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Abstract: Diabetic Peripheral Neuropathy (DPN), highly prevalent among patients with diabetes, is
characterized by peripheral nerve dysfunction. Reactive Oxygen Species (ROS) overproduction has
been suggested to orchestrate diabetic complications including DPN. Untargeted antioxidant therapy
has exhibited limited efficacy, highlighting a critical need to explore ROS sources altered in a cell-spe-
cific manner in DPN. Cytochromes P450 (CYP) enzymes are prominent sources of ROS. Particularly, the
20-HETE synthase, CYP4A, is reported to mediate diabetes-induced renal, retinal, and cardiovascular
injuries. This work investigates the role of CYP4A/20-HETE in DPN and their mechanisms of action.
Non-obese type 2 Diabetic mice (MKR) were used and treated with a CYP4A-inhibitor (HET0016) or
AMPK-activator (Metformin). Peripheral nerves of MKR mice reflect increased CYP4A and 20-HETE lev-
els, concurrent with altered myelin proteins and sensorimotor deficits. This was associated with
increased ROS production and altered Beclin-1 and LC3 protein levels, indicative of disrupted auto-
phagic responses in tandem with AMPK inactivation. AMPK activation via Metformin restored nerve
integrity, reduced ROS production, and regulated autophagy. Interestingly, similar outcomes were
revealed upon HET0016 treatment whereby ROS production, autophagic responses, and AMPK signal-
ing were normalized in diabetic mice. Altogether, the results highlight hyperglycemia-mediated oxi-
dative injury in DPN through a novel CYP4A/20-HETE/AMPK pathological axis.

Perspective: To our knowledge, this is the first study to highlight the role of CYPs/20-HETE-
induced oxidative injury in the pathogenesis of diabetic peripheral neuropathy. Targeting the identi-
fied pathological axis CYP4A/20-HETE/AMPK may be of clinical potential in predicting and alleviating
peripheral nerve injury in patients with Type 2 Diabetes Mellitus.
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iabetic Peripheral Neuropathy (DPN) is the prev-
alent type of neuropathy in diabetes. DPN is a

disorder of sensory nerves early in the course of
the disease whereby fibers undergo degeneration, axo-
nal atrophy, and demyelination with limited regenera-
tive potential.’®*' Clinically, DPN manifests as abnormal
sensations, motor dysfunctionality, and disabling pain
at later stages.®° Despite optimal management of diabe-
tes, the risk of DPN progression remains high with a
poorly understood pathobiology.

Reactive Oxygen Species (ROS) overproduction poses
a pathogenic state in multiple organs.”"*® The specific
inhibition of certain sources ameliorates diabetic renal,
retinal, neural, and cardiac complications.’ %3151 |n
DPN, oxidative stress mediates injury to the vasa nervo-
rum and/or vascular endothelia and neurons®® “® but
limited studies investigate the effect on Schwann cell
(SO) physiology and myelination. Our group shows the
attenuation of diabetes-induced activation of NADPH-
oxidases and ROS production to confer anti-apoptotic
effects, and neuroprotection to SCs and peripheral
nerves.'® Yet, further investigation warrants identifying
other sources of ROS involved in DPN.

While antioxidant therapies target inflammation, bio-
chemical perturbances, or organelle-dependent ROS
production in DPN, their integration into clinical prac-
tice was unsuccessful,?®2%4%4857  yrging targeted
approaches for the management of DPN.

Cytochromes P450 enzymes are potent sources of ROS,
produced as a byproduct of reactions they catalyze,'*>®
The CYP4A w-hydroxylase converts arachidonic acid to
20-hydroxyeicosatetraenoic acid (20-HETE), a bioactive
metabolite whose effect is site and cell specific.”'>® 20-
HETE synthase has been shown to have high physiologi-
cal relevance in maintaining homeostasis, vascular tone,
and blood flow.">" However, recent studies report 20-
HETE alterations to mediate obesity, hyperglycemia,
deficient insulin responses,’®3? oxidative stress®® and
the onset of diabetic renal, retinal, and cardiac
complications.”">>" Yet, the role of 20-HETE in the ner-
vous system (NS) is understudied. In the central NS,
CYP4A is highly expressed in cells lining the neurovascu-
lar unit, with 20-HETE playing developmental and regu-
latory roles, inflammation, and oxidative injury in
neurodegenerative diseases.”™*’ To date, no studies
have investigated CYP4A/20-HETE in the peripheral NS
(PNS) nor DPN.

Myelin Protein Zero (MPZ) and Peripheral Myelin
Protein 22 (PMP22) are produced by SCs and determine
the precise arrangement and function of the myelin
sheath.”® They are also markers of neuronal injury,
myelin integrity and functionality whereby alterations
in either protein insults SCs, neuronal function, and
signal exchange in the PNS.""23 Moreover, defected
PMP22 forms cytotoxic aggregates'®?* that are cleared
by the cellular autophagic response responsible for
resource homeostasis. However, these responses are
defective in demyelinating neuropathies.’®** Addi-
tionally, AMP-activated protein kinase (AMPK) is a key
signaling pathway that governs cellular activities in
response to metabolic cues. Emerging studies show
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that impaired AMPK activity mediates metabolic stress,
diabetes-related injuries."**%*> and insulin resis-
tance.”® In the NS, AMPK moderates neuronal func-
tions, and survival, with a dual role in modulating
autophagy in conditions such as chronic pain and
diabetes.? 34549

In this study, MKR transgenic murine model for type 2
diabetes (T2DM), characterized by MKR promoter
knockdown in skeletal muscles which triggers periph-
eral insulin resistance without the development of obe-
sity were used. These features are robust for the study
of diabetic complications from the standpoint of hyper-
glycemia and insulin-resistance.”” This work explores
mechanisms of DPN pathogenesis and identifies 20-
HETE synthase, CYP4A, as a source of ROS triggering oxi-
dative peripheral nerve injury through autophagy
deregulation, AMPK inactivation and myelin protein
disruption as hallmarks of cellular injury. Altogether,
understanding this pathological axis and its involve-
ment in DPN may introduce adjunct therapies.

Methods

Animal Studies

All animal work was conducted according to the
National Institute of Health guidelines and approved by
the Institutional Animal Care and Use Committee at the
American University of Beirut. MKR (FVB-Tg (Ckm-
IGF1R*K1003R)1DIr/J) male mice (Jackson laboratories,
Bar Harbor, Maine, USA) weighing 25 grams on average
were used. These mice exhibit the genotypic and pheno-
typic profiles of human type 2 diabetes (T2DM) and
develop hyperglycemia starting 8 weeks of age '’. Age-
matched FVB/NJ males served as the normoglycemic,
control group. The animals were randomly grouped
into 3 subsets 1) non-diabetic controls treated with the
corresponding vehicle (FVB-Ctr) 2) untreated diabetics
(MKR-Db) treated with the corresponding vehicle 3) dia-
betics treated with HET0016 (MKR-Db + HET0016) or
Metformin (MKR-Db + Metformin). A total of 3 to 4
mice were placed per cage and strict measures were
taken to alleviate suffering and pain. The group size
required to detect a 25% increase in the expression of
the protein of interest or functional changes with a sig-
nificance (alpha) of 5% and a power (beta) of 80%
(assuming a standard deviation of 25% for control) will
be 11 for each group. HET0016 (Cayman Chemicals, M,
USA) is a specific 20-HETE synthase and/or CYP4A inhibi-
tor which was administered subcutaneously and daily
for a period of 10 weeks at a dose of 2.5 mg/kg 13. Met-
formin, an activator of the AMPK signaling pathway,
was administered daily by intraperitoneal injection at a
dose of 150 mg/kg for 13 weeks.>* HET0016 and metfor-
min were prepared as previously described."*' Both
drugs were administered at the same time of the day
after 10 weeks of diabetes onset. All animals were kept
in standard cages in a temperature-controlled room
(25°C), on a 12 of 12-dark and/or light cycle and had ad
libitum access to standard chow and water. Random
blood glucose levels were monitored via tail vein
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punctures. At sacrifice, blood was collected after isoflor-
ane inhalation by the animals followed by cervical dislo-
cation and sciatic nerves collection. Glycosylated
hemoglobin (HbA1c) levels were assessed via an ELIZA
kit according to manufacturer’s protocol (Crystal Chem
Inc).

Functional Assessment for Neuropathy

Peripheral nerve function was further assessed via
electrophysiological assessment of the Nerve Conduc-
tion Velocity (NCV) as previously described.’® NCV meas-
ures were performed in anaesthetized mice at 32—34°C
using a heating pad. Motor Nerve Conduction Velocity
(MNCV) was determined by measuring compound mus-
cle action potentials using supramaximal stimulation
distally at the ankle and proximally at the sciatic notch.
Sensory Nerve Conduction Velocity (SNCV) was recorded
behind the median malleolus in the digital nerve to the
second toe by stimulating with the smallest current that
resulted in a maximal amplitude response. The NCV was
calculated by dividing the distance between the cath-
ode positions by the difference in distal from proximal
latencies.

Behavioral Assessment for Neuropathy

To assess motor coordination and balance, the Raised
Beam Walking test was performed as previously
described.?* Briefly, animals were placed on a platform
above a flat surface. Animals were placed for habitua-
tion and then trained to cross the platform. Once able
to perform the test, the time taken to cross the plat-
form, the speed, the number of stops and the number
of faults and/or slips were recorded for analysis over 3
separate trials. To assess thermal analgesia and pain per-
ception, the Hind Paw Withdrawal test was performed.’
The IITC plantar Analgesia meter was used. The test fea-
tures a heating beam set at an idle intensity of 2% and
active intensity of 25% with a cut-off time set at 20 sec-
onds and a platform set at 32 °C for acclimation. The
thermal stimulus was targeted at the hind paw of ani-
mals and the time to sense the heat and withdraw their
paws was recorded for analysis, 6 measurements per
mouse. The final test assessed muscle tone and neuro-
muscular strength via the Grip Strength test.* Animals
were trained to hang using their forelimbs from a stand
until their grip fails. The time spent hanging was
recorded over 3 consecutive days.

ROS Detection by Confocal Microscopy
Dihydroethidium (DHE) is an oxidative, cell-perme-
able fluorescent dye that undergoes a 2 electron oxida-
tion upon interaction with superoxide anions, H,O, or
cellular processes involving peroxidases, oxidases, or
cytochrome C to form the DNA-binding fluorophore
ethidium bromide. To detect intracellular reactive oxy-
gen species (ROS) throughout the axoplasm in nerve
fiber bundles, DHE staining was carried out as previously
described.® Briefly, unfixed, frozen sciatic nerves were
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embedded in Optimal Cutting Temperature compound
and then cut into 4 um thick cross-sections and placed
on glass slides. DHE (20 umol/l) was applied to each tis-
sue section, and the slides were incubated in a light-pro-
tected humidified chamber at 37°C for 30 min. Upon
DHE interaction with intracellular ROS, ROS production
from cytosol or nuclei was demonstrated by red fluores-
cent labeling. Fluorescence images of ethidium-stained
tissue were obtained with a laser-scanning confocal
microscope (Zeiss, LSM 710). Fluorescence was detected
at 561 nm long-pass filter. ROS production was demon-
strated. The average of 4 areas per section stained with
DHE was taken as the value for each animal. Zen light
Software was used for the quantification of the inten-
sity of DHE stain.

ROS Detection by High Performance
Liquid Chromatography

Superoxide-specific production was further assessed via
High Performance Liquid Chromatography as previously
described.”'” Sciatic nerve homogenates were washed
with Hanks balanced salt solution (HBSS)-diethylenetria-
minepentaacetic acid (DTPA) twice and incubated for
30 min with 50 ©M DHE (Sigma-Aldrich) in HBSS—100 uM
DTPA. Tissues were then processed for analysis. Tissues
were harvested in acetonitrile and centrifuged (12,000 X
g for 10 min at 4°C). The homogenate was dried under
vacuum and analyzed by HPLC with fluorescence detec-
tors. Quantification of DHE, EOH, and ethidium concen-
trations was performed by comparison of integrated
peak areas between the obtained and standard curves of
each product under chromatographic conditions identi-
cal to those described above. EOH and ethidium fluores-
cence was detected with excitation at 510 nm and
emission at 595 nm, whereas DHE fluorescence was
detected by UV absorption at 370 nm. The results are
expressed as the amount of EOH produced (nmol) nor-
malized for the amount of DHE consumed (.mol).

20-HETE Production by High Performance
Liquid Chromatography

Levels of 20-HETE were measured in sciatic nerves by
HPLC. In short, [1-14C]- labeled arachidonic acid (50
—100 pumol/l) was dried down and resuspended in the
reaction mix containing 50 nwg microsomes, 30 mmol/Il
isocitrate, and 0.2-unit isocitrate dehydrogenase in reac-
tion buffer (100 mmol/l potassium phosphate, pH 7.4,
5 mmol/l magnesium chloride, and 1 mmol/l EDTA).
After incubation at 37°C for 5 min, the reaction was ini-
tiated by the addition of NADPH to a final concentra-
tion of 1 mmol/l. Aliquots were removed at 30, 60, and
90 min, and the reaction was stopped by the addition of
100% methanol. The precipitated proteins were then
pelleted by centrifugation (in a microcentrifuge), and
the samples were stored at -20°C until analyzed. The
metabolites were separated via HPLC on a C-18 column
using an acetonitrile and/or H20 gradient and identified
by coelution with labeled standards."?
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NADPH Oxidase Activity Assay

Proteins were extracted from crushed frozen sciatic
nerves in a lysis buffer (20 mM KH2PO4 (pH 7.0), 1 mM
EGTA, 1 mM phenylmethylsulphonyl fluoride, 10 ng/ml
aprotinin, and 0.5 pug/ml leupeptin). After tissue lysis
with lysis buffer, homogenates protein content was
then quantified using the Lowry Protein Assay. The
assay reaction contained 25 ug of homogenates added
to 50 mM phosphate buffer (pH 7.0), 1 mM EGTA,
150 mM sucrose, 5 uM lucigenin, and 100 M NADPH.
Photon emission expressed as relative light units (RLU)
was measured every 30s for 5 minutes in a luminometer.
Superoxide production was expressed as relative light
units/min/mg of protein.'""?

Immunohistochemistry

Paraffin embedded, formalin-fixed sciatic nerves were
cut into 5 um sections and fixed onto star-frosted slides.
Sections were deparaffinized by incubation at 56°C for
50 minutes. Then they were immersed in xylene, rehy-
drated in a descending alcohol gradient, and distilled
water. Sections were then incubated with sodium cit-
rate buffer in a humidified chamber for 1 hour for anti-
gen retrieval. The subsequent reactions were performed
using Novolink Polymer Detection Kit (RE7150-K) (Leica
Biosystems, Wetzlar, Germany) according to manufac-
turer instructions and at room temperature. Sections
were stained overnight at 4°C with Beclin-1 (1:100) and
LC3B protein (1:100) (Cell Signaling, Massachusetts,
USA), processed on the following day for visualization
after signal development with post-primary Rabbit anti
mouse IgG (<10 ug/mL) in 10% (v/v) animal serum in
tris-buffered saline/0.1% ProClin™ 950. Slides were
then incubated with Novolink polymer Anti-rabbit Poly-
HRP-IgG, and DAB chromogen according to kit protocol.
Slides were then counterstained using hematoxylin,
dehydrated, and mounted. Slides were examined using
the Olympus CX41 microscope by a blinded observer. A
positive signal is reflected by the detection of colored
brown pixels corresponding to fluorescently tagged pri-
mary antibodies, against the hematoxylin counterstain.
Slides were quantified using the color deconvolution
plugin with NIH ImageJ software.

Western Blotting

Mouse sciatic nerves were lysed using RIPA buffer and
prepared as previously described.””" For immunoblot-
ting, 20-40 g of proteins were separated on 12 to 15%
polyacrylamide gel Electrophoresis and transferred to
nitrocellulose membranes (Bio-Rad, California, USA).
The blots were blocked with 5% BSA in Tris-buffered
saline and then incubated overnight with anti-CYP4A
(1:2000, Abcam, Cambridge, United Kingdom), anti-PO
and anti-PMP22 (1:1000, Sigma Aldrich, Missouri, USA),
Beclin-1 (1:1000), LC3B (1:500), and pAMPK™ 72
(1:1000) (Cell Signaling, Massachusetts, USA). HSC
(1:1000) and GAPDH (1:1000) (Santa Cruz Biotechnology
Inc. Texas, USA) were used as housekeeping, loading
controls. The primary antibodies were detected using
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horseradish peroxidase—conjugated IgG (1:3000, Bio-
Rad, California, USA). Bands were visualized by
enhanced chemiluminescence. Densitometric analysis
was performed using Image J software. We emphasize
that the quantifications of the described data are nor-
malized accordingly depending on the loading control
reported in each representative figure.

PMP22 Aggregation Assay

PMP22 is 1 of the aggregate-prone proteins that
forms aggresomes when mutated or proteasomal activ-
ity is impaired. Accumulation of PMP22 aggregates has
been linked to neurodegeneration and neuropathies.
PMP22 aggregation is 1 of the phenotypic changes that
reflect abnormalities in myelination." %23 |n this study,
we assess this aspect of injury in mouse sciatic nerves
which were dounced and lysed in immunoprecipitation
buffer comprised of 10mM Tris—HC| [pH 7.5], 5mM
EDTA, 1% Nonidet P-40, 0.5% deoxycholate, 150 mM
NaCl and supplemented with protease inhibitors. The
lysates were microcentrifuged at 13000g for 15 minutes.
The pellet formed harbors the insoluble material con-
taining hydrophobic aggresomes, which was then incu-
bated with 10 mM Tris—HCI, 3% SDS for 10 min at room
temperature, then sonicated for 20 seconds at an ampli-
tude of 30% (Optic Ivymen System). The total protein
concentrations were measured using the Lowry Protein
Assay and then used for Western Blot analysis in equal
amounts. The appearance of signals of a higher molecu-
lar weight than non-aggregated PMP22 proteins in the
insoluble fractions is indicative of PMP22 aggresomes
formation.

Statistical Analysis

Data analysis was performed using GraphPad Prism 6.
Statistical significance was assessed by 1 way ANOVA
Tukey's post-test for multiple comparisons. Data are pre-
sented as mean + standard error from multiple indepen-
dent experiments. P value < .05 was considered
significant. The (*) symbol is used to denote significance
when comparing non-treated diabetic or treated-dia-
betic groups versus (vs) the control group. While the (#)
symbol was used to denote significance when compar-
ing treated-diabetic groups versus (vs) the diabetic non-
treated group.

Results

Effect of HET0016 Administration on the
Glycemic Indices of MKR Non-Obese
T2DM Mice

FVB controls, MKR or MKR mice treated with the spe-
cific 20-HETE synthase and/or CYP4A inhibitor, HET0016
for 10 weeks were monitored for fluctuations in body
weight and glucose levels (to assess progression of
hyperglycemia) throughout the entire study as well as
circulating insulin and Hba,¢ levels upon sacrifice. A sig-
nificant increase in glycated hemoglobin levels and an
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Table 1. Metabolic Characteristics
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Grour N HBATc (%) CIRCULATING INSULIN (NG/ML) Boby WEIGHT (G)
FVB-Control 11 5.1+0.1 1.03+0.1 30.94+0.5
MKR-Diabetic 11 8.26 £0.3* 4534+ 0.4* 28.8+0.9
MKR-Diabetic + HET0016 11 8.04 £0.23* 451+ 0.4* 28.6 + 0.4

NOTE. Terminal body weights, glycated hemoglobin (HbA1c) and serum circulating insulin levels in FVB control mice and T2DM MKR mice. T2DM MKR mice were

treated with HET0016 (2.5 mg/kg) for 10 weeks. Values are the means + SEM.
*P < .05, vs control.
1P < .05, vs diabetic.

increase in circulating insulin levels were observed in
tandem with the development of hyperglycemia in dia-
betic animals compared to the control group (Table 1),
with no change in body weight. Interestingly, HET0016
administration did not have any significant effect on
the glycemic index, or insulin resistance of the diabetic
animals (Table 1). These results suggest that the effect
of HET0016, if observed, is independent from any glu-
cose regulating effect.

CYP4A Inhibition Attenuates Sensory and
Motor Deficits in MKR Non-Obese T2DM
Mice

DPN often courses with positive symptoms such as
pain, or negative symptoms such as sensory loss and
weakness.”’ To investigate the role of HET0016 in
diabetes-induced nerve dysfunction, we examined
various sensory and motor modalities of the periph-
eral nerve in the FVB controls, MKR or MKR mice
treated with HET0016, via a series of neurophysiolog-
ical and behavioral tests. In our preliminary assess-
ment, FVB control mice were either treated with
vehicle or with HET0016, and motor nerve conduc-
tion velocity (MNCV) and sensory nerve conduction
velocity (SNCV) were recorded. No significant changes
were observed between vehicle treated FVB controls
and FVB control mice treated with HET0016 in both
MNCV (42.22 + 0.29 vs 39.54 + 0.64) and SNCV
recordings (28.68 + 0.24 vs 27.17 + 0.16) respectively.
Consequently, the HET0016-treated FVB control was
not included in the rest of the study. By contrast, our
NCV measurements reflect a decrease in sensory and
motor conduction in the MKR diabetic animals com-
pared to their FVB controls. By contrast, NCV read-
ings in the HET0016-treated group show significant
neurophysiological improvements relative to the dia-
betic group (Fig 1 A, B). We further assessed sensory
nociceptive changes based on negative symptoms.
We predicted that mice with no peripheral nerve
injury are capable of thermal sensation compared to
animals with diabetes. In the Hind Paw Withdrawal
test (Fig 1C), the results returned from the MKR dia-
betic mice show an increased withdrawal latency that
achieved statistical significance by contrast to their
FVB controls. Interestingly, HET0016-treated MKR
mice had a significantly lower latency suggesting
that the treatment alleviated deficits in thermal pain
perception. Further, we examined neuromuscular

strength via the Grip Strength test. MKR animals
exhibit a reduced latency to fall indicative of com-
promised motor function. By contrast, MKR animals
treated with HET0016 performed with significantly
increased strength compared to the untreated MKR
mice (Fig 1D). Moreover, sensorimotor dysfunction
was assessed by the Raised Beam Walking test. Test-
ing results show MKR diabetic animals to perform
the test over a longer period of time (Fig 1E) owing
to a significantly reduced speed (Fig 1F) while cross-
ing the beam with an increased tendency to stop
(Fig 1G) and slip (Fig 1TH) compared to the FVB con-
trols that seemed to perform with minimal setbacks.
Importantly, HET0016-treated MKR mice exhibit a sig-
nificantly improved performance compared to dia-
betic MKR mice. (Fig 1A-H). Taken together, these
results indicate that HET0016 treatment was effective
in restoring sensorimotor coordination in type 2 dia-
betic animals.

CYP4A Inhibition Normalizes Diabetes-
Induced Alterations in Myelin Sheath key
Components in Sciatic Nerves of MKR
Non-Obese T2DM Mice

To account for the behavioral findings, we exam-
ined the molecular impact of HET0016 on the sciatic
nerve. Peripheral Myelin Protein (PMP22) and Myelin
Protein Zero (MPZ) are essential myelin proteins cen-
tral to maintaining the integrity and compaction of
the peripheral myelin sheath. PMP22 and MPZ were
assessed as markers of peripheral nerve injury. West-
ern blot analysis shows a significantly altered expres-
sion in the sciatic nerves of the MKR mice in both
myelin proteins compared to their control littermates
(Fig 2A, B). Interestingly, HET0016 administration to
MKR mice significantly restored myelin protein levels
close to controls. We further assessed the molecular
status of aggregate prone PMP22 proteins by the
Aggregation Assay. The results reflect a phenotypic
marker of myelin abnormality in which PMP22 pro-
teins of a higher molecular weight in sciatic nerves
from diabetic animals than wild-type, non-aggre-
gated PMP22 proteins compared to controls. This is
indicative of the formation of PMP22 heterodimers in
the insoluble fraction assessment of the lysates. By
contrast, lysates from the HET0016-treated group
exhibit a reduction in aggresomes formation.
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Figure 1. HET0016 administration attenuates behavioral sensory and motor deficits observed in MKR non-obese type 2 diabetic
mice. Diabetes brings about nerve impairments in diabetic subjects. We performed behavioral and functional assessments to pheno-
type neuropathy in the animal groups prior to sacrifice and after 10 weeks of HET0016 administration, respectively. Histograms rep-
resenting (A) Motor and (B) Sensory nerve conduction velocities (n = 5). Histograms representing (C) nociception latencies assessed
by Thermal Hind Paw Withdrawal test (n = 11) latencies reflecting (D) neuromuscular strength assessed by the Grip Strength Test
(n = 11) and (E-H) fine sensorimotor coordination assessed by the Raised Beam Walking Test (n = 11). Histograms represent average
time (E), speed (F) stops (G) and foot faults (H). Values are the means + SEM. *P < .05, versus control. #P < .05, versus MKR.

Together, the data show PMP22 proteins to be
aggregated in sciatic nerves of MKR mice by contrast
to controls and HET0016-treated animals whereby
PMP22 aggregation is attenuated (Fig 2C). These
findings suggest that myelin protein abnormalities
observed in MKR non-obese T2DM mice, which are
quelled upon HET0016 administration.

HETO0016 Alleviates Peripheral Nerve
Injury by Restoring CYP4A-Induced
Oxidative Stress in Sciatic Nerves of MKR
Non-Obese T2DM Mice

We further set out to explore the mechanism of
action with which HET0016 attenuates peripheral
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Figure 2. HET0016 administration intercepts diabetes-induced alterations in MPZ and PMP22 myelin protein profiles in the sciatic
nerve of MKR non-obese type 2 diabetic mice. Myelin protein soluble and insoluble profiles were assessed via western blot in sciatic
nerves isolated from FVB control mice, MKR non-obese type 2 diabetic mice, and MKR non-obese type 2 diabetic mice treated with
HET0016. Representative western blots with their respective densitometric quantification are shown for (A) MPZ (n = 5) and
(B) PMP22 (n = 5). (C) Putative western blot of the insoluble, high molecular PMP22 aggregates indicated by x. MKR non-obese type
2 diabetic mice exhibit PMP22 heterodimers of a higher molecular weight compared to controls. HET0016 treatment attenuates the
formation of PMP22 heterodimers. Values are the means + SEM. *P < .05, versus control. #P < .05, versus MKR.

nerve injury. HET0016 is a selective CYP4A inhibitor.
We thus assessed the CYP4A protein levels in sciatic
nerve lysates, and the findings show a basal expression
of CYP4A in control animals which was significantly
increased in diabetic animals. HET0016 treatments sig-
nificantly reduced CYP4A expression levels indicative
of its inhibitory effect (Fig 3A). Concurrent with CYP4A
overexpression in MKR animals, we measured 20-HETE
levels to correlate the underlying activity of CYP4A.
The results show a significant rise in 20-HETE produc-
tion in the sciatic nerves of the MKR mice in parallel to
increased CYP4A expression (Fig 3B). The efficiency of
HET0016 was further validated whereby 20-HETE levels
in sciatic nerves of MKR treated animals with HET0016
was significantly reduced compared to diabetic animals
(Fig 3B). Together, the data suggest that peripheral

nerve injury may be mediated through a CYP4A-depen-
dent mechanism.

To further dissect the oxidative status of the periph-
eral nerve, cellular H,O, and superoxide production
were measured in sciatic nerves via DHE staining and
HPLC, respectively. Sciatic nerve sections were visualized
by DHE staining (Fig 3C, D) and analyzed by HPLC
(Fig 3E) which showed a significant increase in intracel-
lular ROS production in the MKR mice compared to their
control littermates, and this was significantly reduced
upon HET0016 treatment. Moreover, CYP450 enzymes
have been reported to be associated with an NADPH
subunit.’”>® NADPH oxidase activity correlates with a
direct measure of superoxide anion production. As
expected, the data show that superoxide anion produc-
tion significantly increased in diabetic animals in
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Figure 3. HET0016 administration attenuates diabetes induced, CYP4A-dependent ROS and 20-HETE overproduction in sciatic
nerves of MKR non-obese type 2 diabetic mice to homeostatic levels. Diabetes is associated with ROS overproduction which we
assessed in sciatic nerves isolated from FVB control, MKR non-obese type 2 diabetic mice and MKR non-obese type 2 diabetic mice
treated with HET0016. Sciatic nerves lysates were first examined for CYP4A expression and activity. (A) Representative western blot
of CYP4A expression with the respective densitometric quantification (n = 5). CYP4A activity was reflected by assessment of endoge-
nous (B) 20-HETE production via HPLC analysis (n = 5). (C) Representative images of ROS production assessed by DHE staining and
the corresponding (D) quantification of (n = 5) using the Image-Pro Plus 4.5 software. (E) Assessment of superoxide generation in
sciatic nerves via HPLC analysis (n = 11) (F) Histogram representative of NADPH-induced ROS generation (n = 5). Values are the

means £ SEM. *P < .05, versus control. #P < .05, versus MKR.

comparison to their controls and is significantly reduced
upon HET0016 treatment (Fig 3F). These findings sug-
gest that sciatic nerve injury is correlated with an
increase in ROS production through an NADPH-depen-
dent pathway.

Hyperglycemia Alters Autophagic
Defenses and AMPK Signaling in Sciatic
Nerves of MKR Non-Obese T2DM Mice

Next, we sought to understand whether CYP4A inhi-
bition impacts central cellular processes associated with

myelin protein maintenance. For instance, autophagic
processes are significant cellular defenses for the resto-
ration of homeostasis, recycling nutrients or tagging
cargo for lysosomal degradation. Defects in autophagy
machinery are shown to be associated with various dis-
orders, with prominent contribution to protein
misfolding.®'82%2338 Consequently, in order to corre-
late the observed alterations in myelin protein profiles
and PMP22 aggregation, we next assessed protein levels
of central autophagy orchestrators. Our data show a sig-
nificant increase in the key regulators of autophagy,
Beclin-1, expression in sciatic nerves of the MKR mice
relative to their controls, and a restoration of Beclin-1
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Figure 4. HET0016 administration attenuates diabetes-induced alterations in autophagic response markers and AMPK signaling in
sciatic nerves of MKR non-obese type 2 diabetic mice. Key autophagy protein expression was examined in sciatic nerve lysates from
FVB control mice, MKR non-obese type 2 diabetic mice, and MKR non-obese type 2 diabetic mice treated with HET0016. Repre-
sentative western blots with the respective densitometric quantification are shown for (A) Beclin-1 (n = 5), (B) LC3B (n = 5)
(C) p-AMPKThr172 (n = 5). Values are the means + SEM. *P < .05, versus control. #P < .05, versus MKR.

upon HET0016 administration (Fig 4A). We further
examined LC3B indicative of autophagosome recruit-
ment and formation.>® LC3B protein expression was sig-
nificantly elevated in the sciatic nerve of the MKR mice
by contrast to the controls, whereas HET0016-treated
MKR mice exhibit reduced LC3B levels (Fig 4B).

Moreover, the metabolic perturbances brought
about by diabetes have been reported to trigger the
alteration of signaling cascades culminating in organ
and tissue injuries. In addition to that, AMPK is a
known key regulator of autophagy.?® In order to
cross-correlate the molecular findings and further
delineate the mechanisms at play in the pathogenesis
of DPN in T2DM, we next assessed AMPK phosphoryla-
tion (p-AMPK). p-AMPK™" 72 protein expression,
indicative of AMPK pathway activation, was signifi-
cantly reduced in MKR mice relative to the expression
observed in the FVB control mice. HET0O016 adminis-
tration restored p-AMPK™ 72 protein expression to
levels close to that observed in the control FVB mice
(Fig 4Q).

These findings are suggestive of significant altera-
tions in autophagosome recruitment and activity which
may mediate the underlying neurological pathology.
Furthermore, these results also suggest a potential role
of AMPK in inducing peripheral nerve injury. Therefore,
we assessed if AMPK activation halts diabetes-induced
peripheral nerve injury, since its role, and to our knowl-
edge is not yet described.

Effect of Metformin Administration on
the Glycemic Index of MKR Non-Obese
T2DM Mice

10 weeks of age FVB control mice, MKR non-obese
T2D mice and MKR non-obese T2D mice treated with
metformin, an AMPK activator were used. Mice body
weight, random blood glucose levels and glycemic index
(HbA1c) were monitored throughout the study. The
results show no significant differences in body weight
among the groups, however there was a significant
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Table 2. Metabolic Characteristics

Cytochrome P450 (CYP4A)-dependent 20-HETE in diabetic peripheral neuropathy

GRrouP N HBATc (%) CIRCULATING INSULIN (NG/ML) Bobpy wEIGHT (G)
FVB-Control 10 5.18+0.1 0.93+0.03 31.5+0.7
MKR-Diabetic 11 8.25+0.2* 454+0.1* 303+ 1.1
MKR-Diabetic + Metformin 11 6.96 £0.2%, 349+0.1% 293409

NOTE. Terminal body weights, glycated hemoglobin (HbA1c) and serum circulating insulin levels in FVB control mice and T2DM MKR mice. T2DM MKR mice were
treated with Metformin (150 mg/kg) daily for 13 weeks. Metformin activates AMPK signaling through targeting hepatic mitochondrial respiratory chain inhibition to

restore insulin sensitivity.** Values are the means - SEM.
*P < .05, vs control.
1P < .05, vs diabetic.

difference in HbA1c and circulating insulin levels of dia-
betic animals compared to the control littermates. How-
ever, it is noteworthy to mention that Metformin
administration showed a significant reduction in the
glycemic index and circulating insulin of the diabetic
treated animals compared to the diabetic non-treated
group, verifying its anti-hyperglycemic effect. Nonethe-
less, these levels remained significantly higher than the
controls group (Table 2).

Metformin Administration Corrects
Neural Sensory and Motor Abnormalities
in MKR Non-Obese T2DM Mice

To investigate the role of AMPK activation in dia-
betes-induced nerve dysfunction, we examined vari-
ous sensory and motor modalities of the peripheral
nerve in our murine model via a series of behavioral
tests. We initially measured the sensory nocifensive
responses of the animals via the Hind Paw With-
drawal test (Fig 5A). The data show the development
of thermal hypoalgesia in the MKR mice reflected by
a significantly increased withdrawal latency relative
to the FVB controls. Interestingly, MKR mice treated
with Metformin had a significantly lower latency sug-
gesting that Metformin restored thermal pain per-
ception. We next examined neuromuscular strength
via the Grip Strength test. MKR mice exhibit a
reduced latency to fall indicative of compromised
motor function, which was restored in Metformin-
treated MKR mice (Fig 5B). To further correlate sen-
sory and motor dysfunction, findings from the Raised
Beam Walking test show an overall poor perfor-
mance by the MKR non-obese T2D mice. These mice
took a significantly longer period of time to com-
plete the test (Fig 5C) with a reduced speed (Fig 5D)
and an increased tendency stop (Fig 5E) and to slip
(Fig 5F). By contrast, Metformin-treated MKR mice
exhibited a performance similar to the FVB control
group (Fig 5A-F). The results of this test indicate that
Metformin treatment improved the peripheral neu-
ropathy-associated deficits in the MKR non-obese
T2D mice.

We also examined the molecular impact of Metformin
on the most essential myelin proteins, MPZ, central to
maintaining the integrity and compaction of the periph-
eral myelin sheath. Western blot analysis of sciatic nerve
lysates shows a significantly altered expression of MPZ

in diabetic mice compared to the controls (Fig 6A). Inter-
estingly, Metformin-treated MKR mice exhibit a restora-
tion of MPZ levels close to control levels.

Metformin Blunts Diabetes-Induced
Oxidative Stress and Peripheral Nerve
Injury in MKR Non-Obese T2DM Mice

We next quantified 20-HETE metabolite levels to
assess the effect of Metformin on the underlying activ-
ity of CYP4A. The results show a significant rise in 20-
HETE production in the sciatic nerves of the MKR mice
compared to FVB controls. By contrast, Metformin-
treated MKR mice exhibit a slight, but significantly
reduced 20-HETE levels compared to MKR non-treated
animals (Fig 6B). However, 20-HETE levels remained sig-
nificantly elevated in Metformin-treated MKR mice rel-
ative to the FVB controls (Fig 6B). We further examined
if Metformin treatment can regulate hyperglycemia-
induced ROS production. For that, sciatic nerve sections
were analyzed by HPLC to assess superoxide generation
(Fig 6C). Results show a significant increase in intracel-
lular ROS production in MKR mice compared to their
control FVB littermates, and this was significantly
reduced upon Metformin treatment. Moreover,
NADPH-dependent ROS production was assessed in sci-
atic nerves of mice via the NADPH-oxidase assay. The
data show that superoxide anion production signifi-
cantly increased in the MKR mice in comparison to the
controls and is significantly reduced upon Metformin
treatment (Fig 6D). These findings suggest that sciatic
nerve injury and MPZ protein alteration is correlated
with an increase in ROS production through an
NADPH-dependent mechanism.

Metformin Alleviates Autophagy Protein
Alterations Triggered by Hyperglycemia
in the Sciatic Nerve of MKR Non-Obese
T2DM Mice

In the same spirit of our previous findings (Fig 4A-B),
we next examined if AMPK activation normalizes the
key proteins Beclin-1 and LC3B as markers of the auto-
phagic response in sciatic nerves of the MKR non obese
T2DM mice. We were interested in examining these pro-
teins in the context of intact tissue and visualize their
expression throughout the tissue compartments or cell
types. Immunohistochemical analysis of sciatic nerve
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Figure 5. Treatment with Metformin abates sensorimotor deficits in MKR non-obese type 2 diabetic mice. Diabetes is often associ-
ated with abnormalities in sensory and motor neural functions. We examined the behavioral performance of FVB control mice,
MKR non-obese type 2 diabetic mice, and MKR non-obese type 2 diabetic mice treated with HET0016, in a series of tests to pheno-
type neuropathy. Histograms representing (A) thermal sensitivity to pain assessed by Thermal Hind Paw Withdrawal test (n = 5) and
(B) latencies reflecting neuromuscular strength assessed by the Grip Strength Test (n = 5) in addition to (C-F) fine motor coordina-
tion and gait assessed by the Raised Beam Walking Test (n = 5). Values are the means + SEM. *P < .05, versus control. #P < .05, versus

MKR.

sections show a significant increase in Beclin-1 and LC3B
expression in sciatic nerves of MKR mice relative to the
controls, and their respective attenuation in Metformin-
treated MKR mice (Fig 7A-D).

Discussion

DPN is a common diabetic complication with autono-
mous onset and characteristic nerve abnormalities'®°
despite proper management of the disease. Consequently,

the largest clinical trials urged the need for novel
approaches to the management of DPN.

Oxidative stress is a major mediator of diabetic com-
plications '*'#3¢3% including DPN.">?* Yet, treatment
with antioxidants have not demonstrated maximal ther-
apeutic potential.?®#%%%48 Therefore, identifying ROS
sources playing a role in the pathogenesis of DPN could
be a potential approach in treating DPN. Accordingly,
we investigate CYP450 enzymes as potent sources of
ROS in DPN. This study provides evidence that
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Figure 6. Metformin administration reduces peripheral nerve injury and NADPH-derived ROS production in MKR non-obese type 2
diabetic mice. Sciatic nerves were isolated from FVB control, MKR non-obese type 2 diabetic mice and Metformin-treated MKR non-
obese type 2 diabetic mice. MPZ, the predominant myelin protein of the peripheral nerves, was assessed in sciatic nerve lysates as a
marker of peripheral nerve injury. Representative western blot and respective densitometric quantification is shown for (A) MPZ
(n = 5). (B) 20-HETE production via HPLC analysis (n = 7). Diabetes-associated superoxide anion production was measured by
(C) HPLC (n = 5) and (D) NADPH oxidase Activity Assay (n = 5). Values are the means + SEM. *P < .05, versus control. #P < .05, versus

MKR.

hyperglycemia impacts peripheral nerve integrity
through the generation of ROS by CYP4A enzymes. We
highlight the 20-HETE synthase inhibitor HET0016, as a
possible pharmaceutical approach to treat DPN.

We first investigated the role of CYP4A in MKR T2DM
mice. Sciatic nerve tissues from diabetic mice show
increased CYP4A protein expression and 20-HETE produc-
tion. This was concurrent with decreased MPZ and PMP22
protein expression. The observed decrease in MPZ is con-
sistent with other studies showing that diabetes alters SCs
myelin protein expression.>'> Of note any alteration in
myelin protein of the SCs is associated with nerve dysfunc-
tion. DPN has been dubbed a complex disease in both T1D
and T2D with overlapping clinical manifestations, but dis-
tinct underlying mechanistic insults.’® Additionally, abnor-
malities in PMP22 proteins were observed in insoluble
fractions of sciatic nerves of diabetic animals. Diabetic ani-
mals exhibited increased accumulation of aggregated
PMP22 proteins in our study, supporting previous studies
that linked both protein misfolding and myelin injury in
diabetes.'>?* These findings were reflected by behavioral

assessments where diabetic animals exhibited poor loco-
motion, neuromuscular strength, and nociception, and
paralleled by reduced sensory and motor NCVs from dia-
betic animals. The obtained findings in diabetic animals
mimic the clinical presentation of diabetic subjects, verify-
ing the neuropathic phenotype in our animal model.?
However, future investigations are warranted to assess
mechanical sensitivity as an additional modality affected
in DPN with a prolonged duration of diabetes onset.
Moreover, the data support the notion that myelin pro-
tein alterations have deleterious effects on the functional
integrity of peripheral nerves.>'>?* The results are in
accordance with other studies that associate alterations in
myelin protein profiles with neurodegenerative anoma-
lies." Interestingly, the inhibition of 20-HETE synthase
restored myelin and neurological defects in diabetic ani-
mals, while inhibition in FVB controls did not show any
significant change relative to vehicle-treated controls.
Taken together, the results highlight the possible involve-
ment of 20-HETE in peripheral nerve injury in diabetes
and dysmyelination.
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Figure 7. Diabetes-induced canonical autophagy in sciatic nerves is restored upon Metformin treatment in MKR non-obese type 2
diabetic mice. Longitudinal sections of sciatic nerves longitudinal sections were examined for protein markers of autophagy. Repre-
sentative immunohistochemistry images of sciatic nerves of FVB control, MKR non-obese type 2 diabetic mice and MKR non-obese
type 2 diabetic mice treated with Metformin stained with (A) Beclin-1 and (B) LC3B with their respective quantifications (C, D). Val-
ues are the means 4+ SEM (n = 5). *P < .05, versus control. #P < .05, versus MKR.

CYP4A and 20-HETE levels were significantly increased
in diabetic animals reflecting elevated CYP4A activity
that was restored upon HET0016 administration. Com-
pounding this observation, it has been shown that 20-
HETE mimics TRPV1 channel agonists of sensory neu-
rons, associated with thermal hyperalgesia.®® In our
study, HET0016-treated diabetic animals demonstrated
improved sensorimotor function and nociception com-
pared to the diabetic group. This is of significance as the
bio efficacy of HET0016 as a therapeutic agent may be
multifaceted and warrants investigation of 20-HETE-
dependent activation of TRPV1 channels in DPN. On
another note, given our behavioral and electrophysiol-
ogy data, the DPN phenotype in our murine model par-
allels intermediary to advanced clinical symptoms of
DPN in which loss of sensation is recorded. Besides, 20-

HETE may be an activator of TRPV1 channels in the early
painful phase of progression of DPN. Likewise, 20-HETE
may be playing a dual injurious role, not just at the neu-
ronal level, but at the vascular level which warrants fur-
ther investigation such as via the peripheral nerve blood
flow assessment.”>>?

Besides, previous work correlated CYP4A upregula-
tion induced by hyperglycemia with increased oxidative
stress through 20-HETE production leading to injury in
kidney tubules and podocytes.”* ' The current findings
pinpoint CYP4A overexpression in tandem with ROS
overproduction. Notably, CYP450 enzymes are associ-
ated with a NADPH ROS-producing catalytic center.'*>®
Our data show increased ROS production and NADPH
oxidase activity in the diabetic animals, in validation of
oxidative peripheral nerve injury, which was
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Figure 8. Proposed mechanism of DPN pathogenesis (Figure created with BioRender).

significantly quelled by HET0016. These results under-
score the association of CYP4A/20-HETE with increased
ROS production through an NADPH-dependent path-
way, in line with recent data that verified the role of
NADPH oxidase enzymes in the pathogenesis of DPN.'”
Together, we extend the pathological pathway further
to CYP4A/20-HETE and pinpoint a potential crosstalk
between CYP450 and NADPH oxidase enzymes.'?

This study also outlined the role of autophagy as a
route implicated in hyperglycemia-induced myelin

protein abnormality. Autophagy is linked to various
pathologies including diabetes®?>?’°® and neurode-
generation.®® Our results revealed elevated Beclin-1
and LC3B protein expression in diabetic animals, indica-
tive of autophagy activation. Interestingly, HET0016
treatment restored Beclin-1 and LC3B levels which may
account for the alleviation of nerve functional changes,
suggesting that dysregulated autophagy may contrib-
ute to the pathogenesis of DPN. However, the activa-
tion of autophagy in our MKR model contrasts with
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other studies.® In our work, the activated autophagic
responses may be partly due to the development of
insulin resistance in our animals'® On the other hand,
autophagy induction may be attributed to damaged
protein clearance® or a transitory phase prior to apo-
ptosis® promoting survival in demyelinating neuropa-
thies.”> While some studies suggest autophagy
activation in early stages of injury may be a protective
mechanism to trigger recovery and regeneration,®’
others correlate it with stress and a trigger for cellular
recycling or death.'®*? Our findings extend previous
work that suggests autophagy activation occurs sec-
ondary to nerve injury and oxidative stress.”’->°

We next examined AMPK signaling, described to
be compromised in diabetes."***  Growing
evidence associates AMPK inactivation with oxidative
stress' 12333539 \while hyperglycemia instills a downre-
gulation of AMPK in various cell types.'"'%39%> Qur
results show AMPK inactivation corroborating myelin
protein disruption and oxidative stress, in accord with
others that link AMPK inactivation in DPN to nerve
defects, and oxidative injury.>>’ More importantly,
AMPK is associated with central pathways that modu-
late autophagy.®° In the NS, AMPK positively modulates
neurite development and nerve regeneration®”** and
its activation mitigates defective autophagic responses,
rescuing SC and peripheral nerve injury in diabetic
animals.>®3° Interestingly, we show AMPK activation
following HET0016 administration concomitant with
normalized autophagy protein markers in MKR mice. In
that manner, HET0016 plays a neuroprotective role, pos-
sibly through targeting AMPK. Recent literature associ-
ates AMPK activation with reduced eicosanoid
production in high-fat diet induced kidney disease.®
Whereas 20-HETE-mediated endothelial cell injury was
ameliorated upon prolonged AMPK activation.’” The
current work underscores a previously unreported link
between 20-HETE and AMPK in DPN.

To confirm the role of AMPK, we assessed the effect
of AMPK activator, Metformin, on peripheral nerve
injury. Our findings demonstrate Metformin attenuates
the diabetic phenotype of MKR mice and sensorimotor
defects, consistent with studies that relate AMPK inacti-
vation to neuronal degeneration and multiple manifes-
tations of DPN.?*>%° Qur findings further reflect myelin
dysregulation, with a state of oxidative stress in sciatic
nerves of diabetic animals that subserve neural defects
mitigated by Metformin. These results validate the
influence of AMPK on regulating central targets
involved in DPN.3® Furthermore, AMPK activation ameli-
orates NADPH-derived ROS generation in diabetic ani-
mals. These results are consistent with studies that show
AMPK activation to reduce NADPH oxidase and high
glucose-induced ROS production in colorectal cancer
cells, and glomerular mesangial cells.""*® Thus, an
important finding in this work is that Metformin and
HET0016 impact overlapping mechanisms of injury
intersecting at oxidative stress, NADPH-derived ROS pro-
duction, and myelin protein alterations. Our data
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further show Metformin to alleviate alterations in
autophagy markers in diabetic animals, adding autoph-
agy regulation to the downstream effectors of targeting
AMPK. Although Metformin may be closely approxi-
mated to hold promise as a therapeutic agent for DPN,
there remains a dearth of clinical observations. Interest-
ingly, T2D patients on the receiving end of insulin plus
Metformin are reported to be twice as likely to develop
diabetic neuropathy.’

In this study we highlight the role of 20-HETE in
an insulin resistance state independent of obesity.
However, elevations in 20-HETE are correlated with
other factors such as hypertension, inflammatory dis-
orders, obesity, and insulin resistance’® that overlap
with advanced stages of diabetes. Therefore, addi-
tional experiments warrant investigating the identi-
fied pathological axis in additional animal models of
T2D.

In conclusion, we show that hyperglycemia triggers
oxidative injury of the PNS through CYP4A/20-HETE-
mediated alteration of AMPK signaling and autophagic
defenses. The progression of injury was mediated
through compromised myelin protein integrity and
peripheral nerve functionality. Inhibiting 20-HETE syn-
thesis demonstrated neuroprotection which may be a
novel, multi-targeted approach of clinical significance
for the management of DPN. We pinpoint for the first
time, a CYP-dependent mechanism of oxidative injury in
the pathogenesis of DPN in T2DM. More importantly,
we place CYP4A/20-HETE upstream in the pathological
axis that contributes to peripheral nerve injury through
AMPK inactivation, oxidative stress and autophagic dys-
regulation (Fig 8).
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