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Introduction

Small fiber neuropathies are a common cause of peripheral chronic pain, where mechanical, 

chemical, and/or metabolic damage results in the degeneration and aberrant firing of 

peripheral neurons. Therapeutic options available to patients suffering from pain in small 

fiber neuropathies include lifestyle intervention and minimally effective pharmacological 

interventions, and even fewer therapies address the underlying damage sustained by the 

peripheral nervous system. The most common etiology for small fiber neuropathy is 

diabetes [7], and diabetic peripheral neuropathy (DPN) commonly affects the distal limbs 

in a stocking-glove distribution. DPN involves aberrant metabolic processes that produce 

toxic metabolites, such as methylglyoxal (MGO) [8; 22; 26], causing pain and damage to 

sensory neurons [3; 6; 8; 16; 18; 22]. Importantly, MGO has been implicated in small fiber 

neuropathies of different etiologies as well, including chemotherapy-induced neuropathy 

[42] and radiculopathy following lumbar disc herniation [27].

MGO is a toxic reactive dicarbonyl that is produced primarily as a byproduct of glycolysis 

by decomposition of dihydroxy-acetate-phosphate, as well as through other pathways, such 

as condensation of acetate [39]. MGO is normally scavenged and detoxified through the 

endogenous glyoxalase enzyme system [5; 38; 39]. In this system, MGO reacts with 

glutathione to produce hemithioacetal, which is enzymatically converted by glyoxalase I 

(GLO1) into S-D-lactoylglutathione and subsequently D-lactate by glyoxalase II. Under 

periods of intense MGO production, such as diabetes, glyoxalase activity can be reduced 

[30] and is not sufficient to scavenge MGO. This is thought to lead to accumulation of 

MGO and advanced glycation endproducts (AGEs) [8; 42]. MGO and AGE accumulation 

results in the activation of pro-nociceptive signaling cascades, including activation of 

transient receptor potential channel ankyrin-1 (TRPA1)[3; 18; 22], increased voltage-gated 
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sodium channel NaV1.8 open probability [8], activation of the integrated stress response 

[6], and activation of the receptor for AGEs (RAGE) [42]. MGO scavengers, such as 

aminoguanidine, have shown promise in preclinical models of diabetic complications like 

neuropathy and nephropathy, but have failed in clinical studies due to toxicity and safety 

concerns [40].

There is a growing body of clinical and preclinical evidence supporting the use of a 

ketogenic diet in treating chronic pain conditions [12-14; 17; 31; 32]. We and others 

have demonstrated success in using a ketogenic diet in reversing small fiber neuropathies 

where MGO accumulation has been implicated, including diabetic peripheral neuropathy 

[12; 13; 17] and chemotherapy-induced neuropathy [45]. Moreover, Salomón, et. al. (2017) 

demonstrated MGO can be scavenged in in blood by the ketone body acetoacetate [33].

Here, tested whether a ketogenic diet and ketone bodies could improve MGO-evoked 

nociception in mice. As an experimental model, we directly injected mice with MGO 

or MGO coincubated with various ketone bodies. Our results suggest that ketone bodies 

elevated by consuming a ketogenic diet 1) improve MGO-evoked nociception, 2) reduce 

spinal activation in response to MGO, and 3) contribute to MGO scavenging. These findings 

identify potential mechanisms by which a ketogenic diet improves DPN and supports the 

view that a ketogenic diet may be a powerful intervention for MGO-scavenging in diabetic 

complications and pathologies associated with MGO.

Materials and Methods

Animals and Diet

All animal work was performed following review and approval by the Institutional Animal 

Care and Use Committee of Kansas University Medical Center. Eight-week-old C57/Bl6 

mice #027 were purchased from Charles River Laboratories (Wilmington, MA) and 

maintained on a 12:12 light: dark cycle in the animal research facility at Kansas University 

Medical Center. Mice were given ad libitum access to water and either a control rodent chow 

(TD.8604; Envigo, Madison, WI; 14% fat, 32% protein, and 54% carbohydrate by kcal) or 

a ketogenic diet (TD.96355; Envigo, 90.5% fat, 9.2% protein, and 0.3% carbohydrate by 

kcal). Animals fed a ketogenic diet were given fresh diet every 3–4 days.

Methylglyoxal Injection

For systemic methylglyoxal (MGO) administration, MGO (Sigma; 40% by weight in water) 

was diluted in sterile saline to a working concentration of 28.8 ng/μl (pH 7.0). Mice received 

a single intraperitoneal (I.P.) injection of either sterile saline or 720 ng methylglyoxal in 

saline [6].

For peripheral MGO administration, MGO was diluted in sterile saline to a working 

concentration of 1.5 μg/μl (pH 7.0). In in vitro MGO-scavenging experiments, equimolar 

concentrations of acetoacetate, β-hydroxybutyrate, or aminoguanidine HCl (Sigma; St. 

Louis) were incubated with MGO for 18 hours at 4°C. Mice then received 30 μg of the 

resultant mixture by 20 μl intraplantar injection [18].
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Blood Measurements

Blood ketones were measured using a hand-held blood monitor and β-hydroxybutyrate 

blood ketone strips (β-Ketone blood test strips, Abbott Laboratories, Chicago, IL; Precision 

Xtra, Abbott Laboratories). Saline- and MGO-injected animals were not fasted prior to 

blood ketone measures.

For measurement of plasma MG-H1, 60 μl tail blood was collected and allowed to coagulate 

on ice. Samples were then centrifuged for 30 minutes at 4 °C and 3000 rpm, and serum 

was drawn off. Serum was then depleted of endogenous IgG by overnight incubation with 

Protein A-conjugated Sepharose beads (Abcam) at 4 °C on an orbital shaker and plasma 

MGO was determined by ELISA (Abcam) the next day.

Glyoxalase 1 Activity Assay

Glyoxalase 1 (GLO1) activity was measured in several relevant peripheral tissues using 

a microassay as previously described [5]. Briefly, protein was extracted from the lumbar 

spinal cord and footpad by sonication in EDTA-free RIPA buffer. 2 μg protein per sample 

were loaded in triplicate to a 96-well round-bottomed plate. 2 mM MGO and 2 mM reduced 

glutathione (Sigma) were allowed to react in 10 mM sodium phosphate buffer (pH 6.6) 

for 10 minutes at 37°C, forming hemithioacetal. The resultant mixture was loaded on a 

96-well plate and absorbance changes were collected at 240 nm every minute for 5 minutes, 

corresponding to the conversion from hemithioacetal to S-D-lactoylglutathione. From this, 

units of GLO1 activity as units/μg protein were calculated, where one unit equaled the 

amount of GLO1 activity to catalyze 1 μmol S-D-lactoyalglutathion/minute.

Sensory Behavioral Testing

Sensory behavioral testing was performed at baseline and on days 1, 3, 6, and 13 for animals 

receiving I.P. MGO injection. Prior to collection of baseline data, mice were acclimated 

to testing areas for 30 minutes and either the mesh table for 30 minutes on at least two 

occasions separated by 24 hours. Prior to collection of all sensory behavioral data, mice 

were again acclimated to the testing area and mesh table for 30 minutes each. Selected 

Von Frey microfilaments were applied to the plantar surface of the hindpaw following the 

“up-down” method for one second [11]. Animals were observed for either a negative or 

a positive response, and mechanical withdrawal threshold was calculated following five 

positive responses.

Sensory behavior in animals receiving intraplantar injections was visually assessed by 

observation of spontaneous nocifensive behavior (e.g., licking, biting, lifting, and shaking 

the injected paw). Mice were acclimated to a clear plastic cage without bedding for 5 

minutes prior to injection. Following intraplantar injection, mice were returned to the cage. 

A blinded investigator then observed the mouse for 5 minutes following injection and 

recorded both the total number of nocifensive events displayed and the total time spent 

engaged in nocifensive behavior.
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Nociception-Evoked Activation of the Spinal Dorsal Horn Cells

To assess the response of spinal dorsal horn cells to peripheral noxious stimulation, the 

lumbar enlargement of the spinal cord was dissected 10 minutes following intraplantar 

injection and post-fixed in 4% paraformaldehyde overnight. Spinal cords were then 

cryopreserved in 30% sucrose, frozen in Optimal Cutting Temperature Compound (Sekura 

Tissue-Tek) and sectioned by cryostat. Thirty-micron coronal sections of the spinal cord 

were blocked for two hours in Superblock (ThermoFisher; Grand Island, NY), 1.5% Normal 

Donkey Serum, 0.5% Porcine Gelatin, and 0.5% Triton X-100 (Sigma) at room temperature. 

Slides were then incubated overnight at 4°C with rabbit α-phospho-ERK 42/44 (1:500; Cell 

Signaling Technologies). Slides were next incubated with AlexaFluor-555 tagged donkey-

α-rabbit secondary antibody (1:1000, Molecular Probes) for one hour and imaged with a 

Nikon Eclipse 90i microscope at 20x. A blinded investigator counted the number of cells 

in the dorsal horn grey matter that were 5–15 μm diameter, roughly spherical, and showed 

obvious increase in p-ERK staining compared to background. This process was repeated 

across at least five independent sections for each animal, and the average count for each 

mouse was used for statistical analyses.

Statistics and Data Analysis

All statistical analyses were performed using R version 3.6.2 and packages “Rmisc”, “car”, 

and “ggplot2”. All analyses for which data were collected over time were performed using 

a three-way repeated measure analysis of variance (ANOVA). Correlations between MGO 

and β-hydroxybutyrate (β-HB) were assessed by Spearman’s Rank Correlation. All other 

analyses were performed using a three-way ANOVA or Student’s t-test, as appropriate. 

Data were analyzed posthoc by pairwise t-test or Tukey’s Honest Significant Difference 

(HSD), as indicated. Assumptions of normal distribution and homogeneity of variance were 

confirmed by Shapiro-Wilks and Levene tests, respectively. Biological sex was considered in 

all analyses to account for potential sexual dimorphism. All data are presented as mean +/− 

standard error of the mean, and an α-level of 0.05 was considered statistically significant.

Results

Consumption of a Ketogenic Diet Prevents Methylglyoxal-Evoked Mechanical Allodynia

Mice were randomized and placed into four groups: mice fed chow before receiving an 

intraperitoneal (I.P.) saline injection (Chow-Ctrl); mice fed a ketogenic diet before I.P. saline 

injection (Keto-Ctrl); mice fed chow before a single high-dose (720 ng) I.P. MGO injection 

(Chow-MGO); and mice fed a ketogenic diet before I.P. MGO injection (Keto-MGO). We 

then injected mice with MGO and measured mechanical allodynia of the hindpaw for two 

weeks (Figure 1A). Within 24 hours of MGO injection, Chow-fed, MGO-injected mice 

displayed significant mechanical allodynia, which persisted at least 13 days (Figure 1B, 

3-way repeated measures ANOVA, MGO: p < 0.00726, diet: p < 9.48e−12, MGO-diet 

interaction: p < 2.19e−5). No mechanical allodynia was detected in ketogenic diet-fed mice 

injected with MGO, revealing that consumption of a ketogenic diet for one week provides 

significant protection from MGO-induced pain. We detected no statistically significant sex 

differences in response to either MGO-injection or response to a ketogenic diet (Figure 1B, 
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3-way repeated measures ANOVA, sex: p = 0.57, MGO-sex interaction: p = 0.067, diet-sex 

interaction: p = 0.55, MGO-diet-sex interaction: p = 0.50).

A Ketogenic Diet Rescues Methylglyoxal-Evoked Mechanical Allodynia

We previously reported that a ketogenic diet could reverse mechanical allodynia in mice 

with longstanding DPN [17]. It is possible, however, neuropathy improvement by a 

ketogenic diet is specific to DPN. Thus, to improve the translatability of our findings, 

we tested whether consumption of a ketogenic diet could reverse established MGO-evoked 

mechanical allodynia. Mice were randomized at baseline to receive either MGO or vehicle 

I.P. injections (720 ng) followed by intervention with a ketogenic diet one week following 

injection. We assessed mechanical thresholds of the mouse hindpaw for two weeks (Figure 

1C). As seen previously, I.P. MGO injection caused robust, lasting mechanical allodynia 

within 24 hours (Figure 1D, 3-way repeated measures ANOVA, MGO: p < 2e−16, diet: p < 

0.00223, MGO-diet interaction: p < 0.166). However, within 24 hours of intervention with 

a ketogenic diet, MGO-injected mice exhibit a rapid improvement of mechanical sensation 

toward baseline, and the interaction between dietary intervention and MGO-injection was 

significant over time (3-way repeated measure ANOVA, MGO-diet-time interaction: p < 

0.0039), revealing that intervention with a ketogenic diet is sufficient to reverse established 

MGO-evoked nociception. Again, we detected no sex differences in response to MGO-

injection or rescue by a ketogenic diet (Figure 1D, 3-way ANOVA, sex: p = 0.55, MGO-sex 

interaction: p = 0.19, diet-sex interaction: p = 0.24, MGO-diet-sex interaction: 0.95), nor did 

the response to any of these factors vary by sex with respect to time.

A Ketogenic Diet Prevents Plasma Accumulation of Methylglyoxal

In 2017, Salomón et. al. demonstrated non-enzymatic clearance of MGO from blood by 

ketone bodies [33]. We therefore reasoned that a ketogenic diet might lower plasma MGO 

concentrations. To test this, blood was collected from the four groups of mice described 

above. At 48 hours post-injection, Chow-MGO mice displayed significantly elevated plasma 

concentration of MG-H1, a protein modification formed by the reaction of methylglyoxal 

and arginine (Figure 2A; 2-way ANOVA, injection: p < 5.94e−7, diet: p < 2.67e−7, injection-

diet interaction: p < 8.28e−10). Keto-MGO mice, however, had a similar concentration of 

plasma MG-H1 as Chow-Ctrl (Tukey’s HSD, adjusted p < 1.0). Surprisingly, Keto-Ctrl mice 

also exhibited elevated plasma MG-H1 (Tukey’s HSD, Keto-Ctrl and Chow-Ctrl adjusted p 

< 0.0082), though MG-H1 concentration was still significantly higher in Chow-MGO mice 

(Tukey’s HSD, adjusted p < 0.0075).

We next reasoned that if ketone bodies were directly scavenging MGO, an inverse 

relationship may exist between blood concentrations of ketone bodies and MG-H1. Keto-

Ctrl and Keto-MGO mice exhibited elevated blood β-HB concentrations as expected (Figure 

2B; 2-way ANOVA, MGO: p < 0.0242, diet: p < 6.74e−5, injection-diet interaction: p < 

0.0340). There was, however, a slight but significant decrease in β-HB concentration in 

Keto-Ctrl mice compared to Keto-MGO mice (Tukey’s HSD, adjusted p < 0.027). We then 

compared β-HB concentrations to plasma MG-H1 levels across all groups and identified a 

slight inverse correlation (Spearman’s Rank Correlation, p = 0.1006, rho = −0.39). As the 

Chow-Ctrl group exhibited low concentrations of both β-HB and MG-H1, there was concern 
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that this could mask potential correlations. Upon removal of the Chow-Ctrl group, we noted 

a strong inverse correlation between blood concentrations of β-HB and MG-H1 (Figure 2C; 

Spearman’s Rank Correlation, p < 7.28e−5, ρ = −0.86).

Ketogenic Diet Increases Glyoxalase Activity

Experiments next tested whether increased MGO scavenging in mice fed a ketogenic diet 

could be explained by increased glyoxalase activity. As GLO1 is the rate-limiting enzyme 

of the glyoxalase system [38], we assayed GLO1 activity from protein harvested from the 

plantar footpads and spinal cords of mice fed a ketogenic diet for one week. Our results 

revealed a positive, albeit non-statistically significant, trend toward increased GLO1 activity 

in tissues from ketogenic diet fed mice (Figure 2D; 2-way ANOVA, diet: p < 0.051, tissue: 

p < 0.62, diet-tissue interaction: p <0.17), which appeared to be primarily driven by an 

increase in GLO1 activity in the spinal cord.

Ketone Bodies Detoxify Methylglyoxal and Prevent Methylglyoxal Evoked Nociception

In addition to increased GLO1 activity in ketogenic diet-fed mice, it is possible that 

ketone bodies directly scavenge and detoxify MGO [33]. This is supported by the strong 

negative correlation between β-HB and methylglyoxylated-protein levels (Figure 2C). To 

separate and identify possible effects of ketone bodies on scavenging MGO from increased 

GLO1 activity in mice fed a ketogenic diet, we developed a behavioral assay for MGO 

detoxification. MGO was allowed to react in vitro with an MGO scavenger or ketone bodies 

prior to intraplantar injection, followed by subsequent assessment of nociceptive behavior 

and spinal cord activation. We validated this assay by first incubating MGO with the known 

scavenger aminoguanidine [40]. As expected, control mice receiving intraplantar injections 

of only MGO elicited a sharp nocifensive response, whereas mice injected with MGO 

preincubated with aminoguanidine showed a significantly diminished behavioral response 

(Figure 3A, 3-way ANOVA, MGO: p < 3.08e−9, scavenger: p < 2.63e−7, MGO-scavenger 

interaction: p < 1.19e−7; Figure 3B, 3-way ANOVA, MGO: p < 2.54e−7, scavenger: p 

< 1.99e−5, MGO-scavenger interaction: p < 8.36e−6). We did not detect any statistically 

significant sex differences in the effect of intraplantar MGO injection or prevention by 

aminoguanidine (3-way ANOVA, number of nociceptive events, sex: p = 0.0.217, sex-

scavenger interaction: p = 0.343; 3-way ANOVA, time engaged in nocifensive behavior, sex: 

p = 0.977, sex-scavenger interaction: p = 0.932).

To date, the only ketone known reported to scavenge MGO is acetoacetate [34]. Here, we 

tested whether MGO scavenging by acetoacetate could prevent MGO-evoked nociception 

in via preincubation of MGO with acetoacetate. Mice receiving an intraplantar injection 

of MGO exhibited a significant increase in nocifensive behavior (licking, lifting, biting, 

shaking) compared to control-injected mice (Figure 4A, 3-way ANOVA, MGO: p < 

5.71e−10, ketone: p < 5.09e−6, MGO-ketone interaction: p < 6.80e−6; Figure 4B, 3-way 

ANOVA, MGO: p < 3.66e−8, ketone: p < 0.000462, MGO-ketone interaction: p < 0.000616). 

No statistically significant sex differences were detected. In comparison, mice receiving 

injections of MGO preincubated with acetoacetate, however, exhibited significantly reduced 

nocifensive behavior (MGO compared to acetoacetate + MGO, Tukey’s Honest Significant 

Difference, Figure 4A p < 1.0e−7, Figure 4B p < 0.0000455). In addition, mice injected 
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with a premixture of β-HB and MGO exhibited similarly reduced nocifensive responses 

compared to those receiving an injection of MGO alone (Figure 4C, 3-way ANOVA, MGO: 

p < 7.65e−11, ketone: p < 3.72e−7, MGO-ketone interaction: p < 2.64e−7; Figure 4D, 3-way 

ANOVA, MGO: p < 6.52e−9, ketone: p < 1.57e−5, MGO-ketone interaction: 9.81e−6). We 

did observe a slight sex difference in number of nocifensive events (3-way ANOVA, sex: p < 

0.0197) and a trend toward increased time engaged in nocifensive behaviors in males (3-way 

ANOVA, sex: p = 0.0798); however, these differences did not appear to interact with either 

MGO-injection or presence of β-HB. Together, these data indicate both ketone bodies may 

act as scavengers of MGO and reduce MGO-evoked nociception.

β-Hydroxybutyrate Does Not Detoxify Methylglyoxal Adducts

In addition to direct nociceptive and pathological signaling, MGO reacts with amino 

acids to form noxious and toxic peptide adducts. Formation of these adducts, such as 

the hydroimidazolones MG-H1 and MG-H2, can be irreversible [1; 2], precluding the 

possibility of their detoxification. We tested whether ketone bodies prevented nociception 

evoked by MGO-peptide adducts by using MGO-modified bovine serum albumin (MGO-

BSA) in the MGO-detoxifying assay. MGO-BSA evoked strong nociceptive behaviors 

following intraplantar injection (Figure 5A, 3-way ANOVA, MGO-BSA: p < 1.45−15, 

ketone: p < 0.00078, MGO-BSA-ketone interaction: p < 0.00038; Figure 5B, 3-way 

ANOVA, MGO-BSA: p < 3.70e−8, ketone: p < 0.094, MGO-BSA-ketone interaction: p 

< 0.0483). Coincubation with β-HB caused a slight but statistically significant reduction in 

number of nociceptive events compared to MGO-BSA injection alone (Figure 5A, Tukey’s 

HSD, p < 0.0000472; Figure 5B, Tukey’s HSD, p = 0.056), yet the number of nociceptive 

events and time engaged in nociceptive behavior was still significantly greater than those of 

animals injected with bovine serum albumin alone (Figure 5A, Tukey’s HSD, p < 1.0e−7; 

Figure 5B, Tukey’s HSD, p < 0.0011). Of note, female mice exhibited a greater number 

of nocifensive events than male mice in response to MGO-BSA (3-way ANOVA, sex: 

p < 0.048, sex-MGO-BSA interaction: p < 0.014, sex-ketone interaction: p < 0.036, sex-

MGO-BSA-ketone interaction: p < 0.0195; Tukey’s HSD, p < 0.0018), though coincubation 

with β-HB eliminated this effect (Tukey’s HSD, p = 1.0). These data suggest that ketone 

bodies only modify MGO-evoked nociception prior to protein modification by MGO and 

MGO-mediated advanced glycation end-product generation.

Ketone Body Preincubation of MGO Prevents Methylglyoxal-Evoked ERK Phosphorylation 
in the Spinal Cord

To measure whether acetoacetate or β-HB affect activation of spinal neurons during MGO-

evoked nociception, we quantified the number of phospho-ERK (p-ERK)-positive cells in 

the spinal dorsal horn following intraplantar MGO injection. MGO injection significantly 

increased the number of p-ERK+ cells ipsilateral to the injection site compared to control 

injected mice (Figure 6), indicating spinal activation in response to a peripheral noxious 

stimulus. Consistent with behavioral data, MGO-evoked increases in p-ERK activation were 

significantly reduced by coincubation of MGO with acetoacetate prior to injection (Figure 

6A-B; 3-way ANOVA, MGO: p < 0.00206, ketone: p < 0.00124, MGO-ketone interaction: 

p < 0.00397; Tukey’s HSD, MGO and MGO-Acetoacetate adjusted p-value: 0.00123). 

In addition, the number of spinal p-ERK+ cells was similarly reduced following MGO 
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coincubation with β-HB (Figure 6C-D; 3-way ANOVA, MGO: p < 0.00724, ketone: p 

< 0.02391, MGO-ketone interaction: p < 0.00538; Tukey’s HSD, MGO and MGO-β-HB 

adjusted p-value: 0.00744). We detected no sex differences in p-ERK positivity in the spinal 

dorsal horn following injection of MGO or either ketone body.

Discussion

Detoxification of MGO has long been a clinical target for treating pathological conditions 

associated with diabetes, including DPN. Aminoguanidine is a small molecule scavenger 

of MGO that showed modest promise in ameliorating symptoms of diabetic neuropathy 

in preclinical models [25; 44]. However, aminoguanidine failed in a clinical trial for 

diabetic nephropathy due to poor tolerability [40]; leaving the niche for a well-tolerated 

MGO-targeting therapy unfilled in diabetic complications. A ketogenic diet is well-tolerated 

in patients with diabetes [10; 15; 41; 43] as well as preclinical models of diabetes [13; 

17; 28]. Moreover, ketogenic diets are showing efficacy in an ever-increasing number of 

preclinical models of chronic pain related to MGO [13; 17; 45].

In this study, we demonstrated that a ketogenic diet prevents and reverses MGO-evoked 

nociception and activation in the spinal dorsal horn. Consistent with prior literature [6], a 

single I.P injection of MGO induced mechanical allodynia lasting at least two weeks. We 

report that this MGO-induced mechanical allodynia was absent in mice fed a ketogenic 

diet (Figure 1B). Importantly, intervention with a ketogenic diet reversed established 

MGO-induced mechanical allodynia (Figure 1D), lending to the translatability of this 

model. Chow-fed mice that were injected with MGO had significantly higher circulating 

methylglyoxylated protein levels compared to mice receiving saline injection. This was 

not observed in mice fed a ketogenic diet (Figure 2A), consistent with the idea that a 

ketogenic diet contributes to MGO scavenging and detoxification in vivo. We also observed 

increased circulating MGO in ketogenic diet-fed, saline-injected mice. We attribute this to 

an alternate MGO synthesis pathway, in which acetoacetate decomposes to acetone, which 

then condensates to form MGO [24]. It is also worthwhile to note that the levels of MGO 

observed in this group were well below those reported in painful conditions [8; 27] and 

following MGO-injection in our experiments.

One mechanism by which this may occur is through upregulation of glyoxalase activity, 

specifically GLO1, the rate-limiting step of this enzyme system [38]. Mutations in GLO1 

and reductions in its activity have been linked to increased susceptibility to diabetic 

peripheral neuropathy [19; 36], and we have previously reported that substrains of mice with 

GLO1 gene duplications are protected from mechanical allodynia and diabetic peripheral 

neuropathy [23]. We assayed the activity of GLO1 and observed a non-statistically 

significant trend toward increased GLO1 activity in the spinal cords and footpads of mice 

fed a ketogenic diet for one week (Figure 2D). This result suggests that a ketogenic diet 

may, in part, reduce MGO-evoked pain and nociception by increasing systemic glyoxalase 

activity, though this is likely not the only mechanism by which a ketogenic diet results 

in improved allodynia. This result has clear implications for the efficacy of a ketogenic 

diet in preventing and reversing mechanical allodynia in models of diabetic peripheral 

Enders et al. Page 8

Pain. Author manuscript; available in PMC 2023 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



neuropathy [17] and neuropathy induced by metabolic syndrome [13], where MGO may 

play an important role.

Another mechanism by which a ketogenic diet may detoxify MGO is by direct interaction 

and reaction between MGO and ketone bodies [33]. In the 1930s, Henze and colleagues 

discovered the reaction between MGO and acetoacetate to form 3-hydroxy-hexane-2,5-

dione, or Henze’s ketol, initially hypothesizing a role in converting fatty acids to 

carbohydrates [20; 21; 37]. Salomón and colleagues demonstrated a nonenzymatic formation 

on Henze’s ketol in vitro and in the blood of diabetics with elevated ketones due to an 

insulin fast [33], however, the biological significance of this reaction has not yet been 

identified. We therefore hypothesized that elevated circulating ketones resulting from a 

ketogenic diet could directly detoxify MGO, rendering it non-noxious. To assess this 

possibility, we developed a novel behavioral assay for MGO toxicity and nociception (Figure 

3). Using this paradigm, we demonstrate that coincubation with either acetoacetate or β-

HB was sufficient to reduce MGO-evoked nociception (Figure 4) and spinal biomarkers 

of nociception (Figure 6). Importantly, β-HB was unable to detoxify MGO following 

conjugation to BSA (Figure 5), consistent with a model in which ketones are only able 

to detoxify MGO before it has formed protein adducts.

Despite strong evidence for MGO detoxification by a ketogenic diet and ketone bodies, 

it remains possible that these interventions modify other aspects of MGO signaling. 

Griggs and colleagues have demonstrated a TRPA1-adenylyl cyclase 1 signaling circuit that 

contributes to MGO-evoked nociception and nociceptive biomarker elevations in the spinal 

dorsal horn [18]. As nutritional ketosis is often described as mimicking starvation or a fasted 

condition, it is plausible that a ketogenic diet or ketone bodies modify adenylyl cyclase 

activity or available cyclic AMP levels. It is also possible that ketone bodies modify TRPA1 

signaling. We have previously reported reduced hydrogen peroxide production in the sciatic 

nerves of ketogenic diet-fed mice [12], which may lead to reduced TRPA1 sensitization or 

activation [4; 35]. Additionally, MGO-BSA conjugates are traditionally considered ligands 

for RAGE [42]. Thus, the ability for β-HB to prevent MGO-evoked but not MGO-BSA-

evoked nociception may be consistent with modification of TRPA1 activation as well as 

MGO detoxification. It is, however, unlikely that the antinociceptive effects of a ketogenic 

diet are solely mediated through regulation of TRPA1. Barragán-Iglesias et. al. (2019) 

reported an incomplete rescue of MGO-evoked mechanical allodynia following treatment 

with the TRPA1 inhibitor A967079 [6]. Here, we report a full rescue with a ketogenic diet 

(Figure 1D), suggesting intervention with a ketogenic diet likley rescues MGO-evoked pain-

like behaviors through multiple mechanisms that could include MGO scavenging, improved 

mitochondrial function, and reduced inflammation[9; 29; 34].

Generation, accumulation, and pathological signaling of MGO lays at the crux of many 

debilitating pain conditions, including DPN [8; 22], chemotherapy-induced neuropathy [42], 

and radiculopathy resulting from lumbar disc herniation [27]. Here we demonstrate that 

a ketogenic diet prevents and rescues nociception and activation of nociceptive circuits 

evoked by MGO. Further, our findings identify MGO scavenging and detoxification as a 

potential mechanism by which a ketogenic diet impacts pain. Overall, these findings are 

consistent with emerging evidence that suggest a ketogenic diet may benefit MGO-driven 
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painful pathologies [13; 17; 31; 32; 45]. These results suggest a broader application of 

ketogenic diets as therapeutic interventions in other MGO-related pathologies and chronic 

pain conditions.
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Figure 1. A ketogenic diet prevents methylglyoxal-evoked mechanical allodynia.
(A) Experimental design for assessing effects of a ketogenic diet on methylglyoxal (MGO) 

evoked nociception. Mice were provided chow or a ketogenic diet for one week before 

receiving a 25 μl intraperitoneal injection of 720 ng MGO. Sensory behavioral testing with 

Von Frey filaments was conducted for two weeks following injection prior to sacrifice. (B) 

Chow-fed mice receiving an injection of MGO quickly developed mechanical allodynia that 

persisted through the course of the experiment. Mice fed a ketogenic diet, however, never 

developed allodynia following MGO injection (n=8). Mixed-models ANOVA with repeated 

measures and Tukey’s post hoc test; *p < 0.05 compared to chow-fed saline-injected mice.
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Figure 2. A ketogenic diet contributes to methylglyoxal scavenging.
(A) Quantification of blood MG-H1 levels 48 hours post-injection in chow- and ketogenic 

diet-fed mice (n=4–5). Chow-fed mice exhibit significantly elevated circulating MGO 

48 hours post-injection, whereas ketogenic diet-fed mice show no such increase. (B) 

Quantification of blood β-hydroxybutyrate (β-HB) levels in chow- and ketogenic diet-fed 

mice 48 hours after MGO injection (n=4–5). Chow-fed mice show normal blood ketone 

levels, while mice fed a ketogenic diet exhibit elevated β-HB, indicative of nutritional 

ketosis. (C) Negative correlation between circulating MGO and β-HB 48 hours after MGO 

injection in mice fed a chow or ketogenic diet (n=14; p < 7.28e−5, ρ = −0.86). (D) 

Quantification of Glyoxalase 1 enzyme activity from various tissues in chow and ketogenic 
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diet-fed mice. Both spinal cord and footpad skin from ketogenic diet fed mice show a strong 

trend toward increased glyoxalase 1 activity compared to those from chow fed mice (n=4). 

(A-B and D) Two-way ANOVA and Tukey’s post hoc test; * p < 0.05 compared to chow-fed 

saline-injected, *p < 0.05 between two conditions. (C) Spearman’s Rank Correlation.
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Figure 3. Validation of a behavioral assay for methylglyoxal detoxification.
(A-B) Quantification of the number of nociceptive events engaged in nociceptive behavior 

following intraplantar injection of MGO with, and without, aminoguanidine (n=8). Mice 

receiving intraplantar MGO injections exhibit increased number (A) and duration (B) of 

nocifensive behaviors, which is abrogated by pre-incubating MGO with aminoguanidine. 

(A-B) Three-way ANOVA and Tukey’s post hoc test; * p < 0.05 compared to chow-fed 

saline-injected, *p < 0.05 between two conditions.
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Figure 4. Pre-incubation with ketone bodies prevents methylglyoxal-evoked nociception.
(A-D) The number of nociceptive events and time engaged in nociceptive behavior 

following intraplantar injection of MGO with, and without, ketone bodies (n=7–8). MGO 

injection increased the number of nocifensive events (A and C), and time engaged in 

nocifensive behavior (B and D), which was largely prevented by pre-incubation of MGO 

with acetoacetate (A-B) or β-HB (C-D). (A-D) Three-way ANOVA and Tukey’s post hoc 
test; * p < 0.05 compared to chow-fed saline-injected, *p < 0.05 between two conditions.
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Figure 5. Pre-incubation with β-HB does not prevent nociception evoked by methylglyoxal-
protein adducts.
Nociceptive events (A) and time engaged in nocifensive behavior (B) were increased 

by MGO conjugated to bovine serum albumin (MGO-BSA). Pre-incubation with β-HB 

caused a slight, but statistically significant, improvement in number of MGO-BSA-evoked 

nociceptive events (A) but did not affect time engaged in nocifensive behaviors (B) (n=8). 

(A-B) Three-way ANOVA and Tukey’s post hoc test; * p < 0.05 compared to chow-fed 

saline-injected, *p < 0.05 between two conditions.
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Figure 6. Ketone bodies prevent methylglyoxal-evoked early activation in spinal dorsal horn.
Representative images (A) and quantification (B) of phospho-ERK (p-ERK)-positive cells 

(white arrows) in the dorsal horn of the spinal cord from mice receiving footpad injections 

of MGO with and without acetoacetate. MGO injection increased the number of p-ERK-

positive cells 10 minutes after injection, which was prevented by coincubation of MGO 

with acetoacetate. (C-D) Representative images and quantification of p-ERK-positive cells 

(white arrows) in the dorsal horn of the spinal cord following intraplantar MGO injection 

with and without β-HB. MGO again increased p-ERK positivity in the dorsal horn, which 
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was abrogated by coincubation with β-HB. Scale bar depicts 100 μm. (B and D) Three-way 

ANOVA and Tukey’s post hoc test; *p < 0.05 compared to chow-fed saline-injected, *p < 

0.05 between two conditions.
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