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ABSTRACT

Objective: The lack of effective treatments against diabetic sensorimotor polyneuropathy demands the search for new strategies to combat or
prevent the condition. Because reduced magnesium and increased methylglyoxal levels have been implicated in the development of both type 2
diabetes and neuropathic pain, we aimed to assess the putative interplay of both molecules with diabetic sensorimotor polyneuropathy.
Methods: In a cross-sectional study, serum magnesium and plasma methylglyoxal levels were measured in recently diagnosed type 2 diabetes
patients with (n ¼ 51) and without (n ¼ 184) diabetic sensorimotor polyneuropathy from the German Diabetes Study baseline cohort. Peripheral
nerve function was assessed using nerve conduction velocity and quantitative sensory testing. Human neuroblastoma cells (SH-SY5Y) and mouse
dorsal root ganglia cells were used to characterize the neurotoxic effect of methylglyoxal and/or neuroprotective effect of magnesium.
Results: Here, we demonstrate that serum magnesium concentration was reduced in recently diagnosed type 2 diabetes patients with diabetic
sensorimotor polyneuropathy and inversely associated with plasma methylglyoxal concentration. Magnesium, methylglyoxal, and, importantly,
their interaction were strongly interrelated with methylglyoxal-dependent nerve dysfunction and were predictive of changes in nerve function.
Magnesium supplementation prevented methylglyoxal neurotoxicity in differentiated SH-SY5Y neuron-like cells due to reduction of intracellular
methylglyoxal formation, while supplementation with the divalent cations zinc and manganese had no effect on methylglyoxal neurotoxicity.
Furthermore, the downregulation of mitochondrial activity in mouse dorsal root ganglia cells and consequently the enrichment of tri-
osephosphates, the primary source of methylglyoxal, resulted in neurite degeneration, which was completely prevented through magnesium
supplementation.
Conclusions: These multifaceted findings reveal a novel putative pathophysiological pathway of hypomagnesemia-induced carbonyl stress
leading to neuronal damage and merit further investigations not only for diabetic sensorimotor polyneuropathy but also other neurodegenerative
diseases associated with magnesium deficiency and impaired energy metabolism.

� 2020 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Diabetic sensorimotor polyneuropathy (DSPN) accounts for w75% of
diabetic neuropathies and is encountered in approximately 30% of
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people with diabetes [1]. While reliable diagnostic methods for DSPN
are available, the underlying mechanisms of this condition remain
incompletely understood, and therapies for treatment or prevention are
lacking.
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Methylglyoxal is highly reactive and one of the most potent dicarbonyls
leading to the formation of advanced glycation end-products (AGEs),
non-enzymatic protein and DNA modifications formed under influence
of glycemic and oxidative stress. Methylglyoxal originates mainly from
glucose and fructose metabolism or enzymatic and non-enzymatic
reactions of lipid and amino acid metabolism [2]. The enzymes
glyoxalase 1 (GLO I) and glyoxalase 2 (GLO2) form the integral parts of
the glyoxalase pathway. Methylglyoxal toxicity is closely associated
with GLO1 activity, which is the rate limiting step in the methylglyoxal
degradation [3].
Systemic methylglyoxal concentrations are increased in patients
with diabetes [4,5]. It has recently been suggested that increased
methylglyoxal levels recapitulate several aspects of type 2 dia-
betes, such as obesity, hyperglycemia, and insulin resistance [6].
In hyperglycemia, the higher glucose flux results in an accumu-
lation of triosephosphates [7], which in turn leads to increased
formation of methylglyoxal [5,8]. Neuronal tissue has a high de-
mand for energy, the exclusive source of which is glucose,
absorbed in large amounts independent of insulin under normo-
glycemic conditions. Thus, in diabetes, neuronal tissue is exposed
to a higher risk of methylglyoxal formation and accumulation. We
previously reported that methylglyoxal depolarizes sensory neu-
rons and induces post-translational modifications of the voltage-
gated sodium channel Nav1.8 [9]. Furthermore, several experi-
mental and clinical studies have demonstrated increased glycation
of neuronal tissue in diabetes [10e12], and various approaches to
preventing AGE formation or binding of AGEs to receptors
improved experimental diabetic neuropathy [13e15]. However,
clinical studies assessing the role of methylglyoxal in patients with
diabetic neuropathy have shown contradictory results [16e18],
while the putative mechanisms of methylglyoxal-induced DSPN
remain unknown.
Magnesium is the second most abundant intracellular divalent
cation. It is involved in several hundreds of metabolic reactions
where it mainly serves as a cofactor [19]. Magnesium plays an
important role in carbohydrate metabolism and cellular bio-
energetics. For example, magnesium is a crucial cofactor for car-
bohydrate metabolism enzymes, including pyruvate dehydrogenase
(PDH) [20], a-ketoglutarate dehydrogenase [21], and transketolase
[22]. There is substantial evidence from epidemiological studies
suggesting that both decreased magnesium intake and magnesium
status are associated with prediabetes and diabetes [23,24].
Furthermore, a recent cross-sectional study demonstrated that low
serum magnesium levels are associated with DSPN in patients with
type 2 diabetes [25]. Another study showed that lower serum
magnesium levels are associated with a lower composite z score of
compound muscle action potential and sensory nerve action po-
tential amplitudes in type 2 diabetes patients recruited from a
Chinese tertiary diabetes center, indicating that low serum mag-
nesium levels could affect peripheral nerve function through axonal
degeneration [26]. In experimental studies, oral magnesium
administration prevented diabetes induced thermal hyperalgesia in
rats [27] and improved nerve function and fostered nerve regen-
eration in mice with a sciatic nerve injury [28].
Enhanced glycation processes have been suggested to play a role
in the development and progression of long-term diabetic com-
plications, including DSPN. In addition to its neuroprotective effect
[29], magnesium plays an important role in glucose metabolism
[23,30]. Here, we reveal a putative link of methylglyoxal and
magnesium with DSPN in recently diagnosed type 2 diabetes
patients.
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2. MATERIALS AND METHODS

2.1. Volunteers
The study was approved by the local ethics committee (Heinrich Heine
University, Düsseldorf). All participants provided written informed
consent according to the Declaration of Helsinki. Volunteers were
participants of the prospective German Diabetes Study (GDS) and were
recruited consecutively at the German Diabetes Center in Düsseldorf.
GDS evaluates the long-term course of diabetes and its sequelae
(ClinicalTrials.gov Identifier: NCT01055093). A detailed study design
and cohort profile were described previously [31].

2.2. Peripheral nerve function
Nerve conduction velocity and quantitative sensory testing (QST) were
performed as previously described [32]. Median, ulnar, and peroneal
motor nerve conduction velocity (MNCV) as well as median, ulnar, and
sural sensory nerve conduction velocity (SNCV) were measured at a
skin temperature of 33e34 �C using surface electrodes (Nicolet Vik-
ingQuest, Natus Medical, San Carlos, CA, USA). QST included
assessment of vibration perception threshold (VPT) at the second
metacarpal bone and medial malleolus using the method of limits
(Vibrameter, Somedic, Stockholm, Sweden) and thermal detection
thresholds (TDT) following warm and cold stimuli at the thenar
eminence and dorsum of the foot using the method of limits (TSA-II
NeuroSensory Analyzer, Medoc, Ramat Yishai, Israel). Neurological
examination was performed using the Neuropathy Disability Score
(NDS) and Neuropathy Symptom Score (NSS) [33]. DSPN was defined
according to modified Toronto Consensus criteria [34]: Subclinical
DSPN (Stage 1a): NDS�2 points, NSS�2 points, and nerve conduction
studies (NCS) < 2.5th percentile; confirmed asymptomatic DSPN
(Stage 1b): NDS �3 points, NSS �2 points, and NCS<2.5th
percentile; confirmed symptomatic DSPN (Stage 2): NSS �3 points
and NCS<2.5th percentile.

2.3. Measurement of serum magnesium concentrations
Serum magnesium levels were determined in the baseline cohort of
the GDS participants and in the subgroup of individuals with a 5-year
follow-up using a Cobas c311 clinical chemistry analyzer (Roche
Diagnostic, Germany).

2.4. Measurement of plasma methylglyoxal concentrations
Plasma methylglyoxal was determined at the Department of Medicine I
and Clinical Chemistry (University Hospital Heidelberg) in the GDS
baseline cohort using high-performance liquid chromatography (HPLC)
after derivatization with 1,2-diamino-4,5-dimethoxybenezene as pre-
viously described [5]. To prevent overestimation of methylglyoxal levels
by peroxidases and trace metals, derivatization was performed in the
presence of sodium azide and diethylenetriaminepentaacetic acid
(DETAPAC), as described [35].

2.5. Compounds
Methylglyoxal solution (M0252; Sigma Aldrich, Germany). Retinoic acid
(R2625; Sigma Aldrich) - transcriptional factor of cell growth and
differentiation. 6,8-Bis(benzylthio)-octanoic acid (CPI-613) (SML0404;
Sigma Aldrich, Germany) - E1a pyruvate dehydrogenase modulator.

2.6. SH-SY5Y cell culture and differentiation
The human neuroblastoma SH-SY5Y cell line, obtained from Deutsche
Sammlung von Mikroorganismen und Zellkulturen (DSMZ, Germany),
was maintained at 37 �C in a humidified atmosphere of 5% CO2. Cells
were propagated in high glucose (25 mM) Dulbecco’s Modified Eagle
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Medium (DMEM) GlutaMax supplemented with 10% fetal bovine serum
(FBS), 25 mM HEPES, 1 mM pyruvate, 1,000 U/mL penicillin,
1,000 mg/mL streptomycin, and non-essential amino acids.
For neuronal differentiation, 1 mL/slide of cell suspension (1e4 � 105

cells) was transferred on sterile microscopy slides (Flex slides (DAKO),
Agilent Technologies, Germany), placed within a petri dish, and
incubated for 24 h. The medium was then removed, and 10 mL/dish of
medium supplemented with 10 mM of retinoic acid (Sigma Aldrich,
Germany) was added. During the differentiation process of 7 days,
retinoic acid supplemented medium was renewed every 2e3 days.

2.7. Treatment of differentiated cells
It has been shown previously that exposure of undifferentiated SH-
SY5Y neuroblastoma cells to 500 mM methylglyoxal results in a
reduction of cell viability by 50% [36]. Therefore, differentiated SH-
SY5Y cells were treated with 0, 400, and 800 mM of methylglyoxal
either alone or with 30 mM of MgCl2 (Sigma Aldrich, Germany) for
24 h.

2.8. Immunocytochemical staining
Following the treatments, SH-SY5Y cells and primary cortical neurons
were fixed in 4% paraformaldehyde (PFA) for 30 min at 37 �C by
adding 1 mL of 20% PFA solution (Electron Microscopy Sciences,
Hatfield, PA, USA) per 4 mL of medium. After fixation, cells were
washed 3 times with phosphate-buffered saline (PBS) and incubated
for 1 h at room temperature with primary antibodies diluted in 5%
Protein Block solution (DAKO, Denmark) containing 0.1% Triton-X:
rabbit anti-b-tubulin III (1:200; Sigma Aldrich, Germany) or rabbit
anti-a-tubulin (1:1,000; Abcam, Germany) and mouse anti-MG-H1
(1H7G5) (1:250; Hycultec GmbH, Germany). Cells were then washed
3 times with PBS and incubated with 1:600 donkey anti-rabbit-
Alexa488 and donkey anti-mouse-Alexa568 secondary antibodies
(Thermo Fisher Scientific, Germany) and 1 mg/mL Hoechst (Sigma
Aldrich, Germany) for 30 min at room temperature.

2.9. High-content image analysis (HCA) of SH-SY5Y cells
The Cellomics ArrayScan VTI platform (Thermo Fisher Scientific, Ger-
many) was used to acquire images (60 images/channel). In brief,
512 � 512 pixel (1 pixel ¼ 0.645 mm) 16-bit images were acquired
using an LD Plan Neofluar 20 � /0.4 objective (Zeiss, Germany) with a
40,6-diamidino-2-phenylindole (DAPI) filter for nuclear staining and a
BGRFR-386-23 filter for neuronal staining. Neuronal count and
neuronal morphology were analyzed with the Neuronal Profiling Bio-
application software v4.1 (NPBA, Thermo Fisher Scientific).

2.10. Analyses of protein expression and modification
Treated SH-SY5Y cells were lysed using RIPA lysis buffer (Sigma
Aldrich, Germany) containing complete protease inhibitor and Phos-
Stop phosphatase inhibitor cocktail for 2 h at 4 �C on a rotation-
shaker. The lysate was centrifuged at 10,000�g for 15 min and
the supernatant stored at �20 �C. For western blot analyses, protein
samples of the corresponding lysates were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using
10% horizontal gels and transferred onto Immobilon-P transfer
membranes (Merck Millipore, Germany) in a semi-dry blotting
apparatus. The membranes were blocked for 1 h with tris-buffered
saline (TBS) containing 0.1% Tween and 5% non-fat dry milk at
room temperature. Subsequently, the membranes were incubated
overnight with corresponding primary antibodies mouse anti-MG-H1
(1H7G5) (Hycultec GmbH, Germany) or rabbit anti-b-actin (Abcam).
After washing 3 times with TBS-Tween, the membranes were
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incubated with corresponding secondary horseradish peroxidase
(HRP)-coupled antibody (Promega, Germany). Enhanced chem-
iluminescence detection using Immobilon HRP substrate (Millipore,
USA) was used to process the membrane. Signals were visualized
using the Chemidoc station and analyzed with the Image Lab 5.2
software (BioRad, Germany). To minimize the possibility of unequal
total protein load, the level of MG-H1 protein modifications was
normalized to b-actin level in the corresponding sample.

2.11. Adult mouse sensory neuron culture
The experiments were performed at the Department of Internal Med-
icine (University of Iowa) in accordance with regulations specified by
the National Institutes of Health “Principles of Laboratory Animal Care”
and Iowa City VA Health Care System (IACUC approval number:
1891201). Adult mouse sensory neurons were isolated from dorsal
root ganglia (DRG) and grown in culture as described in [37]. Twelve-
week-old C57Bl/6J mice were anesthetized with Nembutal (75 mg/kg,
i.p., Abbott Laboratories, North Chicago, IL) and euthanized by cervical
dislocation. All cervical through lumbar level DRG were dissected
aseptically from vertebral column and placed in ice-cold Ca2þ/Mg2þ

free Hanks’ balanced salt solution ([HBSS], Gibco, Life Technologies
Corporation, Grand Island, NY, USA). Care was taken to remove spinal
nerves connected to the ganglia. Enzymatic dissociation was per-
formed by incubating DRG with 40 U/mL papain and 0.7 mg/ml L-
Cystein in Ca2þ/Mg2þ free HBSS for 20 min at 37 �C, followed by
incubation with 4 mg/mL of collagenase A (Roche Diagnostics, Man-
nheim, Germany) and 2 mg/mL of dispase (Gibco, Life Technologies
Corporation, Grand Island, NY, USA) in Ca2þ/Mg2þ free HBSS for
20 min at 37 �C. The enzyme solutions were kept in cell culture
incubator at 37 �C and 5% CO2 for 30 min prior to their addition to
ganglia. DRG were triturated in L-15 medium (Gibco, Life Technologies
Corporation, Grand Island, NY, USA) and neurons were separated from
debris and Schwann cells by centrifugation through a column of 15%
fatty acid free bovine serum albumin ([BSA], Roche Diagnostics,
Mannheim, Germany) in L-15 as described in [38]. After washing, cells
were gently resuspended in complete F-12 medium (Gibco, Life
Technologies Corporation, Grand Island, NY, USA) supplemented with
1% fatty acid free BSA, 100 U/mL penicillin, 100 mg/mL streptomycin,
and N-2 supplement. No exogenous growth factors were added at this
point. Neurons were plated on poly-D-lysine/laminin Biocoat glass
coverslips (Corning, Discovery Labware, Inc., Bedford, MA, USA) and
were allowed to adhere for 2 h at 37 �C and 5% CO2. Coverslips were
then flooded with pre-warmed complete F-12 medium with 50 ng/mL
nerve growth factor (NGF), or 5, 10, or 15 nM magnesium chloride or
combination of 1 nM of antimycin A and 16 mM of CPI-613 (6,8-
Bis(bezylthio)-octanoic acid) with or without 5, 10, or 15 mM of
magnesium chloride and incubated for 24 h. For the control condition,
cells were incubated in complete F-12 medium without nerve growth
factor.

2.12. Fluorescence immunocytochemistry and quantification of
neurite outgrowth in the DRG culture
After 24 h, the coverslips were washed twice with Caþþ/Mgþþ free
100 mM of PBS, pH 7.4 and fixed with 4% formaldehyde (Poly-
sciences, Inc., Warrington, PA, USA) in 100 mM of PBS for 20 min.
Non-specific binding was blocked by 1% BSA, 1% normal goat serum,
and 0.1% Triton X-100 in 20 mM of PBS at room temperature for
30 min. The blocking step was followed by incubation with neuronal
class III b-tubulin mouse monoclonal antibody (clone TUJ1,1:1,000
working dilution, Biolegend, San Diego, CA, USA) overnight at 4 �C and
then with secondary Alexa Fluor 546 conjugated goat anti-mouse
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Table 1 e Demographic and clinical characteristics.

Variable DSPN- DSPNþ

n (% male) 184 (64) 51 (77)
Diabetes duration (years) 0.0 (0.0; 0.0) 0.0 (0.0; 0.0)
Age (years) 53.9 (44.6; 60.4) 53.7 (48.0; 61.6)
BMI (kg/m2) 30.6 (27.3; 34.9) 30.7 (27.9; 35.2)
Current smoking status (% yes) 15 16
Heart rate (bpm) 69.1 (62.4; 76.0) 70.0 (63.9; 82.5)1

Systolic blood pressure (mmHg) 131 (120; 143) 134 (124; 145)
Diastolic blood pressure (mmHg) 74 (68; 80) 75 (72; 81)
Triglycerides (mg/dl) 126 (89; 189) 142 (88; 206)
Cholesterol (mg/dl) 199 (175; 234) 198 (167; 236)
HDL cholesterol (mg/dl) 46 (39; 54) 46 (38; 58)
LDL cholesterol (mg/dl) 126 (104; 152) 120 (92; 151)
Creatinine (mg/dl) 0.84 (0.74; 1.04) 0.89 (0.74; 0.97)
CRP (mg/dl) 0.30 (0.30; 0.50) 0.30 (0.30; 0.50)
HbA1c (%) 6.2 (5.9; 6.9) 6.6 (6.2; 7.3)
HbA1c (mol/mmol) 44.3 (41.0; 51.9) 48.6 (44.3; 56.3)
Magnesium (mmol/l) 0.86 (0.81; 0.91) 0.84 (0.78; 0.90)1

Hypomagnesemia [<0.74 mmol/l] (n/%) 9/4.9 6/11.8
NSS (points) 0.00 (0.00; 0.00) 0.00 (0.00; 4.00)1

NDS (points) 0.00 (0.00; 2.00) 2.00 (0.00; 4.00)1

Peroneal MNCV (m/s) 46.5 (44.0; 49.0) 38.6 (36.0; 41.1)1

Median MNCV (m/s) 54.0 (51.1; 56.9) 49.0 (47.0; 51.0)1

Ulnar MNCV (m/s) 56.8 (53.0; 60.0) 50.0 (47.0; 53.6)1

Sural SNCV (m/s) 46.0 (42.9; 49.0) 38.9 (35.0; 42.0)1

Median SNCV (m/s) 52.0 (48.0; 57.0) 49.0 (46.0; 54.4)1

Ulnar SNCV (m/s) 54.0 (51.0; 57.1) 52.0 (46.8; 55.0)1

Sural SNAP (mV) 8.83 (6.49; 12.23) 3.63 (1.81; 5.41)1

Median SNAP (mV) 5.55 (3.77; 7.73) 3.28 (1.81; 5.50)1

Ulnar SNAP (mV) 4.92 (2.85; 6.76) 2.60 (1.34; 3.99)1

Metacarpal VPT (mm) 0.36 (0.22; 0.60) 0.48 (0.30; 0.72)
Malleolar VPT (mm) 1.08 (0.48; 2.11) 2.05 (0.93; 4.25)
TDT hand cold (C�) 30.3 (29.9; 30.8) 30.4 (29.6; 30.8)
TDT hand warm (C� ) 33.9 (33.4; 34.5) 34.2 (33.6; 34.8)
TDT foot cold (C�) 28.9 (26.3; 30.1) 27.7 (25.7; 29.4)1

TDT foot warm (C� ) 39.2 (36.3; 42.8) 42.7 (38.3; 45.8)1

Data are presented as % or median (1st; 3rd quartile). 1P < 0.05 vs DSPN� (adjusted
for sex, age, BMI, and smoking status).
Abbreviations: BMI, body mass index; CRP, C-reactive protein; DSPN, diabetic
sensorimotor polyneuropathy; HbA1c, hemoglobin A1c; HDL, high-density lipoprotein;
LDL, low-density lipoprotein; MNCV, motor nerve conduction velocity; NDS, neuropathy
disability score; NSS, neuropathy symptom score; SNAP, sensory nerve action po-
tential; SNCV, sensory nerve conduction velocity; TDT, thermal detection thresholds;
VPT, vibration perception threshold.
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antibody (1:2,000 working dilution, Invitrogen, Life Technologies
Corporation, Eugene, OR, USA) for 2 h at room temperature. Coverslips
were mounted on glass slides with ProLong Diamond antifade reagent
(Invitrogen, Life Technologies Corporation, Eugene, OR, USA).
Z-stack images of neuronal cells were taken in steps of 1 mm for a total
range of 5e6 mm at 200� magnification with a Zeiss LSM710
confocal microscope and analyzed with Imaris software (version 7.6.4
X64, Bitplane, Zurich, Switzerland). Filament tracer module of Imaris
package automatically detects cell bodies, tracks neurites in 3D, and
quantifies the neurite length in mm. Cell bodies were excluded from our
image analyses, and the total neurite length was normalized by the
number of cell bodies in each image, thus producing a value of neurite
length in mm per neuron. Forty to 60 neurons were analyzed per
condition for each mouse, and the average values for one animal were
used to calculate the group means.

2.13. Statistical analyses
Categorical variables were compared using the chi-square (c2) test
and expressed as percentages of participants. Continuous data were
assessed using the parametric t-test or nonparametric ManneWhitney
U test and expressed as mean � SD or mean � SEM. Wilcoxon
matched-pairs signed rank test and repeated measures one-way
analysis of variance (ANOVA) test were applied to assess the effect
of different treatment conditions on SH-SY5Y and primary cells. Linear
multivariable least square and logistic regression analyses were per-
formed to determine associations between two variables.
In experimental settings, multiple linear regression analyses were used
to model the effect of magnesium and methylglyoxal on outcomes of
neuronal cell morphology such as neurite count, length, width, and
branch point numbers. To reduce batch (experiment) to batch vari-
ability, the observed morphological measures were batch adjusted
before analyses (by adding the difference of the overall mean and the
batch mean).
All statistical tests were performed two-sided. The level of significance
was set at a ¼ 0.05. All analyses were performed using SAS v9.4
(Cary, NC, USA) or SPSS v22.0 (Chicago, IL, USA) software. Graphs
were generated using GraphPad Prism 6 (La Jolla, CA, USA) software.

3. RESULTS

3.1. Plasma methylglyoxal concentrations are similar in recently
diagnosed type 2 diabetes patients with and without DSPN
Here, we studied 235 individuals recently diagnosed with type 2 dia-
betes from the prospective GDS [31] baseline cohort, 22% (n ¼ 51) of
whom had DSPN (DSPNþ) and 78% (n ¼ 184) did not have DSPN
(DSPN�) (Table 1). Among the 235 individuals from the baseline cohort
studied, 54% (n ¼ 127) had a follow-up after 5 years (Table 2).
The mean plasma concentration of methylglyoxal did not differ be-
tween DSPNþ and DSPN� individuals (mean � SEM: 304� 18 nM vs
276 � 8 nM). Serum magnesium concentrations were reduced in the
DSPNþ group compared to that in the DSPN� group (Figure 1A). In
addition, the magnesium concentration was inversely associated with
methylglyoxal (Figure 1B) and HbA1c (b¼�0.352/p¼ 0.012) levels in
the DSPNþ group.

3.2. Circulating methylglyoxal, magnesium, and their interaction
are strongly associated with DSPN
While plasma methylglyoxal concentration per se was not associated
with DSPN, comprehensive statistical analyses revealed a striking
association of circulating methylglyoxal concentrations and DSPN
when the interaction of circulating magnesium and methylglyoxal was
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included in the logistic regression model (Figure 1C). In addition,
circulating methylglyoxal was associated with lower peroneal motor
nerve conduction velocity (Figure 1D), higher warm thermal detection
threshold (TDT) (Figure 1E) and lower cold TDT (Figure 1F) on the foot.
Of note, increasing magnesium concentrations abolished and reversed
the adverse effect of methylglyoxal for all parameters (Figure 1CeF).
The interaction of magnesium and methylglyoxal was also predictive
for changes in the warm (Figure 1G) and cold (Figure 1H) TDT on the
foot over five years. Based on these findings and the fact that mag-
nesium is required for the catalytic activity of enzymes involved in
carbohydrate metabolism, we hypothesized that magnesium could be
neuroprotective in the context of DSPN by preventing potential
methylglyoxal-mediated neuronal injury.

3.3. Magnesium prevents methylglyoxal-mediated neurotoxicity
To determine the neurotoxic effect of methylglyoxal and the putative
neuroprotective effect of magnesium in vitro, differentiated neuron-
like SH-SY5Y cells were exposed to methylglyoxal alone (0, 400,
and 800 mM) or in the presence of 30 mM MgCl2 for 24 h. The
positive effect of magnesium supplementation on the cell number
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 2 e Demographic and clinical characteristics of the prospective GDS
cohort.

Variable Baseline 5y follow-up

n (% male) 127 (72) 127 (72)
Diabetes duration (months) 5.0 (3.0; 7.0) 66.0 (63.0; 68.0)
Age (years) 52.9 (45.8; 62.7) 58.3 (50.9; 67.0)
BMI (kg/m2) 31.0 (27.3; 35.2) 30.4 (27.7; 35.7)
Current smoking status (% yes) 13.4 18.9
Heart rate (bpm) 69.3 (64.7; 77.6) 70.5 (63.5; 77.7)
Systolic blood pressure (mmHg) 131 (122; 144) 132 (122; 144)
Diastolic blood pressure (mmHg) 74 (69; 82) 73 (66; 78)1

Triglycerides (mg/dl) 127 (89; 204) 143 (99; 237)1

Cholesterol (mg/dl) 199 (169; 231) 203 (175; 235)
HDL cholesterol (mg/dl) 46 (38; 55) 47 (39; 58)
LDL cholesterol (mg/dl) 123 (96; 151) 127 (104; 153)1

Creatinine (mg/dl) 0.94 (0.84; 1.04) 0.87 (0.73; 0.98)1

CRP (mg/dl) 0.24 (0.13; 0.50) 0.19 (0.09; 0.35)1

HbA1c (%) 6.2 (5.9; 6.9) 6.6 (6.2; 7.3)1

HbA1c (mol/mmol) 44.3 (41.0; 51.9) 48.6 (44.3; 56.3)1

Magnesium (mmol/l) 0.86 (0.81; 0.91) 0.83 (0.80; 0.88)1

Hypomagnesemia [<0.74 mmol/l] (n/%) 7/5.5 8/6.3
DSPN (%) 19.7 21.6
NSS (points) 0.00 (0.00; 0.00) 0.00 (0.00; 0.00)
NDS (points) 2.00 (0.00; 3.00) 2.00 (0.00; 4.00)
Peroneal MNCV (m/s) 45.0 (41.0; 48.0) 44.0 (40.0; 46.0)1

Median MNCV (m/s) 53.0 (50.9; 56.0) 53.0 (49.0; 55.0)1

Ulnar MNCV (m/s) 56.0 (51.8; 59.0) 54.0 (52.0; 57.0)1

Sural SNCV (m/s) 45.0 (40.3; 48.3) 44.0 (40.0; 48.0)1

Median SNCV (m/s) 52.0 (47.1; 57.7) 51.0 (45.0; 56.0)
Ulnar SNCV (m/s) 54.0 (51.0; 56.6) 52.0 (48.0; 55.0)1

Sural SNAP (mV) 8.07 (4.46; 11.41) 7.06 (4.07; 9.22)1

Median SNAP (mV) 5.14 (3.30; 7.60) 4.62 (3.00; 6.68)
Ulnar SNAP (mV) 4.08 (2.34; 6.68) 3.89 (2.40; 5.64)
Metacarpal VPT (mm) 0.37 (0.23; 0.56) 0.53 (0.36; 0.93)1

Malleolar VPT (mm) 1.11 (0.52; 2.38) 1.96 (0.97; 4.71)1

TDT hand cold (C� ) 30.4 (29.8; 30.8) 30.6 (30.2; 31.0)1

TDT hand warm (C�) 33.9 (33.4; 34.5) 33.8 (33.3; 34.5)
TDT foot cold (C� ) 28.2 (25.9; 30.0) 28.1 (26.0; 29.6)
TDT foot warm (C�) 39.9 (36.7; 43.1) 39.9 (37.0; 43.5)

Data are presented as % or median (1st; 3rd quartile). 1P< 0.05 vs baseline (Wilcoxon
matched-pairs signed rank test).
Abbreviations: BMI, body mass index; CRP, C-reactive protein; DSPN, diabetic
sensorimotor polyneuropathy; HbA1c, hemoglobin A1c; HDL, high-density lipoprotein;
LDL, low-density lipoprotein; MNCV, motor nerve conduction velocity; NDS, neuropathy
disability score; NSS, neuropathy symptom score; SNAP, sensory nerve action po-
tential; SNCV, sensory nerve conduction velocity; TDT, thermal detection thresholds;
VPT, vibration perception threshold.
and morphology in the presence of methylglyoxal was readily
discernible by comparing cell images (Figure 2A). To obtain a
comprehensive overview on the impact of the different treatment
conditions on the neuronal cell integrity (neurite count, length,
width, and branch point numbers), high-content image analyses
were performed. We first fitted a full model by estimating separate
means for all experimental settings. For all outcomes, the full model
can be simplified to a linear dose-response relationship of meth-
ylglyoxal without interaction with magnesium treatment (different
intercepts, equal slopes for the magnesium treated and untreated
experimental groups). R2 differences with respect to the full model
ranged from 0.8% to 5% and the corresponding P-values from 0.74
to 0.1. For neurite count and length, the simplified models are
illustrated in Figure 2B. In all models, the intercept in the
magnesium-treated group was strikingly lower than in the untreated
group (all P � 1.6�7). Moreover, the common slope of the
regression lines was different from zero (all P � 10�7). To compare
the protective effect of magnesium between different outcomes of
MOLECULAR METABOLISM 43 (2021) 101114 � 2020 The Authors. Published by Elsevier GmbH. This is an open a
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neuronal cell morphology, we estimated the concentration of
methylglyoxal at which the neurotoxic effect can be compensated by
30 mM of MgCl2 by calculating the horizontal distance of the two
parallel regression lines. For all morphological measures, these
levels turned out to be similar with a mean methylglyoxal concen-
tration of 696 mM (range: 610e784 mM). The protective effect was
magnesium specific because supplementation with the divalent
cations zinc and manganese had no effect on methylglyoxal
neurotoxicity (Figure 2C).

3.4. The neuroprotective effect of magnesium results from
intracellular reduction of methylglyoxal production
Methylglyoxal-mediated neurotoxicity depends on the detrimental
protein/DNA modifications. The analyses of cell lysates for methyl-
glyoxal 5-hydro-5-methylimidazolone (MG-H1) protein modifications
showed that magnesium supplementation leads to a reduction of MG-
H1 (Figure 2D). Further assessments revealed that magnesium had no
effect on supplemented methylglyoxal. The difference in the mean ratio
of MG-H1 modifications between medium alone and magnesium
supplemented medium was 0.84. After adjustment for the effect of
magnesium alone, the MG-H1 modification levels of the corresponding
samples without and with magnesium were almost identical
(Figure 2E). Therefore, the neuroprotective effect of magnesium
resulted exclusively from the reduction of intracellular methylglyoxal
formation only.

3.5. Magnesium supplementations prevents neurite degeneration
in DRGs resulting from downregulation of mitochondrial activity
Mitochondrial dysfunction has been implicated in the development of
DSPN [39]. There are several enzymes involved in glucose metabolism,
including mitochondrial function, that require magnesium as cofactor
[20e22]. Alterations in mitochondrial activity and resulting impaired
glucose metabolism lead to enrichment of triosephosphates, the pri-
mary source of methylglyoxal. Therefore, we aimed to determine
whether the downregulation of mitochondrial function in mouse DRG
cells would have an effect on neurite outgrowth and if so, whether
magnesium supplementation can reverse the negative impact. As
shown in Figure 2F, the downregulation of mitochondrial activity using
a pyruvate dehydrogenase (CPI-613) and mitochondrial complex III
(Antimycin A) inhibitor resulted in a 28% reduction of neurite length.
Magnesium supplementation completely reversed the adverse effect of
CPI-613 and Antimycin A.

4. DISCUSSION

AGEs and their receptor (RAGE) have been implicated in the
development of neurodegenerative disorders [40]. However, the
impact of glycation processes on the development and progres-
sion of diabetic neuropathy in humans remains unclear. Hansen
et al. could not find an association between serum methylglyoxal
and DSPN in longer-term type 2 diabetes patients [17]. In
contrast, other studies showed associations of AGEs and meth-
ylglyoxal hydroimidazolone with DSPN in patients with long-term
type 1 diabetes [16,18]. The ADDITION-Denmark study identified
higher methylglyoxal levels as a risk factor for incident DSPN [41].
Here, we demonstrate that while plasma methylglyoxal concen-
trations were similar, serum magnesium concentrations were
reduced in recently diagnosed type 2 diabetes patients with DSPN
compared to those with no DSPN. Serum magnesium concentra-
tions were also inversely associated with plasma methylglyoxal
levels in the DSPN group. Surprisingly, magnesium, methylglyoxal,
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 1: Serum magnesium concentration is inversely associated with methylglyoxal concentration and modulates the association of methylglyoxal with nerve function. (A) Serum
magnesium concentration in the DSPNþ and DSPN� group. (B) Inverse association of serum magnesium and plasma methylglyoxal in DSPNþ patients from the German Diabetes
Study (GDS). (C) Predicted association of methylglyoxal and DSPN for selected magnesium concentrations. (D and F) Predicted associations of plasma methylglyoxal with peroneal
motor nerve conduction velocity (MNCV), warm thermal detection thresholds (TDT), and cold TDT were at different magnesium concentrations. (G and H) Predicted methylglyoxal
associated changes in warm and cold TDT over five years for selected serum magnesium concentrations (Note: To obtain an approximate normal distribution, we transformed the
cold threshold in H to loge(D32 e cold TDT) before analyses. To achieve the original scale after calculating the models, the results could only be reported as % of (D32 e cold TDT)
and not as absolute values. Therefore, the pattern of the color lines for the cold threshold is reversed in H compared to F). For (A), data are represented as mean � SEM.
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Figure 2: Magnesium supplementation reduces intracellular methylglyoxal formation and attenuates methylglyoxal neurotoxicity. (A) Representative images of methylglyoxal
treated SH-SY5Y cells with and without magnesium supplementation. (B) Neuronal cell integrity under different treatment conditions with methylglyoxal and/or magnesium. (C) The
effect of different divalent cations alone or in the presents of 600 mM methylglyoxal on neuronal cell integrity. (D) Overall level of methylglyoxal-mediated MG-H1 modifications
under different conditions. (P < 0.05 vs xcontrol; $400 mM MG; y800 mM MG; z30 mM MgCl2) (E) The level of MG-H1 modifications after adjustment for the intracellular
methylglyoxal reduction. (F) Effect of pyruvate dehydrogenase inhibitor (CPI-613), complex III inhibitor (Antimycin A [AA]), and magnesium on neurite outgrowth in primary mouse
dorsal root ganglia cells. Data combined from (B) 8, (D) 6, and (C and F) 4 independent experiments are displayed as mean � SD for B and F and mean � SEM for C and D.
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and importantly their interaction were strongly associated with the
probability of having DSPN as well as nerve dysfunction. Under
experimental conditions, supplementation with magnesium exer-
ted a prominent neuroprotective effect against methylglyoxal-
neurotoxicity by reducing MG-H1 protein modifications. Of note,
magnesium had no effect on MG-H1 modifications caused by
supplemented methylglyoxal. However, it prevented intracellular
methylglyoxal formation, which was sufficient to mediate an
overall neuroprotective effect in methylglyoxal-treated cells. These
observations support our clinical findings and suggest that at
higher systemic magnesium concentrations, the adverse associ-
ations of higher systemic methylglyoxal levels with DSPN and
nerve dysfunction are reversed. Based on these two independent
observations, using a translational approach, it may be speculated
that in individuals with type 2 diabetes higher magnesium levels
lead to lower intracellular methylglyoxal levels. This in turn results
in a neuroprotective effect by reducing the intracellular level of the
detrimental MG-H1 protein modifications. Inhibition of mitochon-
drial function and consequently the cellular accumulation of tri-
osephosphates, the primary source of methylglyoxal, resulted in
neurite degeneration in primary mouse DRG cells. Magnesium
supplementation completely reversed neurite degeneration
resulting from inhibition of mitochondrial activity in DRG cells.
Based on the published data and our findings discussed above, we
propose a novel link between hypomagnesemia, carbonyl stress, and
neuronal damage. As shown in Figure 3, magnesium is required for the
catalytic activity of the key enzyme of the pentose phosphate pathway
and mitochondrial activity [20e22]. Therefore, magnesium deficiency
Figure 3: Schematic mechanism of hypomagnesemia-mediated overproduction of methy
which is metabolized in mitochondria (Krebs cycle) or alternatively through the PPP. Seve
(marked purple). Hypomagnesemia (Mg2þY) leads to reduced glucose metabolism in mito
phosphate (GA3P), and consequently dihydroxyacetone phosphate (DHAP). This results in i
reaction). The accumulation of methylglyoxal leads to an increased level of detrimental m
N(epsilon)-(1-carboxyethyl)lysine; GLO1, glyoxalase 1; GLO2, glyoxalase 2; GLUT, glucose
methylimidazolone; PDH, pyruvate dehydrogenase; PK, pyruvate kinase; TK, transketolase
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and hyperglycemia result in glyceraldehyde-3-phosphate and subse-
quently dihydroxyacetone phosphate accumulation. This leads to an
increased formation of methylglyoxal by methylglyoxal synthase, which
is an irreversible reaction. The glyoxalase system is responsible for
detoxification of methylglyoxal [3]. Magnesium is one of the major
divalent metal ions crucial for the catalytic activity of glyoxalase 1 [42],
the rate-limiting step in the methylglyoxal degradation. Therefore,
hypomagnesemia leads to methylglyoxal accumulation, formation of
detrimental methylglyoxal-mediated protein/DNA modifications, and
neurotoxicity.
Magnesium deficiency has been linked to both disturbances in car-
bohydrate metabolism and type 2 diabetes [23]. Furthermore, type 2
diabetes is associated with impaired mitochondrial function [43,44]. As
shown in Figure 3, several enzymes involved in glucose metabolism,
including PDH, require magnesium as cofactor for catalytic activity.
Under hyperglycemic conditions, the higher glucose flux and impaired
mitochondrial function due to magnesium deficiency leads to accu-
mulation of triosephosphates, which in turn leads to increased for-
mation of methylglyoxal [5,8]. Here, we demonstrate that inhibition of
mitochondrial activity was associated with neurite degeneration in
primary mouse DRGs. This adverse impact of lower mitochondrial
activity was completely abolished when the DRG culture was sup-
plemented with 10e15 mM of magnesium. This effect was probably
mediated by upregulation of the pentose phosphate pathway (PPP) and
mitochondrial activity, thereby reducing the triosephosphate concen-
tration and consequently methylglyoxal formation.
The strengths of the present study are the relatively large sample size
of type 2 diabetes patients, the detailed neurophysiological
lglyoxal leading to neurotoxicity. Hyperglycemia results in an increased glucose influx,
ral enzymes involved in glucose metabolism require magnesium for catabolic activity
chondria and pentose phosphate pathway (PPP), increased levels of glyceraldehyde-3-
ncreased formation of methylglyoxal from DHAP by methylglyoxal synthase (irreversible
ethylglyoxal-mediated protein/DNA modifications and neurotoxicity. Abbreviations: CEL,
transporter; KGDH, a-ketoglutarate dehydrogenase; MG-H1, methylglyoxal 5-hydro-5-
.
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assessment using sophisticated methodology, comprehensive statis-
tical analyses, and the detailed characterization of the neuronal cell
morphology using high-content image analysis. Moreover, multiple
data acquiring approaches were used that provided supportive results
for the hypothesis. These included a translational approach ranging
from human sampling to primary animal cells to cell culture. There are
also some caveats to consider. First, our findings apply only to in-
dividuals with recent onset rather than long-term diabetes. Second,
although a control group with normal glucose tolerance and magne-
sium measurements is part of the GDS, methylglyoxal concentrations
data for comparison with the type 2 diabetes groups were not avail-
able. Third, the association of magnesium, methylglyoxal, and their
interaction with nerve dysfunction is based on single snapshot values.
Data from multiple measurements over time for magnesium and
methylglyoxal would be more robust. Fourth, the impact of magnesium
on mitochondrial activity and MG-H1 protein modifications were not
determined in DRGs. Fifth, the neuroprotective effect of magnesium
was assessed using human neuroblastoma cells and mouse peripheral
neuronal cells. Future studies are needed to further characterize the
neuroprotective effect of magnesium using human peripheral neuronal
cells and under clinical settings.
In conclusion, because hypomagnesemia is associated with both DSPN
and increased methylglyoxal levels, magnesium supplementation
could be a promising therapy to protect from carbonyl stress-induced
nerve damage in DSPN.
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