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Pain and hyperalgesia are key danger signals that are evoked by physical 
insults, noxious chemicals and inflammation. Such danger signals are 
also present in patients with diabetic neuropathy despite losses in sen-
sory and autonomic functions in these individuals. Whereas the molecu-
lar mechanisms underlying inflammatory hyperalgesia are increasingly 
being unraveled, there is currently only a vague understanding of the 
mechanisms causing neuropathic pain in metabolic diseases such as 
diabetes1. In general, hyperglycemia has been emphasized as a major 
risk factor in these diseases; however, normalization of glucose concen-
trations has shown little benefit in affected individuals1–3.

Elevated glucose concentrations lead to increased formation of 
the highly reactive dicarbonyl metabolite methylglyoxal4, which is 

metabolized by glyoxalase 1 (GLO1) and GLO2 to the end product 
D-lactate4–7. As peripheral nerves have low GLO1 activity8,9, it has 
been reasoned that they might be particularly vulnerable to methyl
glyoxal accumulation. As has been shown in the model organism 
Caenorhabditis elegans, the glyoxalase system is essential for neuro-
nal integrity10. A recent study comparing the expression of GLO1 in 
various inbred mouse strains showed a negative correlation between 
GLO1 expression and mechanical hyperalgesia, implying that the 
balance between methylglyoxal and GLO1 might directly modulate  
pain perception9.

Increased electrical excitability seems to be the underlying cause of 
the generation of orthotopic or ectopic impulses in experimental rat 
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Methylglyoxal modification of Nav1.8 facilitates 
nociceptive neuron firing and causes hyperalgesia in 
diabetic neuropathy
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This study establishes a mechanism for metabolic hyperalgesia based on the glycolytic metabolite methylglyoxal. We found 
that concentrations of plasma methylglyoxal above 600 nM discriminate between diabetes-affected individuals with pain and 
those without pain. Methylglyoxal depolarizes sensory neurons and induces post-translational modifications of the voltage-gated 
sodium channel Nav1.8, which are associated with increased electrical excitability and facilitated firing of nociceptive neurons, 
whereas it promotes the slow inactivation of Nav1.7. In mice, treatment with methylglyoxal reduces nerve conduction velocity, 
facilitates neurosecretion of calcitonin gene-related peptide, increases cyclooxygenase-2 (COX-2) expression and evokes thermal 
and mechanical hyperalgesia. This hyperalgesia is reflected by increased blood flow in brain regions that are involved in pain 
processing. We also found similar changes in streptozotocin-induced and genetic mouse models of diabetes but not in Nav1.8 
knockout (Scn10−/−) mice. Several strategies that include a methylglyoxal scavenger are effective in reducing methylglyoxal- and 
diabetes-induced hyperalgesia. This previously undescribed concept of metabolically driven hyperalgesia provides a new basis for 
the design of therapeutic interventions for painful diabetic neuropathy.
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and human diabetic neuropathy11,12. Reduced potassium conductance 
and reduced Na+/K+ ATPase activity in diabetic nerves have been 
proposed as possible causes of increased excitability12–14, but changes 
in neuronal voltage-gated sodium channels (VGSCs), which trigger, 
shape and propagate action potentials, could also directly explain the 
increased excitability. The effect of diabetes on VGSC gene expression 
has yielded results with some discrepancies that cannot account for 
the coexistence of positive and negative symptoms in diabetic neu-
ropathy15–17. One particular VGSC, tetrodotoxin-resistant (TTXr) 
Nav1.8, is exclusively expressed in pain-signaling neurons or nocicep-
tors18,19; however, Nav1.8 transcription and expression are decreased 
in diabetic rats15,16 with increased TTXr sodium currents16–20. These 
seemingly contradictory findings led to a hypothesis that post- 
translational modifications in Nav1.8 by methylglyoxal could increase 
either voltage sensitivity or functional channel availability, causing 
the hyperexcitability that is responsible for diabetic hyperalgesia and 
spontaneous pain.

In this study, we show that increased concentrations of methylgly-
oxal may account for metabolic hyperalgesia. The link between hyper-
algesia and methylglyoxal is provided by nonenzymatic modifications 
of Nav1.8, which, in turn, modify its function. Our data provide 
evidence for a previously unidentified pathway in which methylgly-
oxal directly induces hyperalgesia and may provide new therapeutic 
options for the treatment of painful metabolic neuropathy.

RESULTS
We found that plasma methylglyoxal discriminated patients with type 2  
diabetes from healthy controls (Fig. 1a). Assessment of pain, deter-
mined by self report in the foot and graded on a ten point numerical 
scale, showed that the patients with diabetes could be subdivided into 
two groups: those with no pain and those with pain. Patients were con-
sidered to have pain when they reported more than seven points on 
the numeric scale. The mean pain scores for the two groups were 1.7 ±  
1.2 and 7.7 ± 1.0 (mean ± s.e.m.) (for those with no pain and those 
with pain, respectively). Patients with pain also reported significantly 

more burning sensations and had a trend towards increased dysesthesia 
(Fig. 1b). The groups did not differ significantly in their neuropathy 
deficit score or in a range of metabolic variables (Supplementary 
Table 1). We subsequently found that diabetes-affected individuals 
with pain had significantly higher concentrations of plasma methyl-
glyoxal (≥600 nM) compared to either healthy controls or diabetes-
affected individuals with no pain (Fig. 1a), which is consistent with 
recent observations in patients with type 1 diabetes21. To establish 
whether these elevated concentrations of methylglyoxal could affect 
neuronal function, we exposed cultured mouse dorsal root ganglion 
(DRG) neurons from healthy wild-type (WT) mice to plasma from 
either healthy controls or diabetes-affected individuals with or with-
out pain. We determined the induction of COX-2 as an indirect read
out for altered neuronal function. Plasma from patients with pain 
induced significantly more COX-2 transcription in the neurons than 
plasma from controls or patients with no pain (Fig. 1c). Treatment 
with trypsin of the plasma from patients with pain did not prevent 
COX-2 expression in the neurons. The supplementation with exo
genous methylglyoxal of plasma isolated from individuals with dia-
betes without pain to elevate the concentrations to those observed in 
patients with pain (≥ 600 nM) resulted in further increases in COX-2 
transcription in the neuron (Supplementary Fig. 1b). As the activity 
of GLO1 is low in peripheral nerves and is even lower in peripheral 
nerves of diabetic mice8,9 (Fig. 1d), we reasoned that neurons might 
be particularly likely to accumulate methylglyoxal.

Inhibition of GLO1 (ref. 22) by the cell-permeable inhibitor  
s-p-bromobenzylglutathione cyclopentyl diester in nondiabetic WT 
mice resulted in profound thermal hyperalgesia when the methyl
glyoxal plasma concentrations exceeded 600 nM (Fig. 2a). WT mice 
in which we induced diabetes with streptozotocin (STZ-induced  
diabetic WT mice) (8-week duration) showed a pronounced latency 
reduction in noxious heat withdrawal (Fig. 2b). Nondiabetic 
GLO1 knockdown (Glo1−/+) mice23 showed an equally pro-
nounced latency reduction compared to STZ-induced diabetic 
WT mice. STZ-induction of diabetes in Glo1−/+ mice (8-week 
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Figure 1  Methylglyoxal and pain in individuals with diabetes. (a) Plasma dicarbonyl concentrations in the patients with type 2 diabetes characterized in 
Supplementary Table 1 with and without pain. Data represent the mean ± s.e.m. n = 10 patients per group (comparisons were made using analysis  
of variance (ANOVA)). (b) Intensity of neuropathy symptoms in the studied diabetes-affected individuals with and without pain as assessed by self report  
in the foot and graded on a ten point numerical scale. Data represent the mean ± s.e.m. n = 10 patients per group (unpaired, two-tailed Student’s t test). 
(c) Quantification of COX-2 mRNA expression in DRGs isolated from healthy C57BL/6 WT mice treated with heat-inactivated plasma from healthy 
subjects (controls) or diabetes-affected individuals with and without pain. Where indicated, plasma samples from patients with diabetes and pain were 
pretreated with trypsin and neutralized using Soybean inhibitor. Data represent the mean of three independent experiments performed in triplicates ± s.d.  
n = 3 mice per group. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NS, not significant (unpaired, two-tailed Student’s t test). (d) Organ survey 
for GLO1 activity in tissue extracts from healthy and STZ-induced diabetic WT mice. Data represent the mean ± s.d. n = 10 mice per group.
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duration) had no further sensitizing effect. Systemic administra-
tion of methylglyoxal resulted in an increase in methylglyoxal 
plasma concentrations and a dose-dependent thermal hyperalgesia  
response within 3 h of administration (Fig. 2c and Supplementary 
Fig. 2a–c). The methylglyoxal-induced sensitization to noxious heat 
was obscured when the hot plate temperature applied was 55 °C rather 
than 50 °C, implying that methylglyoxal lowered the heat threshold 
but did not disable the nocifensive response (Supplementary Fig. 2d). 
Diabetes, GLO1 deficiency and systemic methylglyoxal administra-
tion also induced pronounced mechanical hyperalgesia (Fig. 2d and 
Supplementary Fig. 2e).

Increased concentrations of methylglyoxal in diabetic mice are 
caused, in part, by reduced GLO1 transcription, expression and activity  
(Supplementary Fig. 3a–c). We achieved fully comparable results 
to those in the STZ-induced diabetic WT mice when we studied  
methylglyoxal concentrations in spontaneously diabetic BKS db/db 
mice24 (Supplementary Fig. 4). The observed robust thermal and 

mechanical hyperalgesia in the STZ-induced diabetic WT mice after 
8 weeks of hyperglycemia occurs at a time in which nonspecific 
STZ-derived inflammatory processes have dispersed24 and no 
gross morphological changes in peripheral nerves are present on 
the ultrastructural level (data not shown). In STZ-induced diabetic 
WT mice, we found an induction of COX-2 immunoreactivity in the 
hindpaw epidermis (Supplementary Fig. 3d), which is consistent 
with the COX-2–inducing effect of patient plasma on DRG neurons  
(Fig. 1c and Supplementary Fig. 1b) and with excessive prosta
glandin formation in diabetic rat skin18. Thus, non-neuronal and 
neuronal induction of COX-2, a marker of cellular activation and a 
producer of sensitizing eicosanoids18, may be driven by increased 
concentrations of methylglyoxal.

Overexpression of GLO1 in STZ-induced diabetic WT mice  
(8-week duration) by somatic gene transfer resulted in an increase 
in sciatic GLO1 activity, decreased plasma methylglyoxal concen-
trations and reduced thermal hyperalgesia (Fig. 3a–c). This effect 
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Figure 2  Exogenous methylglyoxal (MG) and STZ-induced diabetes induce thermal hyperalgesia. (a) Inhibition of GLO1 by the cell-permeable inhibitor 
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WT mice 8 weeks after STZ-induced diabetes, as measured by Hot Plate assay. Data represent the mean ± s.e.m. n = 20–25 mice per group (ANOVA).  
(c) Responses to heat stimulation by Hot Plate assay in methylglyoxal-treated WT mice. Plasma was isolated for methylglyoxal anaylsis by HPLC.  
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Figure 3  Overexpressing GLO1 or scavenging methylglyoxal by a synthetic peptide reduces thermal  
hyperalgesia in methylglyoxal-treated and diabetic mice. STZ-induced diabetic mice were treated  
every 2 d for 10 d with either GLO1-overexpressing vector (GLO1) or control vector (pGL3). (a) GLO1  
activity in sciatic nerve tissue. Data represent the mean ± s.d. n = 5 mice per group (unpaired,  
two-tailed Student’s t test). (b) Plasma methylglyoxal concentrations. Data represent the mean ±  
s.e.m. n = 10 mice per group (unpaired, two-tailed Student’s t test). (c) Thermal hyperalgesia after  
10 d of treatment with the GLO1-overexpressing vector by intravenous injection into the tail vein.  
Data represent the mean ± s.e.m. n = 10 mice per group (unpaired, two-tailed Student’s t test).  
(d) A synthetic peptide, GERP10 (GERP), was designed containing ten arginine residues per molecule  
to act as an effective in vivo scavenger of methylglyoxal. The peptide GEAP10 (GEAP) served as an  
arginine-free control. (e) Healthy WT mice were injected with GERP or the control peptide GEAP before  
injection of methylglyoxal. Hyperalgesia was assessed 3 h after methylglyoxal injection by Hot Plate assay.  
Data represent the mean ± s.e.m. n = 10 mice per group (ANOVA). (f) The effects of GERP and GEAP on diabetes-induced hyperalgesia in STZ-induced 
diabetic WT mice. Data represent the mean ± s.e.m. n = 10 mice per group (ANOVA).
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was independent of the pathway involving the advanced glycation 
endproducts (AGEs) and their receptor (the AGE-RAGE pathway), 
as systemic administration of carboxymethyl-lysine (800 nM, 3 h)  
did not induce thermal hyperalgesia (data not shown). Further, injec-
tion of methylglyoxal (5 µg, 3 h) into RAGE knockout (Ager−/−) mice 
caused thermal hyperalgesia that was indistinguishable from that 
observed in the STZ-induced diabetic WT mice (data not shown). In 
contrast, treatment with either aminoguanidine, a scavenger of free 
methylglyoxal, or alagebrium (ALT-711), a compound that breaks 
AGE-derived crosslinks in proteins, inhibited methylglyoxal-induced 
hyperalgesia in methylglyoxal-treated WT mice (Supplementary 
Fig. 5), implying that de novo post-translational modifications of 
membrane proteins are responsible for the increased sensitivity and 
excitability of primary sensory neurons in these mice. To scavenge 
excessive concentrations of methylglyoxal in vivo, we designed an 
arginine-rich peptide (GERP10) and a control peptide devoid of 
arginine (GEAP10) (Fig. 3d). Systemic administration of GERP10 
reduced thermal hyperalgesia in both methylglyoxal-treated WT mice 

(Fig. 3e) and STZ-induced diabetic WT mice (Fig. 3f), with a half-life 
of approximately 80 h, whereas systemic administration of GEAP10 
had no effect in either of these groups.

To identify a possible protein target of post-translational modifica-
tions by methylglyoxal, we determined the expression of VGSCs in 
DRGs. Transient receptor potential V1 (TRPV1) and COX-2 expres-
sion served as positive controls for DRG expression25,26. Expression of 
Nav1.7 and Nav1.9 did not differ between the DRGs from nondiabetic 
WT and STZ-induced diabetic WT mice, whereas Nav1.8 expression 
was slightly lower, but not significiantly lower, in the STZ-induced dia-
betic WT mice compared to the nondiabetic WT mice15,16 (Fig. 4a). 
Methylglyoxal-induced modifications of arginine residue(s) within 
the DIII-DIV linker of Nav1.8 (comprising its inactivation gate) 
might alter the gating properties of Nav1.8. Immunoprecipitations 
of DRGs isolated from rats treated with methylglyoxal, healthy WT 
mice treated with methylglyoxal, STZ-induced diabetic WT mice 
(8-week duration) and healthy Glo1−/+ mice showed that modifica-
tions of Nav1.8 by methylglyoxal were increased in the presence of 
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n = 10 mice per group (unpaired, two-tailed Student’s t test). (b) Methylglyoxal-modification of Nav1.8, Nav1.7  
and TRPV1 in vivo from control (Con) and methylglyoxal-treated (MG) Wistar rats. The experiment was repeated  
three times with identical results, and one representative western blot is shown. (c) Methylglyoxal-modification  
of Nav1.8 in vivo from control healthy (Con), methylglyoxal-treated (MG), STZ-induced diabetic (Diab) and  
healthy Glo1−/+ (Glo1−/+) mice. For each group, DRGs were pooled from at least ten mice. Human sciatic nerve material was obtained from biopsies from 
patients with (Diab) or without diabetes (Con). The experiment was repeated three times with identical results, and one representative western blot is 
shown. (d) Methylglyoxal directly binds to the arginine residue in the Nav1.8 activation gate. The DIII-DIV linker of murine Nav1.8 was synthesized and 
incubated without (control) or with methylglyoxal in an either 1:5 (minimally modified) or 1:10 (maximally modified) molar ratio35. A single peak with 
[M+H]+ 6,031 (peak 1) was observed under control conditions. Under both minimal and maximal conditions, a modified peptide was observed with 
a mass difference of 54 Da (peak 2; 6,085 Da versus 6,031 Da), which corresponds to the modification of the arginine residue at position 43 of the 
peptide by methylglyoxal to form the hydroimidazolone MG-H1. (e) Effects of in vivo siRNA treatment on the expression of Nav1.7, Nav1.8 and TRPV1 
in healthy WT DRGs, as determined by real-time PCR. Data represent the mean ± s.d. n = 3 mice per group (unpaired, two-tailed Student’s t test).  
(f) Effects of in vivo siRNA treatment for Nav1.8 in healthy WT DRGs, as determined by immunocytochemistry. The experiment was repeated three 
times with identical results, and one representative staining is shown. Scale bars, 50 µm. (g) Effect of in vivo siRNA treatment for Nav1.7, Nav1.8 and 
Nav1.9 on methylglyoxal-induced thermal hyperalgesia in mice. Data represent the mean ± s.e.m. n = 10 mice per group (unpaired, two-tailed Student’s 
t test). (h) Effect of exogenous methylglyoxal on hyperalgesia in healthy WT mice, WT littermates of the Nav1.8 knockout mice (Scn10a+/+) and Nav1.8 
knockout mice (Scn10a−/−). Data represent the mean ± s.d. n = 5 or 6 mice per group (unpaired, two-tailed Student’s t test).
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methylglyoxal, diabetes and the deficit in GLO1 (Fig. 4b). Further, 
in sciatic nerve tissue isolated from patients with or without diabetes  
who had amputations resulting from peripheral artery disease,  
we observed that the patients with diabetes had substantially more 
modifications of Nav1.8 by methylglyoxal than the patients without 
diabetes (Fig. 4c). Incubation of a peptide, comprising the inactivation 
gate of Nav1.8, with methylglyoxal followed by a mass spectrometry 
analysis confirmed that methylglyoxal binds to the arginine residue 
within the Nav1.8 inactivation gate sequence (Fig. 4d). When we incu-
bated plasma from diabetes-affected individuals with the peptide, 
peptide mapping confirmed methylglyoxal binding to the arginine 
residue in the Nav1.8 inactivation gate (Supplementary Fig. 6).

Systemic treatment of WT mice with siRNA targeting Nav1.7, Nav1.8  
or TRPV1 resulted in a significant inhibition of the respective 
mRNA (Fig. 4e,f). The Nav1.8 knockdown was paralleled a by loss of  
methylglyoxal-induced thermal hyperalgesia (Fig. 4g and 
Supplementary Fig. 7a). In addition, the Nav1.8 knockout mice 
were not only protected from methylglyoxal-induced hyperalgesia  
but actually showed hypoalgesia; we observed wild-type litter-
mates of the NAV1.8 knockout mice (Scn10a+/+) to have a similar  
methylglyoxal-induced hyperalgesia to the C57BL/6 mice used 
throughout the study (Fig. 4h and Supplementary Fig. 7b).

We also found that in vivo pretreatment with methylglyoxal of 
healthy WT or Nav1.8 knockout mice facilitated the potassium-
induced and noxious-heat–induced release of the proinflammatory 
neuropeptide calcitonin gene-related peptide (CGRP) from cutaneous 
nociceptors in vitro (Fig. 5a), indicating increased responsiveness to 
both nonspecific and heat-transduced membrane depolarization of 
the skin nerve endings as a result of the pretreatment with methyl
glyoxal. Sensitization to heat, but not the heat response itself, was 
absent in skin flaps from the methylglyoxal-pretreated Nav1.8 knock-
out mice. Methylglyoxal pretreatment and diabetes both significantly 
reduced the maximal tail nerve conduction velocity (NCV) (Fig. 5b) 
despite the absence of overt morphological changes (data not shown), 
a preclinical signature of the imminent large-fiber neuropathy.

We next determined the cerebral blood flow (CBF) changes in the 
pain-processing regions of the brain27 in mice we stimulated with 
laser-evoked noxious heat. We visualized the blood flow distribution 
in these mice using pseudocolored frontal brain sections showing 
the resting and activated brain regions (Fig. 5c). We found increased 
heat responses in healthy WT mice pretreated with methylglyoxal and 
in STZ-induced diabetic WT mice compared to healthy WT mice, 

whereas the methylglyoxal-scavenging peptide GERP10 showed an 
antihyperalgesic effect in the healthy WT methylglyoxal-pretreated 
and STZ-induced diabetic WT mice. Nav1.8 knockout mice did not 
have an enhanced heat response after methylglyoxal pretreatment. 
Formalin injection in healthy WT mice, to induce pain without radi-
ant heat, or healthy Glo1−/+ mice plus heat stimulation showed an 
enhanced cerebral blood flow comparable to that in methylglyoxal-
pretreated or STZ-induced diabetic WT mice. Notably, the areas of 
increased blood flow in all mouse brains studied (bregma, −1.72 to 
−2.41) correspond to the brain areas shown to be activated in rats 
(bregma, −2.3) with diabetes-induced neuropathic pain28.

We used current-clamp recordings from cultured DRG neurons to 
characterize the direct effects of exogenous methylglyoxal on sensory 
neuron excitability (Fig. 6). Small- and medium-sized neurons from 
healthy WT and Nav1.8 knockout mice did not differ in terms of rest-
ing membrane potential, current threshold and voltage threshold29. In 
the WT neurons, exposure to 100 µM methylglyoxal for 3 h resulted 
in a significant depolarizing shift by 8.2 mV in the resting membrane 
potential, a reduced current threshold for the activation of action 
potentials and a reduction in the depolarization required to reach 
the voltage threshold (Fig. 6a,b). The relative decrease in the current 
threshold in the WT neurons was larger (44%) than the decrease 
in voltage threshold (30%), which may indicate that the membrane 
resistance was increased by exposure to methylglyoxal. The rise 
time of the action potential was longer in WT methylglyoxal-treated  
(1.7 ms ± 0.1 ms (mean ± s.e.m)) than in control untreated WT 
neurons (1.3 ms ± 0.08 ms, P < 0.01), reflecting the lowered voltage 
threshold as a result of methylglyoxal treatment. Exposure of the WT 
neurons to a lower concentration of methylglyoxal (1 µM), corres
ponding to the plasma concentrations found in patients with diabetes 
and pain, for an extended period of time (12–14 h) also rendered 
their resting membrane potentials more depolarized (Fig. 6c; 4.3 mV,  
P < 0.01), however, their current and voltage thresholds were only 
reduced insignificantly. Additional pretreatment of these neurons 
with aminoguanidine, which inhibits protein modifications by methyl
glyoxal, was able to prevent the depolarizing effect of methylglyoxal, 
as well as the reduction of electrical thresholds (Fig. 6c).

Pretreatment of Nav1.8 knockout neurons with methylglyoxal also 
resulted in a significant depolarizing shift by 5.2 mV of the resting 
membrane potential but did not induce a decrease in the current  
or voltage thresholds (Fig. 6b). Methylglyoxal pretreatment did 
not significantly change the amplitude or duration of either the 
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action potential or the afterhyperpolarization in WT or Nav1.8 
knockout neurons (data not shown). These data suggest that bio-
physical changes in Nav1.8 function are responsible for the methyl
glyoxal-induced hyperexcitability of sensory neurons but not for  
their depolarization.

We further assessed the effects of methylglyoxal pretreatment (3 h)  
using voltage clamp recordings on recombinant rat Nav1.8 and 
Nav1.7 in ND7/23 and HEK293T cells, respectively (Fig. 6d,e and 
Supplementary Fig. 8). We found methylglyoxal to have no effect 
on the voltage dependence of activation (data not shown). However, 
the midpoint of the steady-state fast inactivation of Nav1.8 was signi
ficantly shifted toward more depolarized potentials (from V0.5 = 
−58 mV ± 0.5 mV (mean ± s.e.m.) to V0.5 = −48.7 mV ± 0.9 mV,  

n = 12), an effect that signifies increased channel availability at  
voltages corresponding to the action potential threshold (Fig. 6d).  
We did not find this effect on fast inactivation when we applied 
methylglyoxal only briefly (3 min) before beginning the test protocol 
(data not shown). This is compatible with the time required for post- 
translational protein modifications to occur and excludes rapid, non-
specific membrane effects. Methylglyoxal did not shift the steady-state 
fast inactivation of Nav1.7 (Fig. 6e).

To reproduce the differential effects of methylglyoxal on the 
steady-state fast inactivation of Nav1.8 and Nav1.7 (Fig. 6d,e and 
Supplementary Fig. 8), we performed identical experiments on native 
TTXr and tetrodotoxin-sensitive (TTXs) Na+ currents, which are the 
executive action potential generators in nociceptive DRG neurons26. 
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Figure 6  Effects of methylglyoxal on action potential generation and Na+ currents in sensory neurons. (a) Examples of action potentials (upper traces) 
evoked by current pulses (lower traces) in neurons from WT mice stimulated with methylglyoxal. (b) The effect of methylglyoxal on the resting membrane 
potential, current threshold for pulses (Ithreshold) and depolarization required to reach the threshold (∆Vthreshold) in WT and Nav1.8 knockout (Scn10a−/−) 
neurons. Data represent the mean ± s.e.m. n ≥ 13 neurons in each group. (c) The effects of methylglyoxal on the resting membrane potential, Ithreshold 
and ∆Vthreshold in WT neurons in the presence and absence of aminoguanidine (AG). Data represent the mean ± s.e.m. n ≥ 13 neurons per group. 
(d) A typical current trace of recombinant rat Nav1.8 in ND7/23 cells activated by depolarizing steps (see insert) in the presence of TTX and voltage 
dependence of the steady-state fast inactivation of Nav1.8 in ND7/23 cells (n = 12/12 (control/methylglyoxal treatment)). (e) A typical current trace  
of recombinant rat Nav1.7 expressed in HEK293T cells, activated as shown in insert, but without any addition of TTX, showing the voltage dependence 
of the steady-state fast inactivation of Nav1.7 (n = 13/14). NS, not significant. (f) The voltage dependence of the steady-state fast inactivation of  
TTXr Na+ currents recorded in WT DRG neurons (n = 14/15). (g) The voltage dependence of the steady-state fast inactivation of TTXs currents recorded 
in Nav1.8 knockout DRG neurons (n =11/11). (h) The voltage dependence of the steady-state slow inactivation of heterologously expressed Nav1.8  
(n = 12/10). (i) The voltage dependence of the steady-state slow inactivation of heterologously expressed Nav1.7 expressed in HEK293T cells (n = 10/9). 
NS, not significant. All datasets shown in this figure were analyzed by two-tailed Student’s unpaired t test.
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We conducted the experiments in cultured DRG neurons of WT mice 
in the presence of TTX to monitor the effects on Nav1.8 and of Nav1.8 
knockouts to monitor the effects on Nav1.7 and other TTXs subunits.

We found a small but significant methylglyoxal-induced shift in the 
midpoint (from V0.5 = −41 mV ± 0.2 mV to V0.5 = −36 mV ± 0.2 mV,  
n = 15 (control) or 14 (methylglyoxal treatment)) of the steady-state 
fast inactivation for the TTXr currents (Fig. 6f) but not for the TTXs 
currents (Fig. 6g). Thus, methylglyoxal increased the known relative 
resistance of the TTXr action potential generator against fast inac-
tivation, which may have contributed to the increased excitability. 
Using the same heterologous expression systems as described above, 
we then studied slow steady-state inactivation using recombinant 
VGSC.Whereas this voltage-dependent function of Nav1.8 was not 
influenced by pretreatment with methylglyoxal (Fig. 6h), we did 
observe a significant shift toward more hyperpolarized potentials 
(from V0.5 = −53 mV ± 0.8 mV to V0.5 = −68 mV ± 0.6 mV, n = 10 
(methylglyoxal treatment) or 9 (control)) with Nav1.7 as a result of 
methylglyoxal pretreatment (Fig. 6i), reducing the availability of the 
Nav1.7 channels at the resting membrane potential by half. As Nav1.7 
is known to be crucial for action potential triggering in nociceptive 
neurons, the slow inactivation of these ion channels could account for 
the methylglyoxal-induced hypoalgesia observed in the Nav1.8 knock-
out mice (Fig. 4g). The contrary effects of methylglyoxal on Nav1.8 
and Nav1.7 functions (sensitization and inactivation, respectively) 
argues against an indirect action of methylglyoxal, for example, by 
inducing COX-2 expression, which might enhance prostaglandin for-
mation30. Although this and other inflammatory mediators increase 
the voltage sensitivity of Nav1.8, they are not known to enhance the 
slow inactivation of Nav1.7 (refs. 19,25).

DISCUSSION
Our data support a new mechanistic concept of painful peripheral 
neuropathy in diabetes. Post-translational modification of the 
nociceptor-specific sodium channel Nav1.8 by methylglyoxal is asso-
ciated with enhanced sensory neuron excitability and hyperalgesia, 
whereas methylglyoxal slows myelinated nerve conduction and drives 
Nav1.7 into slow inactivation. As crystallographic and site-directed 
mutagenesis studies on these VGSCs are not yet available, the exact 
molecular link between methylglyoxal and changes in channel  
function is unknown. Other modifications secondary to treatment 
with methylglyoxal cannot be excluded as being responsible for 
the functional changes observed, such as the depolarizing effect. 
However, the biochemical and functional data presented here sup-
port the hypothesis that methylglyoxal-dependent modification(s) 
in Nav1.8 have a role in diabetes-associated hyperalgesia that is inde-
pendent of degenerative or regenerative changes in the nerve.

The concentration of plasma methylglyoxal is increased in patients 
with diabetes as a result of increased formation of methylglyoxal 
from excessive glycolysis4 and decreased degradation and detoxifi-
cation by the glyoxalase system. Other pathological states resulting in 
increased concentrations of methylglyoxal are uremia and ischemia-
reperfusion. Although symptoms of painful diabetic neuropathy arise 
spontaneously, such as burning and prickling sensations in the feet, 
tactile allodynia is a classical sign of this condition, and burning pain 
can be provoked by warming the patients’ feet31. Thus, the thermal 
and mechanical hypersensitivity in diabetic, healthy methylglyoxal-
injected or GLO1-deficient mice can be considered to reflect, at least 
in part, the human symptoms.

To the best of our knowledge, methylglyoxal is the first endog-
enously produced small molecule (as opposed to cytokines, some 

of which induce systemic hyperalgesia) that induces thermal and 
mechanical hyperalgesia in healthy mice by acute systemic admin-
istration. Systemic application of methylglyoxal, however, gave rise 
to some ambiguity as to the target of its post-translational modifica-
tion. CGRP release experiments, however, confirmed the induction 
of peripheral hypersensitivity by methylglyoxal and the dependence 
of this induction on Nav1.8 expression. In diabetic neuropathy, the 
axonal transport of neuropeptide-containing dense core vesicles is 
impeded, which leads to reduced basal release from the skin nerve 
endings. However, stimulated neurosecretion is facilitated in diabetic 
neuropathy, suggesting an increased sensitivity, excitability or both32. 
These findings in the skin do not exclude additional effects of methyl
glyoxal on the nonpeptidergic subpopulation of nociceptors or on 
spinal terminals where further sensitization of synaptic transmission 
could occur33.

The altered function of Nav1.8 (reduced inactivation, as well as 
increased whole-cell excitability) is consistent with methylglyoxal 
binding to TTXr sodium channels and with the lack of methylglyoxal-
induced hyperalgesia in Nav1.8 knockout mice and siRNA-treated 
healthy WT mice. The prominent methylglyoxal-induced neuronal 
depolarization and the concomitant increase in membrane resist-
ance both increase the chance for sensory functions, for example, 
heat-induced generator potentials or accidental spontaneous depo-
larization, to reach the relatively high voltage threshold of Nav1.8 
and generate action potentials34. Notably, methylglyoxal also causes 
a major slow inactivation of Nav1.7, an essential VGSC and ‘threshold 
channel’ in nociceptive neurons. This inactivation of the TTXs sodium 
channel would be aggravated in vivo by the methylglyoxal-induced 
depolarization, and only unmyelinated nerve fibers, which have a 
high abundance of the inactivation-resistant Nav1.8 in their endings, 
are expected to show increased excitability. In fact, the partial block 
of Nav1.7 by methylglyoxal may explain why Nav1.8 knockout mice 
show hypoalgesia in response to methylglyoxal, as hardly any action 
potential generator would be left in the nociceptors under these con-
ditions. Similarly, postganglionic neurons of the autonomic nervous 
system, which are often affected by diabetic neuropathy and express 
Nav1.7 but not Nav1.8 (refs. 33,34), would fail under the condition of 
accumulating methylglyoxal. These opposing effects of methylglyoxal 
on TTXs compared to TTXr VGSCs could account for the coexistence 
of positive and negative clinical symptoms, such as burning feet and 
diabetic gastroparesis. Support for the general impairment of TTXs 
sodium channels by methylglyoxal comes from the marked slowing 
of NCV after systemic methylglyoxal administration.

Nociceptive neurons that express Nav1.8 in their peripheral ter-
minals gain one more ‘profit’ from the modifying actions of meth-
ylglyoxal, as Nav1.8 is a faster repriming action potential generator 
than Nav1.7 (ref. 18). Thus, the discharge rate in response to a given 
depolarization of the affected neuron can rise when the trigger func-
tion for discharge passes from the inactivated Nav1.7 to the facilitated 
Nav1.8. Modification of Nav1.8 by methylglyoxal seems to be the root 
of primary hyperalgesia in animals, as well as the cause of pain in 
patients with diabetes. Although short-term diabetes in mice is not 
comparable to years of diabetes in humans, our findings suggest that 
methylglyoxal is a valid therapeutic target for the treatment of pain-
ful diabetic neuropathy, a medical condition for which few effective 
therapeutic options are available.

Methods
Methods and any associated references are available in the online 
version of the paper.
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Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS
Mouse and cell culture models. Glo1−/+ and Nav1.8 knockout (Scn10−/−) mice 
are viable and have normal reproductive function. All strains were backcrossed 
on the C57BL/6 background more than ten times, and C57BL/6 mice served 
as controls for all transgenic mice. BKS db/db mice (BKS.Cg-m+/+Lprdb/Bom 
Tac) and the respective control littermates were purchased from Taconic (Lille 
Skensved, Denmark). Mice were housed individually with a 12-hour, 12-hour 
light, dark cycle and were given free access to food and water. All procedures 
in this study were approved by the Animal Care and Use Committees at the 
Regierungspräsidium Tübingen and Karlsruhe, Germany (35-9185.81/G-90/04 
and 35-9185.81/G-182/08). Diabetes was induced in mice by intraperitoneal 
administration of STZ, and diabetes was maintained over a period of 8 weeks by 
monitoring of blood glucose. Rat Nav1.8 and Nav1.7 complementary DNA was 
transiently transfected in the dorsal root ganglion neuroblastoma hybridoma cell 
line ND7/23 or the human embryonic kidney cell line HEK283T, respectively.

Measurements of hyperalgesia. Thermal and tactile hyperalgesia were deter-
mined following the standard protocols for the Hot Plate, Hargreaves, Tail Flick 
and Von Frey filament assays36–40. Repetitive in vivo determination of NCV 
was performed as described previously41. Neuronal activation in selected brain 
regions was determined by autoradiographic measurement of regional CBF42.

In vivo treatments. GLO1 activity was modulated either by in vivo overexpres-
sion of GLO1 using somatic gene transfer43 or using the GLO1 inhibitor S-p-
bromobenzylglutathione cyclopentyl diester22. Where indicated, predesigned 
siRNA for the mouse voltage-gated sodium channels Nav1.7 (Scn9A), Nav1.8 
(Scn10a) and TRPV1 and the respective control siRNAs were administered in 
liposomal transfection reagent by intravenous injection. The synthetic meth-
ylglyoxal-scavenging peptide GERP10 (United States Letters patent number 
61/182203, May 29, 2009) was injected once intraperitoneally at a concentra-
tion of 1 mg per mouse.

Electrophysiological recordings. Neurons were used for current clamp and 
voltage clamp recordings within 2 d of dissection following the protocols listed in 
the Supplementary Methods. Slow inactivation was induced by 30-s prepulses 
ranging from −140 mV to 0 mV in steps of 10 mV. Test pulses to +50 mV were 
applied after a 100-ms long interpulse at −140 mV, which allowed for recovery 
from fast inactivation (see inserts in Fig. 6).

Biochemistry and RNA and protein processing. DRGs and tissue for the 
biochemical analysis, immunoprecipitation, western blot or PCR were 
prepared and analyzed as previously described44,45. The primers used for 
real-time PCR are provided in Supplementary Table 2. Plasma methyl
glyoxal concentrations were determined by HPLC, and GLO1 activity was  
measured spectrophotometrically.

Patient samples. All patient samples used were from a previously described 
cohort46, and patient characteristics are provided in Supplementary Table 1. 
Human sciatic nerves were received from the Gewebebank für Entzündliche 
Erkrankungen (GEZEH) of the University of Heidelberg (http://www.gezeh.de).  
The study protocol was approved by the University of Heidelberg Ethics 
Committee, and all patients gave written informed consent at the time  
of hospitalization.

Statistics. All data are expressed as mean values ± s.d. (n ≤ 5) or mean  
values ± s.e.m. (n ≥ 10). In all functional, biochemical and molecular assays 
in mice (not electrophysiological assays), measurements were performed in 
groups with equal numbers; either N = 5 or 10 per group. Unpaired, two-tailed 
Student’s t test was used to compare data within one experimental group, and 
ANOVA followed by least significant difference post hoc analysis was used 
for comparison of different experimental groups. Statistical analyses were 
performed using SPSS software version 15.0 (SPSS Inc., Chicago, USA). Any 
P > 0.05 was considered to be statistically insignificant.

Additional methods. A detailed description of all methods and reagents used 
throughout the manuscript are provided in the Supplementary Methods.
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