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The glyoxalase system is a highly specific enzyme system
existing in all mammalian cells that is responsible for the detox-
ification of dicarbonyl species, primarily methylglyoxal (MG). It
has been implicated to play an essential role in preventing the
increased formation of advanced glycation end products un-
der certain pathological conditions. We have established the
first glyoxalase 1 knock-out model (GLO1�/�) in mammalian
Schwann cells using the CRISPR/Cas9 technique to investigate
compensatory mechanisms. Neither elevated concentrations of
MG nor associated protein modifications were observed in
GLO1�/� cells. Alternative detoxification of MG in GLO1�/� is
achieved by increased catalytic efficiency of aldose reductase
toward hemithioacetal (product of glutathione and MG), which
is most likely caused by S-nitrosylation of aldose reductase. The
hemithioacetal is mainly converted into lactaldehyde, which is
paralleled by a loss of reduced glutathione. Inhibition of aldose
reductase in GLO1�/� cells is associated with an increased sen-
sitivity against MG, elevated intracellular MG levels, associated
modifications, as well as increased oxidative stress. Our data
suggest that aldose reductase can compensate for the loss of
GLO1. This might be of clinical importance within the context
of neuronal diseases caused by an impaired glyoxalase system
and elevated levels of dicarbonyl species, such as MG.

Advanced glycation end products (AGEs)2 are formed by
non-enzymatic glycation of proteins and lipids. AGEs are most

likely a risk factor for the progression of late diabetic complica-
tions such as diabetic neuropathy (1, 2). Methylglyoxal (MG), a
reactive dicarbonyl and major precursor for AGEs, is derived
from lipid peroxidation and threonine metabolism but is
mainly from glycolysis (3). Hyperglycemic episodes have been
linked to increased formation of MG in animals and humans
(4 – 6). MG and associated protein modifications induce cyto-
toxic effects through the initiation of cell growth arrest, apopto-
sis, and production of reactive oxygen species (7).

One way to detoxify this reactive metabolite is via the highly
specific glyoxalase system, conserved from crude prokaryotics
to complex mammalian organisms. The major substrate for the
first enzyme in the system, glyoxalase 1 (GLO1), is the non-
enzymatically formed product of MG and reduced glutathione
(GSH). This spontaneously produced hemithioacetal (HTA) is
converted to S-D-lactoylglutathione, which is then hydrolyzed
to D-lactate and GSH through the catalytic activity of glyoxalase
2 (8). In comparison with other enzymatic systems involved in
the detoxification of endogenous toxins, the glyoxalase system
has a limited substrate specificity and is not depleting its cofac-
tor GSH. As the intermediate S-D-lactoylglutathione is a non-
toxic metabolite, GLO1 represents the rate-limiting step for the
detoxification of MG and also for its toxic capacity (9). It high-
lights the importance of the glyoxalase system and the common
opinion that GLO1 is indispensable to maintain cellular viabil-
ity (9 –11). It has been shown that GLO1 has a reduced capacity
in diabetic mouse models and patients, which was paralleled by
an accumulation of MG and MG-specific AGEs, particularly in
neuronal tissue (4, 12–14). MG-modified proteins in peripheral
neurons, like voltage-gated sodium channels, can change the
firing patterns of action potentials and consequently the medi-
ation of mechanical triggers like pain in patients suffering from
diabetic neuropathy (15). It has been shown previously that
sciatic nerves are highly susceptible to the accumulation of
MG-associated modifications in diabetes (16). Recently, the
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critical role of Schwann cell metabolism has been described
extensively, and its disruption can cause axonal degeneration.
Furthermore, the same study postulated that metabolic dys-
function in the Schwann cell-rich sciatic nerves is associated
with the development of neuropathic symptoms in an experi-
mental model of diabetes (17). Schwann cells are critical for the
support, development, and regeneration of peripheral neurons.
However, there are very few studies that have investigated MG
metabolism in these cell types.

Within the context of an alternative detoxification of MG,
only some studies have focused on enzymes of the aldehyde
dehydrogenase family (ALDH) and aldo-keto reductase family
(AKR). Both families have been claimed to convert MG into
non-toxic compounds (18). The NADPH-dependent enzymes,
such as aldehyde reductase (AKR1a1) and aldose reductase
(AKR1b1/AKR1b3) isolated from human placenta and skeletal
muscle, are able to convert MG into hydroxyacetone and lact-
aldehyde (18, 19). In vivo data have confirmed the essential role
of AKRs under diabetic conditions in cardiovascular tissue,
wherein AKR1b3 null mice had increased AGEs in the heart
and showed more atherosclerotic lesion formation (20).
ALDHs are NADH-dependent enzymes, and several subtypes
(ALDH1, -2, -3, and -9) should be able to convert MG into
pyruvate (18, 21). However, the relative contribution of ALDHs
to the detoxification of MG in vivo remains unknown. Degly-
case DJ-1, also known as Parkinson disease protein 7, can con-
vert MG without GSH directly into lactate in mammalian cells
(22). Because of a very low catalytic efficiency as compared with
GLO1 (�1000-fold), the contribution of this enzyme in the
context of MG detoxification is uncertain (9, 22). One of the
major limitations of these studies is that the efficiency to detox-
ify MG has been investigated using either purified or recombi-
nant proteins. However, the different expression levels of
ALDHs and AKRs in various tissues indicate the difficulty in
defining their relative contribution in detoxifying MG in vivo. It
is notable that several inhibitors of aldose reductase (AKR1b3)
have been used in clinical trials to treat patients suffering from
neuropathic symptoms (23, 24). The inhibition of this enzyme
to prevent the harmful accumulation of sorbitol in neuronal
cells can theoretically have an adverse side effect, given the
background of a potentially AKR1b3-driven detoxification of
dicarbonyls.

Therefore, the aim of this study was to look at compensatory
mechanisms in a neuronal research model system with a GLO1
deficiency. Within this context we expected to show that an
alternative enzyme can process dicarbonyl species, and those
findings could contribute to improve the molecular under-
standing of specific neuropathy disorders.

Results

Loss of GLO1 Is Not Associated with Increased Levels of Meth-
ylglyoxal or Modified Proteins—Effective detoxification of MG
is mainly accomplished by the glyoxalase system. We estab-
lished a permanent loss of GLO1 protein and GLO1 activity in
murine Schwann cells (Table 1 and Fig. 1A). To investigate the
consequences of a GLO1 knock-out under baseline conditions,
we determined the levels of MG and MG-specific protein mod-
ifications. We detected neither an increase in intracellular MG

levels nor MG-associated protein modifications (Fig. 1, B–D).
To establish the enzymes potentially involved in the alternative
detoxification, we analyzed the mRNA content of 10 AKR and 9
ALDH subtypes in wild-type and GLO1�/� Schwann cells with
and without exposure to MG. The results revealed a baseline
up-regulation of two subtypes of AKRs (1a1 and 1b3) and two
ALDHs (1a2 and 1a3) (Fig. 2A). After the exposure to MG, the
mRNA content of AKR1b3 and AKR1b8 was further increased
in GLO1�/� Schwann cells (Fig. 2B). In wild-type Schwann
cells, the exposure to MG increased the expression of three
ALDH subtypes (1a2, 1a3, and 3a2) significantly.

S-Nitrosylation of AKR1b3 Is Beneficial for the Efficient
Detoxification of Dicarbonyl Species in GLO1�/� Schwann
Cells—To assess the contribution of the up-regulated enzymes,
we determined kinetic profiles for the ALDHs and AKRs pres-
ent in the cytosolic fractions of GLO1�/� Schwann cells. When
MG and the appropriate co-factor (NADPH or NADH) were
added as substrate, the Vmax for AKR was 0.654 �mol of
NADPH/s/mg of protein, whereas the Vmax for ALDH was only
0.088 NADP/s/mg of protein (Fig. 3A), suggesting that only
enzymes of the AKR family are able to detoxify MG efficiently
in GLO1�/� Schwann cells. Comparison of AKR kinetics with
wild-type Schwann cells revealed the same efficiency in catalyz-
ing the conversion of MG (Fig. 3B). When HTA (non-enzy-
matic product of MG and GSH) was used in the same enzymatic
assay as a substrate, the capacity and affinity were increased in
GLO1�/� Schwann cells as compared with wild-type Schwann
cells (Fig. 3C). This observation was not caused by an increased
amount of the most abundant AKR subtype AKR1b3 in
GLO1�/� Schwann cells (Fig. 3D).

To investigate the reason for the increased catalytic activity
in GLO1�/� Schwann cells toward the substrate HTA, we
detected higher intracellular levels of nitric oxide (NO) and
higher amounts of nitrosylated cysteine residues in GLO1�/�

Schwann cells (Fig. 4, A and C). Analysis of the mRNA expres-
sion of all NOS subtypes revealed NOS2 or iNOS as the driving
force for increased nitric oxide species in GLO1�/� Schwann
cells (Fig. 4D). The specific inhibition of this isoform was asso-
ciated with increased MG levels and MG-modified proteins in
two of the GLO1�/� Schwann cell clones (Fig. 4, E and G) and
also with a decreased tolerance against exogenously added MG
in a toxicity assay (Fig. 4F). Additionally, we found that the
exposure to relatively low MG concentrations (50 �M) was
accompanied by increased levels of NO, NOS activity, and S-ni-
trosylation in GLO1�/� Schwann cells (Fig. 4, A–C). The incu-
bation of recombinant AKR1b3 with an NO donor (streptozo-
tocin) revealed an �2-fold increased activity toward HTA as

TABLE 1
GLO1 activity of wild-type Schwann cells and three individual
GLO1�/� Schwann cell clones
Activity is described in units, where 1 unit is the amount of GLO1 that catalyzes the
formation of 1 �mol of S-D-lactoylglutathione per min. Values are the means of at
least three independent experiments �S.E.

Clone no. (passage) GLO1 activity

units/mg protein
WT GLO1�/� (23) 1.11 � 0.058
#1, GLO1�/� (10) 0.005 � 0.0012
#2, GLO1�/� (10) 0.009 � 0.0015
#3, GLO1�/� (10) 0.008 � 0.0003
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a substrate as compared with the unmodified recombinant
AKR1b3 (Fig. 4, H and I).

AKR1b3 Has an Essential Role in Maintaining Cellular Via-
bility and Preventing Accumulation/Formation of MG and
MG-modified Proteins and Oxygen Species—To investigate the
contribution of AKR1b3, we determined the median lethal dose
(LD50) for MG under different conditions. Wild-type Schwann
cells had a baseline LD50 of 220 � 19 �M MG regardless of
whether they had been treated with an AKR1b3 inhibitor (epal-
restat) (Fig. 5B). In three individual GLO1�/� Schwann cell
clones, the baseline tolerance against MG was decreased to an
LD50 of 69 � 3.7 �M MG (Fig. 5B). The treatment with an
AKR1b3 inhibitor (epalrestat) or the usage of siRNA against
AKR1b3 was accompanied by almost a total loss of MG toler-
ance (AKR1b3 siRNA, LD50 � 31.6 � 9.2; epalrestat, LD50 �
14.2 � 8.6) (Fig. 5B). The overexpression of AKR1b3 in three
individual GLO1�/� Schwann cell clones could prevent the
decreased tolerance toward MG (AKR1b3 overexpression,
LD50 � 118.1 � 29.8 �M), whereas the treatment of epalrestat
similarly diminished this rescue effect (Fig. 5B).

The inhibition of AKR1b3 with epalrestat was associated
with significantly increased levels of MG and MG-modified
arginine residues in all three GLO1�/� Schwann cell clones
(Fig. 5, A and C). Additionally, we found elevated levels of
hydrogen peroxide (2-fold) and superoxide species (3-fold)
following AKR1b3 inhibition with epalrestat in GLO1�/�

Schwann cells (Fig. 5D).

GSH Reductase Is Required to Preserve Cellular GSH Concen-
tration in GLO1�/� Schwann Cells and to Assist in the Detoxi-
fication of Dicarbonyl Species—As GSH is a fundamental cofac-
tor in the context of MG detoxification, its fate after the
conversion of HTA in wild-type and GLO1�/� Schwann cells
was investigated. Both cell lines were exposed to HTA, and the
GSH/GSSG content was determined at different time points. In
the wild-type Schwann cells a slight increase of GSH after 20
min was detectable, whereas the GSSG content showed no
change over the whole time period (Fig. 6, A and B). In three
individual GLO1�/� Schwann cell clones, GSH was rapidly
diminished after the exposure to HTA. This was paralleled by
an increase in GSSG, which was equalized 60 min after the
exposure with HTA (Fig. 6, A and B).

Analysis of the activity and the protein content of GSH
reductase revealed an �2-fold increase of both in GLO1�/�

Schwann cells (Fig. 6, C and D). In wild-type and GLO1�/�

Schwann cells, the inhibition of GSH reductase was paralleled
with a decrease in GSH (Fig. 6E). Only in GLO1�/� Schwann
cells was this inhibition associated with enhanced GSSG levels
(Fig. 6F).

However, the inhibition of GSH reductase was not associated
with a decreased tolerance toward MG in GLO1�/� Schwann
cells (Fig. 6H). Within the context of MG metabolism, this inhi-
bition of GSH reductase led only to a minor and non-significant
increase in MG but to a significant increase in MG-modified
proteins in three individual GLO1�/� Schwann cells (Fig. 6, G

FIGURE 1. Loss of GLO1 is not associated with increased levels of MG or MG-specific AGEs. A, representative Western blotting analysis of total cell extracts
(30 �g of protein) from Schwann cells (wild-type and three GLO1�/� clones; in parentheses, passage number after subculturing) probed with anti-GLO1
antibody and anti-�-actin antibody as a loading control. B, intracellular MG levels in wild-type Schwann cells and three individual GLO1�/� Schwann cell clones
cultured under baseline conditions (5 mM glucose). C, densitometry analysis and representative Western blotting of total cell extracts (30 �g of protein) from
Schwann cells (wild-type and three GLO1�/� clones) probed with anti-MG-H1 antibody detecting MG-modified arginine residues and anti-�-actin antibody as
a loading control. D, intracellular AGE levels of MG-modified arginine (MG-H1) and lysine (N-�-(carboxyethyl)lysine; CEL) residues after exhaustive enzymatic
digestion and determination via LC-MS/MS. Values are the mean of at least three independent experiments � S.E. Western blot bar graphs represent the mean
of three independent experiments � S.E.
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and I). Additionally, the inhibition of GSH reductase was
accompanied by an increase of both oxygen species in wild-type
and GLO1�/� Schwann cells (Fig. 6J).

Products of Alternative Detoxification Are Hydroxyacetone
and Lactaldehyde—To determine the products of this alterna-
tive detoxification pathway, labeled d4-MG was used. In wild-
type Schwann cells the most abundant peak was d4-D-lactate
paralleled by a slight increase in d4-hydroxyacetone (Fig. 7, A
and C). Incubation of cytosolic fractions from GLO1�/�

Schwann cells with d4-MG revealed no abundance of d4-D-lac-
tate but an increase in d4-hydroxyacetone and d4-lactaldehyde
(Fig. 7B). The distribution for those products was in favor of
lactaldehyde (90%) (Fig. 7C).

Discussion

Schwann cells are responsible for many aspects of peripheral
nerve biology, such as maintenance of axonal integrity, insula-
tion of axons, localization of sodium channels, and nerve regen-
eration. In diabetic neuropathy, most of those aspects are
malfunctioning (25, 26). Increased oxidative stress caused by
reactive compounds, derived from a disturbed energy metabo-
lism, contributes to the dysfunction of Schwann cells. The inef-
ficient detoxification of those reactive compounds, such as MG,
may indirectly be linked to the progression of diabetic neurop-
athy (27).

The glyoxalase system has been shown to have a key role in
preventing the harmful events of glycated proteins and lipids
via the removal of dicarbonyl species (7, 9, 28). The knockdown
of GLO1 was associated with diabetic nephropathy in healthy
wild-type mice, and a decreased capacity of GLO1 resulted in
dramatic accumulation of MG in diabetic patients (6, 29). In
contrast, the overexpression of GLO1 could prevent the accu-
mulation of MG and AGEs and has shown cyto-protective
effects in vitro and in vivo (10, 30). Recent research has focused
on the development of inducers for GLO1 activity, and the first
clinical trials have taken place for the establishment of a GLO1
enhancer in diabetic patients (31, 32). The attention paid to this
topic therefore highlights the importance of GLO1 in prevent-
ing the progression of diabetic complications.

Surprisingly, in our GLO1�/� model system we detected nei-
ther elevated MG nor MG-specific protein modifications. This
can be explained by a highly efficient AKR1b3, which tries to
imitate GLO1 in catalyzing excessive amounts of HTA, the
spontaneous product of MG and GSH. The higher catalytic
efficiency of GLO1�/� Schwann cells in converting HTA is
likely due to a post-translational modification of AKR1b3. The
up-regulation of iNOS and the increased NO levels are paral-
leled by elevated amounts of nitrosylated cysteine residues.
Interestingly, it has been shown frequently that MG can impair

FIGURE 2. Several types of oxidoreductases are potentially involved in the detoxification of MG in GLO1�/� Schwann cells. A, baseline mRNA expression
of different subtypes of AKR and ALDH in wild-type Schwann cells (�) and three individual GLO1�/� Schwann cell clones (f). Values for wild-type cells are
standardized to 100%. B, mRNA expression of different subtypes of AKR and ALDH in three different GLO1�/� Schwann cell clones with (f) and without (�) MG
treatment (50 �M; 6 h). C, mRNA expression of different subtypes of AKR and ALDH in wild-type Schwann cells with (f) and without (�) MG treatment (50 �M;
6 h). All data are normalized to �-actin and represent the mean of at least three independent experiments � S.E. ***, p � 0.0001; **, p � 0.001; *, p � 0.05; and
ns, not significant.
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NO homeostasis, and this has been related to endothelial dys-
function via a modulation of endothelial NOS (33, 34). Chang et
al. (35) concluded that the increased generation of NO in endo-
thelial cells was also related to the production of peroxynitrite
and therefore to the harmful effects of NO. In our study, recom-
binant AKR1b3, which has been nitrosylated ex vivo, showed
the same increased kinetic efficiency toward HTA similar to the
GLO1�/� Schwann cells. It was also shown that exogenous MG
increased the intracellular levels of NO even further, and in
turn the inhibition of iNOS was associated with an impaired
MG metabolism. Given this background, we have strong indi-
cations for a NOS-driven post-translational modification of
AKR1b3, which leads to a more efficient catalysis of GSH-
bound MG (HTA). Indeed, the S-nitrosylation of AKR1b3 at
Cys-298 and Cys-303 has been described elsewhere and is asso-
ciated with an increased activity of the enzyme that can be
reversed by glutathiolation (36, 37). Within this context, it is
interesting to note that the conversion of HTA by AKR1b3 in
GLO1�/� Schwann cells was paralleled by an intracellular
change in the ratio of oxidized/reduced GSH, potentially
caused by the necessity for a glutathiolation of nitrosylated
AKR1b3 to reverse it into a reduced form. The inhibition of
GSH reductase showed that GSSG levels are rising rapidly in
GLO1�/� Schwann cells. It seems to play a crucial role in those
cells to maintain the intracellular GSH pool in a range to pre-
vent cell death.

However, GLO1�/� Schwann cells would have an increased
demand for reducing agents like NADPH. This is on the one
side a result of the alternative detoxification through AKR1b3,

and on the other side it is due to the reduction of oxidized GSH.
Generation of reducing agents is only achievable with an
increased glycolysis, particularly with the pentose phosphate
pathway. Consequently, this would lead to increased reactive
oxygen species and MG production that causes the necessity for
even more reducing agents like NADPH, leading to a vicious
circle.

Vander Jagt et al. (18, 38) had previously shown that AKR1b3
can act as an aldehyde-reducing enzyme or a ketone-reducing
enzyme, resulting in the production of hydroxyacetone and lac-
taldehyde, respectively. In our study, we confirmed the data in
vivo using isotopically labeled d4-MG. The existence of �2%
d4-hydroxyacetone in wild-type Schwann cells after the conver-
sion of d4-MG indicates that the contribution of alternative
detoxification through AKR1b3 is minimal in healthy wild-type
Schwann cells. In GLO1�/� Schwann cells, the main product is
lactaldehyde due to a change in substrate specificity of AKR1b3.
Previous studies that have focused on alternative enzymes for
the detoxification of MG were based upon the idea that free
unhydrated MG will be detoxified directly through alternative
enzymes into hydroxyacetone or pyruvate, depending on
the tissue distribution of AKRs and ALDHs (18, 21). However,
the intracellular GSH concentrations are kept in a range that is
100-fold higher than cytosolic MG concentrations (38). This
guarantees an immediate binding of MG to GSH to form the
substrate of GLO1. As GSH is present in excessive amounts in
the cytosol and HTA has a dissociation constant of �3 mM, free
MG can only exist in low nanomolar traces in the cytosol, sug-

FIGURE 3. Aldo-keto reductases contribute to the efficient detoxification of hemithioacetal. A, kinetic profile of the AKR- (�) and ALDH (●)-catalyzed
reduction of MG in the cytosol of GLO1�/� Schwann cells. B, kinetic profile of the AKR-catalyzed reduction of MG in wild-type (●) and GLO1�/� (�) Schwann
cells. C, kinetic profile of the AKR-catalyzed reduction of HTA in wild-type (●) Schwann cells and three individual GLO1�/� (�) Schwann cell clones. AKR, Vmax
(�mol of NADPH/min/mg protein); Km (mM); ALDH, Vmax (�mol of NADH/min/mg protein); Km (mM). D, densitometry analysis and representative Western blot
of total cell extracts (30 �g of protein) from Schwann cells (wild-type and three GLO1�/� clones) probed with anti-AKR1b3 antibody and anti-�-actin antibody
as a loading control. All kinetic data represent the mean of at least four independent experiments � S.E. Western blot bar graphs represent the mean of three
independent experiments � S.E. ***, p � 0.0001.
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gesting its concentration is below the lowest affinity of AKRs
and ALDHs (39 – 41).

AKR1b3, commonly known as aldose reductase, is a ubiqui-
tously expressed enzyme, especially in cells of the kidney and
the peripheral nervous system. It is a catalyst with a broad range
of substrates with physiological significance, such as 4-hy-
droxynonenal, isocorticosteroids, glutathione conjugates, or
pollutants like acrolein (42). Much attention has been paid to
this protein for its crucial role as the initial enzyme of the polyol
pathway, where it produces sorbitol during hyperglycemic epi-
sodes in various tissues (25, 43). Glucose is preferentially taken
up into Schwann cells in peripheral neurons, which have natu-
rally high expression levels of AKR1b3 compared with cells of
other tissues (44, 45). This is the reason why a lot of effort has
been made in the last 2 decades to develop AKR1b3 inhibitors
to prevent diabetic complications caused by high sorbitol levels
(23). However, the results of a large number of new therapies
tested in clinical trials and animal experiments are contradic-
tory. From nine AKR1b3 inhibitors only epalrestat showed
slightly beneficial and non-adversarial health effects, and it is
only marketed for usage in Japan and India and not in the
United States or the European Union (24, 46). In this study, we
have demonstrated that the inhibition of AKR1b3 by epalrestat,
when GLO1 is lost, is associated with increased MG concentra-
tion and elevated AGE levels. It is therefore conceivable that in
diabetes the loss of GLO1 activity leads to the detoxification of
MG by AKR1b3. Within this context, the inhibition of AKR1b3,
far from preventing the accumulation of sorbitol, blocks the
remaining pathway by which other reactive metabolites can be
detoxified, leading to their accumulation and increased post-
translational modifications. The double-edged role of AKR1b3,
in activating the polyol pathway on the one side and detoxifying
reactive metabolites on the other side, is paradoxical and has to
be investigated in further studies. However, our study provides
a mechanism to explain why several AKR1b3 inhibitors have
failed in clinical trials for the treatment of diabetic complica-
tions. It shows for the first time a way to survive dicarbonyl-
mediated stress without the glyoxalase system in mammalian
cells. Although the cells are highly susceptible to exogenously
added MG, the intracellular MG concentrations of GLO1�/�

Schwann cells are held in a range similar to wild-type cells.
Undoubtedly, AKR1b3 contributes to the detoxification of
AGE precursors in cells of the peripheral nervous system,
whereas GLO1 is not as efficient as it should be. Within a clin-

ical context where GLO1 activity is reduced, such as in diabetic
and elderly patients, there is no clear-cut relationship between
patient outcome and GLO1 activity. This fact potentially indi-
cates the existence of an alternative pathway for MG detoxifi-
cation or the possibility that a low expression of GLO1 is
sufficient.

Experimental Procedures

Cell Culture—Primary murine Schwann cells immortalized
with SV40 large T antigen were obtained from the ATCC�

(Manassas, VA). Cells were grown in DMEM (Gibco) with 1
g/ml glucose containing 10% FCS (Sigma), 1% penicillin (10,000
units/ml) (Gibco), 1% streptomycin (10 mg/ml) (Gibco), and 1%
amphotericin B (250 �g/ml) (Gibco) at 33 °C in a saturated
humidity atmosphere containing 95% air and 5% CO2. Cells
were grown to 70% confluence for in vivo experiments and pas-
saged at 90% confluence using 0.05% trypsin/EDTA (Gibco).

Synthesized Chemicals—MG solution (40% w/v) was pur-
chased from Sigma. d4-MG was synthesized, as described pre-
viously (47), using d6-acetone. The concentration of MG was
determined by LC-MS/MS, as described. The concentration
and purity of the stock solutions were determined by 13C and
1H NMR using a Bruker AVANCE II NMR spectrometer. The
total purity of the unlabeled and labeled MG solutions was
60 – 65% with the major contaminants being methanol, acetate,
and acetone.

Antibody against MG-H1—A rat monoclonal antibody
against MG-H1 was developed in collaboration with the mono-
clonal antibody core facility at Helmholtz Centre in Munich,
Germany. Briefly, a peptide-based antigen was synthesized that
contained a single chemically defined MG-H1 residue (48). Fol-
lowing immunization of LouC rats with ovalbumin-coupled
MG-H1-modified peptide, hybridomas were generated accord-
ing to standard procedures. Hybridomas were screened for
reactivity toward the MG-H1 peptide antigen, and human
serum albumin was modified minimally with MG by ELISA and
Western blotting (49). Positive wells were established and
cloned twice by limiting dilution. One anti-MG-H1 monoclo-
nal antibody recognizing MG-H1, designated 6D7 (IgG2c), was
used in this study as culture supernatant. A more detailed char-
acterization of the anti-MG-H1 antibody will be published
elsewhere.

FIGURE 4. S-Nitrosylation of AKR1b3 is beneficial for the efficient detoxification of dicarbonyl species in GLO1�/� Schwann cells. A, intracellular levels
of nitric oxide species in wild-type (�) Schwann cells and three individual GLO1�/� (f) Schwann cell clones using flow cytometry and DAF-FM as a dye reagent.
B, enzymatic activity of nitric-oxide synthases in wild-type and GLO1�/� Schwann cells (clone 1), where 1 unit of NOS activity is the amount of enzyme required
to yield 1 �mol of nitric oxide/min. C, densitometry analysis and representative Western blot of whole cell lysates of wild-type Schwann cells and three
individual GLO1�/� Schwann cell clones with and without MG treatment (50 �M; 6 h) detecting nitrosylated cysteine residues using the iodoTMT switch
technique. Lysates were probed with anti-iodoTMT and �-actin as a loading control. D, baseline mRNA expression of the three different subtypes of nitric-oxide
synthases (NOS) in wild-type (�) Schwann cells and three individual GLO1�/� (f) Schwann cell clones. Values for NOS1 in wild-type Schwann cells were
standardized to 100%. E, intracellular MG levels in wild-type Schwann cells and three individual GLO1�/� Schwann cell clones treated with iNOS inhibitor 1400
W dihydrochloride (100 �M; 24 h). F, median lethal doses (LD50) for MG (48 h exposure time) in wild-type and GLO1�/� Schwann cells (clone 1) treated with iNOS
inhibitor 1400 W dihydrochloride (100 �M). G, densitometry analysis and representative Western blot of total cell extracts (30 �g of protein) from wild-type
Schwann cells and three individual GLO1�/� Schwann cell clones with and without 1400 W treatment (100 �M; 24 h), probed with anti-MG-H1 antibody
detecting MG-modified arginine residues and anti-�-actin antibody as a loading control. H, densitometry analysis and representative Western blot of recom-
binant AKR1b3 protein with and without exposure to a nitric oxide donor (streptozotocin). Blots were probed with anti-AKR1b3 antibody and stained with
Ponceau S staining as a loading control. I, enzymatic activity assay of recombinant AKR1b3 under substrate saturating conditions (2 mM of each) with (f) and
without (�) the exposure to a NO donor, where 1 unit is the amount of AKR1b3 that catalyzes the formation of 1 �mol of NADP in 1 min. All data represent the
mean of at least four independent experiments � S.E. Western blot bar graphs represent the mean of three independent experiments � S.E. ***, p � 0.0001;
**, p � 0.001; *, p � 0.05.
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Generation of CRISPR/Cas9-induced Glo1 Knock-out Cells—
Four sgRNAs (76, 171, 183, and 187) targeting exon1 and -2 of
the Glo1 locus were designed and cloned into a U6 promoter-
driven expression vector (pU6-gRNA) by Sigma. All sgRNAs
were tested for efficiency by transfecting together with the
Cas9-expressing plasmid pX330-U6-Chimeric_BB-CBh-hSp-

Cas9 (Addgene plasmid ID 42230) into C3H/10T1/2 mouse
embryonic cells. After 72 h, DNA was extracted using a Qiagen
QIAamp� DNA mini kit. T7 endonuclease assay using T7
endonuclease I (New England Biolabs) was performed with
primers flanking the modified site. sgRNA171 revealed the
most efficient performance with a gene editing efficiency of

FIGURE 5. AKR1b3 has an essential role in maintaining cellular viability and preventing MG accumulation, formation of MG-modified proteins, and
oxygen species. A, intracellular MG levels in wild-type Schwann cells and three individual GLO1�/� Schwann cell clones treated with AKR1b3 inhibitor
epalrestat (10 �M; 24 h). B, median lethal doses (LD50) for MG (48-h exposure time) in wild-type Schwann cells and three individual GLO1�/� Schwann cell clones
treated with AKR1b3 inhibitor epalrestat (10 �M), transfected with siRNA against AKR1b3 or control siRNA (MOCK), and transfected with mammalian expression
vector for AKR1b3 (overexpression, OE). Representative Western blots probed with anti-AKR1b3 antibody and anti-�-actin antibody as a loading control
demonstrate the decrease (siRNA) or increase (overexpression) in AKR1b3 protein expression. All data represent the mean of at least six independent
experiments � S.E. C, densitometry analysis and representative Western blot of total cell extracts (30 �g of protein) from wild-type Schwann cells and three
individual GLO1�/� Schwann cell clones with and without epalrestat treatment (10 �M; 24 h), probed with anti-MG-H1 antibody detecting MG-modified
arginine residues and anti-�-actin antibody as a loading control. D, intracellular levels of H2O2 or superoxide species in wild-type (WT) and GLO1�/� Schwann
cells (clone 1) treated with AKR1b3 inhibitor epalrestat (10 �M; 24 h) as determined by flow cytometry. ROS, reactive oxygen species. All data represent the
mean of at least four independent experiments � S.E. Western blot bar graphs represent the mean of three independent experiments � S.E. ***, p � 0.0001;
**, p � 0.001; *, p � 0.05.
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37% (specific recognition site, 5�-AGCACCAAGGTGGGT-
GAC-3�). GLO1-deficient Schwann cells were established by
transfecting with sgRNA171, plasmid pX330, and mTurquoise-
expressing plasmid (the kind gift from Dr. Joachim Goedhart
(50)) using a NEON� electroporation transfection system
(Thermo Fisher Scientific) with the following conditions: pulse

voltage, 1300 mV; pulse width, 20 ms; pulse number, 2.
Schwann cells were either transfected with an empty plasmid
containing only an mTurquoise vector (wild type) or with the
plasmid containing mTurquoise, sgRNA_171 and pX330
(GLO1�/�). Transfected cells were then sorted as single cells by
FACSAriaII (BD Biosciences). Positive transfected cells were
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detected by ultraviolet laser (excitation, 355 nm; filter, 379/28
nm) and were then cultured as sorted single cells and grown to
80% confluence before subculturing. In total, 19 clones based
on a single cell seeding strategy were cultured and analyzed for
GLO1 activity and protein expression. Based upon sequencing
analysis, clones 1, 3, and 4 were chosen for experiments, which
were then renamed as 1, 2, and 3, see under “Results.” The
methods and the sequencing results for those three individual
clones are summarized in the supplemental Materials and
Methods.

Overexpression/Silencing of AKR1b3 in GLO1�/�Schwann
Cells—Host Escherichia coli strain DH10B, including a mam-
malian expression vector (pCMV-SPORT6) for AKR1b3 (GE

Healthcare; clone ID, 3582788; insert sequence, BC004725),
was plated onto LB plates, including 100 �g/ml ampicillin, and
incubated overnight at 37 °C. Three individual clones were
picked and amplified in LB broth, including antibiotics for 12 h
at 37 °C, and isolated using GenEluteTM HP Plasmid MaxiPrep
kit (Sigma). Integrity of purified expression constructs was
validated by gel electrophoresis, and the concentration was
determined by absorbance measurements. 1 	 106 GLO1�/�

Schwann cells were transfected with 20 �g of AKR1b3 vector
using a NEON� electroporation transfection system (Thermo
Fisher Scientific) with the conditions described above. Speci-
fic AKR1b3 down-regulation/silencing was achieved using
siGENOME AKR1b3 siRNA (GE Healthcare; RNA accession

FIGURE 6 —continued

FIGURE 6. GSH reductase is required to preserve cellular GSH concentration in GLO1�/� Schwann cells and to assist in the detoxification of dicarbon-
yls. A, cytosolic GSH content after the incubation of wild-type (E) Schwann cells or three individual GLO1�/� (f) Schwann cell clones with HTA (0.2 mM) for 10,
20, 30, 60, 90, and 120 min. The dotted line indicates the time point (0 min) when HTA was added to the cells. B, cytosolic GSSG content after the incubation of
wild-type (E) Schwann cells or three individual GLO1�/� (f) Schwann cell clones with HTA (0.2 mM) for 10, 20, 30, 60, 90, and 120 min. The dotted line indicates
the time point (0 min) when HTA was added to the cells. All data represent the mean of at least three independent experiments � S.E. C, densitometry analysis
and representative Western blot of total cell extracts (30 �g of protein) from Schwann cells (wild-type and three GLO1�/� clones) probed with anti-GSH
reductase antibody and anti-�-actin antibody as a loading control. D, enzymatic activity assay of GSH reductase in the cytosol of wild-type (�) Schwann cells
or three individual GLO1�/� (f) Schwann cell clones under substrate saturating conditions (5 mM GSSG), where 1 unit is the amount of GSH reductase that
catalyzes the formation of 1 �mol of NADP in 1 min. E, cytosolic GSH content in wild-type (�) Schwann cells or three individual GLO1�/� (f) Schwann cell
clones treated with GSH reductase inhibitor 2-APAA (5�mM, 6 h). F, cytosolic GSSG content in wild-type (�) Schwann cells or three individual GLO1�/� (f)
Schwann cell clones treated with GSH reductase inhibitor 2-APAA (5 �M, 6 h). G, intracellular MG levels in wild-type (�) Schwann cells and three individual
GLO1�/� (f) Schwann cell clones treated with GSH reductase inhibitor 2-APAA (5 �M; 24 h). H, median lethal doses (LD50) for MG (48 h exposure time) in
wild-type and GLO1�/� Schwann cells (clone 1) treated with GSH reductase inhibitor 2-APAA (5 �M). I, densitometry analysis and representative Western blot
of total cell extracts (30 �g of protein) from wild-type Schwann cells and three individual GLO1�/� Schwann cell clones with and without 2-APAA treatment (5
�M; 24 h), probed with anti-MG-H1 antibody detecting MG-modified arginine residues and anti-�-actin antibody as a loading control. J, intracellular levels of
H2O2 or superoxide species in wild-type and GLO1�/� Schwann cells (clone 1) treated with GSH reductase inhibitor 2-APAA (10 �M; 24 h) as determined by flow
cytometry. ROS, reactive oxygen species. All data represent the mean of at least four independent experiments � S.E. Western blot bar graphs represent the
mean of three independent experiments � S.E. ***, p � 0.0001; **, p � 0.001; *, p � 0.05; ns, not significant.
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number NM_009658.3; protein accession number NP_033788.3).
Control groups (MOCK siRNA) were transfected with
siGENOME non-targeting siRNA pool (GE Healthcare; target
firefly luciferase mRNA U47296). 1 	 106 GLO1�/� Schwann
cells were transfected with 500 pmol of siRNA using a NEON�
electroporation transfection system (Thermo Fisher Scientific)
with the conditions described above. For both transfection
approaches, the cells were allowed to acclimatize for 6 h and
were then used for further experiments. Efficiency was assessed
by Western blotting 24 h after treatment.

Quantitative PCR—Extraction of RNA was achieved using a
peqGOLD MicroSpin Total RNA kit (Peqlab), which was then
converted into cDNA with a high capacity cDNA reverse tran-
scription kit (Thermo Fisher Scientific). qPCR was performed
using DyNAmo ColorFlash SYBR Green qPCR Master Mix
(Thermo Fisher Scientific) and a LightCycler� 480 Instrument
II (Roche Applied Science). Signals of amplified products were
verified using melting curve analysis, and mRNA levels were
normalized to �-actin. Relative expression levels were calcu-
lated using the 

Ct method described elsewhere (51). Primer
sequences used for analyzing mRNA content were as follows:
AKR1a1 (PrimerBank ID 10946870a1), forward 5�-AGCCTG-
GTCAGGTGAAAGC-3� and reverse 5�-GGCCTCCCCAAT-
CTCAGTT-3�; AKR1b3 (PrimerBank ID 31981909a1), forward
5�-AGGCCGTGAAAGTTGCTATTG-3� and reverse 5�-
ATGCTCTTGTCATGGAACGTG-3�; AKR1b8 (PrimerBank
ID 6679791a1), forward 5�-GACCAAGGCAGAATCCTC-
ACC-3� and reverse 5�-AGATGCCCTTCGAGTGACAGT-3�;
AKR1cl (PrimerBank ID 13386240a1), forward 5�-TTGGAAC-
AATCCCTGAGAAAGC-3� and reverse 5�-TGGCTAACCC-
TGAATCCTTACA-3�; AKR7a5 (PrimerBank ID 27659728a1),
forward 5�-CGGCCAGTCCGAGAACATC-3� and reverse 5�-
TTCAGTGACTTCCCTTCCCAG-3�; ALDH1a2 (PrimerBank
ID 6677665a1), forward 5�-CAGAGAGTGGGAGAGTGTTCC-
3� and reverse 5�-CACACAGAACCAAGAGAGAAGG-3�;
ALDH1a3 (PrimerBank ID 31542123a1), forward 5�-GGGTC-
ACACTGGAGCTAGGA-3� and reverse 5�-CTGGCCTCTT-
CTTGGCGAA-3�; ALDH3a2 (PrimerBank ID 6680678a1),
forward 5�-TCTCTGCCCTTTGGAGGTGT-3� and reverse

5�-AGCTGATCCTTGACAATCACAG-3�; NOS1 (PrimerBank
ID 6724321a1), forward 5�-CTGGTAAGGAACGGGTCAG-3�
and reverse 5�-CCGATCATTGACGGCGAGAAT-3�; NOS2
(PrimerBank ID 6754872a1), forward 5�-GTTCTCAGCCCA-
ACAATACAAGA-3� and reverse 5�-GTGGACGGGTCGAT-
GTCAC-3�; NOS3 (PrimerBank ID 31982150a1), forward
5�-GGCTGGGTTTAGGGCTGTG-3� and reverse 5�-CTG-
AGGGTGCGTAGGTGATG-3�.

Preparation of Total/Cytosolic Protein Extracts—For cytoso-
lic extracts 500 �l of cold lysis buffer (10 mM HEPES, 1.5 mM

MgCl2, 10 mM KCl, 0.5 mM DTT, 0.05% Nonidet P-40 supple-
mented with a pre-made protease inhibitor mixture (Sigma),
including 4-(2-aminoethyl)benzenesulfonyl fluoride, aprotinin,
bestatin, E-64, leupeptin, pepstatin A) was added to 3 	 106

cells. Samples were then homogenized by passing the lysate 20
times through a 20-gauge needle. After centrifugation (8000
rpm, 10 min, 4 °C), the supernatant was used for protein deter-
mination and further analysis. For total extracts, 500 �l of cold
radioimmunoprecipitation buffer (RIPA: 50 mM Tris-HCl (pH
7.5), 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxy-
cholate, 0.1% SDS, 0.5 mM DTT, 1000 units benzonase and sup-
plemented with a pre-made protease inhibitor mixture (see
above)) was added to 3 	 106 cells. Samples were vortexed and
sonicated for 30 s (50% power, 3 cycles) with an ultrasonic
homogenizer HD2070 (Bandelin). After 30 min of incubation,
samples were centrifuged (14,000 rpm, 10 min, 4 °C), and
supernatant was used for protein determination and further
analysis. All protein concentrations were determined using
the Bradford technique and BSA as calibration standard as
described previously (52).

Western Blotting—20 �g of protein was incubated in 2	
Laemmli buffer (Sigma) at 95 °C for 10 min and separated by a
Mini-PROTEAN� TGX (Bio-Rad) precasted gel (4 –20% acryl-
amide). Proteins were then transferred to a nitrocellulose mem-
brane and blocked with 2% dry milk (in PBS) or in the case of
protein modifications with a Pierce� protein-free blocking
buffer (Thermo Fisher Scientific) at room temperature for 1 h.
Membranes were then incubated overnight at 4 °C with anti-
bodies against GLO1 (1:1000 dilution; ab81461; rat; Abcam),

FIGURE 7. Product distribution after in vivo conversion of methylglyoxal in GLO1�/� Schwann cells is in the favor of lactaldehyde. A, representative
chromatogram of intracellular d4 products in wild-type Schwann cells 60 min after the exposure to d4-MG. Chemical structure displays the complex of labeled
d4-D-lactate/d4-hydroxyacetone and the derivatizing agent (PFBHA) B, representative chromatogram of intracellular d4 products in GLO1�/� Schwann cells 60
min after the exposure to d4-MG. Chemical structure displays the complex of labeled d4-lactaldehyde/d4-hydroxyacetone and the derivatizing agent (PFBHA)
C, product distribution of isotopically labeled intracellular metabolites in percent after the conversion of d4-MG in vivo. Wild-type and GLO1�/� Schwann cells
were exposed to isotopically labeled d4-MG (100 �M) for 60 min, and products were analyzed by LC-MS/MS.
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GSH reductase (1:1000 dilution; ab16801; rabbit; Abcam), aldo-
keto reductase 1b1 (1:1000 dilution; ab175394; rabbit; Abcam),
and �-actin (1:2500 dilution; 4967S; rabbit; Cell Signaling
Technology) in 2% dry milk containing PBS and 0.05% Tween
20 (PBS-T). After three washing steps (5 min each) with PBS-T,
membranes were incubated with horseradish-linked goat anti-
rat (1:2000 dilution; 7077S; Cell Signaling Technology) or goat
anti-rabbit (1:2000 dilution; 7077S; Cell Signaling Technology)
antibody for 1 h at room temperature. Proteins were visualized
on X-ray films using ECL detection reagents (GE Healthcare)
with varying exposure times (0.1–2 min). Protein expression
was determined using a densitometry analyzing software
QuantityOne (Bio-Rad) and normalized to �-actin expression.

Methylglyoxal Toxicity Assays—Viability assays were per-
formed with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium (MTT method) as described previously with some minor
changes (53). Cells were seeded into 96-well plates and grown
to 80% confluency under basal growth conditions. Cells were
then customized to DMEM with only 0.1% FCS for 24 h and
afterward exposed to increasing concentrations of MG (10 –
500 �M) for 48 h. For viability determination, 50 �l of MTT
solution (2 mg/ml in PBS) was added to the medium, and cells
were incubated at 33 °C for 2 h. Reduced MTT was then solu-
bilized in 200 �l of DMSO, and absorbance was measured at
590 nm (reference at 690 nm) using a FLUOstar OMEGA mul-
tiplate reader (BMG Labtech). Viability was calculated as a per-
centage of controls (untreated cells). Data were fitted by non-
linear regression using the GraphPad PRISM 6 software
(GraphPad Software Inc.), and values of LD50 were determined.

Determination of Intracellular GSH and GSSG—Cells were
exposed to 0.2 mM HTA for 10, 20, 30, 60, 90, and 120 min. HTA
was prepared according the Kd equations calculated previously
(41). Quantitative analysis of glutathione and glutathione disul-
fide were performed using an enzymatic recycling method as
described previously (54).

Detection of S-Nitrosylation and Production of S-Nitrosylated
AKR1b3—S-Nitrosylation was detected by the iodoTMT
switch technique, a modification of the biotin switch technique
described elsewhere (55) using a PierceTM S-nitrosylation
Western blotting kit (Thermo Fisher Scientific), according
to the manufacturer’s instructions. For the nitrosylation of
recombinant AKR1b3, streptozotocin was used as an NO
donor (56). To 1 �g of recombinant protein in sodium phos-
phate buffer (0.1 M (pH 7.2)), 0.1 mmol of streptozotocin was
added and incubated for 30 min at room temperature. S-Ni-
trosylated recombinant protein was washed and purified
using a spin filter column with a 3-kDa cutoff (Millipore).
Nitrosylation of recombinant AKR1b3 was confirmed by
Western blotting.

Enzymatic Activity Assays—Activity of GLO1 was deter-
mined spectrophotometrically as described previously (57).
Briefly, the method monitors the initial rate of change in absor-
bance at 235 nm caused by the formation of S-D-lactoylgluta-
thione through catalysis of GLO1. The assay mixture contained
2 mM MG and 2 mM GSH in sodium phosphate buffer (50 mM

(pH 6.6), 37 °C) and was incubated for 15 min to guarantee the
complete formation of HTA. After the addition of the cytosolic
protein fraction (1 �g/�l), the change in absorbance was mon-

itored for 15 min. The activity of GLO1 is described in units,
where 1 unit is the amount of GLO1 that catalyzes the forma-
tion of 1 �mol of S-D-lactoylglutathione/min.

The kinetic activity assay for AKR in cytosolic fractions was
performed as described previously with minor changes (58).
Briefly, activity was determined in 0.1 M sodium phosphate
buffer (pH 7.2) containing MG or HTA (0.1–2 mM) and 0.1 mM

NADPH at 25 °C. The reaction was monitored by following the
loss of NADPH at 340 nm. ALDH activity was assayed at 25 °C
in 75 mM Tris-HCl (pH 9.5) containing 10 mM DL-2-amino-1-
propanol, 0.5 mM NADP, and 0.1–2 mM MG by measuring the
rate of NADP formation at 340 nm (12). Activity for GSH
reductase was determined as described previously (59). For all
kinetic analyses, the data were fitted by nonlinear regression
using the GraphPad PRISM 6 software (GraphPad Software
Inc.), and Km and Vmax values were calculated. Activity for NOS
was determined using a commercially available kit (BioVision).
In this assay, NO generated by NOS reacts with a fluorescent
probe to generate a signal at excitation/emission � 360/450
nm, which is proportional to NOS activity.

Conversion of Labeled d4-MG by Wild-type and GLO1�/�

Schwann Cells—Product analysis was achieved by exposing
wild-type and GLO1�/� Schwann cells with 150 �M d4-MG (in
DMEM with 0.1% FCS). Cells were then treated with 1 ml of
ice-cold PBS and harvested using a cell scraper (Gibco). After
the addition of 100 �l of trichloroacetic acid (20% w/v in 0.9%
NaCl), lysates were vortexed and sonicated for 30 s (50% power,
3 cycles). After a short spin down (14,000 rpm, 5 min, 4 °C),
supernatant was stored at �20 °C or used directly for further
LC-MS/MS analysis.

Determination of Metabolites via LC-MS/MS—Hydroxyac-
etone, lactaldehyde, and lactate were determined using O-(2,3,
4,5,6-pentafluorophenyl) methyl hydroxylamine (PFBHA) as a
derivatizing agent as described previously, with some changes
(60). Supernatants (900 �l) from the previous method descrip-
tion were used for the derivatizing procedure (addition of 50
�l of PFBHA (5 mM) for 2 h at room temperature). After the
derivatizing procedure, 10 �l of sulfuric acid was added to
bind excessive PFBHA. Mixture was then mixed with 600 �l
of n-hexane, which was isolated and evaporated using a vac-
uum concentrator (Savant SpeedVacTM SC100) at room
temperature. Derivatized compounds were resolved in 100
�l of a H2O/acetonitrile mixture (50:50) and used for LC-
MS/MS analysis.

An Acquity UPLC class 1 liquid chromatography system
(Waters�) was used, and analytes were separated by reverse
phase LC on a Waters� Acquity BEH C18 column (1.7 �M,
2.1 	 50 mm) at a flow rate of 0.3 ml/min and a column tem-
perature of 40 °C. Gradient elution was performed using sol-
vent A (99.9% water � 0.01% formic acid) and solvent B (99.9%
acetonitrile � 0.01% formic acid). Gradient elution was per-
formed with a total run time of 1 h to guarantee a separation of
components with the same mass. The gradient started with 90%
solvent A and was increased to 90% solvent B over 50 min, and
then held at 90% solvent B for 5 min. The detection was carried
out on a XEVO TQ-S tandem quadrupole mass spectrometer
(Waters�) using positive electrospray ionization mode. Analyte
detection was performed using multiple reaction monitoring
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(MRM). Source parameters were set as follows: capillary volt-
age 3.8 kV; desolvation temperature 300 °C; desolvation gas
flow 850 liters/h; source temperature 150 °C; cone gas flow 250
liters/h; collision gas flow 0.15 ml/min; nebulizer gas flow 5 bar.
Identification was based upon retention times, two MRM tran-
sitions for each compound (qualifier and quantifier) and the
final comparison of standards with a defined concentration.
MRM transitions used and retention times were as follows:
hydroxyacetone (m/z 270.1 � 252.1 and m/z 270.1 � 181.1)
(retention time 23.88 min); d4-hydroxyacetone (m/z 274.1 �
256.1 and m/z 274.1 � 181.1) (retention time 23.86 min);
DL-lactate (m/z 284.2 � 266.1 and m/z 284.2 � 181.1) (retention
time 18.42 min); d4-DL-lactate (m/z 288.2 � 270.1 and m/z
288.2 � 181.1) (retention time 18.43 min); lactaldehyde (m/z
270.1 � 252.1 and m/z 270.1 � 181.1) (retention time 25.19
min); d4-lactaldehyde (m/z 274.1 � 256.1 and m/z 274.1 �
181.1) (retention time 25.17 min). Identification of products
after the conversion of d4-MG was based on the comparison of
retention times and the expected mass transitions of non-deu-
terated calibrators with a defined concentration. Acquisition
and quantification were completed with MassLynx 4.1 and Tar-
getLynx 2.7 (Waters�). The determination of MG and MG-de-
rived AGEs by stable isotopic dilution analysis via LC-MS/MS
was described previously (61, 62).

Determination of Reactive Oxygen, Superoxide, and Nitric
Oxide Species—Determination was based upon analysis via flow
cytometry/FACS. All incubation and washing steps of living
cells were done in Krebs-Ringer HEPES buffer (KRH), includ-
ing 136 mM NaCl, 4.7 mM KCl, 1.25 mM CaCl2, 1.25 mM

MgSO4, 10 mM HEPES, 0.1% fatty acid-free BSA (pH 7.4).
Treated and untreated cells were stained with Hoechst
33258 NucBlue� (Thermo Fisher Scientific) for the detec-
tion of viable cells. Determination of superoxide produc-
tion and reactive oxygen species was achieved incubating
Schwann cells with MitoSOXTM Red (10 �M in KRH buffer)
and CM-H2DCFDA (5 �M in KRH buffer) for 30 min under
reduced light conditions. For the determination of nitric oxide
species we used 4-amino-5-methylamino-2�,7�-difluorofluo-
rescein diacetate (DAF-FM; 5 �M in KRH buffer) (all reagents
from Thermo Fisher Scientific). After two washing steps, the
cells were trypsinized and resuspended in 1 ml of FACS-Buffer
(10% FCS, 1 mM EDTA in PBS). Analysis of fluorophores was
performed using a LSRII flow cytometer (BD Biosciences) by
gating initial cell population via forward scatter against side
scatter signals and detecting viable cells (Hoechst positive) by
violet laser (excitation, 405 nm; filter, 450/40 nm). Hoechst-
positive cells were then analyzed for MitoSOXTM Red by blue
laser (excitation, 488 nm; filter, 575/26 nm), CM-H2DCFDA,
and DAF-FM also by blue laser (excitation, 488 nm; filter,
530/30 nm).

Statistical Analysis—All data are expressed as mean values �
S.E. and were analyzed for significance using two-tailed
unpaired t test with Welch’s correction. The comparison of
more than one group was achieved using an ordinary one- or
two-way ANOVA followed by comparing all groups using
Tukey’s (one-way ANOVA) or Sidak’s (two-way ANOVA) mul-
tiple comparison test. Differences were considered significant
at p � 0.05.
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