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Abstract

Dietary interventions are promising approaches to treat pain associated with metabolic changes
because they impact both metabolic and neural components contributing to painful neuropathy.
Here, we tested whether consumption of a ketogenic diet could affect sensation, pain, and
epidermal innervation loss in type 1 diabetic mice. C57BI/6 mice were rendered diabetic using
streptozotocin and administered a ketogenic diet at either three weeks (prevention) or nine weeks
(reversal) of uncontrolled diabetes. We quantified changes in metabolic biomarkers, sensory
thresholds, and epidermal innervation to assess impact on neuropathy parameters. Diabetic mice
consuming ketogenic diet had normalized weight gain, reduced blood glucose, elevated blood
ketones, and reduced hemoglobin-A1C levels. These metabolic biomarkers were also improved
following nine weeks of diabetes followed by four weeks of a ketogenic diet. Diabetic mice fed
a control chow diet developed rapid mechanical allodynia of the hind paw that was reversed
within a week of consumption of a ketogenic diet in both prevention and reversal studies. Loss
of thermal sensation was also improved by consumption of a ketogenic diet via normalized
thermal thresholds. Finally, diabetic mice consuming a ketogenic diet had normalized epidermal
innervation, including after nine weeks of uncontrolled diabetes and four weeks of consumption
of the ketogenic diet. These results suggest that, in mice, a ketogenic diet can prevent and reverse
changes in key metabolic biomarkers, altered sensation, pain and axon innervation of the skin.
These results identify a ketogenic diet as a potential therapeutic intervention for patients with
painful diabetic neuropathy and/or epidermal axon loss.

Introduction

Painful small-fiber neuropathy is a common complication of diabetes, as patients with
diabetes have a 3.6-fold increased risk of developing this chronic pain condition [4].
Diabetic peripheral neuropathy (DPN) affects 10- to 50-percent of all patients with diabetes
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[22], and small fiber DPN commonly presents as both reduced sensation and pain in the
lower extremities and hands. During disease progression, diabetes patients experience a
progressive loss of peripheral innervation in the skin [13; 23; 34], which is represented
clinically as a reduction in intraepidermal nerve fiber (IENF) density. Hyperglycemia and
hemoglobin-A1C (Hb-A1C), a glycosylated hemoglobin adduct, are strong predictors for
the incidence and severity of DPN in patients with diabetes [21; 37]. Glucotoxicity and
toxicity from glycolysis-derived metabolites are also strongly associated with DPN [1; 6;
42]. These processes lead to hyperexcitability of sensory neurons in the dorsal root ganglia
and can directly activate pronociceptive signaling circuits [1; 6], leading to pain. Despite
the prevalence of DPN and its negative effect on quality of life, there are few therapeutic
options available to patients with painful DPN and no clinically-available treatments that can
improve lost sensation or restore peripheral innervation.

Prior to the discovery and mass production of insulin, very-low carbohydrate, ketogenic
diets were used by Allen and others to manage type 1 diabetes. In recent years, ketogenic
diets have experienced a resurgence of interest as therapeutic modalities in a range of
neurologic diseases, including epilepsy [7; 18; 20], Alzheimer’s disease [8; 48], and various
chronic pain conditions [16; 17; 40; 41]. While the mechanism(s) by which a ketogenic

diet ameliorates chronic pain remains loosely defined, the low-carbohydrate nature of this
diet has been demonstrated to reduce fasting blood glucose in models of diabetes [32] and
diabetic nephropathy [39].

Previously, our lab has published that a ketogenic diet can reverse mechanical allodynia
associated with consumption of a high fat diet [16]. Additionally, p-hydroxybutyrate
(B-HB), the primary circulating ketone body in mice and humans on a ketogenic diet,
stimulated neurite outgrowth /n vitro. We therefore hypothesized that a ketogenic diet
might improve DPN in a model of experimental diabetes. We used streptozotocin (STZ) to
induce uncontrolled hyperglycemia in mice and measured whether a ketogenic diet altered
biomarkers for diabetes progression, nociceptive behavior, and peripheral innervation of the
hind paw. Here, we report that a ketogenic diet 1) is well tolerated in a type I-like diabetes
mouse model, 2) rescues both mechanical allodynia and loss of thermal sensation, and 3)
stimulates regeneration of intraepidermal nerve fibers that are lost in DPN. These findings
have important implications for dietary interventions associated with painful neuropathy
related to metabolic dysfunction.

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/BI6
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 the University

of Kansas Medical Center. Mice were given ad /ibitum access to water and 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). Mice fed a ketogenic diet were given fresh diet every 3—4 days.
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Experimental Induction of Type 1 Diabetes

Diabetes was experimentally induced by intraperitoneal (i.p.) injection of streptozotocin
(STZ; Sigma, Lot #WXBC8740V; St. Louis, MO). Briefly, mice were fasted for 3 hours
before receiving an i.p. injection of either control sodium citrate buffer (pH 4.5) or 180
mg/kg STZ dissolved in sodium citrate buffer (pH 4.5). We measured fasting blood glucose
72 hours later as described below to confirm induction of diabetes (fasting blood glucose =
250 mg/dL). Mice that did not develop hyperglycemia were given subsequent injections of
30 mg/kg STZ and reevaluated by fasting blood glucose every 72 hours until diabetic or the
mice had received a cumulative dose of 240 mg/kg STZ.

Blood Measurements

Fasting blood glucose was determined biweekly as described by Groover, et. al. [27].
Briefly, mice were fasted for 3 hours before drawing 20 uL blood from the tail vein

by clipping off the tip of the tail or the resulting scab in subsequent blood draws. We

used Vaseline during blood draw to avoid skin abrasion related to the blood draw. All
standards and samples were mixed with molecular H,O, ZnSO,4 (Sigma), and Ba(OH),
(Sigma) and centrifuged at 13000 rpm and 4 °C for 5 minutes. The resultant supernatant was
incubated for 30 minutes at 37 °C with color reagent (PGO capsule, Sigma; o-Dianisidine
Dihydrochloride, Sigma; in molecular water). The absorbance of standards and samples was
then determined by plate reader (SpectraMax M5) at 450 nm.

Blood ketones were measured using a hand-held blood monitor and B-hydroxybutyrate
blood ketone strips (B-Ketone blood test strips, Abbott Laboratories, Chicago, IL; Precision
Xtra, Abbott Laboratories). Blood ketones were determined biweekly after a 3 hour fast

in STZ- and sodium citrate-injected mice. Saline- and MGO-injected mice were not fasted
prior to blood ketone measures.

During the early ketogenic diet intervention, insulin levels were determined following a 3
hour fast biweekly. Tail vein 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

for storage at =80 °C until analysis by ELISA (Alpco; Salem, NH). A1CNow+ Test Kits
(PTSDiagnostics) were used to determine Hb-Alc measures from tail blood immediately
before sacrifice. Mice were not fasted prior to Hb-Alc measurement.

Sensory Behavioral Testing

Sensory behavioral testing was performed at baseline and biweekly for STZ-injected mice
(Figure 1). Prior to collection of baseline data, mice were acclimated to testing areas for 30
minutes and either the mesh table or thermal testing apparatus 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, mesh table, and thermal testing apparatus for 30
minutes each.

Different Von Frey monofilaments were applied to the plantar surface of the hind paw
following the “up-down” method for one second [10]. Mice were observed for either
a negative or a positive response, and mechanical withdrawal threshold was calculated
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following five positive responses. Thermal sensitivity was determined by radiant heat assay
using a thermal testing apparatus. A 4.2 V radiant heat source was applied to the plantar
surface of the hind paw and latency to withdrawal was recorded three times. Cold-sensitivity
was determined using a cold-plate assay. Each animal was subject to two trials each, the
results of which were averaged. During each trial, the temperature of the cold plate ramped
down from 27 °C to 0 °C at a rate of 10 °C/minute. After observing a nocifensive behavior,
the assay was stopped and the final temperature and time in seconds to reach it were
recorded.

Intraepidermal Nerve Fiber Density

Footpads were collected from all mice and post-fixed in Zamboni’s fixative for 18

hours before overnight incubation in 30% sucrose and cryopreservation in Optimal

Cutting Temperature Compound (Sekura Tissue-Tek). Thirty-micron sections of footpad
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 incubated overnight with rabbit a-PGP9.5 (1:1500, UCHLZ;
ProteinTech; Rosemont, IL). Slides were incubated with AlexaFluor-555 tagged donkey-a.-
rabbit secondary antibody (1:1000; Molecular Probes) for one hour, then imaged with a
Nikon Eclipse 90i microscope using a 20X objective. Nikon Elements software was used
to measure length of the dermal-epidermal junction. IENF was quantified as the number of
fibers crossing that junction and expressed as number of fibers per millimeter. Nine images
were taken per slide, and the average IENF density for each mouse was used for statistical
analyses.

Experimental Design

Following STZ injection, mice were assigned to either dietary prevention (Figure 1A)

or dietary rescue paradigm (Figure 1B). In both paradigms, mice were randomized by
baseline mechanical withdrawal threshold into diabetic and non-diabetic cohorts. In the
early intervention paradigm, diabetic and healthy mice were randomized by mechanical
withdrawal threshold again three weeks following induction of diabetes into groups fed a
ketogenic diet or maintained on chow diet for nine weeks, for a total length of twelve weeks.
In the rescue paradigm, mice were randomized nine weeks following induction of diabetes
by mechanical withdrawal threshold (Figure 1B). Non-diabetic mice in this cohort were
randomized to either immediate sacrifice for tissue harvest or maintenance on chow diet for
four weeks. Diabetic mice were randomized to either immediate sacrifice for tissue harvest,
maintenance on chow diet for four weeks, or administration of a ketogenic diet for four
weeks, for a total of thirteen weeks.

Statistics and Data Analysis

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

“car”, “nlme”, “multcomp”, and “ggpubr”. All analyses for which data were collected over
time were performed using a mixed-model analysis of variance (ANOVA) with repeated
measures. All other analyses were performed using a two-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
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variance were confirmed by Shapiro-Wilks and Levene tests, respectively. All data are
presented as mean +/— standard error of the mean.

Type 1 Diabetic Mice Tolerate a Ketogenic Diet

We used an intraperitoneal streptozotocin (STZ) injection model to induce diabetes in
8-week-old mice. Diabetic mice fed a chow diet developed a significant decrease in
bodyweight compare to chow-fed non-diabetic mice fed (Figure 2A; mixed-model ANOVA
with repeated measures, time: p < 0.001, diabetes: p < 0.05, diet: p < 0.78, diabetes-diet
interaction: p < 0.001; Figure 3A-B; mixed-model ANOVA with repeated measures, time:

p < 0.0001, group: p < 0.0001). Notably, diabetic ketogenic diet-fed mice had increased
bodyweight relative to chow-fed diabetic mice in the early intervention paradigm, which was
mirrored to a lesser degree in the rescue paradigm (Figure 2A, 3A, B).

We tested whether the impact of a ketogenic diet on bodyweight in diabetic mice was related
to changes in lean and fat mass. We quantified changes in lean mass, fat mass, and percent
bodyfat over a four-week period between week 3 and week 7. We detected no significant
effect of diabetes or a diabetes-diet interaction on lean mass, fat mass, or percent bodyfat
(Figure S1). Diet alone, however, accounted for significant decreases in lean mass (2-way
ANOVA, diet: p < 0.0001) and increases in fat mass (2-way ANOVA, diet: p < 0.0001) and
percent bodyfat (2-way ANOVA, diet: p < 0.0001).

We examined whether consumption of a ketogenic diet significantly increased
concentrations of B-hydroxy-butyrate (B-HB), the primary ketone body detected in blood
(Figure 2B; mixed-models ANOVA with repeated measures, diabetes: p < 0.003, diet: p

< 0.0001, diabetes-diet interaction: p < 0.036; Figure 3C, D, mixed-models ANOVA with
repeated measures, group: p < 0.0001). Mice fed a ketogenic diet had increased circulating
B-HB in both diabetic and non-diabetic groups compared to chow-fed mice following
administration of a ketogenic diet (Tukey’s HSD, p = 0.00295). However, ketogenic diet-fed
diabetic mice did not exhibit blood B-HB concentrations above 8 mM at any timepoint,
indicating that a ketogenic diet does not cause onset of diabetic ketoacidosis in this diabetic
mouse model.

A Ketogenic Diet Improves Type 1 Diabetes Blood Biomarkers

Ketogenic diets are defined by their very-low carbohydrate components, which results in
the production and consumption of ketone bodies as an alternative fuel source. To test
whether reduced carbohydrate intake from a ketogenic diet altered fasting blood glucose
levels, we quantified blood glucose on a bi-weekly basis. Both chow- and ketogenic diet-
fed diabetic mice initially developed high fasting blood glucose typical of this model.
However, following early intervention with a ketogenic diet, diabetic ketogenic diet-fed
mice displayed lower fasting blood glucose than chow-fed diabetic mice (Figure 2C; mixed-
models ANOVA with repeated measures, time: p < 0.0001, diabetes: p 0.0001, diet: p <
0.168, diabetes-diet interaction: p < 0.085; Tukey’s HSD, p = 0.12). Notably, these levels
dipped below the generally accepted level of fasting blood glucose for diabetes in mice.

Pain. Author manuscript; available in PMC 2023 April 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Enders et al.

Page 6

While ketogenic diet-fed diabetic mice in rescue experiments did not dip below the threshold
of being considered diabetic, these ketogenic-diet fed mice did exhibit significantly reduced
fasting blood glucose compared to chow-fed diabetic mice after four weeks (Figure 3E,

F; mixed-models ANOVA with repeated measures, time: p < 0.0001, group: p < 0.0001;
Tukey’s HSD, p < 0.01).

We measured percent glycosylated hemoglobin HbAL1C in all mice 12 weeks post-STZ
injection (Figure 2D). Chow-fed diabetic mice exhibited significantly higher HbA1C than
all other groups, while ketogenic diet-fed diabetic mice were not significantly different from
either chow- or ketogenic diet-fed non-diabetics (2-way ANOVA, diabetes: p < 0.00012,
diet: p < 0.011, diabetes-diet interaction: p < 0.0094; Tukey’s HSD, STZ-Chow and STZ-
Keto adjusted p < 0.0027, STZ-Keto and Ctrl-Chow adjusted p < 0.676).

STZ induces diabetes by causing DNA damage to pancreatic B-islets and preventing insulin
production. We measured fasting insulin levels across all four groups for 8 weeks. As
expected, STZ-injection led to a significant reduction in blood insulin levels (Figure S2;
mixed-models ANOVA with repeated measure, time: p < 0.0001, diabetes: p < 0.0001, diet:
p < 0.0729, diabetes-diet interaction: p < 0.65). Insulin levels in ketogenic diet-fed diabetic
mice were not different than chow-fed diabetic mice (Tukey’s HSD, p = 0.45).

Consumption of a Ketogenic Diet Reverses Diabetes-Induced Mechanical Allodynia

Mice developed significant lasting hind paw mechanical allodynia within two weeks of
diabetes induction in both early intervention (Figure 4A) and rescue paradigms (Figure 5A,
B). However, following early intervention with a ketogenic diet, diabetic mice regained and
maintained mechanical thresholds similar to non-diabetic, chow-fed mice throughout the
duration of the experiment (Figure 4A; mixed-model ANOVA with repeated measures, time:
p < 0.0001, diabetes: p < 0.0001, diet: p < 0.0001, diabetes-diet interaction: p < 0.0001;
Tukey’s HSD, diabetic and non-diabetic chow-fed p < 0.001, diabetic chow- and ketogenic
diet-fed p < 0.001). The rescue paradigm showed similar results, as within one week of
administering a ketogenic diet, mechanical withdrawal thresholds of diabetic mice returned
to baseline (Figure 5B; mixed-model ANOVA with repeated measures, time: p = 0.6225,
group: p <0.0001; Tukey’s HSD, diabetic and non-diabetic chow-fed p < 0.001, diabetic
chow- and ketogenic diet-fed p < 0.00123).

We also observed a modest but significant improvement in thermal sensitivity with
ketogenic diet-fed mice using a radiant heat assay. In both experiments, diabetic mice
exhibited an increase in paw withdrawal latency by week four (Figure 4B; mixed-model
ANOVA with repeated measures, time: p < 0.38, diabetes: p < 0.065, diet: p < 0.077,
diabetes-diet interaction: p < 0.098; Figure 5C, D; mixed-model ANOVA with repeated
measures, time: p = 0.39, group: p <0.0001), indicating diminished thermal sensation.
Administration of a ketogenic diet occurred before onset of thermal hyposensitivity and
prevented increased latency in diabetic mice (Tukey’s HSD, STZ-diabetic chow- and
ketogenic diet-fed p = 0.08). In rescue experiments, a ketogenic diet was provided after
the onset of thermal hyposensitivity. Diabetic mice exhibiting diminished thermal sensation
showed improvements in thermal latency following administration of a ketogenic diet and
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were not different from healthy controls by the end of the experiment (Tukey’s HSD,
non-diabetic and diabetic ketogenic diet-fed p = 1.00).

We tested whether a ketogenic diet modified cold sensation. Using a cold-plate assay, we
observed no significant effects of either diabetes or diet on cold thresholds (Figure S3;
2-way ANOVA, p > 0.5).

Consumption of a Ketogenic Diet Prevents Reductions in Diabetes-Induced Intraepidermal
Nerve Fiber Density

IENF density is significantly reduced in patients with diabetic neuropathy [13; 23] and

in preclinical models of diabetic neuropathy [34]. Therefore, we assessed the impact of

a ketogenic diet on IENF density in diabetic mice (Figure 6). Consistent with previous
findings, diabetic chow-fed mice exhibited an approximately 20% reduction in IENF density
(2-way ANOVA, diabetes: p < 0.0055, diet: p < 0.015, diabetes-diet interaction: p < 0.21).
The diabetic ketogenic diet-fed group, however, was not significantly different from chow-
fed non-diabetic mice (Tukey’s HSD, adjusted p < 0.98) and displayed a statistical trend of
higher IENF density than diabetic chow-fed mice (Tukey’s HSD, adjusted p < 0.052).

Consumption of a Ketogenic Diet Stimulates Recovery of Intraepidermal Nerve Innervation
in Diabetic Mice

Once intraepidermal axons degenerate in diabetic neuropathy, there are few experimental
interventions shown to improve transient reinnervation of the epidermis [2; 14; 29]. The
above results suggest that consumption of a ketogenic diet prevents IENF density reductions
associated with the progression of diabetes. Here, we tested whether initiation of a ketogenic
diet following a timepoint in which mice had demonstrable reductions in IENF density could
reverse this neurodegenerative change. We sacrificed chow-fed non-diabetic and diabetic
mice nine weeks after STZ-injection to confirm that diabetic mice had reduced IENF
density. Consistent with this diabetes model and mouse strain, chow-fed diabetic mice
displayed a significant reduction in IENF density after nine weeks of diabetes compared to
chow-fed non-diabetic mice (Figure 7; Tukey’s HSD, non-diabetic and diabetic chow-fed

at 9 weeks p < 0.001). The remaining nondiabetic mice were maintained on chow diet,
while diabetic mice were either provided a ketogenic diet or maintained on chow. After four
additional weeks, diabetic chow-fed mice continued to exhibit significantly reduced IENF
density compared to non-diabetic mice (Tukey’s HSD, non-diabetic compared to diabetic
chow-fed at 13 weeks p < 0.0002). Diabetic mice fed a ketogenic diet, however, displayed
significantly increased levels of IENF density that were comparable to levels in chow-fed
non-diabetic mice (Tukey’s HSD, diabetic chow- and ketogenic diet-fed at 13 weeks p <
0.0005, non-diabetic and diabetic ketogenic diet-fed p = 0.98).

Discussion

In this study, we demonstrated that administration of a ketogenic diet is effective at rescuing
positive and negative sensory abnormalities indicative of DPN and stimulating regeneration
of peripheral nerve fibers in the distal limb. We tested a ketogenic diet (prevention) and
ketogenic diet rescue experimental paradigms in an experimental diabetes model in mice
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with known sensory deficits and axonal loss. From a safety perspective, consumption of a
ketogenic diet in diabetic mice was well tolerated and improved body weight, fasting blood
glucose, and Hb-A1C (Figures 2 and 3), congruent with previous literature [9; 18; 39; 50].
Diabetic mice developed mechanical allodynia and thermal hyposensitivity (Figures 4 and 5)
and displayed reduced IENF density (Figures 6 and 7), all of which are well recapitulated

in models of DPN [28; 34] and serve as clinical indicators of the condition. Importantly,
administration of a ketogenic diet reversed mechanical allodynia and lost thermal sensation
and stimulated regeneration of epidermal nerve fibers in diabetic mice exhibiting symptoms
of DPN.

Improvements in fasting blood glucose and reduced Hb-Alc suggest that a ketogenic diet
may ameliorate aberrant nociception and sensory loss in part by improving metabolic
parameters in diabetes. The peripheral nervous system is generally thought to be insulin-
independent related to glucose uptake and utilization [38], rendering these tissues more
susceptible to glucotoxicity and subsequent generation of reactive oxygen species (ROS)
[46; 54] and toxic secondary metabolites like dicarbonyls. For instance, increased glycolytic
flux is known to increase accumulation of methylglyoxal, which has been shown to
contribute to nociception in DPN and other neuropathies [6; 19; 52] via activation of the
integrated stress response [3] and transient receptor potential ankyrin 1 (TRPA1)[1; 26].
These complications can lead to problems in the redox balance of neurons and are known to
be strongly associated with pain [1; 6; 46].

Ketogenic diets feature a drastic reduction in carbohydrate intake, presumably allowing
insulin-independent tissues to use available circulating glucose without replenishing and
overburdening these tissues with glucose. While we observed a reduction in fasting blood
glucose in diabetic mice fed a ketogenic diet (Figures 2C and 3F), it is important to

note that these effects occurred temporally after improvements in mechanical allodynia

and thermal sensation. While consuming a ketogenic diet, glucose is replaced as the
primary circulating fuel source by ketone bodies such as p-HB and acetoacetate. We
observed elevated ketosis within two weeks of administering a ketogenic diet (Figure

2B). Importantly, the concentration of circulating ketones remained below the threshold

of ketoacidosis, a common life-threatening complication of diabetes (Figure 2B, Figure 3D).
Ketone bodies have been further implicated in reducing glycolytic flux [51] and scavenging
ROS [15; 25; 35]. Thus, peripheral neurons in the somatosensory system of diabetic mice
may experience reduced glycolytic flux due to a concomitant decrease in carbohydrate
intake and ketone-mediated regulation of glycolysis.

In addition to changes in metabolism, additional mechanisms associated with elevated
ketone bodies must also be considered. Increasing evidence now reveals that ketone bodies
can function as signaling molecules that are relevant to sensation and pain. For example,
B-HB signals through hydroxy-carboxylic acid receptor (HCAR) -1 and -2 [12; 30] and
inhibit the NLRP3 inflammasome [36; 43]. NLRP3 and its product interleukin-1p are
heavily implicated in both diabetes [11; 45] and chronic pain [24; 33; 47], making them
attractive potential mechanisms for the anti-nociceptive effects of a ketogenic diet.
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Ketogenic diet may also improve peripheral sensation in DPN by stimulating growth

of distal axons innervating peripheral tissues. Human patients with DPN exhibit greatly
reduced IENF density compared to those without neuropathy [13; 34]. The relationship
between reduced IENF density and painful DPN is complex, and causality of axon loss
and pain is not clearly delineated. In mice, the, appearance of mechanical allodynia occurs
before reductions in IENF density (Figures 6 and 7)[34], yet that may be due in part

to increased regrowth and degradation cycles of IENF terminals in diabetics with pain.
For example, Feldman and colleagues reported reduced IENF density and an increased
proportion of IENFs positive for growth-associated protein 43 (GAP43), a marker for
axonal growth and regeneration, in patients with painful DPN compared to those with
neuropathy and no pain [13]. Truini and colleagues likewise reported increased GAP43
staining and reduced total IENFD in diabetic patients with either mechanical allodynia or
burning sensation [23]. These studies suggest for the possibility of IENFD reduction with
concomitant cycles of regrowth and degeneration as contributors to pain in DPN. A much
clearer relationship exists between reduced IENF density and loss of sensation. Epidermal
axon subtypes include polymodal C-fibers exhibiting responsiveness to heat and noxious
stimuli [31] and are known to degenerate in DPN [34]. Loss of the distal tips of these
fibers are associated with reduced sensitivity to heat stimuli. Indeed, latency to nocifensive
response in the hot plate assay is negatively correlated with IENF density [31]. Here, our
studies suggest that a ketogenic diet prevents IENF loss in DPN, but importantly, even after
axons have been lost, can lead to the regeneration of distal axons.

Mitigating hyperglycemia may also contribute to improved IENF density in diabetic mice
fed a ketogenic diet. Sensory axon growth is positively impacted by neurotrophin release
and transport from nonneuronal cell types that include keratinocytes and Schwann cells.
Schwann cells reduce nerve growth factor (NGF) expression and release in high glucose
conditions, leading to reduced neurite outgrowth from cultured sensory neurons [49]. Future
studies should examine whether high glucose conditions similarly reduce neurotrophin
expression in target tissues, such as keratinocytes. Prolonged exposure to high glucose

can lead to receptor glycation, and glycation of the receptor for NGF, TrkA, reduces NGF-
binding affinity three-fold [5]. Further, treatment with 2-deoxyglucose, a glucose analog
that inhibits glycolysis, upregulated NGF and brain-derived neurotrophic factor (BDNF)

in a mouse model of Alzheimer’s disease [53]. Reducing hyperglycemia may therefore be
sufficient to rescue diabetes associated IENF loss, yet it is also possible that elevated ketone
bodies may contribute to axon regrowth. B-HB is known to upregulate the neurotrophin
brain-derived neurotrophic factor (BDNF) through histone deacetylase inhibition [44]. It is
also important to note the increase in NGF and BDNF following 2-deoxyglucose treatment
was concomitant to both decreased glycolysis and increased circulating p-HB availability
in the brain. Our results include the possibility for improved metabolic changes and
noncanonical actions of ketone bodies to both contribute to positive changes we observed in
mice with DPN.

DPN is a devastating condition with a multifaceted etiology, resulting in chronic pain and
loss of sensation in patients that leads to reduced quality of life. Our results are consistent
with the findings that, as an intervention, a ketogenic diet is well tolerated in diabetes [9;
18; 39; 50] and may offer significant benefits to prevent and reverse diabetes-associated
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abnormalities in mechanical and thermal sensitivity. Moreover, our results suggest the
promising possibility that consumption of a ketogenic diet can stimulate the regeneration
of peripheral axons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Graphical timelines of experimental design for early-intervention and rescue paradigms.
Diabetes was induced by intraperitoneal injection of streptozotocin (180 mg/kg) and
confirmed three days later by blood glucose measurement. Sensory behavioral testing

was performed at baseline and biweekly following diabetes induction. (A) Mice in the
early-intervention paradigm were administered a ketogenic diet three weeks post-injection or
maintained on a chow diet. Blood biomarkers were assessed biweekly and at sacrifice. (B)
Mice in the rescue paradigm had uncontrolled diabetes for nine weeks before randomization
into three groups: immediate sacrifice for peripheral innervation assessment, maintenance

on chow diet, or administration of a ketogenic diet for four weeks. Blood biomarkers were
assessed every four weeks.
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Figure2.
Bodyweight and blood biomarkers in diabetic mice following administration of a ketogenic

diet (KD) as a preventative intervention. (A) Diabetic mice exhibited reduced gain in
bodyweight compared to non-diabetic mice, which was ameliorated by a ketogenic diet
(n=7-12). (B) Mice fed a ketogenic diet displayed elevated ketone body levels. Though
elevated ketones are much more pronounced in diabetic mice fed a ketogenic diet, the
blood B-HB levels remain below the threshold for ketoacidosis (n=7-12). (C) Diabetic
mice exhibit significantly elevated fasting blood glucose compared to non-diabetic controls,
which is partially ameliorated following early administration of a ketogenic diet (n=7-12).
(D) Diabetic chow-fed, but not ketogenic diet-fed, mice exhibit elevated % Hb-A1C (n=7-
10). (A-C) Mixed-models ANOVA with repeated measures and Tukey’s post hoctest; * p
< 0.05 compared to chow-fed non-diabetic mice. (D) 2-way ANOVA and Tukey’s post hoc
test; * p < 0.05 compared to chow-fed non-diabetic mice.
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Figure 3.

Bodyweight and blood biomarkers in diabetic mice following an uncontrolled diabetes (A,
C, E) or dietary intervention (B, D, E) paradigm. Diabetic mice fail to gain bodyweight

(A), which is modestly rescued following administration of a ketogenic diet (B) (n=6—

10). Diabetic mice fed a ketogenic diet develop nutritional ketosis yet remain below the
threshold of life-threatening ketoacidosis (C and D) (8 mM B-HB; n=6-10). Diabetic mice
exhibit robust increase in fasting blood glucose (E), which is significantly reduced following
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administration of a ketogenic diet (F) (n=6-10). (A-E) Mixed-models ANOVA with repeated
measures and Tukey’s post hoc test; * p < 0.05 compared to chow-fed non-diabetic mice.
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Figure 4.

Sensory behavior in diabetic mice following administration of a ketogenic diet as a
preventive intervention. (A) Diabetes induces a sharp, lasting decline in mechanical
withdrawal thresholds as assessed by Von Frey filaments, indicative of mechanical allodynia.
Within a week of administration of a ketogenic diet, diabetic mice returned to normal levels
of mechanical sensitivity (n=7-12). (B) Diabetic mice slowly develop a delayed response

to noxious heat stimuli, as assayed by radiant heat assay. The thermal hyporesponsiveness
was prevented in diabetic mice fed a ketogenic diet (n=7-12). (A-B) Mixed-models ANOVA
with repeated measures and Tukey’s post hoc test; * p < 0.05 compared to chow-fed
non-diabetic mice.
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Figureb.

Sensory behavior in diabetic mice following an uncontrolled diabetes (A, C) or dietary
intervention (B, D) paradigm. Diabetes induces a sharp and lasting onset of mechanical
allodynia (A), which is reversed within one week of administering a ketogenic diet (B)
(n=6-10). Diabetic mice develop delayed responsiveness to radiant heat following 9 weeks
of uncontrolled diabetes (C). Following administration of a ketogenic diet, thermal latency
returns to normal (D) (n=6-10). (A-B) Mixed-models ANOVA with repeated measures and
Tukey’s post hoctest; * p < 0.05 compared to chow-fed non-diabetic mice.
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Figure 6.
Intraepidermal innervation of diabetic footpads following using a ketogenic diet as a

preventative intervention. (A) Representative images of fixed footpads fluorescently labeled
with anti-protein gene product 9.5 (PGP9.5) to stain all nerve fibers. Scale bar set to 50 um.
(B) Quantification of PGP9.5* fibers/mm. Diabetic mice exhibit approximately 30% fewer
IENFs compared to non-diabetic controls, whereas diabetic mice fed a ketogenic diet exhibit
normal IENFD (n=4). 2-Way ANOVA and Tukey’s post hoctest; * p < 0.05 compared to
chow-fed non-diabetic mice.
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Figure7.
Intraepidermal innervation of diabetic footpads following a rescue paradigm of ketogenic

diet administration. (A) Representative images of epidermal axons. Scale bar set to 50

pum. (B) Quantification of IENFD. Diabetic mice exhibited approximately 25% reduction
in IENFD compared to non-diabetic controls at 9 weeks. (C) Representative images of
epidermal axons. Axon loss was also apparent in chow-fed diabetic mice at 13 weeks. (D)
Diabetic mice fed a ketogenic diet as a rescue paradigm for 4 weeks exhibit normal IENFD
(n=3-5). 2-Way ANOVA and Tukey’s post hoctest; * p < 0.05 compared to chow-fed
non-diabetic mice.
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