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Abstract

A common complication of diabetes is distal symmetric polyneuropathy, which causes symptoms
such as numbness, tingling and pain due to sensory axon degeneration. The mechanisms leading to
degeneration remain incompletely understood but reactive oxygen species (ROS) that are formed
by lipid oxidation are thought to contribute to this condition. In this study, we reassessed the role
of ROS in glucose-induced sensory axon degeneration and analyzed candidate downstream targets,
which could represent druggable targets. Using a larval zebrafish model for /in vivoimaging, we
show that glucose treatment induced metabolic changes that resemble a diabetic phenotype.
Moreover, we find that glucose treatment induced sensory axon degeneration, which was mediated
by ROS formation in the skin, and ROS-dependent MMP-13 activation. Glucose-induced sensory
axon degeneration was prevented upon pharmacological inhibition of ROS with the antioxidant,
N-acetylcysteine, and upon pharmacological MMP-13 inhibition. We further show that the
MMP-13 dependent mechanism of axon degeneration is conserved in mammals. Neuropathy was
reversed upon injection of MMP-13 inhibitor into obese mice on a high-fat/high sugar diet. Our
findings demonstrate that zebrafish can serve as a model to study glucose-induced neurotoxicity
and help identify mechanisms that may be beneficial in the treatment of diabetic neuropathy.
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1. Introduction

Diabetes mellitus afflicts ~28 Million people in the United States and over 300 Million
worldwide, a number that is expected to double in the coming decades 1 2. Diabetes and pre-
diabetes are associated with a number of complications, one of which is diabetic peripheral
neuropathy. Approximately 50-60% of diabetic patients suffer from neuropathy throughout
the course of the disease. The most prevalent type is distal symmetric neuropathy, which
affects sensory fibers in the distal extremities, leading to symptoms such as numbness, pain
and paresthesia (tingling). Symptoms often initiate in the large toe and progressively move
toward more proximal regions 3. The incidence of neuropathy is accelerated under poor
glycemic control 4, and often is already prevalent in pre-diabetic patients °. While the
etiology is incompletely understood, findings suggest that oxidative stress and lack of
oxygenation underlies this condition. Another contributing factor is the loss of axon
regenerative capacity. Regeneration is initially present in diabetic patients following an
injury 6, however, progression of the disease reduces axonal regenerative capacity and shifts
the balance toward degeneration without the prospect of recovery. So far, evidence suggests
that the causes of diabetic neuropathy are multifactorial and hence there are no effective
treatments besides pain management 4. Identifying druggable targets to treat diabetic
neuropathy would greatly improve the lives of those affected.

Hyperglycemia promotes the production and accumulation of oxidative non-enzymatic end
products that can cause tissue damage. These include advanced glycation end products
(AGEs), their receptor (RAGE), as well as activating ligands. AGEs can stimulate the release
of free radicals, which are thought to promote the development of peripheral neuropathy
through glucose autoxidation, changes in the tissue concentrations of low molecular weight
antioxidants like glutathione and vitamins A, C and E, or the inability to activate
intracellular defense systems that reduce free radicals like catalase and superoxide dismutase
(SOD) 4. Besides nervous system-specific oxidation leading to neuronal damage 7, it is
possible that additional cell types are involved in neuropathy formation. For instance, we
previously demonstrated that the chemotherapeutic agent, paclitaxel, induces oxidative stress
in zebrafish keratinocytes, which induces sensory axon degeneration through activation of
MMP-13 8. Increased glucose oxidation has also been detected in human epidermal
keratinocytes and rodent wounds and is thought to impair wound healing °. Given that
MMP-13 is expressed in wound keratinocytes and stimulated by the small ROS, hydrogen
peroxide (H,05) 10, we hypothesized that H,O, formation and MMP-13 activation due to
increased glucose oxidation in keratinocytes might underlie diabetic neuropathy.

To test this, we have established a larval zebrafish model in which we induced
hyperglycemia using glucose treatment. We find that glucose-treated zebrafish show reduced
insulin receptor expression, display increased H,O5 levels in the skin and a progressive loss
of sensory axons in the caudal fin. Glucose-treated fish moreover upregulate mmp13
expression in a ROS-dependent manner. Strikingly, pharmacological inhibition of ROS or
MMP-13 rescued glucose-induced neurotoxicity in zebrafish and diabetic mice. Thus, our
findings demonstrate the conservation of neuropathy mechanisms and we provide a new
candidate for the treatment of this condition in humans.
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2. Materials and Methods

2.1 Zebrafish husbandry

Zebrafish (Nacre, Tuebingen, Tg(is/2b:GFP) 11, Tg(ins:Eco.NfsB-mCherry) 12, and Tg(NF-
xB.GFP)) were used. All fish were raised and bred according to NIH guidelines and handled
in strict accordance with good animal practices as approved by the appropriate committee
(MDI Biological Laboratory animal core IACUC numbers 13-20 and 17-04). Fish were kept
on a 14:10hr light/dark cycle at 28.5°C. Embryos and larvae were maintained in Ringers
solution (pH 7) throughout the procedures. To minimize suffering, animals were
anesthetized in 1:1000 2-Phenoxyethanol, followed by euthanasia using a 1:500 dilution of
2-Phenoxyethanol.

2.2 Chemical treatments

Starting at 2dpf, zebrafish were kept in groups of 3-5 larvae/well in 24-well plates with
daily exchanges of solutions to prevent microbial growth. Groups of untreated, 40mM
glucose (B-D-glucose, Caymen Chemical), 40mM glucose + 0.05mg/L N-acetyl-L-cysteine
(NAC, Caymen Chemical), or 40mM glucose + 10uM DB04760 (MMP-13 inhibitor)
(sc-205756, Santa Cruz Biotechnology) were compared. For additional H,O, detection,
larvae were incubated in 4uM pentafluorobenzene sulfonyl-fluorescein (Caymen Chemical)
1-2hrs prior to imaging. All reagents were kept as stock solutions in vehicle and diluted
prior to usage. For imaging, larvae were anesthetized in a 1:1000 dilution of 2-
Phenoxyethanol. For gPCR, NAC was diluted to 0.1mg/L in Ringers solution and added into
the larval media 3hrs prior to RNA isolation.

2.3 Quantitative PCR and RNA stability

Total RNA was purified using a Trizol/Chloroform/Glycogen (ThermoFisher) extraction.
Superscript 111 (Invitrogen) was used for reverse transcription using an equal mix of poly-dT
and random hexamer oligonucleotides. Gene expression was normalized to zebrafish S18
RNA and analyzed using the comparative CT Livak method (Livak KJ, Schmittgen TD,
2001) with Brilliant Il SYBR® Green gPCR Master Mix (Agilent).

2.4 Transient injections of plasmid DNA

Approximately 40-60pL plasmid diluted in deionized water supplemented with Phenol-red
and 100-200pL Tol2 transposase mRNA was injected into early zygotes. Embryos were
raised in Ringers solution at 28.5°C.

2.5 Live imaging

Larvae were mounted in 1.2% low-melt agarose as described in 13. Ten to twenty larvae per
session were imaged on a FVV1000 (Olympus) confocal microscope with motorized stage
(20x objective, 0.75NA) using 3um sections. Stacks were projected into single images and
processed in Photoshop. For axon quantifications, fluorescent branches were detected and
quantified using the semi-automated Filament function in Imaris 8.1.2 (Bitplane,
Switzerland).
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2.6 Mouse MMP-13 inhibitor treatments

C57BL6/J male mice at 12-14wks were given a high-fat and high-sugar diet (Research Diets
D12450B) for 16wks to induce diabetic neuropathy, according to 14. Hyperglycemia was
confirmed with a glucose tolerance test. Briefly, mice were fasted overnight and a glucose
bolus injected i.v., followed by measuring glucose levels every 30min for 120min using tail
vein blood. Subsequently, animals were randomized and 50% i.p.-injected with either
vehicle (N=4) or MMP-13 inhibitor (Tocris CL-82198 hydrochloride, 5mg/kg; N=4) every
other day at 11.AM for 14d, according to 15. Von Frey testing was used to assess tactile
sensitivity in the hind paw pad of mice, as a measure of neuropathy, according to 16 17,
Briefly, 1 day after the last injection, mice were placed on a perforated plastic grid platform
in individual compartments and allowed to acclimate with no stimulus for at least 20
minutes. After acclimation, each mouse was subjected to sensory touch testing using 5
Semmes-Weinstein monofilaments of varying strength (4.56, 4.31, 4.08, 3.61, 2.36) each
corresponding to a specific target force (4, 2, 1, 0.4, 0.02 — grams of force, respectively). In
order of decreasing severity, the tip of each monofilament was placed through perforations
on the grid platform at a right angle to the mid-plantar surface of the hind paw; slight
pressure was applied until the mouse showed a response or the monofilament bent. Mouse
response was categorized as either positive (immediate removal of paw), neutral (delayed
paw removal), or negative (no reaction to monofilament stimulus). This was repeated 5 times
with a 5-minute no stimulus interval. Total number of categorized retractions was recorded
for each filament size and quantified.

2.7 Statistical analyses

Statistical comparisons were made using Prism7 (GraphPad). Unpaired Student’s t-test with
a 95% confidence interval was used to compare the means of two unmatched groups,
assuming that the values followed a Gaussian distribution. For multiple comparison tests of
three or more groups, one-way ANOVA at an alpha=0.05 (95% confidence interval) and
Tukey’s multiple comparisons post-test was used. Significance is denoted with asterisks:
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. The standard error of the mean (s.e.m.) is
shown, reflecting multiple biological replicates.

3. Results

3.1 Glucose treatment induces neurotoxicity

We used glucose supplementation in the media to induce hyperglycemia in larval zebrafish,
based on previous reports 8. To validate this method, we incubated larval fish for 6d (2—
8dpf) in glucose (Fig. 1a) and subsequently performed gPCR to assess the effects on glucose
metabolism. This analysis showed that insulin and insulin receptor levels were reduced, as
expected. G/lucagon expression was increased, indicative of increased gluconeogenesis. The
expression levels however varied substantially between fish (Fig. 1b). PCKZ overexpression
in rodents has been associated with the development of hyperglycemia 1 20, but we did not
observe a change in pckZ expression in our zebrafish model.

To analyze whether glucose treatment damages sensory axons, we supplemented the water
of Tg(is/2b-:GFP) 11 animals in which somatosensory axons are fluorescently labeled, with
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40mM glucose (between 2—-8dpf) and subsequently analyzed axon degeneration in the
caudal fin. Since the sensory axon network in this transgenic line is very dense, we used
semi-automated analyses and 3D reconstruction to analyze axon branch numbers. About 40—
50% of animals developed significant axon loss after 3 days of treatment (5dpf)(Fig. 2a—c).
After 5 days (7dpf), axon debris was present in some areas of the fin, which we did not
observe in untreated controls (Fig. 2d). After 6 days of glucose treatment, most animals
showed a significant decrease in axon branch diameter, number, and length when compared
with age-matched untreated control animals (Fig. 2e—k). This demonstrates that glucose
treatment induces sensory neurotoxicity in larval zebrafish.

3.2 NF-xB activation in glucose-treated fish

The NF-xB stress response pathway was originally identified in B-lymphocytes but has
subsequently been described in various other cell types, including keratinocytes. This
pathway has also a role in the pathogenesis of diabetic neuropathy 2 where activation of
NF-xB through RAGE leads to pro-inflammatory cytokine release that has been implicated
in the establishment of diabetic polyneuropathies 22. We therefore assessed NF-xB signaling
in response to glucose treatment using a reporter line in which GFP expression is activated
upon NF-xB binding to specific promoter elements 23, Treatment of larval fish with glucose
for 3 days significantly increased GFP expression within keratinocytes and mesenchymal
cells of the caudal fin (Fig. 3a, b), suggesting that glucose-dependent activation of NF-xB is
also stimulated in zebrafish, similar to mammals. The conservation of known molecular
components induced by glucose treatment further supports the idea that zebrafish can serve
as a model to study glucose-induced neurotoxicity.

3.3 Glucose treatment increases reactive oxygen species formation in the skin

Increased blood glucose levels lead to oxidation and generation of ROS, which can induce
cellular damage and are thought to contribute to diabetic neuropathy 24. To test whether
glucose also induces ROS/H,05 in zebrafish, which may contribute to axon degeneration,
we treated larvae with 40mM glucose for either 2 or 3 days (4 and 5dpf, respectively) and
detected H,0, with the selective chemical sensor 25, pentafluorobenzene sulfonyl-
fluorescein. This sensor is normally non-fluorescent but fluoresces upon perhydrolysis of the
sulfonyl linkage by H,0O,. Following treatment, we detected oxidation in defined regions of
the distal caudal fin in a subset of animals (40-60%)(Fig. 3c, d). These H,O»-positive
regions were primarily present at the fin edges and likely caused by injuries. We previously
showed that the distal fin is especially prone to injury formation 8, which could be related to
decreased tissue thickness and/or increased exposure to mechanical stress of this region.
Prolonged treatment with glucose for up to 6 days, in contrast, induced widespread H,0,
production in the caudal fin, which was not observed in untreated animals (Fig. 3e, f). These
findings indicate that glucose treatment induces oxidative stress formation and injuries in
regions that are prone to mechanical stress, such as the distal fin, similar as seen after
paclitaxel treatment 8.

3.4 ROS and MMP-13 inhibition improves glucose-induced neurotoxicity

Glucose-dependent oxidative stress formation has been detected in mammalian keratinocytes
9.26 and we previously showed in zebrafish that treatment with exogenous H,0, induces
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mmp13expression 10, We therefore asked whether also glucose-induced endogenous
ROS/H,05 induces mmpl3expression, and whether increased MMP-13 activity could
underlie sensory axon degeneration, as it does in paclitaxel-treated animals €. Quantification
via qPCR following 6 days of glucose treatment (2—8dpf) showed that mmp13a expression,
the zebrafish homolog of mammalian MMP13 (Fig. 4a), was significantly upregulated when
compared with untreated controls. Co-administration of NAC, in contrast, led to mmp13a
downregulation (Fig. 4a), suggesting that mmp13a expression is regulated by glucose-
dependent H,0, formation. Next, we pharmacologically inhibited ROS/H,0, with N-
acetylcysteine (NAC) and MMP-13 inhibitor (DB04760) in the presence of glucose over the
course of 6 days (2-8dpf) to assess its effects on axons. First, we determined whether the
inhibitors are toxic to zebrafish larvae in the presence of glucose. While treatment with
glucose alone promoted the formation of cardiac edema and general unhealthiness of larval
fish compared with untreated controls (Fig. 4b, c), NAC co-administration rescued these
defects to some extent (Fig. 4d). Strikingly, co-treatment of larvae with glucose and
DB04760 fully rescued the glucose-induced phenotypes (Fig. 5e). To further determine the
effects of these inhibitors on sensory axons, we analyzed transgenic Tg(/s/20.GFP) animals
in which sensory axons are fluorescently labeled. Unlike glucose treatment, which
significantly reduced the number of sensory axon branches quantified in the distal caudal
fin, NAC and DB04760 prevented glucose-induced neurotoxicity (Fig. 4f—j). Thus,
ROS/H,0, and MMP-13 appear to be downstream effectors of glucose and play a role in
sensory axon degeneration.

3.5 MMP-13 inhibition improves diabetic neuropathy mice

To analyze whether the function of MMP-13 in diabetic neuropathy is conserved in mice, we
fed mice with a high-fat/high-sugar diet, similar to 27. Groups of hyperglycemic mice were
subsequently injected with either vehicle or the MMP-13 inhibitor, CL-82198 1°. We
previously demonstrated identical effects for DB04760 and CL-82198 in paclitaxel-induced
neurotoxicity in zebrafish 8 and used CL-82198 in this study due to its common usage in
other mouse models and effectiveness at 5mg/kg 8. Inhibition of MMP-13 resulted in a trend
toward body weight reduction during the 14-day treatment period, which was however not
significant (Fig. 5a). Glucose tolerance testing showed that the hyperglycemic state was
preserved in both groups (Fig. 5b). Nevertheless, tactile sensitivity was significantly
improved upon co-administration of the MMP-13 inhibitor, as measured using von Frey
filaments (Fig. 5¢). These findings suggest that MMP-13 inhibition reverses neuropathy
symptoms but does not influence the diabetic state of animals. These findings are consistent
with MMP-13 being expected to be a downstream target of glucose toxicity. Thus, inhibition
of MMP-13 represents a potential treatment for neuropathy in diabetic patients.

4. Discussion

We developed a zebrafish model with which to study glucose-induced neurotoxicity in live
animals using /n vivo imaging. We show that glucose treatment induces sensory axon loss in
the zebrafish caudal fin, similar to loss of axons in the distal extremities of diabetic patients.
The neurotoxic effects of glucose can be explained by glucose-dependent increased ROS
formation in the skin, which stimulates MMP-13 expression and renders the epidermis
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susceptible to mechanical stress (consistent with the formation of injuries in the distal caudal
fin). Since unmyelinated axons are embedded in the matrix of the basal epidermis, damage
to the matrix likely renders axons vulnerable to degeneration (Fig. 6). Given our finding that
MMP-13 inhibition can prevent axon degeneration, this metalloproteinase may be a possible
target in the treatment of diabetic neuropathy in humans. Additional studies are required to
assess its precise functions in the stimulation of axon regeneration.

Overall our findings suggest that zebrafish are valuable for studies of glucose neurotoxicity
since the larval fish are optically clear and thus amenable for /n vivo imaging, which is
powerful to study the progression of this condition in live animals. Moreover, zebrafish
display similarities in insulin metabolism and the expression of insulin pathway genes 18,
For instance, glucose treatment led to reduced insulin receptor expression, a hallmark of
type 2 diabetes in humans, and also show an increase in NF-xB activity, as has been reported
in mammals. Since zebrafish and diabetic mice both show improvements in neuropathy upon
MMP-13 inhibitor administration, it suggests that the mechanisms of this diabetic
complication are also conserved.

Diabetic neuropathy most commonly manifests as distal symmetrical neuropathy, which
initiates in sensory fibers of the toes and progresses proximally toward the leg in a stocking-
glove distribution 3. Severe cases also involve the upper extremities with similar progression
from fingers toward the proximal arm. In humans, poor glycemic control and genetic
predisposition are thought to underlie variations in the severity among individuals. In
zebrafish, we also noticed differences among animals, even when derived from the same
genetic background. Similar variations in the development of hyperglycemia have been
observed in adult zebrafish treated with streptozotocin 28, A factor causing this variance in
larval fish could be their dependence on the yolk until around 6-8dpf, which may lead to
differences in glucose requirements. A more likely reason however could be the influence of
mechanical stress in the development of axon degeneration, whereby increased MMP-13
activity renders the skin less resistant to mechanical stress given the role of this collagenase
in the degradation of matrix molecules. This would most often manifest in areas of the body
that are more susceptible to damage, such as the caudal fin edge in zebrafish and the palms
and soles in humans. This idea is consistent with our observation that short-term treatment
with glucose increased the prevalence of injuries in this region. We made similar
observations in our paclitaxel model & and showed that inhibition of MMP-13 rescued
injury-induced skin damage as well as axon degeneration in the caudal fin. The mechanical
stress theory could also explain the variation in onset and severity among patients.
Mechanical stress in hands and feet could induce subtle changes in the epidermal
environment that ultimately manifest in axon degeneration and in more severe cases, it may
lead to wound healing defects.

Glucose-dependent oxidation and ROS formation is a hallmark of diabetes and studies have
linked this process to neuropathy. Oxidative stress has been found in peripheral nerves, DRG
neurons, sympathetic neurons, and the vasculature surrounding the nerves. It is thought that
increased oxidative stress in these tissues may contribute to reduced blood flow and nerve
conduction velocities, as well as decreased neurotrophic support and signal transduction 2°.
Surprisingly, no study thus far has investigated whether glucose-dependent oxidation in the

J Diabetes Complications. Author manuscript; available in PMC 2019 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Waldron et al.

Page 8

epidermis contributes to axon degeneration despite that basal epidermal keratinocytes
establish direct interactions with unmyelinated nerve endings. In our previous studies, we
found that MMP-13 inhibition prevented paclitaxel-induced sensory axon degeneration,
comparable to our glucose studies presented here, suggesting that MMP-13 might also be
underlying various other sensory neuropathies, which remains to be determined.

Also antioxidants represent potential treatments for diabetic neuropathy since they were
found to be largely protective against various other diabetic complications. For instance,
NAC protected streptozotocin-induced hyperglycemic rats from cardiomyocyte death 30,
And clinical studies in which the antioxidants, vitamins C and E were administered orally in
diabetic patients with microvascular disease found an overall improvement of various
oxidative stress parameters and an improved ocular surface milieu 3. Improvements with
antioxidants have been mostly observed when ingested from plant sources. Vitamins such as
vitamin A, C, and E, as well a-lipoic acid, coenzyme Q10, several bioflavonoids, cofactors
(folic acid, vitamins B1, B2, B6, B12), glutamine, glutathione, and antioxidant minerals
(copper, zinc, selenium, and manganese) seem to be less effective when administered orally
32, Despite some of these positive outcomes, studies have also reported side effects of
antioxidant treatments 4. Our results in zebrafish also suggest sub-optimal treatment benefits
with NAC. Although NAC prevented axon degeneration, it rescued glucose-induced heart
edema only in some animals. Because of the observed variability of antioxidants also in
humans, no clinical recommendations have been established thus far. A major problem could
be that H,0O, functions as a signaling molecule under homeostatic conditions, and hormetic
concentrations of this ROS may be difficult to restore with antioxidant treatment. Known
downstream targets of H,O,, such as MMP-13 may therefore be more effective as
neuropathy treatment. MMP-13 inhibition with CL-82198 has been tested in various animal
models and shows low toxicity and improvement of conditions such as osteoarthritis 1° and
lung injury 33. Moreover, our studies in zebrafish suggest that treatment with the MMP-13
inhibitor, DB04760, also significantly improved the health of larval fish in the presence of
high glucose. The low toxicity effects of MMP-13 inhibitors may be due to a redundancy of
MMPs in various tissues. For instance, we showed that H,O, upregulates both MMP-9 and
1319, and blocking the activity of one MMP may be sufficient to restore skin homeostasis
without interrupting processes that require some MMP activity.

Upstream regulators of H,O, might also be potential targets. For instance, H,O, formation
in keratinocytes is dependent on the accumulation of advanced glycation end products
(AGEsS). Intriguingly, AGEs have been shown to activate NF-xB in vascular smooth muscle
cells, leading to diabetic vascular disease 22. NF-xB expression by AGEs has also been
observed in peripheral nerves of diabetic mice, where it has been suggested to be a relevant
disease mechanism in diabetic polyneuropathies 22. Further studies are required to assess a
potential link between AGEs, NF-xB and MMP-13 within keratinocytes. AGEs have been
shown to promote MMP-13 expression in an NF-xB dependent manner in chondrocytes 34, a
mechanism that could be conserved in the epidermis and promote diabetic neuropathy.
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5. Conclusions

Diabetic neuropathy is non-reversible and patients suffer from various complications.
Because treatments are unavailable it is imperative to define the underlying mechanisms.
This study investigated the role of oxidative stress and MMP-13 in glucose-induced
somatosensory axon degeneration and found that both play a role in this process. We
previously reported that MMP-13 activity also underlies paclitaxel(chemotherapy)-induced
peripheral neuropathy where it is upregulated specifically in the epidermis. The epidermis is
innervated by unmyelinated sensory fibers, suggesting that perturbations in the interactions
between nerve endings and epidermal keratinocytes stimulates axon degeneration. The
involvement of MMP-13 in both neuropathies and its conservation in mice indicates that the
mechanism may be conserved among sensory neuropathies and translate into humans.
Therefore, selective MMP-13 inhibitor applications to the epidermis may be a valuable
treatment option for diabetic neuropathy.
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Highlights

Diabetic neuropathy is non-reversible and patients suffer from various complications.
This study investigated the role of oxidative stress and MMP-13 in glucose-induced
somatosensory axon degeneration. Using zebrafish/n vivoimaging, we show that glucose
treatment induces epidermis-specific hydrogen peroxide formation and upregulation of
the matrix-degrading enzyme, MMP-13. Antioxidant treatment was sufficient to prevent
MMP-13 upregulation. Antioxidant treatment and MMP-13 inhibition furthermore
prevented glucose-induced sensory axon degeneration. In mice fed on a high-fat/high
sugar diet, MMP-13 inhibition also restored tactile sensitivity, suggesting the
conservation of MMP-13 function in mammals.
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Figure 1. Glucose treatment influences glucose metabolism in larval zebrafish
(a) Treatment scheme of larval zebrafish. Treatments with glucose were performed between

2 and 8dpf for lengths indicated in the text. Larvae either remained untreated or 40mM
glucose was added to the media, followed by confocal imaging of GFP-expressing sensory
axons innervating the caudal fin. Additional treatments were performed with N-
acetylcysteine and MMP-13 inhibitor, DB04760.

(b) Quantitative PCR shows downregulation of /ns and /nsra in animals treated with 40mM
glucose for 6 days compared to untreated controls (dotted line depicts control baseline
levels; pools of ~20-30 larvae were used per group in 2 biological replicates). /nsand /nsra
expression is significantly reduced but gcga and pckl expression does not significantly
change.

Student’s t-test was used for comparisons of each group to the untreated control group. The
standard error of the mean is shown for all bars. ****p<0.001, p****<0.0001, ns= not
significant

Abbreviations: dpf: days post fertilization, ins: insulin, insra: insulin receptor, gcga:
glucagon a, pckl: phosphoenolpyruvate carboxykinase 1
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Figure 2. Glucose treatment induces neurotoxicity
(a, @") Caudal fin of a transgenic Tg(/s/2b.GFP) zebrafish larva at 5dpf (a, merged bright

field and fluorescence images) and 3D reconstruction of GFP-labeled sensory axons using
Imaris (Bitplane) software (a”).

(b, b”) Caudal fin of an /s/2b.GFPtransgenic fish at 5dpf (b, merged bright field and
fluorescence images) treated with 40mM glucose for 3 days. 3D reconstruction (b”) of GFP-
labeled sensory axons shows reduced axon branch numbers compared with untreated
controls (a") at 5dpf.

(c) Quantification of (a, b) shows a significant reduction in axon branch number following
glucose treatment compared with untreated controls (n=3 biological replicates, =5 animals
each).
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(d) Caudal fin of Tg(/s/2b:GFP) zebrafish larvae at 7dpf either untreated (upper panels) or
after treatment with glucose (lower panels) for 5 days. Sensory axon debris is visible after
glucose treatment (arrow).

(e, ) Caudal fin of untreated Tg(/s/2b.GFP) larva (e, e”) and larva treated with 40mM
glucose for 6 days (2-8dpf) (f, f'). Left panels show merged bright field images. Right
panels in each figure show 3D reconstructions of GFP-labeled sensory axons. The yellow
box depicts decreased axon branches, which are most evident in the distal caudal fin
following glucose treatment.

(9, h) High magnification images of sensory axons in the distal caudal fin of untreated
control

(9, g") and glucose-treated fish (h, h”"), the latter showing fewer axon branches.

(i-k) Quantification of axon branch diameter (i), branch length (j), and branch number (k) in
a 50pum? region of the medial distal caudal fin (yellow box ine”, f") compared between
untreated control and glucose-treated fish at 8dpf.

Student’s t-test was used for comparing the treatment groups to the respective untreated
control group. The standard error of the mean is shown in each graph. *p<0.05, ***p<0.001,
p****<0.0001

Abbreviations: d: days, dpf: days post fertilization, FL: fluorescence, glc: glucose, mag:
magnification
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Figure 3. Increased oxidative stress and NF-xB activity in the caudal fin after glucose treatment
(a, a”) Control (a) and glucose-treated (a”) transgenic Tg(NVF-xB:GFP) larvae at 5dpf

display fluorescence in the lateral line neuromasts (yellow arrows). Additional fluorescence
can be observed after 3 days of glucose treatment in mesenchymal cells (white arrows, a”)
and keratinocytes (red arrows, a’).

(B) Fluorescence intensity measurements in keratinocytes of the distal caudal fin in
untreated and glucose-treated (40mM) Tg(NF-xB:-GFP) fish at 2dpf (before treatment), 5dpf
(3-day treatment), and 8dpf (6-day treatment) reveals increased NF-xB activity in the
glucose-treated group (n=5 animals per group using identical imaging settings).

(c, ¢) Zebrafish larvae at 5dpf treated with the chemical H,0,-selective sensor
pentafluorobenzene sulfonyl-fluorescein 2hr prior to imaging show increased oxidation
(green fluorescence) in the intestinal tract (yellow arrowheads). The glucose-treated larva (c
") displays additional fluorescence in the distal caudal fin (white arrows), indicative of skin
injury (compare with bright field image).

(d) Quantification of the percentage of animals with fluorescence in the distal fin as shown
in (c, ¢”) reveals that more animals fluoresce following glucose treatment (5 animals per
group imaged with identical settings).

(e, ") Shown is the caudal fin of an untreated (e) and glucose-treated (e") zebrafish larva at
8dpf in which H,0, is detected with pentafluorobenzene sulfonyl-fluorescein. Increased
H»0, levels are detected after 6 days of glucose treatment.

(f) Quantification of H,0, fluorescence as shown in (e) reveals increased levels in the
glucose-treated group compared with untreated control animals (6 animals per group imaged
under identical conditions).
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One-Way ANOVA with Tukey’s multiple comparisons test (b) and Student’s t-test (f) was
used to compare the treatment groups with the respective untreated control group. Standard
errors of the mean are shown. *p<0.05, **p<0.01

Abbreviations: a.u.: arbitrary units, dpf: days post fertilization, glc: glucose
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Figure 4. Inhibition of ROS and MMP-13 prevents glucose-induced toxicity
(a) Quantitative PCR comparing mmp13a expression in larval fish treated for 6 days either

with glucose (40mM) or glucose (40mM) plus the antioxidant N-acetyl-L-cysteine (NAC,
0.1mg/L) shows that mmpl3a expression is significantly upregulated after glucose treatment
and downregulated when NAC is co-administered. Asterisks depict comparisons of each
group to the control group (control baseline) and brackets indicate comparisons between
groups.

(b—e) General toxicity assessment at 8dpf in larval fish either untreated (b) or treated for 6
days with glucose (40mM) (c), glucose plus NAC (0.05mg/L) (d), or glucose plus MMP-13
inhibitor, DB04760 (10uM) (e). Glucose treatment induces cardiac edema (arrow in c),
which is partially rescued upon co-administration of NAC (d), and fully rescued upon co-
administration of the MMP-13 inhibitor, DB04760 (e).
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(f-i) Partial tracings of sensory axons in a 50um? area in the distal caudal fin of zebrafish
larvae at 8dpf, superimposed on fluorescence images. Larvae are shown untreated (f), and
treated for 6 days with either glucose (g), glucose plus NAC (h), or glucose plus DB04760.
Glucose induces a loss of axons, which is rescued upon co-administration of NAC or
MMP-13 inhibitor.

(J) Quantification of (f-i).

Student’s t-test (a) and One-Way ANOVA with Tukey’s multiple comparisons test (j) was
used to compare the treatment groups to the respective untreated control group. Brackets
indicate alternative comparisons. The standard error of the mean is shown. *p<0.05,
**p<0.01

Abbreviations: Glc: glucose, NAC: N-acetyl-L-cysteine

J Diabetes Complications. Author manuscript; available in PMC 2019 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Waldron et al.

Page 20
a . i b
Body Weight During Treatment Glucose Tolerance Test
& —- Vehicle 6004 Hl Vehicle
-0~ CL-82198
50 CL-82198
C — . 400
£ 454 3
40- 200+
/rrrrr-rrrrrrTr T T T 0
012345678 91011121314 0 15 30 60 120
Treatment period (days) Time (minutes)
% Change in Body Weight ¢
0-_5—
-5 61 4.08=0.0044
2.36=0.0357

H
1

1

I — |
p=0.13

L] J
Vehicle CL-82198

-e— \Vehicle £3
= CL82198 ~ ATk

N
1

o

L) L] L] L L
456 431 408 361 236
Filament Strength

Number of Positive Responses

Figure 5. MMP-13 inhibition rescues neuropathy in mice
(a) Median weight of mice on a high-fat/high-sugar diet over the 14-day treatment period

with either vehicle or MMP-13 inhibitor (CL-82198) shows a reduction in body weight
(upper graph, n=4 animals per group). The mean body weight of mice on a high fat/high
sugar diet following the last injection is slightly but not significantly decreased at the end of
the treatment period with vehicle or MMP-13 inhibitor (CL-82198) (lower graph).

(b) Glucose levels measured every 30 minutes following overnight fasting and intravenous
injection of a glucose bolus shows that vehicle control mice and mice injected with
CL-82198 lack glucose clearance capacity.

(c) Von Frey assessment after injections with either vehicle or CL-82198 for 14 days shows
that CL-82198 administration significantly rescues the reduced tactile sensitivity (touch
response) for the 4.08 and 2.36 filaments following a high fat/high sugar diet.

Student’s t-test and One-Way ANOVA with Bonferroni’s multiple comparisons test was
used to compare the treatment groups to the respective control groups. *p<0.05, **p<0.01
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Figure 6. Model of glucose-induced neurotoxicity
Somatosensory axons traverse the basement membrane and nerve endings are embedded in

the matrix between epidermal keratinocytes. Under homeostatic conditions, low levels of
ROS and glucose are present to maintain cellular functions and molecular flow between
axons and keratinocytes. Under high glucose conditions, increased ROS formation (possibly

emanating from mitochondria and involving AGESs) leads to upregulation of MMP-13

(possible involvement of AGEs and NF-xB), which promotes enhanced matrix remodeling
and ECM degradation. This damages sensory axons and leads to their degeneration.
Abbreviations: Glc: glucose, ROS: reactive oxygen species, AGEs: Advanced glycation end

products, Mtc: mitochondria
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