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Multiple sclerosis (MS) is a demyelinating autoimmune disease in which innate and

adaptive immune cells infiltrate the central nervous system (CNS) and damage the myelin

sheaths surrounding the axons. Upon activation, infiltrated macrophages, CNS-resident

microglia, and astrocytes switch their metabolism toward glycolysis, resulting in the

formation of α-dicarbonyls, such as methylglyoxal (MGO) and glyoxal (GO). These potent

glycating agents lead to the formation of advanced glycation endproducts (AGEs) after

reaction with amino acids. We hypothesize that AGE levels are increased in MS lesions

due to the inflammatory activation of macrophages and astrocytes. First, we measured

tissue levels of AGEs in brain samples of MS patients and controls. Analysis of MS

patient and non-demented control (NDC) specimens showed a significant increase

in protein-bound Nδ-(5-hydro-5-methyl-4-imidazolon-2-yl)-ornithine (MG-H1), the major

AGE, compared to white matter of NDCs (107 ± 11 vs. 154 ± 21, p < 0.05).

In addition, immunohistochemistry revealed that MGO-derived AGEs were specifically

present in astrocytes, whereas the receptor for AGEs, RAGE, was detected on

microglia/macrophages. Moreover, in cerebrospinal fluid fromMS patients, α-dicarbonyls

and free AGEs correlated with their respective levels in the plasma, whereas this was

not observed for protein-bound AGEs. Taken together, our data show that MG-H1

is produced by astrocytes. This suggests that AGEs secreted by astrocytes have

paracrine effects on RAGE-positive macrophages/microglia and thereby contribute to

the pathology of MS.

Keywords: multiple sclerosis, neuroinflammation, α-dicarbonyl, advanced glycation endproducts, astrocytes

INTRODUCTION

Multiple sclerosis (MS) is an inflammatory disease of the central nervous system (CNS) and is the
major cause of disability in young adults inWestern countries (1). Although the exact trigger of MS
remains unidentified, an autoimmune response against the myelin sheaths is widely-considered
involved in disease onset and progression. This autoimmune response is caused by an interplay
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between the innate immune system and the adaptive immune
system (2). Autoreactive T-lymphocytes are recruited to the
CNS and reactivated by myelin phagocytosing macrophages
and microglia, thereby promoting neuroinflammation and
neurodegeneration (3). In addition to immune cells, CNS-
resident astrocytes contribute to the neuroinflammatory
response by secreting pro-inflammatory cytokines and
chemokines (4). Most patients (85%) present with the relapsing-
remitting MS disease course in which relapses result in episodes
of disability with full recovery between the relapses (1). Over
half of these patients enter the secondary progressive phase after
5–15 year of diagnosis which is characterized by progression of
the disease without full recovery caused by axonal damage (5).

The pro-inflammatory activation of immune and glial cells
such as macrophages, CNS-resident microglia and astrocytes
induces a switch in metabolism favoring glycolysis (6–8).
During glycolysis, methylglyoxal (MGO) is produced from
glyceraldehyde-3-phosphate and dihydroxyacetone phosphate,
and glyoxal (GO) directly from glucose (9, 10). MGO and GO
are major precursors in the formation of advanced glycation
endproducts (AGEs) (10). The interaction of MGO with arginine
leads to the formation of methylglyoxal-derived Nδ-(5-hydro-
5-methyl-4-imidazolon-2-yl)-ornithine (MG-H1), whereas its
interaction with lysine leads to the formation of Nε-(1-
carboxyethyl)-lysine (CEL) (11). Furthermore, interaction of
GO with lysine leads to the formation of Nε-(carboxymethyl)-
lysine (CML) (11). Degradation of protein-bound AGEs results
in single modified amino acids. AGEs, both in their free and
protein-bound form, are able to bind the surface receptor for
advanced glycation endproducts (RAGE). This leads to the
activation of downstream signaling pathways inducing oxidative
stress and NF-κB activation, which in turn results in the
production of pro-inflammatory cytokines (12, 13). To protect
our body against increased levels of MGO and GO, the glyoxalase
system, consisting of glyoxalase 1 (GLO1) and glyoxalase 2
(GLO2), degrades MGO, and GO (14), thereby limiting RAGE
activation and subsequent inflammation.

Previous research shows that AGEs accumulate in the adipose
tissue during obesity (15), in atherosclerotic plaques (16, 17)
and in the retina during diabetes (16, 18), diseases which are
all characterized by inflammation. AGEs also accumulate in the
brain during neurodegenerative and neuroinflammatory diseases
such as in Parkinson’s patients (19), and in the cerebrospinal
fluid (CSF) of Alzheimer’s patients (20). Furthermore, Sternberg
and colleagues have revealed that AGEs and RAGE are
present in the hippocampus of MS patients (21). They also
found that plasma protein-bound CEL levels are increased
in MS patients (22). More recently, we have revealed that
AGEs are increased in the spinal cord of mice subjected to
experimental autoimmune encephalomyelitis, an inflammatory
animal model of MS (23). Based on the above findings,
we hypothesize that AGE levels are increased in MS lesions
due to the inflammatory activation of macrophages and
astrocytes. In this study, we determined the cellular distribution
and quantitated tissue levels of AGEs in brain samples
of MS patients. In addition, we determined whether the
levels of α-dicarbonyls and AGEs in the CSF correlate with

plasma and elucidated whether these levels correlate with
disease parameters.

MATERIALS AND METHODS

Sample Collection CSF Study Population
CSF and paired plasma samples of MS patients (n = 18) were
obtained from the University Biobank Limburg, Belgium. The
group of MS patients consist of 9 relapsing remitting MS, 8
secondary progressive MS and 1 clinically isolated syndrome
patient. Medication use included the use of Tysabri R© (n = 1),
Gilenya R© combined with Methotrexate R© (n = 1), Endoxan R© (n
= 1), Copaxone R© (n = 1), and Methotrexate R© (n = 2). Twelve
MS patients were untreated. The study protocol was approved
by the Medical Ethical committee of the Jessa Hospital and of
Hasselt University, Hasselt, Belgium.

Sample Collection and Preparation of
MS Lesions
Frozen post-mortem tissue blocks containing brain lesions (n
= 15) of MS patients and white matter (n = 10) of non-
demented controls (NDCs) were obtained from the Netherlands
Brain Bank. The samples were matched for age and gender. MS
lesions were characterized by the Netherlands Brain Bank as
active, chronic active and chronic inactive (n= 5/group). Patients
diagnosed with type I or II diabetes mellitus were excluded from
this study. The study protocol was approved by the Medical
Ethical committee of Hasselt University and of the Jessa Hospital,
Hasselt, Belgium.

The post-mortem brain tissues containing brain lesions of
MS patients and white matter of NDCs were homogenized in
0.1M sodium phosphate buffer, pH 6.8, containing 0.02% Triton-
X (VWR International, Radnor, USA) and protease inhibitor
cocktail (Roche, Basel, Switzerland). Tissue lysates were used to
measure α-dicarbonyls, AGEs and GLO1 enzyme activity.

α-Dicarbonyl and AGE Measurements
α-Dicarbonyls methylglyoxal (MGO), glyoxal (GO), and 3-
deoxyglucosone (3DG), and AGEs Nε-(carboxymethyl)lysine
(CML), Nε-(1-carboxyethyl)lysine (CEL), and Nδ-(5-hydro-5-
methyl-4-imidazolon-2-yl)-ornithine (MG-H1) were analyzed in
the plasma, CSF, and post-mortem tissue samples using ultra-
performance liquid chromatography tandem mass spectrometry.
Protein bound AGEs were corrected for the amount of lysine,
determined with the samemeasurement and in the same samples,
as a measure for the amount of total protein, as described
previously (24, 25).

Immunohistochemistry
Paraffin sections of MS lesions and white matter of NDCs
were sectioned 7µm thick using a Leica microtome (Leica,

Abbreviations: 3DG, 3-deoxyglucosone; AGEs, Advanced glycation endproducts;

CEL, Nε-(1-carboxyethyl)lysine; CML, Nε-(carboxymethyl)lysine; CNS, Cental

nervous system; CSF, Cerebrospinal fluid; EDSS, Expanded disability scale score;

GLO1, Glyoxalase1; GLO2, Glyoxalase2; GO, Glyoxal; MG-H1, Nδ-(5-hydro-

5-methyl-4-imidazolon-2-yl)-ornithine; MGO, Methylglyoxal; MS, Multiple

sclerosis; NDCs, Non-demented controls; RAGE, Receptor.
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Wetzlar, Germany). Sections were deparaffinised using xylene
and rehydrated following a decreasing ethanol range. Incubation
for 10min at 37◦C with citrate buffer (1.6mM citric acid and
8.4mM trisodium citrate, pH 6.0) was used as antigen retrieval
method. Thereafter, sections were blocked using 1% BSA (Sigma-
Aldrich, Saint Louis, USA) in phosphate buffered saline (PBS).
Anti-MGO-derived AGEs [1:12.5 custom made, 1:84 biotin
labeled, custom made (16)], anti-GFAP (1:500, Sigma-Aldrich,
Saint Louis, USA), anti-Iba1 (1:500, Wako Chemicals, Neuss,
Germany), and anti-neurofilament (1:750, Sigma-Aldrich, Saint
Louis, USA) were used as primary antibodies. After washing
with PBS, sections were incubated for 1 h with the appropriate
FITC and TRITC fluorescently labeled secondary antibodies
(1:600, Invitrogen, Carlsbad, USA). DAPI staining, 10min at
room temperature, was used to visualize cell nuclei. Sections
were photographed using Leica fluorescent microscope (Leica,
Wetzlar, Germany) at 40x magnification.

Frozen MS lesions were cryosectioned at 5µm thickness.
Sections were air-dried for 30min, fixed for 10min in acetone
and subsequently washed in PBS. Anti-RAGE (1:50, Santa Cruz
Biotechnology, Dallas, USA), anti-Iba1 (1:500, Wako Chemicals,
Neuss, Germany), and anti-GFAP (1:300, Dako-Agilent, Santa
Clara, USA) were used as primary antibodies. After washing with
PBS, sections were incubated for 1 h with the appropriate FITC
and TRITC fluorescent labeled secondary antibodies (1:600,
Invitrogen, Carlsbad, USA). DAPI was used to stain cell nuclei.
Sections were photographed using Leica fluorescent microscope
(Leica, Wetzlar, Germany) at 40x magnification.

GLO1 Activity Assay
GLO1 activity was measured in protein lysates of human tissue
as described previously by McLellan et al. (26). In short,
GLO1 activity was measured using a spectrophotometry analysis
by determining the formation of S-D-Lactoylglutathione from
MGO at an absorbance of 240 nm during 30 min.

Statistical Analysis
Statistical analysis were performed using SPSS Statistics software,
version 24 (IBM Corporation, Armonk, USA) or GraphPad
Prism version 7 (GraphPad Software, La Jolla, USA). Baseline
characteristics of post-mortem samples from NDCs and MS
patients were analyzed using one-way ANOVA with Tukey’s
multiple comparisons test (GraphPad Prism). α-dicarbonyl and
AGE levels of the post-mortem material were analyzed using
one-sided unpaired t-test (GraphPad Prism), based on our
previous results obtained from our mouse model (23). Partial
correlation analysis was used to determine CSF α-dicarbonyls
and AGEs and disease parameters expanded disability scale score
(EDSS), number of relapses and disease duration. These data
were corrected for age, gender, medication use and glucose
concentration in the CSF using SPSS statistics. Linear regression
analysis was used to determine associations between plasma
α-dicarbonyls and AGEs and CSF α-dicarbonyls and AGEs
(GraphPad Prism). All data are presented as mean ± SEM. P ≤

0.05 was considered statistically significant.

RESULTS

MG-H1 Is Increased in the Lesion Area of
MS Patients
To determine whether the levels of α-dicarbonyls and AGEs
are increased in the lesions of MS patients compared to white
matter of NDCs, post-mortem lesions of 15MS patients and
10 white matter samples of NDCs were obtained (Table 1) and
levels of MGO, GO and free and protein-bound CML, CEL,
and MG-H1 were measured. The MS lesions were subdivided
into three categories: active lesions, chronic active lesions, and
chronic inactive lesions. Post-mortem delay (until storage) was
significantly higher for the chronic inactive lesions (Table 1).
However, there was no correlation between post-mortem delay
and α-dicarbonyl, protein-bound, and free AGE levels, arguing
that post-mortem delay did not affect the measurements
(Supplemental Figure 1). Levels of MGO and GO were not
altered in MS lesions compared to white matter of NDCs
(Figure 1A). Interestingly, protein-bound MG-H1, the major
MGO-derived AGE, was significantly higher in MS lesions (p
< 0.05), whereas CML and CEL were not different (Figure 1B).
Free AGE levels did not differ between MS lesions and brain
tissue of NDCs (Figure 1C). GLO1 activity was unaltered in
MS lesions compared to controls (Figure 1D). Together, these
data demonstrate that MG-H1 accumulates in the lesions of MS
patients, irrespective of the activity of GLO1.

MGO-Derived AGEs Are Present in
Astrocytes in MS Lesions
To determine which cell type mainly contributes to
AGE production in the CNS, fluorescent double staining
was performed on MS lesions to localize MGO-derived
AGEs combined with cell makers for astrocytes (GFAP),
macrophages/microglia (Iba1), and neurons (neurofilament).
MGO-derived AGE was detected in sections that contained
both lesion and NAWM. These stainings revealed that MGO-
derived AGEs are present in MS lesions and normal appearing
white matter of MS patients and primarily co-localize with
GFAP+ astrocytes (Figure 2A, indicated by the white arrows).
MGO-derived AGEs did not show co-localization with Iba1+

TABLE 1 | Baseline characteristics of post-mortem material of MS patients (n =

15) and NDCs (n = 10).

Active MS

lesion

(n = 5)

Chronic

active MS

lesion

(n = 5)

Chronic

inactive MS

lesion

(n = 5)

NDCs

(n = 10)

Age 69 ± 5 65.4 ± 7 58.8 ± 4 71.1 ± 0.8

Female, % 40% 60% 40% 70%

Post-mortem

delay (minutes)

549 ± 36 543 ± 47 606 ± 39* 427 ± 39

*p < 0.05 compared to NDCs.

Data is presented as mean ± SEM and analyzed using one-way ANOVA and Tukey’s

multiple comparisons test.
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FIGURE 1 | Protein-bound MG-H1 is increased in post-mortem MS lesions compared to white matter of NDCs. α-dicarbonyls MGO and GO (A), protein-bound (PB)

CML, CEL, and MG-H1 (B), free CML, CEL, and MG-H1 (C), and GLO1 activity (D) was determined in white matter post-mortem samples obtained from

non-demented controls (NDCs), and in post-mortem samples of MS lesions. Data is presented as Mean ± SEM. Data is analyzed using one-sided unpaired t-test.

macrophages/microglia (Figure 2B) or with neurofilament+

neurons (Figure 2C). In addition to MS lesions and NAWM,
we performed these stainings in white matter of NDCs and
confirmed that MGO-derived AGE was only present in the
GFAP+ astrocytes (Supplemental Figure 2).

In addition to AGE localization, RAGE distribution was
examined with fluorescent double staining to identify the

cell types capable of responding to AGE formation in the
CNS. RAGE was detected in sections that obtained both MS
lesion and NAWM. RAGE expression co-localized with Iba1+

macrophages/microglia (Figure 3A) while GFAP+ astrocytes
were not positive for RAGE (Figure 3B). Moreover, we observed
no presence of RAGE on neurons using DAB-staining (data
not shown).
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FIGURE 2 | MGO-derived AGE accumulates predominantly in astrocytes. Staining of MGO-derived AGE (red, TRITC) combined with GFAP (green, FITC) (A), Iba1

(green, FITC) (B), and neurofilament (FITC) (C) show that MGO-derived AGE accumulates in astrocytes in normal appearing white matter and lesions of MS patients

as indicated by the white arrows. Nuclei were stained with DAPI (blue). Representative of n = 4 staining.

FIGURE 3 | Iba1+ cells express the receptor of AGEs. Staining of RAGE (red, TRITC) combined with Iba1 (green, FITC) (A) and GFAP (green, FITC) (B) show that

RAGE is present on Iba1+ macrophages/microglia and absent on GFAP+ astrocytes in the normal appearing white matter and lesions of MS patients. Nuclei were

stained with DAPI (blue). Representative of n = 4 staining.

α-Dicarbonyls and AGEs in CSF Do Not
Correlate With Disease Parameters of MS
To assess whether α-dicarbonyl and AGE levels in the CSF are
correlated with disease parameters of MS, partial correlation
analysis was performed. CSF samples of MS patients were
obtained from the University Biobank Limburg. Baseline
characteristics of the study population are shown in Table 2.
No correlation was found between CSF AGE levels and
EDSS, the number of relapses, and duration of the disease

(Table 3). Interestingly, a significant negative correlation was
found between free MG-H1 in CSF and disease duration
(p < 0.05), and between protein-bound MG-H1 and EDSS
(p < 0.05) (Table 3).

α-Dicarbonyls and Free AGEs in CSF
Correlate With Plasma Levels
To determine whether AGE levels in plasma and CSF correlate,
α-dicarbonyl, free AGEs, and protein-bound AGEs were
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TABLE 2 | Baseline characteristics from MS patients (n = 18) included in the CSF

study population.

MS patients (n = 18)

Age 43.8 ± 3

Gender (female), % 78%

[glucose] CSF, mg/dL 61.3 ± 1

Medication use, % 33%

Clinically isolated syndrome, % 6%

Relapsing remitting MS, % 50%

Secondary progressive MS, % 44%

EDSS 4.2 ± 0.6

Duration of disease, years 6.4 ± 2

Number of relapses 2.6 ± 0.3

Duration of disease is determined as time between diagnosis and sampling of CSF. Data

is presented as Mean ± SEM or as percentage of the total group.

TABLE 3 | Correlation of CSF α-dicarbonyl and AGE levels with MS disease

parameters.

Correlations (R2)

EDSS Number of relapses Disease duration, years

MGO −0.175 −0.023 −0.153

GO −0.378 0.213 0.008

3-DG −0.242 −0.062 0.082

Free CML 0.125 −0.209 −0.357

Free CEL −0.32 −0.134 −0.165

Free MG-H1 0.284 0.014 −0.542*

PB CML −0.18 0.377 −0.152

PB CEL −0.099 0.306 −0.452

PB MG-H1 −0.551* 0.029 −0.12

*p < 0.05. Correlation is determined between MGO, GO, and 3DG, protein-bound (PB)

CML, CEL, and MG-H1, and free CML, CEL, and MG-H1 in the CSF with EDSS, number

of relapses and disease duration. Data is analyzed using partial correlation analysis and

corrected for age, gender, medication use, and [glucose]CSF .

determined in paired plasma and CSF samples of MS patients.
Plasma MGO (p = 0.005), GO (p = 0.02), and 3DG (p = 0.03)
levels significantly correlated with CSF levels (Figure 4A). In
addition, the free AGEs levels of CML (p = 0.009), and CEL
(p = 0.005) in plasma significantly correlated with their CSF
counterparts, and plasma levels of MG-H1 (p = 0.06) tended
to be correlated with CSF levels (Figure 4B). However, plasma
protein-bound CML, CEL and MG-H1 did not correlate with
CSF levels (Figure 4C).

DISCUSSION

In this study we showed that MGO-derived MG-H1 is
significantly increased in MS lesions and is mostly present in
astrocytes. In addition, we revealed that α-dicarbonyl and AGE
levels in the CSF do not correlate with disease parameters, but do
correlate with plasma levels.

AGE levels were measured in post-mortem samples of NDCs
and MS patients. This analysis revealed that protein-bound MG-
H1 levels were increased in MS lesions compared to the levels in
the white matter of NDCs. Protein-bound CML and CEL levels
and free AGE levels were comparable between MS lesions and
white matter of NDCs. Since MG-H1 is the major MGO-derived
AGE (11), the higher levels of MG-H1 suggest enhanced MGO
production in the lesions of MS patients. However, MGO levels
were not different in MS lesions compared to NDCs. Possibly,
the highly reactive MGO that is formed intracellularly rapidly
interacts with cellular proteins to form protein-bound AGEs. In
addition, excessively formed MGO may also rapidly leave the
cell due to simple diffusion given its small molecular weight. In
addition, we and others have previously shown that inflammation
decreases GLO1 activity (17, 23). The activity of GLO1, the major
MGO detoxifying enzyme, was similar between the white matter
of NDCs andMS lesions. These results indicate that the increased
levels of MG-H1 are likely due to increased MGO formation and
not due to decreased degradation by GLO1.

We found that MGO-derived AGEs mainly accumulate
in GFAP+ astrocytes in human MS lesions and in white
matter of NDCs. Moreover, in accordance with the findings
of Barateiro et al. (27), double staining of GFAP and Iba1
with RAGE showed that RAGE was expressed on Iba1+

microglia/macrophages in MS lesions, and not on GFAP+

astrocytes. These data indicate that AGEs are produced in
activated glycolytic astrocytes and could exert paracrine effects by
binding RAGE on microglia/macrophages. Activation of RAGE
results in the activation of NF-κB, which in turn induces the
production of pro-inflammatory cytokines and oxidative stress
(12, 13). It is known that RAGE expression is low under
physiological conditions and will increase its expression in an
inflammatory environment (28), suggesting that RAGE levels
are high in MS lesions. NF-κB activation, which plays a major
role in MS pathology, is present in and around MS lesions,
predominantly in the glial cells and infiltrated macrophages (29).
Moreover, it has been suggested that there is a link between
NF-κB related gene expression and clinical relapses (30, 31).
Although AGEs in the CSF did not correlate with disease
progression, we postulate that microglial and macrophage RAGE
activation contribute, at least partly, to the increased NF-κB
activation seen in MS lesions. This will in turn contribute to the
inflammatory state of the microenvironment of the CNS.

Linear regression analysis showed no positive correlations
between α-dicarbonyls and free AGEs with markers related
to disease progression, and the same holds true for protein-
bound AGEs. In fact, free MG-H1 in the CSF was negatively
correlated with disease duration and protein-bound MG-H1 in
the CSF was significantly negatively correlated with EDSS. One
explanation for the decreased MG-H1 levels, free and protein-
bound, with increasing disease progression and disability might
be that patients in the progressive phase of the disease, which
have most often a longer disease duration and score higher on
the EDSS, experience less relapses and thus less inflammation
(32). This could subsequently affect theMG-H1 levels in the CSF.
An important factor to take into account is that free MG-H1
may be able to cross the blood-CSF barrier seen by the strong
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FIGURE 4 | α-dicarbonyls and free AGEs in the plasma and CSF are correlated. Correlation is determined between MGO, GO, and 3DG (A), protein-bound (PB) CML,

CEL, and MG-H1 (B) and free CML, CEL, and MG-H1 (C) in the CSF and in the plasma. Data is analyzed using linear regression analysis and shows regression line

with 95% confidence band.

correlation between plasma and CSF free MG-H1. However, it is
unclear whether free MG-H1 in the CSF origins from MS lesions
and leaks into the periphery or whether free MG-H1 originates
from the periphery and enters the CSF. This needs to be further
investigated. It should also be mentioned that, although we
corrected for medication use in our statistic model, most of these
MS patients take anti-inflammatory treatments. These treatments
inhibit the inflammatory component of the disease and may
therefore interfere with the production of AGEs. Moreover,
whether or not patients experience a relapse at the moment
of CSF collection may have a significant impact on their AGE
levels, as active inflammation is present during relapses, inducing
AGE. Unfortunately, information whether patients experience a

relapse at the time of sample collection is not available. Another
explanation for the lack of correlation between α-dicarbonyl and
AGE levels with disease progression markers of MS could be
that α-dicarbonyls and AGEs reside in the CNS, intracellularly,
and are not released into the CSF. Altogether, our findings
indicate that use of AGE levels in the CSF as marker for disease
progression is limited.

CSF α-dicarbonyls and free AGEs, but not protein-bound
AGEs, correlate with their respective levels in the plasma. These
results suggest that there is a lack of exchange of protein-bound
AGEs between the plasma and CSF while α-dicarbonyls and free
AGEs are easily exchanged between the plasma and CSF. CSF is
produced in the CNS by the choroid plexus (33), which comprises
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the major part of the blood-CSF barrier and ensures separation of
blood and CSF. The passage of solutes and nutrients is controlled
by tight-junctions (34), and by various transporters (35). The
crossing rate across the blood-CSF barrier is inversely correlated
with the molecular weight of the substance, meaning the bigger
the substance, the less crossing over the blood-CSF barrier occurs
(36). This suggests that the small α-dicarbonyls and free AGEs,
consisting of single modified amino acids, are able to pass the
blood-CSF barrier more easily in contrast to the protein-bound
AGEs. This may explain why we did not found correlations
between protein-bound AGEs in the CSF and in the plasma.

In conclusion, we show that protein-bound MG-H1 is
increased in MS lesions compared to white matter of NDCs
and is present in activated GFAP+ astrocytes. This indicates
that MGO-derived AGEs formed in glycolytic astrocytes may
activate RAGE-positive microglia/macrophages in MS lesions
and contribute to the inflammatory microenvironment. Further
research is needed to elucidate whether lowering MG-H1
production in MS lesions is a therapeutic option for MS.
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Supplemental Figure S1 | Post-mortem delay is not correlated with

α-dicarbonyl, free, and protein-bound AGE levels. Using linear regression analysis,

the correlation between post-mortem delay (PDM) and α-dicarbonyls MGO and

GO (A), protein-bound (PB) CML, CEL, and MG-H1 (B) and free CML, CEL, and

MG-H1 (C), was determined. Data shows regression line with 95%

confidence band.

Supplemental Figure S2 | MGO-derived AGE accumulates predominantly in

astrocytes in white matter of NDCs. Staining of MGO-derived AGE (red, TRITC)

combined with GFAP (green, FITC) (A), Iba1 (green, FITC) (B), and neurofilament

(NF) (green, FITC) (C) show that MGO-derived AGE accumulates in astrocytes in

white matter of NDCs as indicated by the white arrows. Nuclei were stained with

DAPI (blue). Representative of n = 4 staining.
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