AK2) Invitrogen PA5-49482 
Porin Sigma-Aldrich 185-197 
COXIV Abcam Ab16056 
AIF Invitrogen MA5-15880 
ATP5A Santa Cruz sc-136178 
Beta-actin Abcam ab6276 
Chemicals and Recombinant Proteins 
Protease-inhibitor cocktail 

tablets 
Roche Diagnostics 11836145001 

(continued on next column)  

(continued ) 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Mitochondrial isolation 
buffer 

BioChain Institute KC010100 

ECL Prime Western 
Blotting Detection Kit 

Cytiva RPN2236 

KOD OneTM PCR Master 
Mix 

Toyobo KMM-101 

Mitochondrial activity 
assay kit 

BioChain Institute KC310100 

Protease MAX surfactant Promega V2071 
TRI Reagent Moleculer Research Center TR118 
ReverTra Ace Toyobo TRT-100 
Wizard SV Gel and PCR 

Clean-up System 
Promega A9282 

In-Fusion HD Cloning Kit Clontech Takara Cellartis 639648 
TALON® Metal Affinity 

Resin 
Clontech Laboratories, Inc. 635502 

mES1 This paper N/A 
Experimental Models: Animal 
C57BL/6J mice Japan SLC C57BL/6JJmsSlc 
ES1-KO mice This paper N/A 
Software 
Analyst TF 1.7.1 software 

program 
AB Sciex https://sciex.com 

Peak View v2.2.0 AB Sciex https://sciex.com 
ProteinPilot 5.0.1 software 

program 
AB Sciex https://sciex.com 

Marker View software 
program v.1.3.0.1 

AB Sciex https://sciex.com 

SIMCA software program 
SIMCA15 

Infocom Corp. https://www. 
infocom-science.jp 

Ingenuity Pathway 
Analysis 

Qiagen http://ingenuity.com 

Deposited Data 
Proteomic data E.W.Deutsch et al., 2017, S. 

Okuda et al., 2017 
PXD025954; 
JPST001170   

2.1. Animals 

All experiments were performed in accordance with the UK Animals 
(Scientific Procedures) Act, 1986; associated guidelines (EU Directive 
2010/63/EU for animal experiments); and ARRIVE (Animal Research: 
Reporting of In Vivo Experiments) guidelines. The study protocol was 
approved by the Committee for the Use of Live Animals at Iwate Uni
versity (Morioka, Japan) (Approval Numbers: A201924, A202052, and 
A202222). 

Adult male and female C57BL/6J mice were obtained from Kumagai- 
shigeyasu Co., Ltd. (Miyagi, Japan) and bred in our laboratory. After 
weaning, 2–5 pups were housed per cage. They were maintained under 
temperature-controlled conditions at 25◦C with a 12/12-h light-dark 
cycle and provided food and water ad libitum. Eight to ten-weeks-old 
mice were used for GLO activity assay (2 male and 1 female mice), 
mitochondrial activity assay (2 male and 2 female mice), and proteomic 
analysis (2 male and 3 female mice). In the present study, there were no 
sex differences in any of the experiments. 

2.2. Preparation of mouse tissue extracts for western blotting 

Several C57BL/6J mice at 8–10 weeks of age were anesthetized via 
inhalation of isoflurane (Pfizer Inc., New York, NY, USA), perfused with 
radioimmunoprecipitation assay (RIPA) buffer (20 mM Tris-HCl, pH 7.4, 
150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.1% sodium deoxy
cholate, 0.1% sodium dodecyl sulfate [SDS]) containing protease- 
inhibitor cocktail tablets (catalog number: 11836145001; Roche Di
agnostics, Mannheim, Germany). The tissues of these mice, including 
the brain, heart, lung, liver, stomach, spleen, intestine, kidney, and 
muscle, were removed. Immediately after excision, each tissue was 
finely chopped and homogenized in two volumes of RIPA buffer 
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containing protease-inhibitor cocktail tablets (Roche Diagnostics). 
Thereafter, the samples were centrifuged at 20,000 × g for 30 min. All 
procedures were conducted at 4◦C. The supernatants were used for 
western blotting to determine ES1 tissue distribution. 

2.3. Mitochondrial isolation from mouse brain tissue for western blotting 

The mitochondrial fraction was obtained using a mitochondrial 
isolation kit (catalog number: KC010100; BioChain Institute, Newark, 
CA, USA). The mice were euthanized via cervical dislocation and the 
brain tissues were removed. Each brain tissue sample was finely chop
ped and homogenized in two volumes of mitochondrial isolation buffer 
provided in the kit and then centrifuged at 600 × g for 10 min. The 
supernatant was collected and centrifuged at 12,000 × g for 15 min. The 
supernatant obtained was used as a lysosome- and microsome- 
containing cytosolic fraction. The mitochondrial fraction was obtained 
from the pellet of the second centrifugation and resuspended in two 
volumes of mitochondrial isolation buffer. The suspended mitochondria 
were sonicated (TOMY; Ultrasonic disruptor UD-100; output level: 40, 
30 s × 2) and centrifuged at 105,000 × g for 30 min. The supernatant 
obtained was used as the mitochondrial soluble fraction, which con
tained the proteins in mitochondrial intermembrane space (IMS) and 
matrix (MAT). The pellet was resuspended in RIPA buffer and centri
fuged at 20,000 × g for 30 min. The supernatant was used as the mito
chondrial membrane fraction, which contained the mitochondrial outer 
membrane (OM) and inner membrane (IM). All procedures were con
ducted at 4◦C. These samples were used for western blotting to deter
mine ES1 subcellular localization. 

2.4. Antibodies 

The antibodies that were used in the present study included: anti- 
adenylate kinase 2 (Ak2; catalog number: PA5-49482; Invitrogen, 
Waltham, MA, USA), anti-porin (catalog number: 185-197; Sigma- 
Aldrich, St. Louis, MO, USA), anti-cytochrome c oxidase subunit IV 
(COX4; catalog number: ab16056; Abcam, Cambridge, UK), anti- 
apoptosis-inducing factor (AIF; catalog number: MA5-15880; Invi
trogen, Carlsbad, CA, USA), anti-ATP5A (catalog number: sc-136178; 
Santa Cruz Biotechnology, Dallas, TX, USA), and anti-beta-actin (cata
log number: ab6276; Abcam) antibodies. The anti-ES1 antibody was 
generated in our laboratory, as previously reported [29]. Keyhole limpet 
hemocyanin conjugated to the C-terminal 17 amino acid peptide of 
mouse ES1 (Cys-HDGIGAMVKNVLELTGK) was used as the antigen for 
antibody production. 

2.5. Western blotting 

Western blotting was conducted following the method of Ozaki et al. 
[32]. Briefly, each sample was separated using SDS-PAGE and trans
ferred onto Immobilon-P polyvinylidene fluoride (PVDF) transfer 
membranes (catalog number: IPVH00010; EMD Millipore, Billerica, MA, 
USA). The membranes were blocked with blocking buffer (10 mM so
dium phosphate buffer, pH 7.4, 0.14 M NaCl, and 0.05% Tween 20 
[TW-PBS] containing 1% skim milk or TW-PBS containing 5% skim 
milk) for 4 h at 25◦C and then incubated overnight with the primary 
antibodies at 4◦C. After washing with TW-PBS, the membranes were 
incubated with horseradish peroxidase-conjugated secondary antibodies 
overnight at 4◦C. Each antibody had been diluted with the blocking 
buffer as follows: anti-mouse ES1 (1:1000), anti-porin (1:1000), 
anti-Ak2 (1:2000 or 1:1000), anti-COX4 (1:2000), anti-AIF (1:500), 
anti-ATP5A (1:200), and anti-beta-actin (1:10,000). After incubation 
and washing, the immunoreactive signals were detected using the ECL 
Prime Western Blotting Detection Kit (catalog number: RPN2236; 
Cytiva, Tokyo, Japan). The images were captured using a luminescent 
image analyzer (ChemiDoc XRS Plus; catalog number: 1708265J1PC; 
Bio-Rad Laboratories, Hercules, CA, USA). 

2.6. Generation of ES1-KO mice 

The ES1-KO mouse line was generated using the technique for animal 
KO system via the electroporation method, a unique electroporation 
technique, using the CRISPR-Cas9 system. Adult female C57BL/6J mice 
were obtained from Japan SLC (Hamamatsu, Shizuoka, Japan). C57BL/ 
6J mouse embryos were purchased from CLEA Japan (Tokyo, Japan). All 
the processes were conducted as described by Wake and Kaneko [33]. 
Cas9 nuclease V3, crRNA, and tracrRNA were obtained from Integrated 
DNA Technologies (Coralville, IA, USA). The crRNA was designed to 
target exon 1 of the mouse ES1 (Gatd3a). The nuclease solution was 
prepared by mixing crRNA (15 μM), tracrRNA (15 μM), and Cas9 protein 
(200 ng/μL) in Opti-MEM™ (Thermo Fisher Scientific, Waltham, MA, 
USA) immediately before electroporation. Next, the nuclease solution (5 
μL) was added between the electrodes on a glass slide (catalog number: 
CUY501P1-1.5; Nepa Gene, Chiba, Japan), and the embryos were placed 
in line. The nucleases were then introduced into the embryo using the 
NEPA21 Super Electroporator (Nepa Gene). Each pulse was set as fol
lows: poring pulse (voltage: 40 V; pulse length: 2 ms; pulse interval: 50 
ms; number of pulses: 4; decay rate: 10%; polarity: +) followed by 
transfer pulse (voltage: 15 V; pulse length: 50 ms; pulse interval: 50 ms; 
number of pulses: 5; decay rate: 40%; polarity: +/–). Thirty embryos 
were then transferred into the oviducts of one pseudopregnant female 
mouse. 

Two F0 mice obtained were genotyped using PCR-based analyses; 
genomic DNA extracted from mouse tails was used. PCR was performed 
with a 20-μL reaction mixture containing 100 μg of cDNA, 10 μL of KOD 
One™ PCR Master Mix (catalog number: KMM-101; Toyobo, Osaka, 
Japan), and 0.6 μL of 100 μM of each primer in water. The denaturation 
process at 94◦C for 2 min was followed by 35 cycles at 98◦C for 10 s, 
60◦C for 5 s, and 68◦C for 10 s. DNA sequence analysis was outsourced to 
GENEWIZ Japan (Tokyo, Japan). The primer sequences were as follows: 
genotyping primers, 5′-TCCTACCGCTCTCCAGATACC-3′ and 5′-CTAG
CAAGGGAAGGCACTCG-3′; and sequencing primers 5′- 
CGTTCTCCTGACACCACTGT-3′ and 5′-TGGCTGTGCTAACTTTGGCT-3′. 
To evaluate the decrease in ES1 level, we euthanized a subset of mice via 
cervical dislocation, removed their brains, collected samples as 
described in the section “Preparation of mouse tissue extracts for western 
blotting,” and performed western blotting. 

2.7. GLO activity assay in mouse brain mitochondria 

We assayed GLO enzyme activity in the mitochondrial soluble frac
tions obtained from WT and ES1-KO mouse brains using a procedure 
described by Lee et al. [31]. Mitochondrial soluble fractions were iso
lated using a mitochondrial isolation kit (KC010100; BioChain Institute) 
and 100 mM sodium phosphate buffer (pH 7.4) containing 5 mM 
dithiothreitol (DTT), as described in the section “Mitochondrial isolation 
from mouse brain tissue for western blotting,” and 50 µg of each fraction 
was incubated with 0.5 mM GO or 0.75 mM MGO for 4 h at 37◦C in a 
total reaction volume of 82 μL. The reaction was stopped by adding 15 
μL of 0.1% 2,4-dinitrophenylhydrazine (DNPH) in 2 N HCl and 34 μL of 
water. These samples were incubated for 15 min at 25◦C, and then 69 μL 
of 10% NaOH was added. After subsequent incubation for 15 min at 
25◦C, the absorbance of the samples at 595 nm was measured. 

2.8. Mitochondrial activity assay 

Mitochondrial activity was assayed using a mitochondrial isolation 
kit (KC010100; BioChain Institute) and mitochondrial activity assay kit 
(KC310100; BioChain Institute) following the method established by 
Chukai et al. [34]. The isolated mitochondria were suspended in mito
chondrial storage buffer. First, 850 μL of 1 × enzyme assay buffer was 
added to a cuvette. Next, the mitochondrial samples were dissolved in 
enzyme dilution buffer containing 1 × n-dodecyl-β-D-maltoside to 
0.1–0.2 mg protein/mL and incubated on ice for 15 min. Two 
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micrograms of mitochondrial sample and enzyme dilution buffer were 
mixed to a total volume of 100 μL, added to the cuvette, and mixed via 
inversion. Subsequently, 50 μL of ferrocytochrome c substrate solution 
was added to the cuvette and mixed via cuvette inversion. The amount of 
enzyme needed to oxidize 1 μmol of ferrocytochrome c per min was 
defined as one unit of activity. The absorption of samples at 550 nm was 
immediately measured and cytochrome c oxidase activity was calcu
lated according to the manufacturer’s instructions. 

2.9. Transmission electron microscopy (TEM) 

TEM was performed to compare the mitochondrial morphological 
features of WT and ES1-KO mice. The method of sampling was the same 
as that reported by Ozaki et al. [35]. The brains were obtained from WT 
and ES1-KO mice and stored in a fixative solution (2.5% glutaraldehyde, 
2% paraformaldehyde, 0.1 M sodium phosphate buffer, pH 7.4) over
night at 4◦C. The fixed brains were washed two times with 0.1 M sodium 
phosphate buffer (pH 7.4). The hippocampus and cerebral cortex were 
excised from the fixed brains, post-fixed with 1% osmium tetroxide for 2 
h, dehydrated with serial dilutions of ethanol (50%, 70%, 80%, 90%, 
and 100%) for 15 min at each concentration, and then embedded in 
Epon 812 (TAAB Laboratory Equipment Ltd., Aldermaston, England). 
Ultrathin sections (100 nm) were prepared with an ultramicrotome 
(EM-UC6; Leica Microsystems, Wetzlar, Germany) and stained with 1% 
uranyl acetate and lead citrate. The images were captured using a 
transmission electron microscope (H-7650; Hitachi, Tokyo, Japan). 

2.10. Proteomic analysis 

Mitochondrial and cytosolic fractions were isolated from 5 WT and 5 
ES1-KO mouse brains in 1% Triton X-100, 20 mM Tris-HCl, pH 7.4, as 
described in the section “Mitochondrial isolation from mouse brain tissue 
for western blotting.” The samples were concentrated using SDS-PAGE, 
stained with Coomassie Blue, and then excised from the gels. The gel 
sections were finely chopped and washed with water. The gel pieces 
were then destained with 50% methanol and vortexed for 5 min in 25 
mM ammonium bicarbonate containing 50% acetonitrile. The super
natant was removed, and the gel pieces were soaked in 100% acetoni
trile at 25◦C for 1 min. After removing the solution, the gel pieces were 
dried under vacuum, rehydrated with a reducing solution (50 mM 
ammonium bicarbonate and 25 mM DTT), and incubated for 40 min at 
56◦C. After removing the reducing buffer, the gel pieces were immersed 
in an alkylating solution (50 mM ammonium bicarbonate containing 55 
mM iodoacetamide) for 30 min at 25◦C in the dark. The alkylating so
lution was then removed, and the gel pieces were washed twice with 
water, vortexed for 5 min in 25 mM ammonium bicarbonate containing 
50% acetonitrile, and soaked in 100% acetonitrile for 1 min. After 
removing the solution, the gel pieces were evaporated to dryness under 
vacuum and rehydrated using 50 mM ammonium bicarbonate contain
ing 4 ng/μL sequencing-grade trypsin and 0.01% ProteaseMAX surfac
tant (catalog number: V2071; Promega, Madison, WI, USA). An 
equivalent volume of 50 mM ammonium bicarbonate containing 0.01% 
ProteaseMAX surfactant was then added to the mixture, which was then 
incubated for 3 h at 37◦C to digest the proteins in the gels. An equivalent 
volume of 1% trifluoroacetic acid was added, and the mixture was 
vortexed for 10 min to extract the tryptic fragments. After centrifuging 
the mixture at 12,000 × g for 15 min at 4◦C, the supernatant containing 
the peptides was collected. The peptide samples were desalted using C18 
ZipTips (Millipore). The ZipTip eluates were dried by vacuum. The dried 
samples were rehydrated in 0.1% formic acid and analyzed using LC- 
MS/MS with a nanoLC Eksigent 400 system (Eksigent, AB Sciex, 
Tokyo, Japan) coupled online to a TripleTOF 6600 mass spectrometer 
(AB Sciex), as described previously [36]. 

Spectra acquired with data-dependent acquisition were searched 
against the UniProt reviewed database using the Paragon Algorithm 
built into the ProteinPilot 5.0.1 software program (AB Sciex). Proteins 

and peptides that achieved 1% local false discovery rate (FDR) for the 
identified proteins and peptides were considered positive identifica
tions. The obtained group file was loaded onto PeakView (v2.2.0; AB 
Sciex). The files were then exported to the MarkerView software pro
gram (version 1.3.0.1; AB Sciex), and the peak areas of individual 
peptides were normalized to the sum of the peak areas of all detected 
peptides. Principal component analysis (PCA) and orthogonal partial 
least squares discriminant analysis (OPLS-DA) were used for multivar
iate analyses; they were performed using the SIMCA software program 
(SIMCA 15; Infocom Corp., Tokyo, Japan). Pareto scaling was applied to 
the normalized peak area values. Canonical pathways and networks of 
significantly regulated proteins (p < 0.05) were generated using In
genuity Pathway Analysis (IPA; Qiagen, Hilden, Germany). Mitochon
drial proteins were selected using Gene Ontology terms classified by the 
Gene Ontology Consortium (http://www.geneontology.org/), and their 
UniProt IDs and fold changes were input into IPA. 

2.11. Expression of recombinant mouse ES1 protein 

To construct the plasmid, ES1 cDNA without the mitochondrial 
localization signal was isolated from total mouse brain RNA via RT-PCR. 
The total RNA was extracted from mouse brains using TRI Reagent 
(catalog number: TR118; Molecular Research Center, Inc., OH, USA). 
The mouse brains were homogenized in TRI Reagent (1 mL/100 mg 
brains) using a polytron homogenizer. The homogenate was treated with 
chloroform (0.2 mL/1 mL TRI Reagent) and centrifuged at 10,000 × g 
for 15 min at 4◦C. The aqueous phase was transferred to a fresh tube and 
mixed with isopropanol (0.5 mL/1 mL TRI Reagent). The mixture was 
stored at 25◦C for 10 min and centrifuged at 10,000 × g for 20 min at 
4◦C. The supernatant was removed, and the RNA pellet was washed with 
70% ethanol and subjected to subsequent centrifugation at 10,000 × g 
for 5 min at 4◦C. The ethanol was removed, and the RNA pellet was air- 
dried and dissolved in RNase-free water. The purified RNAs were 
reverse-transcribed using ReverTra Ace™ (catalog number: TRT-101; 
Toyobo, Osaka, Japan). The primer set was designed using Online In- 
Fusion Tools (Takara Bio Inc.; https://www.takara-bio.co.jp/resear 
ch/infusion_primer/infusion_primer_form.php) to amplify the mES1 
cDNA without the mitochondrial localization signal (1–117 bp). The 
primer sequences were as follows: 5′-GTGCGGCCGCAAGCTT
TACTTTCCCGTGAGTTCC-3′ (forward primer) / 5′-CGCGCGGCAGCCA
TATTGGGGCCAGGGTGGCGT-3′ (reverse primer). PCR was performed 
with a 30-µL mixture containing 1 µL of cDNA, 15 µL of KOD One™ PCR 
Master Mix (KMM-101; Toyobo), 0.9 µL of 100 µM of each primer, and 
12.2 µL of Milli-Q water. The initial denaturation step at 94◦C for 2 min 
was followed by 30 cycles at 98◦C for 10 s, 60◦C for 5 s, and 68◦C for 10 
s. 

The PCR product was purified using the Wizard SV Gel and PCR 
Clean-Up System (catalog number: A9282; Promega, Madison, WI, 
USA). The purified PCR product was inserted into the HindIII and NdeI- 
linearized pET-28a(+) vector (Novagen) using the In-Fusion HD Cloning 
Kit (catalog number 639648; Clontech Takara Cellartis, CA, USA). The 
plasmid construct was transformed into Escherichia coli strain BL21 
(DE3) using the heat shock method. The presence of the insert was 
confirmed via restriction enzyme digestion. 

2.12. Purification of recombinant mouse ES1 protein 

The N-terminal 6 His-tagged protein was expressed in BL21 (DE3). 
BL21 (DE3) containing the constructed plasmid was incubated in 400 
mL of LB broth (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl) 
containing 0.03 mg/mL kanamycin at 200 rpm until the OD600 reached 
0.7 in a shaker at 37◦C. Next, isopropyl-β-D-thiogalactoside (IPTG, 1 
mM) was added, and the mixture was further incubated at 200 rpm for 4 
h at 37◦C. After centrifuging at 5,800 × g for 3 min at 4 ◦C, the cells were 
sonicated (TOMY; Ultrasonic disruptor UD-100; output level: 40, 10 s ×
15) in lysis buffer (100 mM sodium phosphate, 500 mM NaCl, pH 7.4) 
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and centrifuged at 20,600 × g for 15 min at 4◦C. The supernatant was 
loaded onto a TALON® Metal Affinity Resin (catalog number: 635502; 
Clontech Laboratories, Inc., CA, USA). The column containing the N- 
terminal 6 His-tagged protein was eluted with elution buffer (100 mM 
sodium phosphate, 500 mM NaCl, 10-200 mM imidazole, pH 7.4). The 
purity of recombinant mouse ES1 protein was confirmed using Coo
massie Brilliant Blue (CBB) staining. The purified proteins were dialyzed 
using 100 mM sodium phosphate buffer (pH 7.4). 

2.13. GLO activity assay for recombinant mouse ES1 protein 

We measured the GLO activity of the recombinant mouse ES1 protein 
using the procedure described by Lee et al. [31] as well as the procedure 
described in the section "GLO activity assay for mouse brain." Initially, 100 
µg of purified recombinant mouse ES1 protein was incubated with 0.5 
mM GO or 0.75 mM MGO for 1 h at 42◦C in a total reaction volume of 
500 μL using 100 mM sodium phosphate buffer (pH 7.4). Subsequently, 
90 µL of 0.1% 2,4-dinitrophenylhydrazine (DNPH) in 2 N HCl and 210 
µL of water were added to stop the reaction. These samples were incu
bated at 25◦C for 15 min and diluted 10-fold to a total of 800 µL per 
sample with a diluent (500 µL of sodium phosphate buffer + 90 µL of 
0.1% DNPH + 210 µL of water). Thereafter, 420 μL of 10% NaOH was 
added. The samples were incubated at 25◦C for 15 min and their 
absorbance at 595 nm was measured. 

2.14. High-performance liquid chromatography (HPLC) 

To determine the reaction products from ES1 activity, HPLC was 
performed according to the method of Yamada et al. [37]. Briefly, re
combinant mouse ES1 protein was reacted with GO following the pro
tocol described in the section "GLO activity assay for recombinant mouse 
ES1 protein." After incubation at 42◦C for 1 h, glycolic acid in the reac
tion mixture was determined using HPLC with an ULTRON PS-80H 
column (Shinwa Chemical Industries, Tokyo, Japan). The elution was 
performed with perchloric acid solution (pH 2.1) at a flow rate of 1.0 
mL/min at 60◦C for 20 min. The elution peak of glycolic acid was at 9.8 
min. 

2.15. Statistical analysis 

The results of cytochrome c oxidase and GLO activity assays were 
compared using Student’s t-test. A p-value < 0.05 or 0.01 was used to 
indicate statistical significance. All data were analyzed using Statistical 
Package for the Social Sciences (SPSS) 28.0 (IBM Corp., Armonk, NY, 
USA). 

3. Results 

3.1. Presence of ES1 in the mitochondrial soluble fraction of mouse tissues 

To investigate ES1 tissue distribution, western blotting of mouse 
tissue extracts was performed with an ES1-specific antibody. The ES1 
band was detected in the brain, heart, lung, liver, stomach, spleen, in
testine, kidney, and muscle samples, implying that ES1 is widely 
expressed in mouse bodies (Fig. 1a). ES1 antibody specificity was 
confirmed by blocking antibody binding with the antigen peptide (10 
μg/mL) (Fig. 1b). As we found that ES1 was expressed in the brain, 
subsequent experiments were performed using brain tissue. 

To investigate ES1 subcellular localization, we performed western 
blotting of ES1 on mitochondria isolated from the mouse brain. The 
mitochondria were separated into a soluble fraction, which consisted of 
the IMS and MAT, and membrane fraction, which consisted of the OM 
and IM. Fraction purity was confirmed using antibodies against marker 
proteins. The western blots revealed that ES1 was mainly localized in the 
mitochondrial soluble fraction (Fig. 1c, IMS+MAT lane). 

3.2. Evaluation of ES1-KO mice 

We generated ES1-KO mice to investigate the function of ES1. To 
ensure the loss of ES1 expression and function, exon 1 of the ES1 
(Gatd3a) was targeted to maximize the effect of the frameshift mutation. 
Two CRISPR/Cas9-edited F0 mice were obtained from the 30 transferred 
embryos. F1 mice were obtained by mating the F0 mice with WT mice. 
Next, homozygous ES1-KO mice were established by backcrossing with 
the F0 mice. Both male and female homozygous ES1-KO mice showed 
normal growth and reproductive behaviors and normal phenotypes. The 
ES1-KO mice obtained were genotyped using PCR (Fig. 2a), and the PCR 
products were analyzed via DNA sequencing (Fig. 2b). Western blotting 
confirmed the absence of ES1 in the brains of the KO mice (Fig. 2c). The 

Fig. 1. ES1 tissue distribution and subcellular localization in mice. (a) ES1 
-expressed in the extract of each mouse tissue was analyzed (40 μg proteins/ 
lane). (b) Verification of antibody specificity. The ES1 band disappeared by 
competitively inhibiting antibody binding with the antigen peptide. COX4 was 
used as the loading control for mitochondria. (c) Subcellular localization of ES1 
in the mouse brain. The cytosolic fraction (Cytosol) contained lysosomes and 
microsomes in addition to soluble component in the cytosol. Mitochondria were 
separated into the following two fractions: OM + IM and intermembrane space 
(IMS) + matrix (MAT). The purity of the mitochondrial membrane (OM + IM) 
and soluble (IMS + MAT) fractions was determined using marker proteins 
(porin, mitochondrial membrane; Ak2, mitochondrial soluble fraction [10 μg 
proteins/lane]). ES1 was mainly localized in the mitochondrial soluble frac
tions. M, molecular weight marker; OM, outer membrane; IM, inner membrane. 
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mitochondrial and cytosolic marker proteins did not show any signifi
cant changes and were used as loading controls. 

3.3. Mitochondrial GLO activity in the ES1-KO mouse brain 

To analyze the GLO3 activity of ES1, we compared the GLO activity 
in ES1-KO mice with that in WT mice by using the DNPH assay. GO and 
MGO were used as substrates. To avoid the contribution of glutathione 
(GSH)-requiring GLO1, GLO activity was measured in the mitochondrial 
soluble fraction that had been separated in sodium phosphate buffer 
containing 5 mM DTT. The metabolic activity toward GO in the mito
chondria of ES1-KO mice significantly decreased compared with that in 
the mitochondria of WT mice (n = 3; WT, 3.03 ± 0.18 × 10− 3 unit/mg 
protein; ES1-KO, 2.54 ± 0.18 × 10− 3 unit/mg protein) (Fig. 3a). The 
metabolic activity toward MGO in the mitochondria of ES1-KO mice 
slightly increased compared with that in the mitochondria of WT mice 
(n = 3; WT, 3.12 ± 0.11 × 10− 3 unit/mg protein; ES1-KO, 3.38 ± 0.03 
× 10− 3 unit/mg protein) (Fig. 3b). 

3.4. Mitochondrial activity in ES1-KO mouse brain 

We compared mitochondrial activity in WT and ES1-KO mouse 

brains by measuring total cytochrome c oxidase activity. This total ac
tivity was measured in the mitochondria after solubilizing the mem
brane. The cytochrome c oxidase activity was significantly decreased by 
ES1-KO (n = 4; WT, 58.09 ± 10.32 unit/mg; ES1-KO, 37.81 ± 6.22 unit/ 
mg) (Fig. 3c). 

3.5. Mitochondrial morphological features in ES1-KO mouse cerebral 
cortex and hippocampus 

To examine the effect of ES1-KO on mitochondrial morphological 
features, we examined the brain mitochondria of WT and ES1-KO mice 
using TEM. Mitochondrial fragmentation and swelling, which are 
characteristic of mitochondrial dysfunction [38,39], were not observed. 
“Normal” mitochondria with intact cristae organized vertically to the 
long axis of the mitochondrion and with intact OMs were observed in the 
cerebral cortex (Fig. 4a–4d) and hippocampus of ES1-KO mice 
(Fig. 4e–4h). 

3.6. Proteomic analysis of the brain of WT and ES1-KO mice 

As the abundance of a protein is closely related to its intrinsic 
properties, such as evolution, structure, and function [40], changes in its 

Fig. 2. ES1 deficiency in knockout mice. (a) Identification of 
the mouse genotype using PCR analysis. The PCR products 
approximately 140 and 110 bp in size indicate the presence of 
the WT+/+ and KO− /− alleles, respectively. (b) DNA 
sequencing of PCR products. A 28-bp fragment deletion was 
confirmed in ES1-KO mice. (c) ES1 protein level in the brains of 
WT, heterozygote, and KO mice. ES1 deficiency was confirmed 
in ES1-KO− /− mice (40 µg proteins/lane). Anti-COX4, anti-Ak2, 
anti-AIF, and anti-ATP5A antibodies were used as mitochon
drial markers. Anti-beta-actin antibody was used as the cyto
solic marker. M, molecular weight marker; KO, knockout; WT, 
wildtype.   
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abundance appear to reflect changes in metabolic and signaling path
ways within the cells or intracellular organelles. Here, we performed a 
proteomic analysis of brain mitochondria and cytosol of WT and ES1-KO 
mice in order to elucidate the function of ES1 by capturing the metabolic 
and signaling pathway alterations that might occur within the cells as a 
result of ES1 deletion. To obtain an overview of the proteome data, the 
complete dataset from all mouse brain samples was subjected to PCA. A 
plot of the first two principal component scores, which accounted for 
29.35% (PC1, 19.5%; PC2, 9.85%) of the original variation, is shown in 
Fig. 5a and 5b. There was some evidence of separation between the 
cellular component groups and the first principal component. However, 
the high degree of overlap among the genotype groups (WT and ES1-KO) 
indicated that the model did not have practical value and suggested that 
most of the spectral variation was independent of class differences. No 
large outliers were observed. 

The OPLS-DA was used to visualize class separation in the samples. 
The OPLS-DA model aggregates all identifying information into the first 
component [41]. The score scatter plots of the OPLS-DA model showed 
satisfactory separation between the WT and ES1-KO mouse groups while 
using 1 predictive component and 1 orthogonal component (Fig. 5c and 
5e). These results indicate that cellular component proteome profiles 
could be used to distinguish the ES1-KO group from WT group. The 

resultant S-plot between the WT and ES1-KO mice in the OPLS-DA model 
that was developed helped identify highly correlated proteins in the 
separation of the groups (|p1(corr)| > 0.7); 77 and 33 proteins were 
identified in the mitochondrial and cytosolic fractions, respectively, 
from the brain (Fig. 5d, 5f, Tables S1, S2). The relative amount of 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) to total protein 
was higher in the mitochondrial fraction than in the cytosolic fraction. 

Cytosolic proteins detected in the mitochondrial fraction can be 
derived from cytosolic fraction contamination. Therefore, among the 
proteins that showed significant changes in the brain mitochondrial 
fractions, we extracted proteins that have been confirmed to be localized 
in mitochondria in the Gene Ontology database (http://www.geneonto 
logy.org/). The extracted proteins were subjected to pathway enrich
ment and network analyses using IPA software, which helped identify 
and rank the signaling pathways from the IPA library on the basis of IPA- 
based statistical analysis. The results of the mitochondrial fractions from 
WT and ES1-KO brains showed 50 pathways, the top 10 of which are 
shown in Fig. 6a. In particular, oxidative phosphorylation was charac
terized as being activated with ES1-KO (z-score, 1.89). Overlapping the 
enriched pathways showed that, in addition to the pathways related to 
mitochondrial dysfunction-forming clusters, there were overlapping 
pathways involving the MGO degradation III pathway and pathways 

Fig. 3. Glyoxalase activity of brain mitochondria from WT 
and ES1-KO mice. (a) Enzyme activity assay results for WT 
and ES1-KO mice with glyoxal (GO) as the substrate, obtained 
using the DNPH assay. The metabolic activity of ES1-KO 
mouse samples was significantly lower than that of the WT 
mouse samples. Values are presented as mean ± SD (n = 3 for 
each sample). *p < 0.05, Student’s t-test (p = 0.03, WT vs. 
ES1-KO). (b) Enzyme activity assay results for WT and ES1-KO 
mice with methylglyoxal (MGO) as the substrate, obtained 
using the DNPH assay. There was a slightly higher metabolic 
activity in the ES1-KO mouse samples than in the WT mouse 
samples. Values are presented as mean ± SD (n = 3 for each 
sample). *p < 0.05, Student’s t-test (p = 0.017, WT vs. ES1- 
KO). One unit of activity was defined as the conversion of 1 
µmol substrate per min. Glyoxalase activity is expressed as 
units per milligram of protein. (c) Cytochrome c oxidase ac
tivity of the brain mitochondria from WT and ES1-KO mice. 
ES1-KO mouse samples showed a significant decrease in cy
tochrome c oxidase activity. Values are presented as mean ±
SD (n = 4 for each sample). *p < 0.05, Student’s t-test (p =
0.015, WT vs. ES1-KO). One unit of activity was defined as the 
oxidation of 1 µmol ferrocytochrome c per min. Cytochrome c 
oxidase activity is expressed as units per milligram of protein. 
KO, knockout; WT, wildtype.   
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Fig. 4. Morphological features of brain mitochondria from WT and 
ES1-KO mice. (a) Transmission electron microscopy (TEM) 
micrograph of the cerebral cortex from WT mice. (b) Magnified 
view of the boxed area in panel a. (c) TEM micrograph of the ce
rebral cortex from ES1-KO mice. (d) Magnified view of the boxed 
area in panel c. (e) TEM micrograph of the hippocampus from WT 
mice. (f) Magnified view of the boxed area in panel e. (g) TEM 
micrograph of the hippocampus from ES1-KO mice. (h) Magnified 
view of the boxed area in panel g. Scale bar: 2 μm. KO, knockout; 
WT, wildtype.   
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Fig. 5. Score scatter plot (a) and loading plot (b) of all 20 mouse samples for principal component analysis overview. The sample groups are represented as follows: 
gray, mitochondrial fraction from WT mouse brain; black, mitochondrial fraction from ES1-KO mouse brain; red, cytosolic fraction from WT mouse brain; and yellow, 
cytosolic fraction from ES1-KO mouse brain. Uncharacterized samples are plotted at the center, and those with features are plotted at a distance from the center. 
Similar features are plotted close together. Owing to the positional relationship between the score plot and loading plot, the characteristic component of each sample 
is known. A plot of the first and second principal component scores, which accounted for 29.35% (PC1, 19.5%; PC2, 9.85%) of the original variation, is shown 
(ellipse, 95% tolerance range for the two scores based on Hotelling’s T2). (c–f) Orthogonal partial least squares discriminant analysis (OPLS-DA) model for 
discriminating the ES1-KO from the WT mouse proteome. OPLS-DA results based on fractionated components from brain proteome data from WT mice vs. ES1-KO 
mice: (c, d) mitochondrial fraction from the brain and (e, f) cytosolic fraction from the brain. (c, e) Score scatter plots. (d, f) S-plots are presented for each analysis. 
The ellipse in each score scatter plot indicates the Hotelling’s T2 (0.95) range for this model. KO, knockout; WT, wildtype. 
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Fig. 6. Signaling pathways induced by ES1-KO in the mitochondrial fraction of mouse brain. (a) Top 10 canonical pathways enriched by the altered proteins between 
WT and ES1-KO mouse mitochondrial fraction of the brain. Bars and closed cycles correspond to –log10(p-value) and ratio, respectively. The ratio was calculated by 
dividing the number of proteins mapped to a pathway from the dataset by the total number of proteins mapped to the canonical pathway. Based on the ratio, the 
significance of the association between the dataset and the canonical IPA pathways was determined. Using Fisher’s exact test, we calculated a p-value determining the 
probability that the association between the proteins in the dataset and the canonical pathway is not explained by chance alone. Determined pathways that were 
significantly altered from the cutoff of p < 0.05 are shown. If there was a consistent change with upregulation or downregulation of a pathway, IPA produced a z- 
score that predicted activation (positive z-score, orange bars) or inhibition (negative z-score, blue bars), which is a statistical measure of the correlation between 
relationship direction and protein level. Deeper orange shades indicate more upregulated pathways, and deeper blue shades indicate more downregulated pathways; 
the pale blue shade indicates that the pathway was weakly downregulated. (b) Overlapping of the enriched canonical pathways. Pathways that share proteins are 
interconnected by blue lines, and the more overlapping pathways are located closer together. We modified the text position and font in the figure generated from IPA 
to improve visibility. (c) Most significant protein network developed from the crated information of the IPA Knowledge Base. The intensity of the node colors (red and 
green) indicates the degree of upregulation and downregulation, respectively. Proteins in uncolored nodes were not identified as differentially expressed in our 
experiment and were merged into the computationally created networks based on the evidence stored in the IPA Knowledge Base. The node shapes denote enzymes 
(diamonds), subunits (trapezoids), complex/group/others (double circles) and others (circles). Labels indicate the name of the complex or the protein contained in 
the complex. Nodes classified as mitochondrial dysfunction are highlighted with a magenta frame. (d) Methylglyoxal degradation III pathway in the IPA Knowledge 
Base. The proteins denoted in pink are the two main enzymes of the MGO degradation III pathway, and their expression was upregulated in the mitochondria of ES1- 
KO mouse brain in our experiment. We modified the text position, font, and lines in the figure generated from IPA to improve visibility. (e, f) The box plots below the 
pathway diagram shows the normalized peak areas of AKR7A2 and CYP2E1 comparing ES1-KO with WT mice. The p-values and p1(corr) represent the analysis results 
of ES1-KO and WT mice using t-test and OPLS-DA, respectively. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; KO, knockout; WT, wildtype. 
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sharing aldehyde dehydrogenases (Fig. 6b). The altered proteins were 
also superimposed on a global molecular network created from the 
curated information of the IPA Knowledge Base. The network of the 
proteins was algorithmically generated on the basis of their connectivity 
(Fig. 6c). This network contained proteins that were mainly involved in 
mitochondrial dysfunction. These results suggest that ES1-KO may cause 
mitochondrial dysfunction. The MGO degradation III pathway was also 

enriched in the canonical pathway (Fig. 6). The two main enzymes 
(AKR7A2 and CYP2E1) in the MGO degradation III pathway were 
upregulated in the ES1-KO mice, indicating that this pathway may 
mitigate the effects of ES1 deletion. 

In summary, these results indicate that the MGO degradation III 
pathway was upregulated and oxidative phosphorylation-related pro
tein expression was increased to compensate for the decrease in GO 

Fig. 6. (continued). 
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metabolism and cytochrome c oxidase activity caused by ES1 deficiency. 

3.7. Purified recombinant mouse ES1 protein 

To analyze the function of ES1, we synthesized a recombinant mouse 
ES1 protein (mES1). The N-terminal 6 His-tagged protein was expressed 
in BL21 (DE3). The His-tagged mES1 was purified using the Co-affinity 
column. CBB staining was performed, and a band that appeared to be 
mES1 was observed in the fraction eluted with 100 mM imidazole 
(Fig. 7a). 

3.8. GLO activity in the recombinant mouse ES1 protein 

To further elucidate that ES1 exhibits GLO activity, the recombinant 
protein was produced and GLO activity was measured. As a control, we 

used mES1 inactivated by heat denaturation. The results showed 
metabolic activity against GO (n = 3; Control, 4.32 ± 2.25 × 10− 3 unit/ 
mg protein; mES1, 15.03 ± 2.38 × 10− 3 unit/mg protein) (Fig. 7b). The 
metabolic activity of MGO was not observed (n = 3; Control, 5.49 ±
1.21 × 10− 3 unit/mg protein; mES1, 5.21 ± 0.81 × 10− 3 unit/mg pro
tein) (Fig. 7c). This specificity was similar to that of elbB. The HPLC 
analysis revealed that the reaction product of the metabolic activity of 
ES1 was glycolic acid (Fig. 7d and 7e). The ratio of GO metabolized to 
glycolic acid produced was approximately 2:1 (metabolism of GO, 
128.45 ± 3.54 µM/100 µg proteins; production of glycolic acid, 55.94 ±
10.19 µM/100 µg proteins). The low amount of glycolic acid produced 
relative to the amount of GO metabolized suggests that another 
metabolite might be produced. This finding warrants further analysis. 

Fig. 7. Expression and glyoxalase activity of recombinant mouse ES1 protein. (a) CBB staining of the recombinant protein. mES1 was detected in fractions of 100 mM 
imidazole. (b) The results of enzymatic activity of control and recombinant mouse ES1 protein (mES1) using GO as the substrate. mES1 metabolic activity was 
significantly higher than that of the Control. Values are presented as mean ± SD (n = 3 for each sample). *p < 0.01, Student’s t-test (p = 0.005, Control vs. mES1). (c) 
Measurement results when MGO was used as the substrate. Comparison of Control and mES1 showed no significant differences. Values are presented as mean ± SD 
(n = 3 for each sample). n.s.: not significant, Student’s t-test (p = 0.76, Control vs. mES1). One unit of activity was defined as the amount of enzyme used to convert 1 
μmol substrate per min. (d) Purified mES1 (100 µg) was mixed with 0.5 mM GO, and mixture was incubated at 42◦C for 1 h. The reaction product was characterized 
using HPLC. (e) Enlarged image of panel d. The peak of glycolic acid was detected only in the mES1 sample. 
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4. Discussion 

The current study revealed that ES1 possesses GLO3 activity and 
metabolizes GO specifically in the mitochondria. ES1-KO decreased the 
function of mitochondria, which are predicted to be dysfunctional upon 
glycation. Thus, we have demonstrated a novel metabolic pathway for 
reactive dicarbonyls in the mitochondria (Fig. 8). 

ES1 was expressed in all tissues examined. These results are consis
tent with the information available in the National Center for Biotech
nology Information (NCBI) database (Gene cluster; https://www.ncbi. 
nlm.nih.gov/gene). Western blotting showed that ES1 was localized in 
the mitochondrial soluble fraction. Previous studies have indicated that 
ES1 is a soluble mitochondrial protein in zebrafish and pigs [29,42]; the 
present study results are consistent with those of the previous studies. 

Here, we found that in the mitochondria, the metabolic activity to
ward GO was significantly lower, but the metabolic activity toward 
MGO was slightly higher in ES1-KO mice than in WT mice. In the re
combinant mouse ES1 protein, only metabolic activity toward GO was 
detected. A previous study showed that elbB can metabolize GO but not 
MGO, and that ES1 possesses properties similar to those of elbB [24]. 
Our proteomic analysis indicated the upregulation of cytochrome P450 
2E1 (CYP2E1) and aflatoxin B1 aldehyde reductase member 2 
(AKR7A2), which are involved in the MGO degradation III pathway, in 
ES1-KO mice (Table S1). The methylglyoxal degradation III pathway 
metabolizes only MGO, with aldo-keto reductase and aldose reductase as 
the major enzymes. We postulate that these proteins contributed to the 
increase in activity against MGO in ES1-KO mice. 

Several studies have reported that glycation stress in mitochondria 
affects the electron transport chain and causes mitochondrial dysfunc
tion [19,43-45]. In the current study, mitochondrial cytochrome c oxi
dase activity was found to decrease in ES1-KO mice, suggesting that the 

mitochondrial electron transport chain activity was decreased. In 
addition, the canonical pathway analysis showed that ES1-KO caused 
the upregulation of proteins involved in oxidative phosphorylation and 
that thioredoxin reductase 2 (TXNRD2), which is involved in mito
chondrial dysfunction [46], was downregulated. On the basis of these 
results, ES1 protects mitochondria from dicarbonyls, and mitochondrial 
dysfunction is caused by glycation stress and the associated oxidative 
stress in the mitochondria of ES1-KO mice. However, TEM analysis of 
the mitochondria showed that ES1-KO did not significantly affect 
mitochondrial morphological features (Fig. 4). These results suggest that 
glycation stress in ES1-KO mice was mild and not sufficient to alter 
mitochondrial morphological features. 

The proteomic data showed an increased relative amount of GAPDH 
in ES1-KO mouse mitochondria (Table S1, p1(corr) = 0.93 [OPLS-DA]). 
GAPDH is mainly localized in the cytosol, and GAPDH mitochondrial 
levels are low under basal conditions. However, a previous study indi
cated that GAPDH is imported into mitochondria when apoptosis- 
causing treatments/agents, such as serum deprivation, DNA-damaging 
agents, and mitochondriotoxic compounds, are used [47]. The trans
location of GAPDH to mitochondria has been reported to cause a 
decrease in the inner transmembrane potential, matrix swelling, mito
chondrial IM permeabilization, and the release of two proapoptotic 
proteins, namely cytochrome c and AIF [47,48]. Therefore, the increase 
in GAPDH in ES1-KO mouse mitochondria was considered to be because 
of the transfer of GAPDH to the mitochondria. Another study also 
indicated that GAPDH aggregates are formed in mitochondrial fractions 
under oxidative stress and induce disruption of the mitochondrial 
membrane potential and mitochondrial dysfunction [49]. On the basis 
of our results and those from previous studies, we postulate that ES1-KO 
causes a small increase in glycation stress and oxidative stress and leads 
to GAPDH translocation to mitochondria, decreased mitochondrial 

Fig. 7. (continued). 
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electron transport chain activity, and mitochondrial dysfunction. 
Our results suggest that ES1 possesses GLO3 activity and modulates 

the metabolism of reactive dicarbonyls in the mitochondria. ES1 could 
protect mitochondrial proteins against dicarbonyl stress. Thus, the 
current study reveals a novel metabolic pathway for reactive dicar
bonyls in mitochondria. In our previous studies, we produced peptide 
compounds that modulate the activity of mitochondrial proteins 
[50–52]. In the future, we aim to develop compounds that promote the 
activity of ES1, leading to the development of new therapeutic methods 
for glycation-related diseases. 
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