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Abstract

Background: There is impaired neurotrophic growtrtor signaling, AMPactivated
protein kinase (AMPK) activity and mitochondrial function in dorsal root ganglia (DRG) of
animal models of type 1 and type 2 diabetes exhibiting diabetic sensorimotor polyneuropathy
(DSPN).We hypothesized that loss of dirgasulin orinsulin-like growth factor 1 (IGFL)
signalingin diabeteglrives depression of AMPK activity and mitochondrial function, both

contributing to development of DSPN.

Methods: Age-matched controbpragueDawleyrats and streptozotocin (STF#)duced
type 1 diabetic rats with/without IGE therapy or insulin implants were usediforivo studies.
Forin vitro studies, adult DRG neurons derived from control or -Higbetic rats were cultured
under defined conditions and treated with/without{Gérinsulin. Activators or inhibitors
targeting components of the insulin/I@Fsignaling pathways were used to unravel the

mechanism of insulin/IGR action in DRG neurons.

Results: Insulin increasedikt phosphorylatiorand neurite outgrowth, and augmented
mitochondrial function in DRG cultures derived from control or type 1 diabetic rats. In STZ
diabetic rats insulin implants reversed thermal sensitivity, increased dermal nerve density and
restored the expression/activity of respiratory chain proteins i@.[DRcreased expression of
mRNAsforIGF1, AMPKU2 and ATP5al (subunit of ATPas
control rats. IGFL upregulated mRNA levels of these genes in cultured DRG neurons from
control or diabetic rats. IGE elevation of mitochondal function, mtDNA and neurite
outgrowth was suppressed by inhibition of AMPK (via sSIRN&F-1 therapy in diabetic rats
reversed thermal hypoalgesia, raised corneal nerve densiprerehted tricarboxylic acid
(TCA) pathway metabolite buitdp inthesciatic nerve. Endogenous IGIFgene expression in



neurons of the DRG was suppressed by hyperglycemia and rescued by treatment-ithr IGF

the aldose reductase inhibitor, sorbinfafiscription factors NFATLand CEEP bound t o
IGF-1 promoter in DRG tissue at higher levels in control vs diabetic rats. Inhibition of
endogenous IGE downregulated Akt S473 phosphorylation and background neurite outgrowth

in cultured DRG neurons.

Conclusions:Insulin/IGF1 therapy elevates mitochondrial functida AMPK to drive
axonal repair in DSPN. Downregulation of endogenous1GiDRG neurons in diabetes may

contribute to the pathogenesis of DSPN.

Key words: AMPK; axon regeneration; bioergetics;diabetic neuropathy; dorsal root ganglia;

endogenous IGE; IGF1 therapyjnsulin implant;mitochondrial function; neurite outgrowth.
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Chapter 1: Background and literature review

1.1 Diabetes

Diabetes is a chronityperglycemic condition characterized as a metabolic disorder in which

insulin signaling is impairedcasti ng plasma glucose of O 7 mmo!
(HbA1C) of O 6.5% are considered maDiabetesr i t er i
Canada Clinical Practice Guidelines Expert et al., 2G4@h blood sugar can damage nerves

and organs leading to morbidity and mortalitfe globalprevalencef diabetedias multiplied

from 108 million in 1980 to 422 million in 2014h 2014, the number of young adults aged over

18who had diabetes reached 8.8%ke, 201§. As of 2018, 11 million Canadians are living

with diabetes or prediabetes and another Canadian is diagnosed every three minutes
(CanadianDiabetesAssociation, 2D1Based on death certificates in 2015 in the U.S., tesbe

was the seventh leading cause of death, although underrepotegesons with diabetes often

die due tchealthcare complications such as kidney failure and cardiovascular disoridiets

may notberecordedas diabetes the death certificatgStokes and Preston, 2Q1Economic

costs of thbetes in the U.S. in 2017eveestimated to be $327 billion

(AmericanDiabetesAssociation, 2QIokes and Preston, 2017
1.2 Types of diabetes

There are four broad classes of diabetes: type 1 diabgies? diabetes, gestational diabetes and
secondary types of diabetédthough the normal fasting insulin level is < 174 pmaifhong

healthy individuals, its range is highly variant and does not follow the same trend in all classes of
diabetegBuppajarntham et al., 20L9n type 1 diabetes, also known as inswlgpendent

diabetes mellitus (IDDM), beta cells thfe pancreas are immunologically damaged and can no
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longer producsufficientinsulin. T cell-mediated autoimmune destruction of instpitoducing
beta cells appears to be triggered by environmental factordividuals predisposed tgpenetic
factors.Two human leukocyte antigen (HLA) class 2 haplotypes, DR3 andD®a, are linked
to half of type 1 diabetes heritabili(lpiMeglio et al., 2018 Type 1 diabetes accounts for 5
10% of all diabetic caseand isdistinguishablegrom type 2 diabetes kyetection of
autoantibodiesgainst glutamate decarboxylase, insulin, islet antigen 2, tetraspanith zinc

transporter §Daneman, 20Q@iMeglio et al., 2018

Type 2 diabetes, also known as finsulin dependent diabetes mellifidiDDM),
makes up about 90% of gersons with diabetemdis caused by insulin resistance in target
organs rather than beta cell dysfunctjonitially) . Inability of cells primarily in the liver, muscle
and adipose tissuet® respond to normal insulilevels results in hyperinsulinemia and
hyperglycemia in mogtersons withype 2 diabets Theimpairment of eackomponenbf the
insulin signaling cascadsarting frominsulinfinsulin receptor to effector proteinstime
phosploinositide 3kinase PI3K)/Akt andmitogenactivated protein kinas®MAPK) pathways
play a part irinsulin resistancéBlackman and Cooke, 201 3or instance, mutations insulin
or insulin signalinggive rise to rare forms of diabetes suchya® A insulin resistance
syndrome, Rabselendenhall syndrome amdaturity-onset diabetes of the young (MODY)
wherethe latter isa result ofa heterozygous insulin gene mutativolven et al., 2008Mihai et
al., 2012. In general, sdentary lifestyle, obesitgnergydense dieand genets are the main
contributing factors téhe pathogenesis of type 2 diabe{€hatterjee et al., 201 Based on
genome wide association studies (GWAS), mora 8GO loci are robustly associated with type

2 diabeteglingelsson and McCarthy, 20118



Gestational diabetes mellitus (GDM) is characterized as a hypergtycendition which
developsetweerthe 24" and 28" weeks of gestatioim pregnant womerObesity, maternal age
andlack of exercisare the key drivers of GDM5DM is asmultifactonal as type 2 diabetes

andinsulin production and insulin sensitivity impaired(Johns et al., 201&oustan2013.

Patients with different pathophysigip may also develop diabetes which can be classified as
secondary types of diabetes. These conditions include cystic fibrosis, congenital rubella and
cytomegalovirus infections, pancreatitis, hemochromatdsisy(e.g. glucocorticoidjnduced
diabetes, endocrinopathiggnetic syndromes such as Down syndrome, mitochondrial disorders

and a wide variety of other disord¢Forlenza et al., 2018
1.3Major complications

Long-term complications of diabetes include neuropathy, retinopathy, nephropathy,
cardiovascular diseas@d cognitive impairmenthich canappear after about 10 years of
diabetegJohns et al., 20)8Diabetic retinopathy is associated with lesions, hard exudates,
macular edema and cataract, and is the leading cause of blindnessyaomugngeopleDiabetic
nephropathyaffects less than 30% of diabetic patients and is associated with proteinutainvhi
thelong term anlead to renal failureAssociated components of metabolic syndrome such as
hypertension and dyslipidemia, partialyan type 2 diabetic patients, are major risk factors for
peripheral and cerebrovascular dise@&sthan, 1993Johns et al., 2038The majority of
diabetic patients die of concurrent cardiovascular complicatibtowever, the most common
nonfatal complication of diabetes is neuropathfjecting up to 50% gbersons witldiabees

This lifelong complication caespain and lateloss of sensation confepsitients tdoot ulcers

which eventuallymay lead to limb amputatidiNathan, 1993Johns et al., 20}8



There aréawo main types of idbetic neuropathiegeneralized neuropathya
focal/multifocal neuropathy that are listed in detailTable1.1 (Nathan, 1993Llewelyn, 2003.
The mosttommon form of diabetic neuropathy is diabetic sensorimotor polyneuropathy (DSPN)
which affectghesensory, motor and autonomic nervoystensin the periphery. DSPN is
symmetrical, affects both sides, and has a distal dyal pattern in peripheral nerves
(Kobayashi and Zochodne, 2018his specific axonal degeneration is also seen in other
neurodegenerative disorders including amyotro
Parkinsonds di sease 8MAJ(Cenforti e al.l 2007Rissheretlala r at r op

2004).

Table 1.1.Diabetic neuropathy classification(Llewelyn, 2003 Nathan, 1993

Main types Subtypes

Hyperglycemic neuropathy

Generalized neuropathy Acute painfulsensory neuropathies

Diabetic sensorimotor polyneuropathy (DSPN)

The most common form of diabetic neuropathy

Cranial neuropathies

Focal limb neuropathiesuch as carpal tunnel syndrome

Focal/multifocal neuropathy | Thoracolumbar radiculoneuropathy

Lumbosacral radiculoplexus neuropathy

(BrunsGarland syndrome)

Diabetic aitonomic neuropathy | Most frequently coexisting with other neuropathies




1.4 Diabetic sensorimotor polyneuropathy (DSPN)

DSPNis a major health issukatis associated with debilitatg pain, morbidity and mortality,
andthusis amajoreconomic and psychological burden to families and sofkatgtzer and

Ruiz, 2014. Neurological signs and electrophysiological measurements are the diagnosing tools
for DSPN(Pirart, 1977Mulder et al., 1961Kambiz et al., 2015Tuncer efal., 201} and the

only current treatments are glycemic control and pain managéhtewelyn, 2003. Despite its
common prevalence, DSHblunderdiagnosed or not reproducibly diagnosed due to variable
endpoint measurement methodatiable DSPN definitions and variable types of patients

studied. Therefore, it limits eartliagnosis, prevention and treatment opti@gck et al., 201

1.4.1 Epidemiology

In an earlyepidemiologic study, theomparativeprevalence of DSPN amompgrsons with
diabeesversussubjects who had impaired glucose toleraresuscontrol subjects was 25.8%,
11.2% and 3.9%, respectivglyranklin et al., 1990 Other investigators have reported DSPN in
13.3%(Ziegler et al., 2000 50%(Lee et al., 2015 66%(Dyck et al., 1998and28.5%(Young

et al., 1993 0f persons witldiabees Up to 26% ofpersons wittdiabeeshave chronic painful
DSPN which makes up almost half of DSPN subjé@iggler et al., 2014 DSPN is also quite
common in those with prediabetes affecting up to 4Bée et al., 2016 In the EURODIAB

IDDM study, over 300@ersas with diabeesfrom 16 countries were screened, and the rise in
the prevalence of DSPWNas due taseverakisk factorsincluding duration of diabetes,
dyslipidemia, age, poor glycemic control, high blood pressure, smoking andydbesiiaye et

al., 2003.

1.4.2 Clinical presentation



Typical clinical manifestations of DSPN include tingling, numbness and weatka¢start from

lower extremitis and progress lengttependently in a stockingjove distributionThe

symptoms are predominantly sensory and symmefieaitzer and Ruiz, 20340n the other

hand, the symptoms of painful DSPN are associatedpaith electricgtabling sensation and

burning Patientscan also devep hyperalgesia and allodynaany of whicharetreatedwith
painkillers(includingopioidg (Daousi et al., 20040ther signs of DSPN at the time of

diagnosisare absent ankle reflexes, weakness of small foot muscles, impaired peripheral pulses,
and retinopathy and nephropathy sigidewelyn, 2003. Severe DSPN confers patients to foot
ulceration(occursin 15% ofDSPN patientsand mayeventally lead to limb amputatian

Diabetes is thesading cause of limb amputation worldwide accounting for 80000 amputations

each yeamn the USA(Margolis et al., 2011

1.4.3 Pathology

There are pathologicatructures and functions the nerves of DSPN patieritsat are correlated
and can be attributed to clinical signs of DSRMNst studie®n the pdiology of DSPNhave

used biopsied or autopsied materials of sural nerve obtained from patients with established
DSPN.Animal models of DSPN show similar but not the exact same abnormalfeatuees
(Yagihashi et al., 2007The pathogenetic factors in DSPN patients and animal modelspand h

the abnormalities in the nerves lead to symptamsdiscussed in detdiélow.

1.5Types and features oDRG sensory neurons

The somatosensory system in organisms perceives and consiisrpdouch, temperature,
pain, pressure and other feeklry thereceptors in thaerve endings originiaty from dorsal

root ganglia (DRG)n the trunk ad trigeminal ganglia (TG) in the head region. There are



different subpopulations @rimarysensoy neurons in DRG and TG that mediate procegsin
information from noxious tanocuous stimulincluding thermal, mechanical or chemical

stimuli and transmit them to secondder sensory neurons in tbentral nervous system (CNS)

(Amir and Devor, 2008 Neural crest cells in the dorsal roottbé spinal cordmigrate to ganglia

in three waves of neurogenesis during early embryonic period and generate various DRG
neurons.Then, these DRG neuronadergamorphological stagestarting from aspindleshaped

bipolar, eccentric bulged bipolar, bslhape bipolar, shegtem pseudainipolar toeventually

give rise to mature longtem pseudainipolar The longstem pseudanipolar sensory neuron

has the distal process that terminates in peripheral tissues, is activated and depolarized by stimuli
and transmits the action potential to the spinal cord or brain stem where the proximal process

ends(Nascimento et al., 2018mir and Devor, 2008

Early classification of somatosensory neurons based on anatomical and electrochemical
feaures divided them into fougeneralfiber subtypes: unmyelinated small diameter C fibers,
thinly-my el i nat ed medi um di ameter AU, myelinated |
diameter propriocepto’s U  ( F i.1p(Kandel, 2013 Cfibers are the most abuntasensory
neurons in DRGs with 180um diameter and 2m/s conductilocity thatrespond to thermal,
chemical and even mechanical stimuli. C fibers can be peptiderdexpress calcitonin gene
relatedpeptide (CGRP) or substae P, or nofpeptidergicandexpress isolectin IBfAverill et
al., 1995 Le Pichon and Chesler, 2014 #bars on the other hand, are larger {&0Qum) and
conduct faster (30m/s) than C fibers and respond to force, pain and innocuous tempefature.
and AU fibers have a diameter o70nmmosr.e Abh afni b5e0r
express lowthreshdd mechanoreceptors (LTMRS) and are responsive to vibration, hair

reflection and touch. AU fibers r(Kamqelp20lB t o mu



Le Pichon and Chesler, 2014Although a simplified classification of DRG neuras&xplained
here there is accumulating literature reporting different subpopulations for DRG neurons based
onunbiagdsinglecell RNA sequencing studi¢slsoskin et al., 2004ollowed bymolecular

and neurochemical classification which are reviewed in detail else\(\Weiad et al., 2018
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Figure 1.1. Sensory neuron subtypedtarly classifcation of somatosensory neurons
based on anatomical and electrochenfieatures divided them into fogeneral fiber
subtypes: unmyelinated small diameter C fibers, thimjjei nat ed medi ur
myelinated | arge diameter ADb, and mye
dendrites and receptors reach the dermis and epidermis of the skin. Sensory neurc
their axons and synapse in central nervous syskamfigure is original and was

prepared by myself.



1.6 Nerve and DRG abnormalities in human DSPN

Distal dyingback nerve fiber degeneration, endoneurial microangiopadgymental
demyelination and remyelinatioand axonal loss are the most prominent structural features of
pathologicneves in DSPN patieni{Malik et al., 2005Yagihashi and Matsunaga, 197%here

is a controversys to whethrthe microvascular injury in the nerves is the primary cause of
nerve fiber loss or unknown mechanisms insideXtR& and/omervedead to nerve fiber loss.
Microangbpbpathyand i primary involvement in nerve degeneration is supported by various
studies showing that the subjects who had microangiopaitfigst clinical assessment developed
DSPN in the subsequent follewmp assessmenThrainsdottir et aJ.2003 Dyck et al., 1986

Dyck et al., 1984 However, despite nerve fiber loss in sural nerve of DSPN patients, no
endoneurial microvessel injury wassaoved in one studyus questioninghe causative role of

microangiopathyLlewelyn et al., 1988

Some of themethodautilized to assess the structure and functioneas in order to
measure the severity of DSPN in patiesns listed in Tablé.2. Nerve conduction velocity
(NCV) measurement gderipherainerveis sensitive and specifio assessg the severity of
DSPN.However NCV assessment can only predict abralitiesin large myelinated nerve
fibers and is not able to detect early small fiber neuropathy occurring in prediabéitaisetes
(Dyck et al., 1997Vinik et al., 2009. Nerve conduction studies are reliableoughto be used as
a complementary methddr clinical assessment of DSPN signs and symptoms including ankle
reflexes(Dyck et al., 2010Asad et al., 2009 A sensitivity of 80% and 83%, and specificity of
89% and 72% for peroneal and sural nerve conduction veloesigectivelywas reported when

assessed in 246 type 1 and type 2 diabetic patients with DSBiNman et al., 2033
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Quantitative sensory testinges developed to assess small fiber neuropathy at early
stages wherpatientsexhibitednormal NCV and/oa structural assessment of nenaild notbe
implemented. In this method, they measinesponse latency either to cold delta fibers:small
thinly-myelinated fibers) or warnCtfibers: small nonmyelinated fibers) stimuliShukla et al.,
2005. Newly diagnosed type 1 diabetic patients on insulin f8d4lays showed elevated heat
and cold perceptiothresholdand their associated ipgperception in their foot compared to
healthy subjects. Cold perception was the most sensitive tetdtimting smalherverelated
abnormal functionn this study(Ziegler et al., 1988 In another study, ¢d and warm stimuli
were perceived by type 1 diabetic patients whodddration of diabetésom one to 49 years,

with higher thresholds compared to control subjédts/arro and Kennedy, 1991
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Table 1.2. Methods to assess the severity of diabetic neuropatliyinik et al., 2013

Method Fiber type Type of assessment Advantages
Skin biopsy | Small fibers Smaltcaliber sensory nerveg Quantitates small
and IENF including c fibers in IENF density
epidermis, dermal myelinate| through antibody
and autonomic nerve fibers | staining
Nerve Myelinated fibers Measures the ability of the | Standardized and
conduction nerves to conduct an well documented
veloaty electrical stimuli universal method
Thermal C fibers Assesses the sensitivity of ¢ Noninvasive and
sensitivity fibers to heat stimuli conventimal
testing
Corneal C fibers Measures small fiber density Noninvasive,
confocal in the cornea reliable and newly
microscopy developed
Contact Small fibers Uses nociceptive heat Detects small fiber
heat evoked stimulus which is recorded | neuropathy in the
potentials through absence of other
electroencephalographic indices
readings
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Intra-epidermal nerve fiber (IENF) and sblsal nerve plexus (SNP) density profiles are two
parameters to measure structural abnormalities irnmgadinated and thinly myelinated wer
fibers In this method, the skin biopsiestb&éfoot are obtained from patients, nerves are
immunostained for a nenapecific protein called protein gene product 9.5 (PGP 9.5), and are
visualizedand quantifiedLauria et al., 2008_auria et al., 2010 In a study on 25 diabetic and
23 nondiabetic patients with symptoms of neuropathy and 20 control subjebts was found

to be significantly reduced iedistal leg but not proximal leg and forearm when compared to
controls(Pittenger et al., 2004Skin biopsies fron30 type 2 diabetic patients with less than 3
yearsof duration of diabetes and 23 aged sexmatched control subjects werastied for IENF
measurement in distal led.significant loss of intraepidermal nerve fibers was observed in
diabetic patients with symptoms of DSPN compared to diabetic patients without DSPN
symptoms and control subjects although the annual rate of neevddss was similar in all
diabetic patientgDivisova et al., 2016 IENF loss is correlated with progressive neuropathy
symptomgQuattrini et al., 2008 In 29 diabetic patients with no clinical sign of small or large
fiber neuropathy and 84 control subjects, reduced IENF density was observed in ankle but not
thigh of diabetic patients. The diagnosing sensitivity and specificity of IENF assessment was

calculated to be 72.4% and 76.2%, respectj\felythis study grougUmapathi et al., 2007

In comparison, visualization of small nerve fiber length and density in the cornea using a
newly developed technique called corneal confocal microscopy (CCM) is as sensitive and
specific as IENF assessmamffoot skin biopsieg¢Alam et al., 2017Chen et al., 20)5CCM is
an objective method, quick and nmvasiveandhence a gooteplacement andandidate tool to
monitor DSPN progressicend a range of other peripheral neuropathies including

chemotherapynduceal peripheral neuropathy (CIPN) and HIV neuropgfgtropoulos et al.,
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2013 Kemp et al., 201,/Ferdousi et al., 20)5CCM and skin biopsy were assessed in 63
patients with type 1 diabetes and 26 control subjects, and corneal nerve fiber density (CNFD)
and length (CNFL) were found to be significantly realzeDSPN patients and positively
correlated with IENF densit§Chen et al., 2005In a more recent study on 92 type 1 diabetic
patients and 84 control subjects, EINand CNFL were significantly reduced in patients with
DSPN compared to patients without DSPN proposing CCM as the efficient diagnostic method
for DSPN(Chen et al.2018. In a similar study, CNFL was found to have highest sensitivity (up
to 91%) and specificity (up to 93%) among other CCM parameters in diagnosing (B5/RkKd
etal., 2013. Optical coherence tomography is another method that hasdxssntlydeveloped

to assess retinal nerve fiber thickness in DSPN patients although it is not well established and

longitudinal studies are required before its universal8kahidi et al., 2012

1.7 Nerve and DRG abnormalities in animal models of DSPN

One of the obstacles studying diabetic neuropathy is the lack of animal models that
could represent the same pathological features of DSPN as in human paherfisst and
complete animal models bfpe 1 diabetes artlabetic neuropathy were induced by alloxan and
streptozotocin (STyinjections in 1960s and 1970s, respectivélye BidBreeding/Worcester
(BB/Wor) rat and the heterozygous Ins2Akita mouse are two congeroeticmodels of type 1
diabetes that develop hypoinsulinemia and hyperglycemia. The BB/Wor rat dewvetops
conduction slowing, sural nerve fiber loss, thermal hypesidg reduced endoneurial blood
supply and decreased neuropeptides in DRGs after 4 weeks of di#aetega et al., 2009
Stevens et al., 2004This model reproduces most closely the human disease but cost reduces its
use.Also, the onset is indeterminate and so it is difficult to track disease progression from its

initiation. In comparison, the Ins2Akita moukas been reported to display DSPN features
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including sensory nerve conduction slowing, mechanical hypoalgesia, thermal hypoalgesia and
tactile allodynia after 16 weeks of diabef¥ang and Chon, 201 Drel et al., 201} The

inducible type 1 diabetic animalsn the other hand, have become more popular in research than
the genetic models due to low cost of mainteesand ease afsewhile exhibiting similar

DSPN reresentationThe correspondingliabetogenic agents, alloxan and STZ, specifically

enter beta cells ahepancreas througthe GLUT-2 glucose transport@ndcauseDNA damage

and eventuallgell death reglting in low or noinsulin secretion by beta cellBIsner et al.,

2000. Bothof theseexperimental rat and onsemodels oftype 1diabetes develop impaired

newve conduction velocitiesntra-epidermaherve fiber lossgorneal nerve fiber losthermal
hypoalgesia and axonal degeneratiothe epidermisand dermigJalobsen and Lundbaek,

1976 Preston, 196,/Sima and Robertson, 1978

The reported measures of neuropathy including both structural and functional nerve
abnormalities have been variable in different studies on theser8liZed diabetic animals. The
variability could simply be due to varioaimal sourcdstraing STZ doséoute of deliveryand
animal respores to STZ, duration of diabetes, amount ofiiimsproductionand different
glucose concentration an early study, sural (sensory) nerve conduction velocity in 70
SpragueDawley rats that received tail vein injection of 65mg/kg STZ was significantly slowed
after2 weeks compared to controls. Indhstudy, tibial (motor) nerve conduction slowing
occurred afted-6 weeks of diabetes, and the severity of the abnormal nerve functioning was
higher in STZ than alloxadiabetic rat§Moore et al., 1980 In anotherstudy on 10 adult male
SpragueDawley STZdiabetic rats, Malik et a(Walker et al., 1999found that animals
displayed a signi¢ant reduction in tibial nerve conduction velocities in spite of no significant

change in myelinated and unmyelinated nerve fiber density and diameter in tibial sections and
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endoneurial microvessel density after 27 days of diabetes induced by singl&@8mg
injection(Walker et al., 19909 Sensory and motor nerve conduction velocities were impaired in
one month of diabetes in male Wistar rats that received 40mg/kg STZ injettanrenously

(Biessels et al., 1999Single intrgeritoneal injection of 65 mg/kg STZ and induction of

diabetes in WAG/RIijHsd female rats caused significant decrease in rewarming rate of the plantar
skin after cold exposure, heat sensitivity, meatersensitivity, nerve conduction velocity and

IENF density in hind paw skin biopsies after 4 weeks of diabetes in a more recer{Kstontyz

et al., 2015

Ourlab hasconducted many studi@gth type 1 diabetic animal modelghere
intraperitoneal injection of 55 mg/kg SWasused formale Wistar ratshatwasassociated with
impairedmotor and sensory nerve conduction velocigfter at least 4 weeks of diabefHuang
et al., 2003Huang et al., 20Q2r intraperitoneal injection of 785 mg/kg STZ in Sprague
Dawley rds caused aeficient thermal response after two months of diabetes and reduced IENF
density profile after 31 months of diabetgq®Roy Chowdhury et al., 20)2Taken togetherhe
pathologyand endpoint the SpragueDawley STZdiabetic ratC57BI6/J STZdiabeticmouse
does includehermal hypoalgesia, nerve conduction slowing @disthl loss of IENFand corneal
nervesbut no major loss of nerve fibers imetnervebundlesandno demyelinatioror segmental

demyelinationso, does noexactlyreproduce the human state.

There are a range of animal models of type 2 diabetes that develop B&R8&lstudies have
reported spontaneous diabetes and structural atidnal abnormalities in peripheral nerve in
cats. Biochemical, electrophysiological and histological studies of the spontaneously occurring
type 2 diabetic feline have shown Schwann cell injury, myelin sheath splitting and ballooning

(Mizisin et al., 1998 sensorimotor neuropathy as evidenced by nerve conduction slowing and
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axonal degeneratigiMizisin et al., 2002 myelinated fiber loss and accumulation of

membranous debris in nerve biopdiEkzisin et al., 200Y. In a followrup study, nerve biopss

from 12 adult diabetic and 7 naliabetic cats revealed microangiopathy associated with a
significant increase in basement membrane size, capillary luminal size and myelinated nerve
injury compared to control cafgstrella et al., 2008 A range of other spontaneous diabetic

animal models including diabetic WBN/Kob &tagihashi et al., 1993and norobese diabetic
(NOD) mousgSchmidt et al., 2003vere reported, which had either similar polyneuropathy
related structw and functional nerve deficits (in the former one) or no major DSPN signs (in
the latter model)ln comparison, both the genetic rat model of obesity and obese Zucker rat, and
the Zucker diabetic fatty (ZDF) rat model of type 2 diabetes degdiopulin resistance after 4
weeks of age, vascular deficiency and motor nerve conduction sl¢@fimyan et al., 20050n

the other hand, the nonobese type 2 diabetro@mmodels such as Got¢akizaki (GK) rat also
developederipheral neuropathy fromhich corneal nerve loss wdse most prominent
characteristic even before the onset of hyperglycébeaidson et al., 2014bWVang et al., 2012
Murakawa et al., 20Q2Leptin-deficient pb/ob) mouse and leptin receptdeficient db/db)

mouse are two animal models of obese type 2 diabetes that exhibit similar DSPN characteristics
that include thermal hypoalgesia, loss of IENF, sensory and motor nerve conduction slowing and
tactile allodynia after 43 weeks of spontaneous hygkycemia and insulin resistan{®@'Brien

et al., 2015Cho et al., 2014ANowicki et al., 2012Drel et al., 2006Robertson and Sima, 1980
High-fat fed Spragu®awley rats or C57BI6/J mice became diabetieraft6 weeks of higHat

(45% kcal) diet, developed insulin resistance and gain weight. However, DSPN features

including nerve conduction slowing and thermal hypoalgesia were not evident until they were
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maintained on higiat diet for more than 12 week¥orek et al., 2015Davidson et al., 2014a

Anderson etla 2014 Coppey et al., 20)1

1.8 Pathogenesis of DSPN

Early studies on pathogenesis of DSIBbused on hyperglycemi@lated pathway#
variety ofaldose reductase inhibitors (ARIg)hich block abnormal glucose metabolism
pathwayswere used to prevent/reverse diabetic neuropathy indices in anmdels Failure of
the clinical trials with such drugs due to toxicity and adverse effectsuuptimal method for
neuropathy endpoint assessmentkiceda suspension of all ARI preclinical and human clinical
trial work (Oates, 2008 In the meantimeother hypothesefor the etiology of neuropathyave
undergone further developmentluding impaired insulin signaling, growth factor defrus,

dyslipidemia, vascular deficiencyeurovaculardeficiency andnetabolic syndrome.

1.8.1 Impaired insulin signaling

Insulin and IGF1 share the same signaling pathwBwpth IGF1 and insulin bind to receptors

(InsR for insulin and IGAR for IGF1)cons st i ng of two U and two b
plasma membrane and activate similar intracellular pathways. At higher concentrations of insulin
and IGF1, they cross occupy these receptofs et al., 2018 In neurons, IGHAR and insulin

receptor activates several messengmsinclude theurvival kinasePI3K, which is activated

by IRS1 and induces AkiGrote et al., 2013BHuang et al., 200Kim et al., 201). P70S6K is

a serine/threonine kinase that is phosphorylated on the T389 sit® L§¥0Akt activation and

triggers protein synthesis via mobilizing S6 ribosomal protein to regulate survival and growth of

neurongChung et al., 1994S6 ribosombproteinis alsophosphorylated bf£RK-activated p90

ribosomal S6 kinases (RSKi®)initiate protein synthes{&®koux et al., 200)/
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Insulin signaling abnorméies in DSPN.Neurons are under regulatory control by insulin, and

loss of insulin production and insulin resistance in type 1 and type 2 diabetes, respectively,
provide a pathogenic mechanism contributing to DSPN in parallel with the damaging impacts of
hyperglycemiaA number of studies have demonstrated that loss of direct insulin signaling
contributes to diabetic neuropathy and retinopéftochodne, 20164dshii, 1995 Reiter and

Gardner, 2008 Direct neurotrophic and neyprotective actions of insulin we reported in

studies showing that neurons exgdthe appropriate proteins to respond to insulin exposure.
Insulin receptors (IRs), IGF1Rs and receptor substrate scaffolds (IRS1, IRS2) are expressed by
sensory neurons and activate signal transduction pathways that modulate neurite outgrowth and
axoral plasticity(Fernyhough et al., 1998luang et al., 20Q5ingh et al., 201,Z5rote et al.,

20130. Insulin receptors are widely expressecdi@uronakell bodies of DRG as well as in

axons in the peripher§bugimoto et al., 20Q2Insulin receptorevelsare increased in response

to nerve injury or in diabetic conditionsisulin supplementatiois essential for the growth of
humanderived neural stem cells §Cs) in culture, and withdrawal of insulin confers cells to
massive cell death and low grow{Rhee et al., 203)3Insulin and IGFL, throughactivation of

the PI3K pathway, sensitizeahd transloated the vanilloid receptor 1 (also called TRPV1)

which mediates inflammatory thermal nociception in sensory nev@msBuren et al., 2005

Insulin treatment increased mitochondrial polarization in cultured DRG neurons, and
improved motor and sensory nerve conduction velocities ind@diZetic rats with no effect on
hyperglycemigHuang et al., 200Q3Local insulin injection in the hind paw in C57BL/6J STZ
diabetic mice raised the density of epidermal axons and improved mechanical s€Gaatien
al., 201). Although insulin is not involved in glucose uptakemostneurons or partially

involved in glucose uptake in glial cells, it acts as a neurotrophic fact@urons and is
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essential for their survivaind growth(Mielke and Wang, 20)1The impaired insulin signaling
in type 1 diabetesrainly due ¢ insulin productiondeficiency) and type 2 diabetaadgstly due
to insulin resistancdeads to reduced neurotrophic support thus contributing to pathogenesis of

DSPN(Mielke and Wang, 201 Grote et al., 2013adinder et al., 201)/

IGF-1 signaling abnormalities in DSPNhe level of IGF1 in the circulatiorof humans and
animal models of type 1 and type 2 diabetes is substantially dec(@hseahg et al., 199 Palta
et al., 2014Ishii et al., 1994Ekstrom et al., 1989 Thus, any impairment in IGE and IGF2
levels and signaling can worsen neurodegeneratiaiabeteglshii, 1995 Rauskolb et al.,

2017 Zochodne, 2016 In addition, IGF1 plays an important role during nervous system
development and early postnatal gro@ackenfels et al., 199&andpromotes neurite
outgrowth in sensorgFernyhough et al., 199RecicPinto et al., 1986 motor(Caroni et al.,
1994 and sympatheti€Zackenfels et al., 199RecicPinto et al., 198pneurons. Schwann cells
also require IGH and IGF1R signaling for survival, myelination, cell proliferation and
phenotypic remodelin¢Syroid et al., 1999Chattopadhyay and Shubayev, 20R8ssell et al.,

200Q Cheng et al., 2000

Therapeutic optionwith insulin/IGF1. In type 1 diabetes, tight glycemic control slows the
progression of neuropathy humangDCCT, 1993 DCCT, 1993. Insulininjectionprevents the
progression of DSPN in animal models which could be due to either kmatimted neuronal
signaling or glucose homeostasisboth(Grote and Wright, 201@russee et al., 2004n

paients with type 1 diabetes who meedeficient inC-peptide, a short polypeptide which links
proinsulin A-chain to its Bchain,thereduced endoneurial blood supply and nerve dysfunction
was improved by eptide supplementatiqikberg and Johansson, 2008-peptide therapy

in animal modelsvith DSPNhas alsomprovednerve function(Kamiya et al., 2006a
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In type 1 diabetic gtients with neuropathyight glycemic control with insulin injections
confirmedthepossible @ect role ofinsulin and insulidinked glucose homeostasiad
suppression diiyperglycema as key factors in reducing incidence and severity of neuropathy
(Martin et al., 2014 However, this is not always the case in type 2 diabetes since there are also
other factorsuch aslyslipidemia and insulin resistanaéich develop over years of obesity
patientsand counteract the effectiveness of glycemic coii@obte et al., 2013&allaghan et
al., 2012. It is not clear if there is also insulin resistance in CN8MS neurons type 2
diabetesn addition to its occurrence fat and muscle tissues, although some in vitro studies
have demonstrated that neurdait to respond to insulin diGF-1 in terms ofenhance@xonal
oufgrowth. For examplejeurons exposet high doses of insulin for a period of time blunted
Akt activation when they were treated with exogenous ing8iimgh et al., 2012 Other
mediators otheinsulin signalingpathay i ncl udi ng p7 h@@spondiod GSK3D
insulin after chronic exposure to insulin or in hyperinsulinemic conditions in sensory neurons
thus mimicking insulin resistance in muscle and adipoqitas et al., 2011Cusi et al., 2000
Similarly, Akt stimulation wa reduced in DRG neurons frasyob mice that develogd DSPN
(Grote et al., 20D1In insulin resistance cases in type 2 diabetes;1@&-a good therapeutic
option as it binds to a different receptor (KER) while activatingthe same gnaling pathway as

insulin.

1.8.2 Growth factor deficiency

Many growth factors including but not limited to insulike growth factors (IGFs),
nerve growth factor (NGF), braitkerived neurotrophic faor (BDNF), neurotrophir3 (NT-3),
glial cell line-derived reurotrophidactor (GDNF), vascular endothelial growth factor (VEGF)

and fibroblast growth factors (FGFs) have both neurotrophic and angiogenic effects. Deficiency
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in any of these growth factors could lead to less neurotrophic supparndaration ofdiaketic
neuropathycompromisingnormal nerve structure and functicdGF was first identified as a
polypeptide that induces nerve growth, and the discovery led to a Nobébytize Italian
developmental biologist Rita LeWlontalcini and the American bioemist Stanley Cohein
1986(Shelton, 2011 Early studies showed a reduction of NGF production and transport in
sciatic nerve and superior cervical ganglion in Sif@betic rats after three weeks of dialsete
and prolonged for 6 months duration of diabékésllweg and Hartung, 1990There wa a
reduction in NGF and N'B mRNA levels in sensory neuron target tisssech as foeskin and
soleus muscle in STdiabetic ratgFernyhough et al., 199Fomlinson et al.1997. The level

of BDNF mRNA was shown to be elevated in DRG and sciatic nerve tissues correlating with
increased NGF mRNA in sciatic nerve over 12 weeks of diabetes irdfab&tic rats. Intensive
insulin treatment reversed the levels of both neurbirgpto normal level@§~ernyhough et al.,
19953. The level of NGF protein was reduced while its mMRNA was elevated after 4 weeks of
diabetes in DRGs in STFdiabetic rats indicating activation of compensatory pathways to
increase endogenous NGF in DRG tisg@&so et al., 201, MNori et al., 2013 The serum level

of NGF and BDNF in patients with DSPad in diabetic animal models svaignificantly lower

than normal(Decroli et al, 2019 Sun et al., 20185a0 et al., 207

The reduction in neurotrophic factors such as NGF and Nan occur in diabetes as a
result ofimpairedretrogradeaxonaltransportRetrograde transport of NGF and 18Twas
reduced in sciatic nerve in STd#abetic rats, this reduction was primarily attributed to reduced
target tissue production of these growth fac{@wslicroix et al., 199,/Fernyhough et al., 1995b
Fernyhough et al., 1998blellweg et al., 1994 In addition, in the vagal nentke retrograde

axonaltransport of NGF and NB was reduced at later stages of diabeteSTig-diabetic rats

22



(Lee et al., 2001 Retrograde and anterograde transport of BDNF in sciatic nerve was decreased
in galactosded and STZiabetic rats compared with control rats, and it was independent of
receptormediated transpt (Mizisin et al., 1993 Interestingly, the ugeguldgion of BDNF gene
expression in DRG of STdiabetic rats mayban endogenous repair process to counteract this

depletion oftransported BDNF-.

A wide range of studies have shown neuroprotective and neurotrophic effects of growth
factors including NGF, VEGF arBDNF in animal models of diabetic neuropafMata et al.,
2006. NGF treatment prevented the deficits in the levels of CGRP and substance P in DRG in
STZ-induceddiabetic ratgDiemel et al., 1994Fernyhough et al., 199%tNGF administration
prevented elevationf dailflick threshold andestoredhe levels of substance P and calcitonin in
DRG inSTZ-diabetic ratgApfel et al., 1994Diemel et al., 1994 Exogenous BDNF treatment
improved motor nerve conduction velocity, myelin splitting of motor axons and caliber of the
central sensory projections in galactdeé rats that developed neuropatMizisin et al., 199Y.
NT-3 administration increased the sensory nerve conduction velocity irdi&betic rats, and
NGF administration following nerve crush injury stimulated nergemneration in both control
and diabetic ratéTomlinson et al., 1997 Intrathecal delivery of GDNF restored the IENF
density and axonal branching in footskin in Sdidbetic mice. In comparispiNGF only
stimulated cutaneous axonal branching in these anii@alsstianson et al., 200BaGDNF but
not insulin administration restored loss of nelberf terminals of nonpeptidergic unmyelinated
sensory neurons stained with the isolectin I1B4 in Siabetic micgAkkina et al., 2001 In
STZ-diabetic mice, intithecal delivery of NGF and insulin reversed mechanical and chemogenic
behavioral responses although GDNF delivery only restored behavioral responses to chemogenic

stimuli (Christianson et al., 2003b
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IGF-1 mRNA and protein levels were reduced in the nerves and DRGs of altoxan
STZ-diabetic rats or spontaneously diabetic obese ZuckefLias al., 2001 Aghanoori et al.,
2019 Bitar et al., 199Y. Treament with IGF1 peptide elevatedeurite outgrowth of sensy
neurons, motor neurons and neuroblastoma cells as well as in vivo endpoints of neuropathy such
as thermal sensitivity, corneal nerve profile and IENF in-8igbetic rodent§Aghanoori et al.,
2019 Fernyhough et al., 1998hu et al., 2008shii and Lupen, 2003Zhuang et al., 1997In
addition, the role of IGFs in myelination and Schwann cell survival, proliferation and
mitogenesis has been approved by many stitiasg et al., 200,/Cai et al., 2011Lin et al.,
2005 Apel et al., 2010 VEGF, a weHknown angiogenic factor, increas8dhwann cell
suwival and migration and enhancedurite outgrowth of DGR neurons other than its main role

in improving tissue ischemig&torkebaum et al., 200¥erheyen et al., 2033

The delivery of theneurotrophiggrowth factos and the design of a proper trial are still
challenging in human diabetic patients with DS@Mta et al., 2006 Recombinant human NGF
(rh) NGFinjection significantly improvedhe sensory component af standardneurologic
examination in 250 patients with DSPN after 6 morifizfel et al., 1998Freeman, 1999
Unfortunately, the subsequent phase lll clinical trial with rhNGF showed no beneficial effect on
diabetic neuropathgnd the therapy elevated muscle g@ipfel et al, 200Q. Clinical trials on
VEGF had promising results for DSPN patients when initiated, but stopped due to unexpected

low efficacy(Ropper et al., 2009

1.8.3 Dyslipidemia

Dyslipidemia is described as a condition in which the levels of verydiensity lipoproteins

(VLDL), LDL and triglycerides (TGs) are increased and the level of-digsity lipoproteins
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(HDLSs) is decrease(Mooradian, 2009 The seum level of triglyceride (TG) waincreased in
type 2 diabetic patienend wascontemporaneous with decreased Hagimsity lipoprotein
cholesterol (HDEC). Under diabetic conditiongyw-density lipoproteins (LDLs) we oxidized
and glycateandthushadloweredfunction (Jacobs et al., 2003 n type 2 diabetic rodents that
were fed a highly fatiet, accumulation of oxidized ligs and activated lipoxygenasesreve
observed in peripheral nerves before the progression of digdtessova et al., 200./High-fat
diet alloxaninduced WBN/Kob rats shaedincreased plasma levels of TGs and cholesterol
compared to higlfiat diet nondiabetic and normal diet diabetic rats. They also displayed a
reduction in myelin thickness and size in sensory sural nervelbasia reduction in the size of

motor nerve axonfzaki et al., 2018

Dyslipidemia incultured DRG neurons interfer@dth mitochondrial trafficking,
membrane potential and bioenergetics thus inhibiting proper axonal energy supplementation
(Rumora et al., 201&umora et al., 20)9However, a study on 71 type 2 diabetic patients
revealed that there was no association between serum levels of TGs and LDLs, and nerve
conduction velocity indicating no significant role of dyslipidemia in atalysfunction and the
pathogenesis of DSP{Kwai et al., 201% Therdore,some controvessremainsover the role of
dyslipidemia in the pathogenesis of DSE$peially in type 1 diabeteand the mechasm
through which dyslipidemia contributes to DSPN in type 2 diabetic patients and animal models

needs to béurtherinvestigated.

1.8.4 Vascular deficiency

Vascular disease and diabetic neuropathy are closely intertvidiadzkbtes is a major risk

factor for both small and large vessel vascular complications and gpssées of risk factorfer
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diabetic compcationssuch as peripheral neuropathy, retinopathy and nephropathy.
Additionally, blood vessels and axons shark-cell and molecular signals for terminal

arborization, nerve regeneration and navigafidarmeliet and Tessidravigne, 200%.

Maintaining sufficient nutrients through blood vessels in the peripheral nerves is crucial
for fine nerve structure and function. Thus, any deficienmi¢se blood supplgan confer
nerves to pathogeneseading toneuropathy(Stirban, 2013 Endoneurial microagiopathy has
been reported in diabetic patients with neuropathy, but less severe in diabetic patients without
neuropathyproviding correlative evidence pfrallel progression of neuropathy and
microvascular complicatiain persas with diabetegKhawaja et al., 20Q@tirban, 2014
Malik et al., 198%. Themostprominent structural changes of microvasculature in peripheral
nervesn humanincludes thickening of the intraneural vessel wall due to reduplication of
capillary basal lamia, endothelial cell hyperplasia and pericyte degeneration despite no
histolagic changes in capillary densiti¢hawaja et al., 20Q@owell et al., 1986 These changes
might be preceeldd by platelet activation, erythrocyte aggregation and fibrin depostiasing
vessel occlusion and hypoxia which predominantly occur in endoneurium rather than in
epineurium or perineuriuim human(Dyck et al., 1985McMillan et al., 19780'Malley et al.,
1975. STZ-diabetic mice and db/db mice disptayimpaired blood flow and vascularization in
their sciatic nervéHimeno et al., 2011 In diabetic rats, nerve aduction velocity slowing
occurredfollowing ddective vasodilation in epineurial arterio)eghich was mediated by
reactive oxygen species (RO&)emproduction(Coppey et al., 2003However, t is still not
clear andess likely that vascular pathology and ischemia arenihia culprits in the progression
of DSPN since nerve degeneratlmas assymmetrical and lengtdependet natureThis is in

contrast to the finding that neuronal lesamDSPN patientsasembledondiabetic cases with
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vasculitis(Johnson et al., 193680n the other hand inr&uroregeneration study, microvascular
growth preceded Schwann cell migration and axonal sprouting into the denergatedfe
experimental intracutaneous axotomy. All these measures of neuroregeneration were more robust

in healthy controls vs. diabetic neuropathy pati¢Btserezer et al., 2001

Despite all the arguments on the structural changes of vasa nervora in DSPN patients and
animal models, it is well accepted that DSPN is accompanied by hypoxia and ischemia in the
nerve(Dyck et al., 1985 This area needs more investigatioriuherclarfy the
microvasculatureelated mechanism of nerve pathophysiology in diabetic patients and
experimental model#\ decrease in angiogenic factors including NGF, IGF and VEGF in DSPN
provides evidence for mechanistic microangiopathy in the nerves. Thes destudy in which
local delivery of VEGF in diabetic rats improved nerve conduction velocity and vasa nervora

density(Schratzberger et al., 2001

1.8.5 Neurovascular deficiency

Neurovascular deficiency refers to those abnormalities that are caused as a result of
aberrant interaction between the nerve and blood vessels in the periphery. It is well established
that there imgood correlation between pathoiogl changes in vasa nervorum and nerve
structure and function such as thermal discrimination and conduction vefokitynan(Malik
et al., 1994Tesfaye et al., 200B1alik et al., 1993 The vascular damage is minimal when
nerve pathology is developing in DSPN patients. Hypoxial@sslofsural nerve bloodlow
exacerbatedvith progress in neuropathy in diabetic patidfitssfaye et al., 1993%rahim et al.,

1999). One underlying mechanism revealsdepi/perineurial photography wan increase in

artericvenous shunting bypassing endoneurial microcirculation in diabetic patients with
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neuropathyTesfaye et al., 1993There wa alsoa denervation in perineurial blood vessels
indicating autonomic nerve loss as a result of long term diabetes thus contributing to defective

nerve perfusioriBeggs et al., 1992

Diabetic animal models display similar correlation between pathologic blood vessels and
nerve damage as DSPN devel@daneno et al., 201, J.Cameron and Cotter, 200Drug
intervention by using vasodilator agents such as angiotensin converting enzyme (ACE)
inhibitors, endothelifl receptor atagonists and alphal adrenoceptor blockers on these
experimental animalsevealedmprovements in nerve electrophysiology (sensory and motor
nerve conduction vetity) which strongly correlatedith corrected endoneurial perfusion
(Cameron et al., 2001Similar correlation between nerve blood flow and thermal sensitivity or
tactile allodyniavasreported inSTZ-diabetic rats treated with ACE inhibitaj@ameron and
Cotter, 2007Cameron and Cotter, 200 his correlation suggests the interaction between nerve
and microvasculature is essential forpgpfunction of both systemSome of theyrowth factors
such aBDNF and VEGF stimulattangiogenesiand vascular remodelirtgus playing a major
role as mediators of neurovascular deficiency in the pathology of diabetic neur@fatimani
et al., 2005 Although there remainso clearmechanistidink derived from preclinical work
betweermicrovascular changeas the nerveandtheinitial pathophysiologicairiggers for
DSPN, the parallel development of microangiopathy and early nerve dysfuaati associated
structural damage suggesteasonablease for a causal linkage between these processes

(Kobayashi and Zochodne, 2018

28



1.8.6 Metabolic syndrome

Metabolic syndrome is defined asymdromewith at least three of thiellowing medical
conditions: obesityhigh blood sugar and TG, low serum HDL and high blood pressure. The
syndrome is associated with high risk of type 2 diabetes and cardiovascular dig¢aders
2014). A body of literature links metabolic syndrome to DSPN risk in type 1 and type 2 diabetes
(Callaghan et al., 20)6Patierts with metabolic syndrome devekgbautonomic neuropathy,
cardiovagal deficiency, even in the absence of dialjetatnen et al., 201,1Stein et al., 2007
Early autonomic neuropathy in type 2 diabetic patients demonstrated a metabolic deficit

(Gottsater et al1999.

In a study orhigh-fat fedmicewith prediabetesexercisenormalized neurotrophin levels
particularly NGF and its receptor (TrkA) in hind paw s&imd hyperalgesia associated with
prediabetes anidnprovedepidermal innervatiofGroover et al., 201)3In a study on 218 typ2
diabetic patients with/without DSPN symptoimwasrevealed that TGs, obesity and metabolic
syndrome were independent risk factors for DSERvated hemoglobin Al@vels correlated
with lower motornerve conduction velocifyand TG and obesity weeassociated with C fiber
loss indicating preferential damage to specific nerves by specifabwiet syndrome
componentgSmith and Singleton, 201.3n a different sady, metabolic syndroms&asfound to
be a risk factor foearlyDSPNin both type 1 and type 2 diabetic patief@Bsnadonna et al.,
2006. Patients with type 2 diabetes treated with St2nan agent targetg hyperglycemia,
dyslipidemia and hypertension, were less likely to develop autonomic neurapathy
microvascular complicationrsompared t@nuntreated diabetic groujGaede et al., 2003All
these dataugygesta criticalrole of metabolic syndrome in the pathogenesi@®PN in both

type 1 and type 2 diabetes.
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1.8.7 Hyperglycemia

Hyperglycemia is the most typical abnormality of all kinds of diabetes and is the most
important factor which contributes to pathogenesis of DSPN. Hyperglycemia affects, to some
extent, d othercontributing factoréo DSPN mentioned above. It activates a wide variety of
other pathwayscluding polyol pathway, nonenzymatic glycation ofteins, glycosylation,
protein kinase C activity and oxidative stréssnodify a plethora afnolecular targets inside the
cell eventually leading to nerve pathophysiology in DPigurel.2). Excessive load of
intracellular glucose becauseeadévatedylucose transpostia Glut3 and Glutin neurors and

glial cellsoverloads these pathwafidorgello et al., 1995Wu et al., 2010Leino et al., 1991
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Figure 1.2. Hyperglycemiadriven pathways contributing to DSPN.Hyperglycemia
activates a wide variety of other pathways including polyol pathway, nonenzymatic glyc:
of proteins (AGE/RAGE pathway))ygosylation, protein kinase C activity and oxidative
stress. PKC: Protein kinase C, ETS: Electron transport system in mitochondria, DAG:
Diacylglycerol, ROS: Reactive oxygen species, RAGE: Receptor for advanced glycatior
end products, 6P: 6 phosphdti)P-GlcNac: UDR5-diphosphateN-acetylglucosaminel his

figure is original and was prepared by myself.
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1.8.7.1Polyol pathway

Under diabetic conditionsxcessive intracellular glucose undeeg flux througha catabolic
pathway calledhe polyol pathway in which glucose is firstly converted to sorbitol by aldose
reductas€AR). NADPH tha is normally utilized to reducglutathione is oxidizedn the second
step,thesorbitol dehydrogenase enzyme catabolsbitolto fructose and reduces one NAD
(Yan, 2018. The efflux ofmyoinositol,required for optimasodium/potassium (Na/K) ATPase
activity andfor normal nerve physiology, is the reisof osmotic stress caused by elevated
cellular sorbitol levelg¢Oates, 2008 NADPH is depleted in this pathwdgadng to a defedive
antioxidant system angeneration of RO&nd ROSmediated cellular dysfunctigi®ates,

2008. Experimental studies on STdabetic ratslemonstrated activation tie polyol pathway
and inermediates which were associated with DSPN symp{@ameron and Cotter, 1993
Willars et al., 198Y. Preclinical studies of drugs targeting polyol pathway such atsAR
mitigated nerve conduction velocity slowing and nerve damage ind&étic ratgSchemmel
et al, 201Q Calcutt et al., 1990aAblation of AR in STZdiabetic mice improvegreservation
of glutathionenerve structure and functi@ndthe overexpression of this enzymeacerbated
the severity oDSPN(Ho et al., 2006Yagihashi et al., 2001 Despiterobust resuitin animal
models of diabetes, ARfailed to improve DSPN inumerou<linical trials in humaadue to
appearance dfepatotoxicityandpoordrug bioavailability to nerveghalk et al., 200,/Grewal
et al., 2015 Weak trial design and selection of sojtimal clinical endpoints also contributed to
these failuresin a more recent study, ARwere used to treat ischemia in kidney injury which
was sucessful implying its possibladvantageousnpact on microangiopathy in DSPN

(Takahashi et al., 20).2
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1.8.7.2Nonenzymatic glycation of proteins

Spontaneous attament of glucose to mature proteins fem$hiff base and then
Amadori product underhyperglycemiaconditions These intermediatesan transform to
methylglyoxal, crosslink together and form advanced glycatiorpeoducts (AGEsJLukic et
al., 2008 Thornalley, 2002 AGE depositsvere present in the nerves of diabetic patients and
animal modelgSugimoto et al., 199Bugimoto et al., 2008 Methylglyoxal and AGE we
both associatedith hyperalgesia in idbetic patient¢Bierhaus et al., 20)2AGEs can bind to
their receptors, the receptor for AGE (RAGE), and drive vasoconstriction, inflammation and
neurotroph ¢ f actor deficiency possi bl y-atBlftukexu g h
et al., 2008 In endoneurial endothali cells, NFaB activation ledo swelling and vacuolar
disruptionin AGE-treated Wistarats (Lukic et al., 2008Nishizava et al., 2010 Glycated
tubulin disturbedhe axonal flow of this protein leading to axonal degenerdiaiean et al.,
1992 Ryle et al., 199) In an animal study, rats developed microangiopathy, reduced Na/K
ATPase activity, nerve conduction slowing and axonaldsseen irhumandiabetes when
treated with exogenous AGQRlishizawa et al., 20)0Aminoguanidine, an antjlycation agent,
preventedhe progresion of neuropathy and improvedrve blood flow in diabetic rodents
(Kihara et al., 19911 DiabeticRAGE-deficient micedisplayed significantly higher nerve
conduction velocity and myelinated fiber densities after an acute sciatic nerve crush when
compared taontrol mice(Juranek et al., 2018Vada and Yagihashi, 20p%-inally,
benfotiamine with AGE clearing proprties wasefficacious especially on pain scores in patients

with diabetic neuropathfHaupt et al., 2005tracke et al., 1996
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1.8.7.3Glycosylation

Excessive fructosé-phosphate as an intermediate in glycolydige to excess glucose
influx, undergoes a series of reacsam which UDR5-diphosphateéN-acetylglucosamine (UDP
GlcNac) is formedDu et al., 200 This product has an affinifgr thecell membrane and
transcription factors, anahodifies protein function biinding toserinethreonine residuesnd
causing glyosylation(Du et al., 200 This modification may contribute to pathogenesis of
diabetes complicatiorsuch as diabetic retinopathy, diabetic neuropathy and castiolar
disease¢Peterson and Hart, 2018emba et al., 20J4UDP-GIcNac wa highly toxicand
activateda death signain vitro in motor neurongLim et al., 2010a For example, it can bind to
T-type calcium channels, modify their function and affectraral excitality and contributeto
painful diabetic neuropathfodorovic, 201% Thedetailed role ofJDP-GIcNac inthe

pathogenesis dDPSPN is still uncleaand needs to be explored.

1.8.7.4Protein kinase C activity

Another intermediate iglycolysiswhich accumulates when there is excess intracellular
glucose is diacylgcerol (DAG). DAG is a substrate for protein kinase C isoform beta (FKLC
and activates this enzyng@eraldes and King, 20100veractivated PKED triggeredmetabolic
imbalancesncluding insulin resistance, Na/K ATPasgsfunction, altered transforming growth
factorb ( HGF and VEGF gene expr essi-tiabeticraaismd ner ve

(Geraldes and King, 201Way et al., 2001

Preclinical therapeutistudies on diabetic rodents were promising as nerve physiology
and structte improvement was observedSit Z-diabetic rats wantreated witha PKC inhibitor

(Cameron and Cotter, 200Qotter et al., 2002In similar studiesaPKC-b s peci fi ¢c 1 nhi
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had beneficial effects on nerve blood flow and nerve funcsioch as nerve conduction velocity
(Nakamura et al., 1999Contradictoy results were also observedSitZ-diabetic micethe
mainPKC isoform(PKC-U )which also requires DAG for activitin thesciaticnerve showed

lower activity and expression, and tmainPKCisoform(PKC-b) i n t he vessel s

expression andcéivity (Yamagishi et al., 2003As a consequence, PKC s peci fi ¢c i nhi

were not successful in clinical trials as ttoeyld not improve IENF density dmerve
conduction velocityand other neuropathgdices in DSPN subjects other than an increase in skin

blood flow (Casellini et al., 2007

1.8.7.50xidative stress

ROS molecules are required for normal cell signaling and function, and the balance in their
production are controlled by antioxidant agents like thioredoxin (Trx), glutathione and vitamin E
and enzymes like superoxide dismutase (SOD) inside th@/aetlent et al., 201 1Halliwell,

1995. When the ROS production exceeds the amount of available antitsxidaauses

oxidative stress which is harmful to cells by oxidation of proteins, membrane lipids and DNA,
nitrosylation, ATP synthase inhibition in mitochondria and many more disturbing reactions
(Schieber and Chaet 2014. Poly (ADP}ribose polymerase (PARP) activated under oxidative
stress to repair DNA, inhibits glyceraldehy8ighosphate dehydrogenase (GAPDH) leading to

an accumulation daflycolysis substrates in the cytog@lbrosova et al., 2005

NADPH oxidase is the main source of ROS production and a major player inrstedsd
cell signaling(Kuroda et al., 201,0van Heerebeek et al., 200Dther than thatespiratory
complexes | and llalso produce ROB cellsthrough electron leakage to oxygen and water

moleculesat themitochondridinner membranéVincent et al., 201,1Sztanek et al., 20)6
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Normally, the electron transport system (ET®mplexes receive electrons from the electron
donorsNADH and FADH: produced by the Krebs cycle. There is electron leakage as part of this
ATP generating process that under normal conditions contributes to less tlvhmob&bcellular
ROS(Vincent et al., 201,1Sztanek et al., 20}6t was hypothesized that different pathogenic
mechanisms described above originated from hyperglyeemieced oxidative stress

particulaty superoxideoverproductiorby mitochondriaETS (Du et al., 2000Nishikawa et al.,
2000. Brownlee et al hypothesized thatderglycemia increases glucose flux through glycolysis
and Krebs cycl¢hussubsequentlgaturatinghe proximal axis of the ETi®& mitochondria
whichthusgenerategxcessuperoxide ion (&0) and hydrogen peroxide ¢B,) which then

drive up ROS levelgHalliwell, 1995 Sztanek et al., 20)6However, supporting evidence for
this hypothesis stemmed mainly from endothelial cell culture studies and did not reflect
hyperglycemiadriven pathways in DRG neuro(kude et al., 2011Fernyhough, 20151t

remains likely that the main cellular source of ROS in neurons under conditions of

hyperglycemia is the polyol pathw&kude et al., 201)1

Accumulating evidenchasshown thatoxidative stress indesof peripheral nerve loss
and dysfunctionn diabetic animal modeliRkabbani and Thornalley, 201bhornalley, 2002
Baynes and Thorpe, 1999 reatment of STAliabetic ats with alphdipoic acid apotent
antioxidant, proteetd against microangiopathy, nerve conduction velocity slowing and nerve
loss(Stevens et al., 2000PARRknock out micanade type Hiabeticwith STZ showed no
nerve conduction velocity impairment or abnormal nerve blood vg€3kissova et al., 2004
A combination of ALA and coenzyme Q1ierapy in STAliabetic rats improved motor nerve
conduction velocity, increased the levels of ATP and glutathione, and decreased oxidative stress

via lowering the level of ROS in the ner&adeghiyan Galeshkalami et al., 219
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In a randomized doublelind study in humartype 2 diabetigpatients with DSPN,
ubiquinone, a ROS scavenger, improwerve conduction velocity compared to placebo
(HernandezOjeda et al., 200)2Alphalipoic acid has alleviatd symptoms of neuropathy in
human diabetic patien{Ziegler et al., 201&Ziegler et al., 199%iegler and Gries, 1997
Papanas and Ziegler, 2014reatment withlte biogenic antioxidant R(<thioctic acid in 12
patients with DSPNorrected motor and sensory nerve conduction slowing and improved their
general wellnessensation and pafMrakic-Sposta et al., 20}8There will be more clinical

data available very soon on this category of drugs as no or less side effects have been reported.
1.9Key molecular and cellular players contributing to DSPN

There areother contributing factors to pathogenesis of D@PNhence good targets for
thergy in DSPN. Here, we review some of thesenponentsncludingmitochondrial function,
AMPK activity andinsulin/insulinlike growth factorl signalingin diabetes and DSPN which

are also targets in our present study.
1.9.1 Mitochondria

The mtochondrion is a twéayer organelle in eukaryotic cells thefficiently generates
high levelsof ATP inside a cell and thusis also called the powerhouse of the cell. It is
s p ec ul a-pretebbattérianvas &t one timengulfed ino a primary eukaryotic cell thus
forming an organelle that evolved to its modern form ithapecialized in a series of processes
such as egrgy supplementation, cell growth and death, differentiatialcjum bufferingcell
cycle and signalinghside the modern eukaryotic c@fligure1.3) (Lane and M#in, 201Q
Gabaldon and Huynen, 200£achhumanmitochondrion is typically 0.73 micron in diameter

and each cell contains(fed blood cellsR000 (liver cells)mitochondrialChan, 2006Wiesner
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et al., 1992das Neves et al., 20LMitochondria lave one to ten capsof a 165kb-circular

DNA (mtDNA) which encodes 37 genes for 22 mitochondrial tRNA, 2 mitochondrial rRNA and
13 subunits of the electron transpgystemcomplexes |, lll, IV and (Chan, 2006Wiesner et

al., 1992. All other proteins including more than 70 subunits oBSE&quired for normal
mitochondrial function are encoded by the nucEA and imported into mitochondridhis

unigue organell@as its own replication, transcription and translation machinery independent of

thecytosolic machineryFriedman and Nunnari, 2014
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Figure 1.3. Overview of mitochondrial processes and component$his is a schematic cross
section of a human mitochondrion, shogvem number of components involved in mitochondrial
function. Translocase of the outer membrane (TOM); translocase of the inner membrane (TIM);
sorting and assembly machinery (SAM; also known as TOB); intermembrane space (IMS);
mitochondrial targeting sequee (MTS), matrix (M); inner membrane (IM); Tways (the se

called mitochondrial disulfide relay system); mitochondrial carrier family (MCF); MCF with no
cleavable MTS (OXAL1); ubiquitin proteasome system (UPS); mitofugMNF1); mitofusin2
(MNF2); optic atrophy 1 (OPA1); dyneirelated protein 1 (DRP1); mitochondrial transcription
factor A (TFAM); DNA polymerase gamma (PolG); mitochondrial inner membrane organizing
system (MINOS). Proteases and chaperones present in theAWA(im-AAA) or the matrix

(Lon, CIpXP) and proteins involved in mtDNA maintenance (PolG, Twinklés8tB) . [ iUs ed
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1.9.1.1Structure and function

In mammalsthe mitochondrionconsiss of the outer mitochondria membrane, inner
mitochondrial membrane, cristae structure formed by inner membrane folding, intermembrane
space and the matr{¥riedman and Nunnari, 20L4A'he ETS in the mitochondria which
produces energy stuatedn theinner mitochondrial membran8pecial machinery is recruited
to generate ATP and supply to all ettparts of a cell for various cellular proces&gsinelli and
Haigis, 2018. Briefly, pyruvate generated from glucose in the glycolysis process and shuttled
through mitochondrial membranes undergoes a series of reactions in a catabolic process called
Krebs cycle in the mitochondrial matrix aadarge quantity of energy packages in the form of
ATP, NADH and FADH areproducedSpinelli and Haigis, 2018Valsh et al., 2017 Then,the
ETS systemcomprisedof five complexes |, 1l, I, IV and Vandlocated intheinner
mitochondrial membrane converts @reergy stored iNADH and FADH into ATP via electron
transferandoxidativephosphorylatiofOxPha) (Walsh et al., 201)7 In this processlectron
transfer tocomplex IV and then to oxygenii®rmallycoupled with pumping prota(H") from
the mitochondrial matrix intthe intermembrane space. A strong electrochemical gradient
established across the inner mitochondrial membrane by which protons in the intermembrane
space return to the matrix through complex V (ATP synthasepaRds generated from ADP

(Spinelli and Haigis, 20)§Watt et al., 201D

Mitochondrid biogenesis is transcriptionally regulated through the actigermixisome
proliferatoractivated reeptor gamma coactivatdr(PGG1) family of proteinghat respond to
energy status of the cell mediatedAyP-activatal protein kinaseAMPK) andsilent mating
type information regulation 2 homolog $IRT1) enzymes via sensirgf the AMP/ATP and

NAD+/NADH ratios, respectivelyJager et al., 20Qdeninga et al., 20J0PGG1 accomplisks
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the regulation of mitochondrial functidoy interacting withtranscriptionfactors known as

nuclear respiratory factors 1 (NRI and 2 (NRF2) (Scarpulla et al., 2032Mitochondrial

replicatonand r anscri ption is regulated by DNA polym
factor A (TFAM) (Bogenhagen, 20)2Mitochondrial division resembles bacterial division, and

its fission and fusion ammediated by dynamirelated proteins (DRPs) and mitofusiiMFN1),

mitofusin2 (MFN2) anddynaminlike 120 kDa protein called OPAL, resgively(Labrousse et

al., 1999 Meeusen et al., 2004AWhen daughter mitochondria are made from patent

mitochondria, they are distributed and trafficked to different regions of the cell via Miro

GTPass (Rhotl and Rhot2rafficking kinesirnbinding protein 1 (TRAK1) and 2 (TRAK2)

and other adaptor proteins on microtulseactin filamentgFransson et al., 2006

The key features of mitochondria are illustrated in figuBe(Figurel.3) (Lasserre et al.,
2015. In brief, import and sorting of proteins of nuclear origin: the translocase of the outer
membrane (TOM) complex mediates translocation of proteins across or into the outer membrane
(OM); sorting and assnbly machinery (SAM; also known as TOB) facilitates protein insertion
from the intermembrane space (IMS) into the OM; TIM23 takes in proteins with a cleavable
mitochondrial targeting sequence (MTS), directing them either into the matrix (M) (when
associatd to protein import machinery (PAM)) or the inner membrane (IM) (when associated to
Tim21). Twincys (the secalled mitochondrial disulfide relay system) mediates, in a redox
dependent manner, the delivery into the IMS of proteins containing specifineystotifs;
TIM22, together with small soluble proteins in the IMS (called Tim), delivers into the IM the
proteins of the s@alled mitochondrial carrier family (MCF) that lack a cleavable MTS; OXAl
helps the insertion of proteins from the matrix intolt¥ieMitochondrial quality control is a

process in which misfolded and damaged mitochondrial proteins and organelles are eliminated
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by proteases and chaperones present in the-MAQ, m-AAA) or the matrix (Lon, CIpXP) by

the cytosolic ubiquitin proteas@system (UPS), and by the PINK1 and Parkin proteins at the
surface of mitochondria. Fusion (which is mediated by MNF1, MNF2, OPA1L and OPALS) and
fission (mediated by DRP1) of mitochondria contribute also to mitochondrial quality
surveillance. Mitochondal DNA (mtDNA) maintenance and expression: mtDNA is packaged
into structures called nucleoids that contain proteins involved in mtDNA maintenance (PolG,
Twinkle, mtSSB), RNA synthesis (TFAM), and the processing of RNAs into messenger
(mRNA), transfer (tRM\) and ribosomal (rRNA) RNAs, which are then used to translate the
mtDNA-encoded proteins on mitochondrial ribosomes. OXPHOS assembly: the-eDébdled
subunits of the OXPHOS system (Nuc OXPHOS subunit&/)Gissemble with their partner
subunits of mitocbndrial origin (Mt OXPHOS subunits; all except Cll, which is entirely

encoded by nDNA) together with their redox prosthetic groups (heme and FeS, which are in part
synthetized in the mitochondria, and Cu2+)I\€itogether with ubiquinone (Q) and cytochrem

c (c) transfer electrons to oxygen from reduced cofactors (NADH, FADH) produced by the
Krebs cycle, which is coupled to the pumping of protons out of the matrix. The protons are
transported back into the matrix by CV, which is coupled to ATP synthessADP and

inorganic phosphate (Pi) (discussed earlier). Transport of metabolites: systems in the OM
(VDAC; also known as porin) and IM [MCF (mitochondrial carrier family)] enable the transport
of small solutes and ions into and outside the organelles &fttie IM protrude into the matrix,
forming the cristae, at the basis of which na
maintained by proteins of the mitochondrial inner membrane organizing system (MINOS)

complex(Lasserre et al., 2015
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Mutation in thecorrespondingyenes, epigenetic modification, environmental signals, or
any transcriptional/translational modificatiof these essential prate areassociated with
aberrant mitochondrial phenotype resulting in many mitochondrial or mitochedraren
disordergChakrabarty et al., 20)8Viutations in mtDNA gives rise to various diseases
including MELAS syndrome, KearrSayer syndr ome, Leberds heredi
Pearson syndrome, myloaic epilepsy with ragged red fibers (MERRF) and progressive
external ophthalmoplegi@eviani and Di Donato, 20Q4Mutations in nuclear DNAencoded
mitochondrial proteins results in mitochondrial dysfunction asdaties such as hereditary
spastic paraplegia, Fr i e (Chienergamnd3choa, 20®% i a and W
Mitochondrial dysfunction has been reported to be a pathogeneticifaet@ride variety of
di sorders including aut i(lsmetal, @EoOhl cargiomyopathidd, z h e i m
stroke, P a r kShemes et al. (?802nddiabetia coraplicationgSchapira, 2006

Pieczenik and Neustadt, 2007

1.9.1.2Mitochondrial abnormalities in DSPN

Mitochondria in the Schwann cells in the suraiveeof human diabetic patients nge
enlarged along with effacement of cristhewever, axonal mitocimalria appeadnormal
(Kalichman et al., 1998Accumulated glycogen granules in the intermembrane space in the
axons and reduced complex IV expression inl@pnal nerves has been reported in human
diabetes with sensory neuropati§alichman et al., 199&asanovaMolla et al., 2012 In
persons withdiabetic neuropathynitochondria accumulated in axonal swellings of IENF
(Figurel4) (Lauria et al., 200EDbenezer et al., 20D 7These mitochondrial ultrastructural
changes have been observed in diabetic fe(iMezisin et al., 200Y. However, type 1 diabetic
rodent model®nly displaydaberrant mitochondrial phenotype in Schwann cells but not axons
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(Kamiya et al., 2006bIn STZdiabetic mice, accumulan of small mitochondrian autonomic
gangliahas been demonstrat€®chmidt et al., 2003 Mitochondrial ultrastructura
sympathetic ganglia frolNOD mice orins2Akita mie or persons with diabetic neuropathy
showed increased number of small mitochondria as a result of increased(Bs$iondt et al.,
2009 Schmidt et al., 20Q&chroer et al., 1992Similarly, greater number of miatondria with

smaller sizes wagbservedn DRG neurors and axongrom db/db micgVincent et al., 2010
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Figure 1.4. Light and electron microscopic findings of cutaneous @rves in chronic

neuropathy patients.(A) Skin with the epidermal and dermal nerve fibers showing axonal
swellings (arrows). Scale bar = 50 um (Inset: epidermal axonal swelling close to the basement
membrane). (B) Skin showing a fusiform axonal swellinthendermis (arrows) epidermal

axonal swellings and a degenerating nerve fibre with attenuated segments (broken arrow). Scale

bar = 25 um. (C) Skin with epidermal axonal swellings. The arrows identify swellings with
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pallor of PGP in the centre, probablyleeting sites of organelle accumulation. Scale bar = 25
pm. (D) Skin with axonal swellings at the derinepidermal junction with vacuolar alteration
(arrow). Scale bar = 25 um. (E) Globular axonal swelling (ax) containing accumulations of
particulate orgaglles (arrows). Scale bar = 1 um. (F) Large axonal swelling (ax) between the
keratinocytes (ker). The swelling contains accumulation of mitochondria (arrows), vesicular
organelles and neurofilaments. Scale bar = 1[fimfJs ed wi t h Cgpgrighini ssi ono:
pemission note: This is a License Agreement between MohamadReza Aghanoori ("You") and
Oxford University Press ("Oxford University Press") provided by Oxford University Press and
Copyright Clearance Center for the use of figure/text in dissertation/thessski number:
4551520509534Ebenezer, G. J., J. C. McArthur, D. Thomas, B. Murinson, P. Hauer, M.
Polydefkis and J. W. Griffin (2007). "Denervation of skin in neuropathies: the sequence of
axonal and Schwann cell changes in skin biopsies."” Brain 130(FP27@B 2714 (Ebenezer et

al., 2007.
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Mitochondrial complex activities we reduced in skeletal muscle in persons with type 2
diabetegMogensen et al., 200and in the kidney and heart in STAabetic pdentsDuganet
al., 2013 Yang et al., 2000 Our lab and others have shown a mitochondrial depolarization and
reduced complex activities in sensory neurons in type 1 and type 2 diabetic rat and mouse
models(Aghanoori et al., 201%Rkude et al., 2011Chowdhury et al.201Q Ma et al., 2014
Urban et al., 2012 Mitochondrial oxygen consumptigatein isolated DRG from STZdiabetic
ratsrevealeda significant reductio compared to contro(€howdhury et al., 20)0A reduction
of citrate synthase (in Krebs cycld AMPK activity, and PG@ U w a assoaiatesl with
mitochondrial dysfunction in DRGs isolated from diabetic rodents compared to controls
(Chowdhury et al.2010 Roy Chowdhury et al., 20)Ihdicating apossiblecrucial role for

AMPK signalingpathway in regulating mitochondrial functiondiabetes

1.9.2 AMP -activated protein kinase (AMPK)

1.9.2.1Structure and function

AMPK is an enzyme with kinase activity that sengesenergy status of a cell and
inhibits anabolic pathways and promotes catabolic pathway in response to low intracellular ATP
levels. Itis a Subunit proteic o mposed of one (catalytic) U sub
(b1 or b2) and one 92 subunit (21 or 22 or 23)
(Figurelb) (Rossetal.,2006 The o subuni tcysital on®mtdse sed of f
repeats (CBSs)panning its two Bateman domai#sViP, ADP andATP bind to wo of these
repeats competitivelyhile one site is noffunctional and one site is constantly occupied by
AMP. Thus, depeding on the energy status of the cell and binding sites occupied by AMP, ADP
or ATP, it is the AMP/ATP that primarily determindse AMPK basal activityXiao et al, 2011

Chen et al., 2002
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Figure 1.5. AMPK domains and structure. (a) Domain organization of AMPK subunits.

Residue numbering refers to human U1l,- b1l and
terminal ki nase domai n, an -awhkwrninthiibn ttedrac tsiemc
SI D). The fermnallypmynstoylated (snyr)Nind contains a mitblecule

carbohydratéinding module (CBM)and€ er mi nal-bUndsnlguseguence (S
subunit cont ai mmthdse(GBS) domaing, pairdd (162raed 3H4) to form two

Bateman modulesb() Tetrad organi z at isabonit,gdlore€CaB B (ajJ o mai n s
showing locations of nucleotide binding sites (black arrows). (c) Structure of the mammalian

AMPK regul atory core and ki209(834d46a)5edb48y [ PDB 2

hunan HB127(21)98( gr e 32 6) r (asuludit)iegigngdde colored as in (a).
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AMP bound at o[fAdséeede @i i B Cawightigersnission mote::This is a
License Agreement between MohamadReza Aghanoori ("You") and El§&issvier”)
provided by Elsevier and Copyright Clearance Center for the use of figure/text in
dissertation/thesis. License number: 455148006804khill, J. S., J. W. Scott and B. E. Kemp

(2012). "AMPK functions as an adenylate charggulated proteinikase."Trends Endocrinol

Metab23(3): 125132] (Oakhill et al., 2012.
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Two upstream kinases livéinaseB-1 (LKB1: which senses low energy inside the cell)

andCé&*/calmodulindependenproteink i nas e ki n a:svkich s requatadwbil K b
calmodulinandCa&* ions) phosphoryke AMPK at Thr172 site othekinase domain of the
catalytic subuni{Figurel.6). Phosphorylation of AMPK on its Thr27ite is required for its full
activation which reaches 186ld activity (Hawley et al., 2003Voods et al., 2003T h e U
subunit has other domains includiagautcinhibitory domain (AID) and C terminus domain
(CTDD)whi ch has binding sit eaCTDwhichhasbinding sites fob
Ub s u la mynistoylatigncontaining domain and carbohydrdi@ding module (CBM)

which has a binding site fglycogen(Calabrese et al., 2014

When activated, AMPKegulates a wide variety of pathways includingagise and lipid
metabolism, protein metabolism, autophagy and mitopfRigurel1.7). AMPK phosphorylates
and activates TBC domain family, member 1(TBC1D1) and thiorediakémacting protein
(TXNIP) to regulate glucose uptake via GLUT4 and GLUT phibsphorylates phosphofructe
2-kinase (PFKFB3) to regulate glycolysis and inhibits storage of glycogen by modifying
glycogen synthase (G#jardie, 2013 AMPK plays an important role in lipid metabolism by
phosphorylatingnd inhibitingits substrates acetgbA carboxylase (ACC) 1 and ACdg2ading
to activation ofcarnitine palmitoyltransferase 1 (CPT1) which transfers fatty acids to

mitochondria for oxidatioifKim et al., 2018.

AMPK inhibits protein synthesis vialockadeof mammalian target of rapamycin

subu

complex 1 (mTORC1). An antagonistic effect of AMPK on eukaryotic elongation factor 2 kinase

(eEF2K) against MORC1 and S6K1 has also been reportiesulin can activatéhe Akt

signaling pathwayhus counteracting AMPK activity which leads to activation of mTORC1 and

S6K1 enzymes and protein synthgémoki et al., 2003Leprivier et al., 2018 Autophagy is a
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process in which macromolecules, organelles and proteins are targeted to lysosomes for
degradation thus sang energy. AMPK implements its role in mitophagy/autophagy by
phosphorylating and activating udd-like autophagyactivating kinase 1 (ULK1), a critical
initiating factorin autophagic/mitophagic cascade, and Forkhead box O3 (FOXGD&}r et al.,
2007, Egan et al., 201 AMPK can also control cell growth and proliferation, manage redox
status, regulate circadiahythm and perform a variety of other regulations inside the cell.
Therefore, any malfunction of AMPK can predispose an organism to various disorders
(Novikovaet al., 2015 For example, hyperglycemia is known to downregulate AMPK in
different tissues including liver, skeletal muscle and DRGs in type 1 and type 2 diabetes
(Kraegen et al., 2006.ee et al., 200Chowdhury et al., 20)1AMPK activation during
exercise has shown promising results in type 2 dialpatients in terms of blood glucose
reduction and general healfiusi et al., 200}. Constitutively activated AMPKising
pharmacological activatoduring ischerna contributedo protection against ischemic injury and
restoration of metabolisifiRussell et al., 2004AMPK activators such as AICAR and
metformin hae shown beneficial effects in the treatment of heart failure, cardiac hypertrophy,
obesity and diabetdsi et al., 2007 Russell et al., 20QDwen et al., 2000 Some activators of
AMPK can also decrease the incidence of cancers in diabetic patiehtiserefore, gtformin is

now in clinical trials for breast canceeatmen{Evans et al., 2005
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Figure 1.6. AMPK regulation by adenylate enegy charge (AEC).Rises in intracellular

ADP/ AMP t r-Thgl@2eghosphdtylatiotand (2) simultaneous inhibition of phosphatase

me d i apTerd72 déphosphorylation. (3) AMP allosterically activates phosphorylated AMPK

directly, although it is doubtful that this oceun the cell due to antagonism by ADP and ATP.

ATP acts antagonistically on all three mechanidimidJs e d wi t h Cgpgrightni s si ono:

permission note: This is a License Agreement between MohamadReza Aghanoori ("You") and

Elsevier ("Elsevier") provided bylg&evier and Copyright Clearance Center for the use of

figure/text in dissertation/thesis. License number: 455148006&=4hill, J. S., J. W. Scott and

B. E. Kemp (2012). "AMPK functions as an adenylate chaegelated protein kinaseTrends

EndocrinolMetab?23(3): 125132] (Oakhill et al., 2012.

53



1.9.2.2AMPK abnormalities in DSPN

In STZdiabetic rats with neuropathy AMPK was suppressed in Eif&be skeletal
muscles heartand liver, and it was correlated with mitochondrial dysfunct@mowdhury et al.,
2011, Guo et al., 200,Mei et al., 2018 Resveratrol, an AMPK activat@pasgupta and
Milbrandt, 2007, improved bioenergetics profile and reversed thermal hypoalgesia, IENF
density profile and mean axonal caliber in myelinated fibers in@aletic ratfRoy
Chowdhury et al., 20)2Metformin is currently used as an effective treatment for type 2
diabetic patients. Metformjralthough a noispecific AMPK actvator,was found to activate
AMPK in sciatic nerve and modulate mechanical sensitivity, and cold allodynia in a rat model of
painful diabetic neuropathiva et al., 2A5). It also significantly increased nerve conduction
velocity and reduced the pinflammatory cytokines in DR@ssuein a rat model of diabetic
neuropathyHasanvand et al., 20L6TZdiabetic rats treated with A769662, an AMPK
activator(Goransson et al., 200 &xhibited improved thermal sensitivity, motord sensory
nerve conduction velocities and nerve blood flow. These features were associated with increased
AMPK T172 phosphorylation, mitochondrial biogenesis and polarization;PG& st i mul at i o
and normalized mitochondrial ROS production in culturedr2a (N2A) cell{Yerra et al.,
2017. DRG neurons exposed to high glucose suppressed pAMPK together with a reduction in
SIRT2 expression and the levels of Coaxas II/Ill and respiratory capacifgchartner et al.,

2018.

Other regulators of mitochondrial biogenesis and function that operate in paraiel to
downstream of AMPKwere found tgplay a rolein diabetic neuropathy. For instantiee levels
of PGG1 U a n d prdidns and mitochondrial DNA were reduced in diabetic mice, and

PGG1U abl ati on i n fulthearitcehonddal dejeremtion saldcseased
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TFAM and NRF1 protein leveis DRG tissudogether with severe neuropatinyanimals(Choi

et al., 2014 Overexpression of TFAM, a protein involvedrmtochondrial DNA replication and
transcription, improved nerve conduction velocity, irgmdermal nerve fiber density and
mitochondrial DNA content in ST-diabetic mic§Chandrasekaran et al., 2Q01Similar
improvement in terms of mitochondrial biogenesis and neuropathy was achieved daB&tc
rats when treated with metabotropic glutamate receptor (nGluR) ag@tistsdrasekaran et al.,
2017. In almost all cases, a clear role of mitochondigfunction andts impairedbiogenesis

contributing to the development of diabetic neuropathy has beatifidd
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carboxylase; CD36/FAT, CD36/fatty acid translocase; CFTR, cystic fibrosis transmembrane
regulator; EF2, elongation fact@r eNOS/nNOS. endothelial/neuronal isoforms aficibxide

synthase; FAS, fatty acid synthase; G6Pase, gl#g@bmsphatase; GLUT1/4, glucose

transporters; GS, glycogen synthase; HMGRy8roxy-3-methytCoA reductase; HSL,

hormonesensitive lipase; MEF2, myocyspecific enhancer factdt; NRF1, nuclearespiratory

factor1; PEPCK, phosphoenolpyruvate carboxykinase; AGE, per oxi seme pr ol i f
activated receptes -activatorl U; TOR, mammal i arffiWsaed ewi tof r ap
p er mi sCegyrgt permission note: This is a License AgreementdmtviviohamadReza

Aghanoori ("You") and The Company of Biologists Ltd ("The Company of Biologists Ltd")

provided by Copyright Clearance Center ("CCC") for the use of figure/text in dissertation/thesis.
License numbed562540357093ardie, D. G. (2004). "Téa AMP-activated protein kinase

pathway-new players upstream and downstreainCell Scil17(Pt 23): 547%487] (Hardie,

2004).
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1.9.3 Insulin and insulin-like growth factor 1

1.9.3.1Insulin structure, expression and function

Humans have one single getd$ located on chromosome 11 encoding insulin (there
are two in rodentsnslandins?), which is transcriptionst regulated by transcription factors
MafA, PDX1 and NeuroDfArtner I., 2008. l nsul i n icsllsd@tRepan@easie d i n b
response to glucose tisported to these cells via GLUTGLUT2 in rodentsplucose
transportergMcCullochet al., 201} Translated preproinsulin transits to aadleaved by
peptidase in the endoplasmic reticulum where proinsulin is properly folded and stabilized, then
transferred tahe Golgi for further processing such asp€ptide cleavage frotme A and B

domairs, andtheninsulinis storedin secretary granulggiutton, 1994.

After glucose transitt o-cebs, it is phosphorylated by glucokinase, and feeds the
glycolysis and mitochondrial Krebs cycle for ATP generation. Excess intracellular ATP inhibits
ATP-sensitive K(Katp) channels, triggering membrane depolarization and furth&raba N&
chamel openings leading to increased intracell@&f" which is coordinatelgynchronized
a c r oceglls(Rdrsman and Braun, 201Barasov et al., 2033Intracellular C&" causes actin
remodelingand exocytic SNARIPprotein recruitmentand subsequently plasma membrane and
insulin granule fusion andscillatedinsulin release into thgeripheral vasculature fakelivery to
the liver.Firstpass and secorghss insulin clearance occurs in the liver via insuigulin
receptor (IR) complex internalization and endosomal lysis in hepatocytes to control insulin

amount in the circulatiofGaisano, 201,7Jung et al., 2018

Insulin in peripheral tissues bisith its receptoto activatetheinsulin receptor substrate

IRS1 and IRS2andthusdriving two canonical pathways: PI3K/Akt signaling pathway and
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mitogenactivated protein kinases, also called ERK, exfatar signalregulated kinase
(MAPK/ERK) pathway(Tokarz et al., 2018 Insulin controls glucose uptake via GLUT4 and
cellular metabolism in muscle and fat tiss@#ddinFincati et al., 201)through these main
pathwaysInsulin regulates a wide variety of processes includitige oxide NO)-activated
vasodilation in the blood vesséléicent et al., 2008 appetite, memory, cognition and
neurdrophicsupport in the brai(Schwartz et al., 200Qee et al., 2016 Insulin is cleared from
the blood in no more than 30 min vlekidney clearance systemlechanistic defects in any of
the insulin production, secretion and action processes is assbaidh a wide range of

abnormalities and disorders especially insulin resistance in type 2 di@batesz et al., 2018

1.9.3.2IGF-1 structure, expression and function

IGF-1 and IGF2 have similar structure and functidnyt here we focus on IGE specifically as

it is the core part of the current stud@F-1 gene consists of 6 exons and 5 introns in human
(chromosome 12androdents differentially spliced to produce six different protein precursors
from different transcript varian{®otwein, 201Y. The mature IGFL proteinthat issecreted

from theliver in an endocrine manner afrdm peripheral tissues in @utocrne/paracrine
manner has B, C, And D domains made of 70 amino aqEgurel.8) (Rotwein,2017, Filus

and Zdrojewicz, 20156

Studies have identified two promoterstire IGF-1 gene and specific binding sites for
transcription factors and regulators. Growth hormone (GH) is the most impactasator of
IGF-1 especially in the liver whichulfill s its role through stimulating Stat5b that binds to
enhancer elements dme IGF-1 gene(Rosenfeld and Hwa, 20R%everal other transcription

factorsincluding hepatocyte nuclear factors (HNE)HNF3, CCAAT/enhancebinding protein

59



( C/ EBP) U h kifidiegsitesd orthe IGF-1 gene and regulate its transcriptidiolten et
al., 1994 Nolten et al., 199@Nolten et al., 1998Jmayahara et al., 1999GF1 is expressed

and mainly secreted frothe liver as a hormonato the circulatiorand regulatea wide range

of pathways and processes in our body. Almost ghefGF-1 produced and circulated is bound
to 9x IGF-1 binding proteins (IGFBPs) that haaeactivaing or inhibitory effect on IGFL
function in target tissues. As we age the level of-IGR serum is reduce@llard and Duan,

2018.
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Chromosome 7: human IGF-1 gene

Exon 1 Exon 2 Exon3 Exon4 Exon 5 Exon 6
P1 Met P2 Met

Gene: ﬁ—ﬁ—.:l—l:-—_—l:l:_

Class | Ea-35 aa

48 aa

Protein: Class I

Mature IGF-1
Signal peptide protein domains

Figure 1.8. IGF-1 gene and protein structurelGF-1 has 6 exons and 5 introns. They give rise
to different transcript variants from which six different proteins are produced. There is only one

mature IGF1 expressed which has 70 a&is figure is original and was prepared by myself.

61



At the target tissue, IGE binds tathe IGF-1 receptor (IGF1R: a tyrosine kinase recepamd
signals through IRStb activate two main pathwajd3K/Akt and MAPK/ERK which are

essential for proteiaynthesis, cell survival and growth. Any deficiency or incompetency of IGF
1 function in our body produces a distinctive set of disor(féhss and Zdrojewicz, 2I5). For
example, GH receptor or IGEgene mutations can cause growth failure such as Dwarfism, and
overpoduction of GH and IGA causeAcromegaly syndroméGiustina et al., 201,Ren et al.,
2016. IGF-1 affectstheaging processral improves neuropathyut its higher levels in adults is
associated with cancérewis et al., 1993Arnaldez and Helman, 201Bletcher et al., 2009
IGF-1is currently being test in clinical trials folRett yndrome and ALSut failed to improve
memory and cognition inlinical trials forAl z h e i me r(l@wis etlal.,s1¥93a/aught et al.,

1996 Nagano et al., 200®ini et al., 201k

1.10 Therapeutic approachesor DSPN

1.10.1 Glycemic cantrol

To date, no FDAapproved drudpas been introducddr diabetic neuropathy. All clinical trials

for the treatment of DSPNavefailed possibly due to poor trial design, incorrect reasoning of
pathogenesis, severity of neuropatimgthodchoice of DSIR assessment amdany more

possible confounde®lalik, 2014). One of the first clinical trialgvhich wasbased on glycemic
control was conducted in Stockhobm 48 patients. Patients treated with intensive or standard
insulin as a tool to control blood glucose, showed suboptimal prevention of nerve conduction
slowing although no major effect on thermal and vibration threqiR#echard et al., 1993In

1995, the Diabetes Control and Complications Trial (DCCT) achieved more than 30% reduction

of neuropathy after 5 years 1400type 1 diabetic patients with intensiveetapy(DCCT, 1993
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DCCT, 1995. A metaanalysis okightstudies on 34000 patientsth type 2 diabetedid not

find any prevention oflinical neuropathwafter tight glycemic contrgCallaghan et al., 20)2

1.10.2 Oxidative stress control

Several studies have reported thanyhyperglycemieinduced pathways lead to
overproduction of ROS and NOS since oxidative stress nsaskeh as peroxynitrite and
superoxide are increaseddaantioxidant defense moieties are reduced in patients with DSPN
(Ziegleretal., 2004 Therefore, ARI s, plipoctodasmantiexidane s e C
agents met hyl {lrokiaacid beafotidming as AGE inhibitor and a plethora of other
agents that reduce oxidative stress have been used and are still under investigation for treatment
of DSPN(Ziegler et al., 2004 There is still a disagreement which compound or pathway has
antioxidant propertiesand whether the antioxidaagents have a direct effect ganeral halth

in human is not establishédollman et al., 2011

Polyol pahway depletes NABH, a ROS scavenger in celighich contributes to
oxidative stress in addition to aberrant glucose metabofefyol pathway inhibitorsespecially
ARIs, found their wayinto manyearly clinical trials after minimal success in glycenoaiol
trials. ARIs showed an improvement of nerve conduction velocity, sural nerve regeneration and
myelinated fiber densitin a variety of studie@Greene et al 1999 Dyck et al., 1988
neverthelessll follow-up clinical trials failedBoulton et al, 2004. Although Epalrestat as an
ARI has been licensed and has limited use in India and J&oam et al., 1995 32 clinical
trials with ARIs involving 497@liabetic subjects faileish treatment of DSPNChalk et al.,

2007). Many animal studiestilizing antioxidants have been successful in controlling oxidative

stress and i mprovement of neur opdpolkagcidanddi ces.
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coenzyme Q10 therapy in Sddabetic rats suppressed oxidative stress, increased the reduced
form of dutathione (GSH) and/as associated wiimproved motor nerve conduction velocity
and DSPN symptom@&adeghiyan Galeshkalami et al., 2DIRurther, metaanalysis of four

human clinicatrials with daily administration di+lipoic acid reported a significant

improvement in the symptoms ofSPN after 3 weeks. However, in omelticenter randomized

t r i -Bpbig acidlfailed to improve quantitative sensory testing (QST) score, neurophysiology

and neuropathy scores in dialbgiatients after 4 yea(®yck et al., 200Y.
1.10.3 Growth factor replacement

The pathogenesis of growth factor deficiency in DSPN, and therapeutic approaches asd studi
using growth factor replacement has been discussed earlier. Here, we review two most common
neurotrophic factors, insulin and IGF that share the same signaling pathway (insulin signaling

pathway). Insulin and IGE as therapies for DSPN are discusisedetail.
1.10.3.1 Insulin as therapy for DSPN

There is insulin impairment in diabetébatcontributes to pathogenesis of DSPN in
patients and animal models of diabefespical insulin to the eye of STdiabetic mice
prevented depletion of stliasal nerve plaxs in the corneéChen et al., 2003 Insulin implants
in WBN/Kob rats delayed tibial nerve conduction slowing, axonal atrophy, endoneurial fibrosis
and myelin diggtnsion(Ozaki et al., 2013 Axonal elongation and caliber developed much
slower in type 1 diabetic BB/Weaats than type 2 diabetic BB#At with hyperinsulinena after
crush injury. In parallel, the level of neurocytoskeleton proteins and neurotrophic factors were
less normal in type 1 diabetic rats indicating insulin deficiency rather than hyperglycemia

accounting for the progress of DSPRlerson et al., 20Q03Consistentlyproviding insulin
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systemically or local injection to peripheral nerves pres@deficits in sensory and motor nerve
conduction velocitieand mtochondrial dysfunctioin STZ-diabetic rats independent of
correction of hyperglycemi@Huang et al., 20035inghal et al., 199Brussee et al., 2004_ow
doses of direct insulin by intrathecal delivery, insufficient to correct hyperglycemia, improved
sensory and motor nerve conduction velocifigsissee et al., 2004insulin implants (releasing
minimal insulin that is not enough to change hyperglycemia) prevented neuropathy indices in
rats without affecting hyperglycemia indicating a unigole for insulin as a neuroprotective

factor in diabetic rodent{@ghanoori et al., 2017

Insulin replacement by direct insulin and@peptide replacement amd/pancreas
transplantation have had beneficial effects on diabetic neuropathy in human. Insulin treatment of
type 2 diabetic patients did not prevent neuropathy compared ttvaaiad diabetic grou@@ ovi
et al., 1998 In type 2 diabetic subjects, local insulin application recovers nerve function in
carpal tunnel syndrom@®zkul et al., 200)L However, here is no clinical trial specifically
designed for local insulin treatment to assess the efficacy girbtisinin the treatment of

neuropathy.

1.10.3.2 IGF-1 as therapyfor DSPN

The level of IGF1 in the serum ofidbetic patients with neuropathy is significantly
lower than patients without neuropathy indicating a role for-1Gi the progress of neuropathy
(Guo et al., 1999 Early studies on ST-diabetic rats treated with IGFs (I&Fand IGF2)
subcutaneously showed the reversal of sensory nerve regenwighior2 weeks despite
unabatedhyperglycemia and weigliZzhuang et al., 1996Intrathecal delivery of IGR

prevented and revsed sensory and motor nerve conduction velocity and sural nerve atrophy in
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STZ-diabetic ratgBrussee et al., 2004AAV -bearing mouse IGE targeting the liver of STZ
diabetic mousgreverted hype and hyperalgesia, sensory nerve demyelination, and muscle
atrophy(Chu et al., 2008 IGFBP5, an IGFL binding and inhibiting protein, weaincreased in
neiwve biopsies from diabetic patient with DSPN. Mice deficient in IGFBP5 or motor neuron
specific IGF1R develagxmotor and sensory neuropathy associated with axonal degeneration

(Rauskolb et al., 20}7

Providing IGF1 to the papheral neves during nerve injury improvestiatic nerve
regeneration in agmatched and ST-diabetic ratgIshii and Lupien, 199%kstrom et al., 1989
Sjoberg and Kanje, 1989GF-1 also prevented/reversed hyperalgesia, loss of IENF density,
sural nerve axonal degeneration, and nerve conduction slaw8BifZ-diabetic ratgToth et al.,

2006 Brussee et al., 2004intrathecal delivery of an adenovirbearinglGF-1 overexpressing
construct improved myelination, and motor and sensory nerve conduction velocities in mouse
models of diabetic neuropatiijoms et al., 2014Chu et al., 2008 The therapeutic potential of
IGF-1 is evident in animal models of diabetes; however, the cellular mechanisms by which IGF
promotes neuroprotection in diabetes is not ckead, no clinicaltrial data is available for IGF

1 treatment of diabetic neuropathy.

1.10.4 AMP -activated protein kinase (AMPK) and mitochondrial function

activators/modulators

Under hyperglycemic conditions it has been proposed that nutrient excess triggers this
downregulaion of AMPK leading to mitochondrial dysfunction and eventually axonal
degeneration (Fernyhough, 2018} the activity of AMPK decreas®ver the course of

diabetes and neuropathy, amdnytherapeutic agents act through AMPK to improve
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neuropathy, it isogical to considethe AMPK pathway as a therapeutic target in treatment of
DSPN. In a recent study on S-fifabetic rats, metformin improdenerve conduction velocity
together with a reduction in piaflammatory cytokinegHasanvand et al., 201&Resveratrol,
an AMPK activatoDasgupta and Milbrandt, 20Q)increase AMPK phosphorylatioralong
with increased mitochondrial function and Complex activites reversgéthermal hypoalgesia
andfoot skin intraepidermal nerve loss in S@iabetic ratfRoy Chowdhury et al., 20)2
Chine® herbal medicine is reported to activatdPK and mprove mitochondrial function wa
proposed to protect against neuropathy in diabetic pa(i@ésng and Liang, 20)9
Gentiopicrosidemproved sensory and motor nerve conduction velocity, enhanced nerve blood
flow and ameliorated hyperalgesia by modulatilgPPAR gamma/AMKK signaling pathway
(Lu et al., 2018 Donepezilalso showed an improvement of hyperalgesia in-8igbetic mice

through activation of AMPK signaling pathwétef et al., 2019

As mitochondriacan contribute toxidative stress, any fraadical scavengersan
optimize mitochondrial function to improve indices of neuropathy. On the other hand, AMPK
signaling pathway is linked to mitochondrial biogenesis and function, thus, drugs modulating
AMPK can also affect mitochondrial function. It is also noted above that mitochondria are
partially dysfunctional in diabetic neuropathy. However, to date, notdiredulators/activators
of mitochondrial function hze been investigate@lthough there are potential mitochondrial sites

suitable fortherapeutid¢argeting(Leinninger et al., 2006b
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Rationale, hypotheses and aims

Each part is covered by one chapter of the current thesis. Specific gianrs bfareaddressed in
chaper 2, specific aims of part 2 aaedressecdhi chapter 3 and specific aims of part 3 are

addressed in chaptér

Rationale part 1: Neuropathy, the most common complication of diabetes, is characterized by
distal dyingback of nerve fibers combined with impaired axon regener@#imik et al., 2016
Zochodne, 2016a Oxidative stress, defective insulin signaling, neurotrophic factor deficiency,
dyslipidamia and aberrant neurovascular interactions have all been proposed as contributors to
pathogenesis of diabetic neuropaflcutt et al., 2008avidson et al., 201¥incent et al.,

2009 Yagihashi, 2016Zochodne, 2016aOther than an improvement in indices of diabetic
neuropathy by tight glycemic control in persons with type 1 dialjsigthan et al., 993), there

are no promising therapiésr diabetic or other peripheral neuropathies, many of which display

some degree of mitochondrial dysfunct{@ennett etl., 2014 Cashman and Hoke, 2015

In human tissues derived from persons with diabetes there ismgulation of the
AMPK/PGG-1 Upathway(Mootha et al., 200Fatti et al., 2008 In animal models of DSPN,

the levels of expression aadtivity of AMPK and PGElUare also significantly depressed in
the DRG.Under hyperglycemic conditions it has been proposed that nugsesds triggers this
downregulation of AMPK leading to mitochondrial dysfunction and eventually axonal
degeneratioifFernyhough, 200)5Neurons are undelirect regulatory control by insulin/IGE

and impaired insulin/IGH signaling in diabetes provides a parallel pathogenic mechanism to

hyperglycemia.
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Hypothesis 1:We hypothesized that exogenous insulin could optimize AMPK activity and

mitochondrial funtion to promote axonal repair in DRG neurons in type 1 diabetes.

Specific aim 1:To investigate the effect of insulin on AMPK activity and mitochondrial

function in cultured DRGs from control and S@&abetic rats

Specific aim 2:To investigate the efféof minimal insulin release (insulin implant) on nerve

repair and mitochondrial phenotype in Sdlidbetic rats

The two aims of this part are addressed in chapter 2.

Rationale part 2: IGF-1 functioning as a neurotrophic factor has been a therapeutt targ

many disorders including Al zhei mer ALlSandi sease,
Par ki ns o (CosaleslandKmlavgon, 2016Suppressedd~1 expression and

subsequent depression of its signaling pathway have also been proposed to contribute to
neurodegeneration in diabefgshii, 1995 Rauskolb et al., 201 Zochodne, 2016ksince the

level of systemic or background I&Fis markedly diminished in humans and animal models of

type 1 and typ 2 diabete§Zhuang et al., 199Palta et al., 2014shii et al., 1994Ekstrom et

al., 1989.

Hypothesis 2:We hypothesized that exogenous tGEould optimize AMPK activity and

mitochondrial function to promote axonal repair in DRG neurons in type gtdgb

Specific aim 1:To investigate the effect of IGE on AMPK activity and mitochondrial function

in cultured DRGs from control and Sidabetic rats

Specific aim 2:To scrutinize the mechanism through which 1GFegulates mitochondrial

function in DRG neurons derived from rats
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Specific aim 3:To investigate the effect of IGE therapy on AMPK and mitochondrial

function, nerve metabolism and nerve repair in Sliabetic rats

The three aims of this part are addressed in chapter 3.

Hypothesis 3:We dso hypothesized that impaired autocrine/paracrine1GFDRGs was a

contributing factor to progressive neurodegeneration and impaired nerve regeneration in DSPN.

Specific aim 1:To investigate the main source of endogenous1@+DRG and nerve tisssie

Specific aim 2:To scrutinize the mechanism by which endogenousl@-suppressed in

DRGs

Specific aim 3:To explore regulatory proteins involved in endogenous 1G@fene expression in

Sensory neurons

The three aims of this part are addressed apter 4.
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Abstract

Diabetic neuropathy affects approximately 50% of diabetic patients. Degutation of

mitochondrial gene expression and function has been reported in both hisuas ésd in

dorsal root ganglia (DRG) from animal models of type 1 and type 2 diabetes. We hypothesized
that loss of direct insulin signaling in diabetes contributes to loss of mitochondrial function in
DRG neurons and to development of neuropaf@nsoryneurons obtained from ageatched

adult control or streptozotocin (ST#)duced type 1 diabetic rats were cultured with or without
insulin before determining mitochondrial respiration and expression of mitochondrial respiratory
chain and insulin signalinlinked proteins. Foin vivo studies agenatched control rats and

diabetic rats with or without trace insulin supplementation were maintained for 5 months before
DRG were analyzed for respiratory chain gene expression and cytochoxigiase activity.

Insulin (10nM) significantly (P<0.5) increased phosphorylation of Akt and P70S6Kidly 4

and neurite outgrowth by-@Ild in DRG cultures derived from adult control rats. Insulin also
augmented the levels of selective mitochondrial respiratory chain @atethmitochondrial
bioenergetics parameters in DRG cultures from control and diabetic rats, with spare respiratory
capacity increased by up tef@d (P<0.05). Insuliftreated diabetic animals exhibited improved
thermal sensitivity in the hind paw anddhacreased dermal nerve density compared to

untreated diabetic rats, despite no effect on blood glucose levels. In DRG of diabetic rats there
was suppressed expression of mitochondrial respiratory chain proteins and cytocbritase
activity that wasorrected by insulin therapy. Insulin elevates mitochondrial respiratory chain
protein expression and function in sensory neurons and this is associated with enhanced neurite

outgrowth and protection against indices of neuropathy.
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Introduction

Neuropathy, the most common complication of diabetes, is characteriziéstddydyingback of
nerve fibers combined with impair@don regeneratiofVinik et al., 2016 Zochodne, 2016a
Oxidative stress, defective insulin signalinguregrophic factor deficiency, dyslipidemia and
aberrant neurovascular interactions have all been proposed as contributors to pathogenesis of
diabetic neuropath¢Calcutt et al., 2008Davidson et al., 201¥/incent et al., 2009y agihashi,

2016 Zochodne, 2016aOther than an improvement in indices of diabetic neuropathy by tight
glycemic control in persons with type 1 diabgfdathan et al., 1993there are no promising
therapiedor diabetic or other peripheral neuropathies, many of which display some degree of

mitochondrial dysfunctiofBennett et al., 2014£ashman and Hoke, 20115

The high energy consumption of neurons requires fine control of mitochondrial function
(Chowdhury et al., 201Fernyhough, 2015and the growth cone motility required to maintain
fields of innervation consumes 50% of ATP sugpin neurons due to high rates of actin
treadmilling(Bernstein and Bamburg, 200&)nmyelinated axons are more energetically
demanding than myelinated axprsnsuming 2.80-fold more energy per action potential
(Wang et al., 2008 There is mounting evidence that diabetes suppresses mitochondrial function
in dorsalroot ganglia (DRGJChowdhury et al., 201GRoy Chowdhury et al., 201Rrban et al.,

2012 Ma et al., 2014Freeman et al., 2016as et al., 20)6We have previously proposed that
hyperglycemianduced dowrregulation of the AMPactivated protein kinase (AMPK)/

peroxisome proliferatea c t i v at e d -actiearelp t 0 PLG Bgnaling axis can result

in axon degeneration and failure to regereffa@by Chowdhury et al., 201Zhowdhury et al.,

2013 Fernyhough, 2018Calcutt et al., 201)7 However, there is also a growing appreciation

that hyperglycemia is not the sole initiating factor in the pathogenesis of diabetic neuropathy. A
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number of authors have presented data indicating that loss of direct insulin signaling contributes
to diabetic neuropathy and retinopat@pchodne, 2016dshii, 1995 Reiter and Gardner, 20D3

For example, providing systemic insulin at low levels or injecting insulin adjacent to the sciatic
nerve can preverdeficits in sensory and motor nerve conduction velocity (NCV) in
streptozotocin{STZ)induced diabetic rats independent of correction of hyperglycétuang et

al., 2003 Singhal et al., 199 Brussee et al., 2004Local injection of insulin to the skin, or

topical application to the cornea also enhances®g nerve fiber density in diabetic rodents

(Chen et al., 20135uo0 et al., 2011 In humans, the local applitan of insulin can enhance

nerve recovery in carpal tunnel syndrome in patients with type 2 digtksl et al., 2001l

The potential for direct neurotrophand neuroprotective actions of insulin is supported
by reports that neurons express the appropriate proteins to facilitate responses to insulin
exposure. Insulin receptors (IRs) and receptor substrate scaffolds (IRS1, IRS2) are expressed by
sensory neurts and activate signal transduction pathways that modulate neurite outgrowth and
axonal plasticitFernyhough et al., 1998luang et al., 20Q5ingh et al., 201,Zrote et al.,
20130. In neurons, the insulin receptor pathway activates several messimagénsiude the
important survival kinase, phosphatidylinositid&iBase (PI3K), that is directly associated
with, and activated by, IR$ and induces Akt activatigi@rote et al., 2013Huang et al., 2005
Kim et al., 201). P70S6K is a serine/threonine kinase that acts downstream of 3lkgAkit
pathway to egulate survival and growth of neurons. Upon phosphorylation on the T389 site,
P70S6K is activated and triggers protein synthesis via activation of S6 ribosomal (Cbiaig
et al., 1994 Neurons are therefore under direct regulatory control by insulin and impaired

insulin signaling in diabetes provides a parallel pathogenic mechanism to hyperglycemia.
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In the present study, we tested the hypothesis that exag@msulin could correct
mitochondrial dysfunction in adult rat sensory neurons under hyperglycemic conditions using

bothin vitro andin vivomodels.

Materials and methods

Animals

As mentioned in chapter 1, we used type 1 diabetic rats because of taf w@sntenance and
ease of use while reflecting most of neuropathy indices seen in human. To be consistent
throughout our study, we focused on one gender (male) in the presenilelBprague

Dawley rats (276325 g) were used as a model of type béeias after delivery of a single
intraperitoneal injection of 90 mg/kg STZ (Sigma, St Louis, MO, USA). Insulin implants
(Linplant, Linshin Canada Inc., Canada) were injected subcutaneously into the nape of the neck
of a subgroup of STihduced diabetic ratafter approximately 4 weeks of diabetes and at
monthly intervals thereafter. Fasting blood glucose concentration was monitored weekly using
the AlphaTRAK glucometer (Abbott) to ensure that insulin therapy did not alter hyperglycemia.
At the end of 5 molhis, blood glucose, glycated haemoglobin (HbA1C) and body weight were
recorded before tissue collection. Animal procedures were approved by the University of

Manitoba Animal Care Committee.

Hind paw thermal sensitivity test in adult rats

Hind paw thermal rgponse latencies were measured using a Hargreaves apparatus (UARD, La
Jolla, CA, USA) as previously describghblivalt et al., 201% Briefly, rats were placed in
plexiglass cubicles on top ofd@lihermal testing system. The heat source was placed below the

middle of one of the hind paws and latencies of the paw withdrawal to the heat source were
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automatically measured. Response latency of each paw was measured three times at 5 min

intervals.

Adult DRG sensory neuron culture

DRGs were isolated and dissociated using previously described méftaddstt et al., 201)7
Neuronenr i ched cell s were cultured in Hams F12
without insulin (0.1mg/ml transferrin, 20 nM progesterone, 100 uM putrescine, 30 nM sodium
selenite 0.1 mg/ml BSA,; all additives were from Sigma, St Louis, MO, USA; culture medium

was from Caisson labs, USA). DRG neurons from control rats were cultured in the presence of 5
mM D-glucose and DRG neurons derived from Siiduced diabetic rats with 25 mM-D

glucose and zero insulin. Porcine insulin powder (Sigma, St Louis, MO, USA) dissolved in

PH=2 and different doses (10 or 100 nM) were used as treatments. No neurotrophirtdleere a

to any DRG cultures. In this culture system there is approximatelyei%oss over a 24 hr

period.

Quantitative Western blotting for insulin signaling and mitochondrial proteins

Rat DRG neurons were harvested from culture or isolated intact frdbraiduand then

homogenized in iceold lysis buffer containing: 0.1 M Pipes, 5 mM Mg3 mM EGTA, 0.5%

Triton X-100, 20% glycerol, 10 mM NaF, 1 mM PMSF, and protease inhibitor cocktail. Proteins
were assayed using DC protein assay (BioRad; Herculesl JSA). The samples{2 ¢ g t ot al
protein/lane) were resolved and separated via 10% sodium dodecy! sydplyaterylamide gel
electrophoresis (SDBAGE). After separation, proteins were transferred to a nitrocellulose
membrane (BieRad, CA, USA) using TranBlot Turbo Transfer System (Bigad, CA, USA)

and immunoblotted with specific antibodies against pP70S6K T389 (1:1000, Cell Signaling
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Technology), pAkt S473 (1:1000, Santa Cruz, TX, USA), Total OXPHOS (1:2000,
MitoSciences, Abcam, USA), Porin (1:1000,Ab m}agctin (f:1000, Santa Cruz

Biotechnology) and toteERK (1:1000, Santa Cruz Biotechnology). Of note, total protein bands
were captured by chemiluminescent imaging of the blot after gel activation (TGXFStai@ e E
FastCast Acrylamide Solutions, BRad, CA, USA) in addition to use ofERK and porin

levels for target protein normalization. The secondary antibodies werecbiffttyated goat
antirabbit IgG (H+L) or donkey antnouse 1gG (H+L) from Jackson ImmunoResearch
Laboratories, PA, USAThe blotswere incubated in ECL Advance (GE Healthcare) and imaged
using a BieRad ChemiDoc image analyzer (BRad). All raw data signals for each antibody
were normalized to -ERK (in vitro work) or total protein (in vivo work) from the same blot.
Please note tha&lectron transport chain protein bands in Figures 2.2, 2.4 and 2.7, and Figures
2.9 and 2.10. supplemental Figure were obtained from one single blot with different exposure

times.

RealTime PCR of DRG samples

RNA was extracted from previously frozéssue samples using TRIzol® Reagent (Invitrogen).

RNA samples underwent DNase treatment and rev
gDNA Clear cDNA Synthesis Kit and iQ cycler system {Bad, CA, USA) according to the
manufacturer's instructions. &dime quantitative RPCR was per formed by wus
SYBR® Green Supermix (Bi®ad, CA, USA). The @mpCt met hod wa
expression. The expression of porin gene was used for normalization. Primer sequences for gene
expression analysis alisted as followsSDHBF or wa-r d: 5

ATCTGCAATCCATCGAGGACG3 SPHBR e v e r-AGCGATRAAGCCTGCATGAGAA

3 MT-COXF or wa-TACAGATGCTTACACCACATGA3 MT-COI-Rever-se: 5

78



AGTTGAGGAGTAGGAAATTGAGAGT-3 VDACI1(porin)-For wa+ d: 5
GCTTTTCGGCCAAAGTGAACA3 VDACI1(porin)-Rev er-se: 5

CGCATTGACGTTCTTGCCAT3
Mitochondrial respiration in cultured neurons

To measure the basal level of mitochondrial oxygen consumption, thdidked oxygen
consumption (proton leak), the maximal respiration, the spare respicagagity and the nen
mitochondrial oxygen consumption, an XF24 Analyzer (Seahorse Biosciences, Billerica, MA,
USA) was used@Brand and Nicholls, 2031In short, DRG culture medium was changed 1hr
before the assay to unbuffered DMEM (Dulbecco’'s modified Eagle's medium, pH 7.4)
supplemented with 1mM pyruvate, and 5 mMyDicose. For diabetic rat DRG cultar5 mM
D-glucose was used. Four mitochondrial complex inhibitors including oligomycin (1 uM), FCCP
(1 pM) and rotenone (1 pM) + antimycin A (1 uM) were injected sequentially through ports in
the Seahorse Flux Pak cartridges. Oligomycin acts as an siiaeeATP synthase inhibitor,

FCCP as an uncoupler, rotenone as Complex | inhibitor, and antimycin A as an inhibitor of
Complex Il of the mitochondrial electron transport system. The XF24 machine which creates a
transient 7¢l c h-wehmieroplatesnallssvedeealitirae recarding of kvé cell
mitochondrial oxygen consumption rate (OCR). After OCR measurement, cells were fixed with
4% par af or mal de hyuduén llbwhidh spetifaallylabals sénsory neurons.
Plates were theplaced into a Cellomics ArrayscMT| HCS Reader (Thermo Scientific,
Pittsburgh, PA, USA) equipped with Cellomics Arraystan software to facilitate a full

neuronal count of each well. OCR measures from each well were normalized to neuronal count

for tha specific well. Data are presented as OCR per 5000 cells.
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Immunocytochemistry for b-tubulin 11l for neurite outgrowth in DRG cultures

DRG neurons were removed from culture and fixed with 4% paraformaldehyde in PBS (pH 7.4)
for 15 min at room temperatithen permeabilized with 0.3% Tritor200 in PBS for 5 min.

Cells were incubated with blocking buffer for 1 h and with netsecific-tubulin 1l primary
antibody (1:1000; from Sigma Aldrich) overnight. Following three washes with PBS, cells were
incubated with fluorescein isothiocynat®njugated secondary antibody (1:1000, Jackson
ImmunoResearch Laboratories) for 1 h at room temperature. Slides were mounted using
mounting medium with DAPI and imaged by a Carl Zeiss Axios&ppright fluorescence
microscope equipped with AxioVision3 software. The fluorescent signal was collected as total
pixel area for neurites and was measured by ImageJ software and normalized to number of cell

bodies to calculate total neurite outgrowth per neuron.

Nerve density in footpads

The plantar dermis and epidermis of the hind paw were removed and placed in 4%
paraformaldehyde. Tissue was processed to paraffin blocks, cut as 6um sections, immunostained
using an antibody to PGP 9.5 (1:1000, Biogenesis Ltd. Poole, UK) andritteen of

immunoreactive intr@pidermal fiber s(IENF) and stépidermal nerve profiles (SNP) per unit

length quantified under blinded conditions by light microsc@myivalt et al., 2016

Enzymatic activity of respiratory Complex IV in DRG

Enzymatic activity of cytochromeoxidase (a subunit of Complex IV of the mitochondrial
electron transport system) was measured by a temperature controlled Ultrospec 2¢3ibldV
spectrophotometer equippedhvBiochrom Swift Il software (Biopharmacia Biotech). Briefly,

0.02% lauryl maltoside was mixed with 10 pg DRG homogenates and incubated for 1 min before
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addition of 40 uM reduced cytochrors@nd 50 mM KPi to the mixture. The resulting
absorbance decreasf reduced cytochroneeat 550 nm was monitored for 2mijRoy

Chowdhury et al., 2012
Statistical analysis

Data were analyzed usingtwoa i | e d t&stuodaavt § s ANOVA f ol |l owed by
or Dunnettdéds post hoc tests, as appropriate a

Software). A P value < 0.05 was considered to be significant.

Results

Insulin augments pAkt (short-term), pP70S6K and neurte outgrowth (long-term) in

cultured DRG neurons from normal adult rats

Sensory neurons derived from a normal adult rat were maintainvéto and exposed to insulin

at the physiologically relevant concentration of 10 nM. Akt was activated within 16fmin
exposure to insulin while P70S6K exhibited enhanced phosphorylation on residue T389 within
2h (Figure 2.1A, B). To confirm that insulin was acting as a neurotrophic factor for adult sensory
neurons, DR@&lerived neurons were treated with insulin (1ab@ 100 nM) for 24h. At doses of

10 nM and 100 nM, but not 1 nM, insulin significantly (P<0.001 and P<0.0001, respectively)

enhanced total neurite outgrowth (Figure 1.1C, D).
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Figure 2.1. Insulin treatment increases the expression of pAkt, pP70S6K anceeates

neurite outgrowth in DRG neurons. DRG neurons derived from adult control rats were grown

in the absence of neurotrophic factors and under defined conditions then treated with/without 10
nM insulin for (A) 1560min or (B) 224h. Lysates were collesd and subjected to Western

blotting. In (C,D) DRG neuron cultures from adult control rats were treated with/without 1 nM,
10 nM and 100 nM insulin for 24h then fixed and immunostainef-tabulin III. In (A,B)

Western blot data were normalized t&€RK. In (D) total neurite outgrowth data is presented
relative to neuron number. Data are mean = SEM of-Bl&plicates; **= p<0.01 or ***=

p<0.001 or ****= p<0.0001 vs ctrl by onvay ANOVAwi t h D uposthedtestd s
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Insulin up-regulates mitochondrial gene expression and function in cultured neurons

derived from normal adult rats

Mitochondrial respiratory complex proteins, including the NDUFB8 subunit of Complex | and
ATP5A subunit of Conplex V, were significantly (P<0.05 and 0.01 respectivelyjagulated in
cultures of DRG neurons derived from control rats 24h after treatment with insulin (Figure 2.2).
Subunits of Complex Il and IV were also raisetbl at 24h when compared to thetngated

control group but this enhancement was not statistically signifitestlin treatment elevated

OCR (Figure 2.3A) and bioenergetic parameters such as basal respiration, maximal respiration
and spare respiratory capacity were significantly (P<GQgmented 2h after insulin delivery

(Figure 2.3B).
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Figure 2.2. Insulin treatment increases the expression of electron transport chain proteins.

DRG neurons derived from adult control rats were treated with/without 10 nM insulir2fbh2

and lysates subjected to Western blotting. Specific proteins from each respiratory Complex were
guantified and expressed relative t&&ERK. Complex IIHJQCRC2 subunit protein was not
detectable. Data are mean = SEM of N=4 replicates; *= p<0.05 gp<801 or ***= p<0.001

or ***=p<0.0001vsctrlbyonavay ANOVA wi posthobteshnet t 6 s

84



12001 |ns 2h ®

Ins 6h @
Ctrl @

—

1000

800

600

Oligomycin
400 % y

OCR (pMoles/min

200

Mitochondrial Respiration

Rotgnone +AA

0 10 20 30

(vy)

30 Basal I}(esplratwn

2.0
T

pMoles/min

Ctrl 2h 6h

Insulin (10nM)

Coupling Efficiency
-

1.0,
0.8
0.6
0.4-
0.2

Ratio

Ctrl 6h

2h
Insulin (10nM)

40

50

60 70 80 90

Time (min)
1.57 Maximal Respiration

c

‘£1.0} 2

B

@

O

:EO'S e

Qo

0

Ctrl 2h 6h

Insulin (10nM)

Spare Resgiratory Capacity

Ctrl

2h
Insulin (10nM)

6h

Figure 2.3. Insulin enhances mitochondrial respiration in cultured adult sensory neurons.

DRG neurons derived from adult control rats were maiethovernight and then were treated
with/without 10 nM insulin for 2 and 6 h. The culture plate was then inserted into the Seahorse
XF24 Analyzer and oligomycin, FCCP and rotenone+AA (antimycin A) added sequentially.

Data were normalized to cell number peall derived from immunocytochemical counting using

the Seahorse software prior to statistical analysis. Data are presented as OCR in pmoles/min per

5000 cells. Data are mean £ SEM of N=5 replicates; *= p<0.05 or **= p<0.01 vs ctrl byagne

ANOVA with Du n n epbsthocgest.
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Insulin enhances mitochondrial gene expression and function in cultured neurons derived

from a diabetic rat

To investigate if diabetes impedes insulin driven induction of mitochondrial gene expression and
mitochondrial function, wanalyzed expression of mitochondrial proteins in DRG neurons
derived from STZAnduced diabetic rats cultured in the presence of 25m@luibose.

Mitochondrial gene expression of subunits of Complexes Il, IV and V wasgupated within

24h of exposure toQlnM insulin (Figure 2.4). This stimulatory effect of insulin was also

observed in a complementary experiment where DRGs were derived fremaécjeed control

and diabetic rats at the same time, cultured, and the diabetic culture was treated with/without
insulin for 24h (Figure 2.9.Supplemental Figuiié)e same dose of insulin enhanced respiration

in cultured sensory neurons derived from diabetic rats (Figure 2.5A) with both basal and
maximal respiration significantly (P<0.001 and 0.01 respectively) iseteat 6h, but not 2h

(Figure 2.5B), indicating a delayed response compared to cells from control rats (Figure 2.3B).
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Figure 2.4. Insulin treatment increases the expression of electron transport chain proteins

in DRG cultures from a diabetic rat. DRG neurons derived from adult STdabetic rats were
cultured in the presence of 25mM glucose, and treated with/without 10 nM insulu24dr. 2
Complex | and Il subunit proteins were not detectable. Protein band intensity was normalized to
T-ERK. Data are man + SEM of N=4 replicates; *= p<0.05 or **= p<0.01 or ***= p<0.001 vs

cttbyoneway ANOVA wi posthobtashnet t 6 s
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Figure 2.5. Insulin enhances mitochondrial respiration in cultured DRG neurons from a

diabetic rat. DRG neurons derivefrom adult STZdiabetic rats were cultured in the presence of
25mM glucose, and treated with/without 10 nM insulin for 2 and 6 h. Data were normalized to
cell number using Seahorse software prior to statistical analysis. Data are presented as OCR in
pmole/min per 5000 cells. Data are mean £ SEM of N=5 replicates; **= p<0.01 or ***= p<0.001

vsctribyonevay ANOVA wi posthobtashnet t 0 s
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Insulin therapy prevents thermal hypoalgesia and partially corrects dermal nerve loss in

diabetic rats

Type 1 didetic rats showed significant hyperglycemia, elevated HbAlc and reduced weight gain
after 5 months when compared with their-aggtched controls (Table 2.1). Insulin treatment of
diabetic rats significantly improved body weight (P<0.001 vs untreated idipbet did not alter
terminal blood glucose or HbAlc levels (Table 2.1). Sifabetic rats exhibited marked thermal
hypoalgesia that was prevented by insulin (Figure 2.6A). The footpads from untreated diabetic
rats exhibited significant (P<0.01) loss BINF and SNP profiles (Figure 2.6B, C). Insulin

partially attenuated nerve loss, most notably in the SNP, where values did not differ significantly

from agematched control animals.
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Table 2.1. Insulintreated diabetic rats exhibited no change irtheir blood glucose and

HbAlc compared to untreated diabetic rats Animals were maintained for 5 months. Blood
glucose, HbA1C and body weight were recorded at tissue collection. Data are mean = SEM of
N=6; Y= p<0.001 vs. control and *= p<0.0001 vs. othreugs by onavay ANOVA with

T u k eppsbhectest.

Body weight Blood glucose| HbAlc

Group N

(9) (mmol/L) (%)
Control 6 725.6 £21.0* |8.1+0.6 51+0.1
Diabetic 6 395.2+22.0 38.9+2.1* 11.3+0.7%

Insulin-implanted
6 |589.6+14.3% |355+1.7* 12.7 + 0.3*
diabetic
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Figure 2.6. Insulin implants
prevented thermal hypoalgesia
and sub-epidermal neural plexus
(SNP) loss in diabet rats. Three
groups of animalscontrol (Ctrl),
diabetic (Db) and insulimplanted
diabetic (Db+ins) rats were tested
for their thermal response latency
(A). **=p<0.01 vs. control and
¥k = p<0.0001 vs. diabetic;
analyzed by twavay ANOVA

wi t h TposkheoteStsIENF
(B) and SNP (C) profiles in plantau
hind paw skinffom the three
groups of animals which were
maintained for 5 monthsyere also
measurep*= p<0.05 or *=p<0.01
or ****= n<0.0001; analyzed by
oneway ANOVA wit!l
posthoctest. ata are mean +

SEM of N=67 animals.



Decreased mitochondrial respiratory protein expression and activity in DRG of diabetic

animals is corrected by insulin

DRG derived from agenatched control, diabetic, and insuimplanted diabetic rats were
homogenized and subjected to mMRNA and protein expression analysis. Western blotting showed
a significant decreased expression in sulsurfitmitochondrial Complexes I, IV and V proteins

in DRG of diabetic rats compared with age matched controls (Figure 2.7A, B). In4nsulin
implanted animals, levels of Complex IV and V proteins in DRG were raised compared with
untreated diabetic and weretrsignificantly different from agenatched control except for

Complex Il protein where the increase was less dramatic (Figure 2.7A, B). Similar findings were
seen when the data was normalized to the mitochondrial protein, porin (Figure
2.10.Supplementddigure). Insulin also significantly ugegulated mRNA for the MTCO1

subunit of Complex IV compared to both control (P<0.001) and diabetic (P<0.01) rats (Figure
2.8A, Figure 2.11.Supplemental Figure). CompleSIIHB mRNA levels were not different
betweergroups. Enzymatic activity of cytochrorn@xidase was significantly (P<0.001)

reduced in the DRG of diabetic animals relative to controls and this decrease was partially

prevented by insulin treatment (Figure 2.8B and Figure 2.12.Supplemental Figure).
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Figure 2.8.Increased MT-CO1
MRNA expression andrestored
cytochrome c oxdase (Cox) activity
in insulin implanted diabetic rats.
A) DRG tissues from control (Ctrl),
diabetic (Db) ad insulinimplanted
diabetic (Db+ns) rats were used for
RealTime PCR assay. Complex Il
SDHB and Complex IMT-CO1
MRNA levels were calculated
relative to porin mRNA levels using
delta dela Ct method. Data are mea
+ SEM of N=56 animals (duplicate
test tubes)B)Tissues wereised for
cytochromec oxidase enzymnte
activity assay. Data are mmol/mim/
mg tissue and are mean + SEM of
N=5 animals. *= p<0.05, **= p<0.01
and ****= p<0.0001; analyzed by
oneway ANOVA wiposh

hoctest.



Discussion

Insulin signaling was identified in sensory neurons of adult rat by detection of Akt and P70S6K
activation, confirming earlier worfGrote et al., 2013tHuang et al., 2005We used a
physiologically relevant concentration (10 nM) of insulin in all cell culture experiments to
minimize confounding effects deriving from potential crossupation of insulidike growth
factor receptors by excess insulRecicPinto and Ishii, 1988enyoucef et al., 2007
Kleinridders, 201k Other reported consequences of insulin stimulation of sensory neurons
include increased transcription and synthesis of cytoskeletal proteins, suchlizsanith
neurofilamen{Fernyhough et al., 1989Vang et al., 1992hat are essential for axonal growth,
regeneration and structural stability. Demonstration that exogenous insulin also dose
dependently enhanced neurite outgrowth of sensory neisronasistent with prior studies
(Fernyhough et al., 199RecicPinto et al., 1986and highlights the direct neurotrophic

properties of insulin in sensory neurons.

Studies in liver, muscle and cardiac cebsé suggested that insulin can modulate
mitochondrial phenotype. For exampie yitro studies on the liver of alloxanduced diabetic
rats and dgpancreatized cats revealed depressed mitochondrial oxygen consumption and ATP
production that was restoreg hddition of insulin(Hall et al., 196D More recently, a 20min
exposure of skeletal muscle myotubes to 10 and 100 nM insulin increased respoatarly
ratio and coupling efficiency of oxidative phosphorylat{dlisr and Affourtit, 2013 The
effects of insulin are also apparémwvivo. Acute infusion binsulin in healthy humans resulted
in higher ATP production, increased mitochondrial proteins includingd¥IL and NADH
dehydrogenase subunit IV at mMRNA and protein levels, and elevated citrate synthase and COX
enzymatic activities as measured in biopoiéskeletal muscle cel(Stump et al., 2003
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Conversely, knockout of insulin receptor or f3%ignaling in mouse myocardial tissue

triggered maladaptive rpenses in mitochondria including reduced expression of genes and
proteins related to oxidative phosphorylat{@oudina et al., 20Q9D'Neill et al., 200y. We

have now extended these studies to adult sensory neurons by demonstrating that a physiologic
concentration of insulin raised the expression of mitochondrial electron transport chain proteins
and enhanakrespiratiorin vitro. Moreover, exogenous insulin had similar effects on sensory
neurons derived from diabetic rats and maintained under hyperglycemic conditions, although the
time course of OCR enhancement was delayed. This delay could perhapshefielittitory

effect of hyperglycemia, as we have previously shown that diabetes, via hyperglycemia mediated
nutrient excess, dowregulates expression of mitochondrial proteins and respiration

(Chowdhury et al., 20)1Insulin appears to circumvent the effects of hyperglycemia without

lowering glucose levelger se

It is well established that insulin triggers transcription and translation within cells via
both the PIK/Akt and MAPK/ERK pathway$Cheng et al., 20)0AMPK is a sensor of energy
status that augments mitochondrial function and adapta@éydie et al., 201p Insulin
signaling via Akt dowrregulates this activity in cardiac tiss{@@amble and Lopaschuk, 1997
in part, through phosphorylatononteT | oop of AMPKU a(Hawleet 485/ 4
al., 2014 Valentine et al., 20D4 Insulin interation with the AMPK pathway is multifaceted
(Towler and Hardie, 20Q°and adipocytes maintained under conditions of ongoing fatty acid
metabolism, insulin can acate AMPK over a period of 40 min via elevation in the AMP/ATP
ratio (Hebbachi and Saggerson, 20L& et al, 20104. In hippocampal neurons, compounds
that activate the insulin receptor also mobilize the AMBRT signaling axis with associated

enhancement of mitochondrial functi(@arhwal et al., 2025 Insulin can also boost
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intracellular C4" ion concentratioiContrerasFerrat et al., 2004vhich could trigge activation

of an upstream activator of AMPK, namely’Jaalmodulind e pendent protein kin
( Ca MK (Kéawley et al., 2003Hurley et al., 2005Woods et al., 2005 Thus, insulin signaling

and coordinated activation of AMPK could augment mitochondrial function in sensory neurons.

Insulin signaling 1a the Akt/IKK/NF[1B (Saleh et al., 2013IMauro et al., 2011Salminen and

Kaarniranta, 201)0and the PIX pathway (bypassing Akt involvemen{)O'Neill et al., 200y

could also regulate mitochondrial functionheTputative involvement of all these pathways

requires further study.

We have previously reported that by 22 weeks of type 1 diabetes, rat sensory neurons
showed impaired mitochondrial respiration, reduced mitochondrial Complexes | and IV
enzymatic actities and reductions in expression of selective mitochondrial respiratory chain
proteins compared with contraql€howdhury et al., 20)0Insulin therapy in audgroup of STZ
diabetic rats for the final 4 weeks improved mitochondrial respiration but also that corrected
hyperglycemia so that it was not feasible to determine whether the effect was due to insulin per
se or secondary to glycemic control. Our pre$edings show that protein expression of
subunits of mitochondrial Complexes Il, IV and V and activity of Complex IV were recovered in
insulinrimplanted diabetic animals without correcting the hyperglycemic state. This supports

actions of insulin that aneot mediated by glycemic control.

Down-regulation of specific mitochondrial OXPHOS proteins and Complex activities in
diabetic conditions has been demonstrated by other investigators. Skeletal muscle biopsies from
type 2 diabetic patients showed a sigraiht reduction in mRNA levels of multiple subunits of
Complexes I, 11, 1ll, IV and V protein@atti et al., 2008 Protein levels of OXPHOS subunits (I,

11, 11, and 1V) were significantly repressed in cardiac mitochondria of ns@ta mice
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(C57BL/6) compared to control mi¢Bugger et al., 2009In kidney cortex in mouse models of
type 1 and type 2 diabetes components of CompleRésvere suppressed as well as activity of
Complex IV(Dugan et al., 201,3as et al., 20)6Reduced expressiai NADH dehydrogenase
Fe S protein 3 (ComplexNDUFS3) and MTCO1 (Complex IV) together with the enzymatic
activities of NADHcytochrome c reductase (Complex I) and cytochrome c oxidase (Complex
IV) in STZ-diabetic rodent DRGs vs. control has been regbirt our previous studi€¢dkude et
al., 2011 Chowdhury et al., 201QRoy Chowdhury et al., 20)2In the current study we had
significant dowrregulation of Complex IV subunits and activity. It can be inferred from all
these studies that mitochondrial OXPHOS protein expression, especially within dvhpled

its activity, is depressed under diabetic conditions. Finally, to illustrate the complexity of
interactions in diabetes in the nervous system proteomic studies of distal sciatic nerve of type 1
diabetic rats reveal elevations in specific companehthe mitochondrial electron transport

chain(Freeman et al., 20)6

Studies with a variety of neurotrophic growth factors reveal that mitochondrialdonsti
under the control of an array of signal transduction pathways. For examatkilt sensory
neurons IL:1b, IL-17A and ciliary neurotrophic factor all enhance neurite outgrowth in hand
with augmentation of mitochondrial functigHabash et al., 2015aleh et al., 2013&aleh et
al., 2013h. These growtlfiactors utilize multiple signal transduction pathways, includekBF
and JAK/STAT, to directly stimulate mitochondrial function. NT3 most likely signals through
Akt to modulate mitochondrial polarization in sensory neurons from control od&hétic ras
(Huang et al., 2005 Insulin and IGFL share very similar transduction pathways, PI3K/Akt and
MAPK, which could lead to protein synthesis and transcriptidration, respectively. IGR

possibly by activating these two main transduction pathways promotes growth and impedes
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mitochondrial aberration and cell death mediated by caspase activatiorS®Hcell cultures
exposed to high glucose concentratfbainninger et al., 2004For the first time insulin can be
added to this group of neurotrophic proteins. Insulin has previously been demonstrated to
modulate ntochondrial membrane potenti{@uang et al., 20Q3Huang et al., 2005%and the

current study reveals that insuhas the potential to control mitochondrial function via up
regulation of mitochondrial electron transport system protein expression and Complex activity.
It is possible that insulin is optimizing responses to neurotrophic factors. For example, insulin
was shown to upegulate high affinity NGF binding in the human neuroblastom<SHY

neuronal cell lindRecicPinto et al., 1984 All experiments in th@resent were performed in the
absence of exogenous neurotrophic factors (no exogenous growth factors were added to the
culture) so this eventuality seems less likely. However, we cannot exclude the possibility that the
cultured neurons may be secretingim¢rophins such as BDNHonra et al., 1998Acheson et

al., 1995 whose function may be augmented by insulmenhanced p?%~ and/or trkB

interaction. Further studies will dissect the potential for direct vs indirect actions of insulin on

mitochondrial function.

Loss of background levels of systemic insulin and inslikie growth factors has long
been suspeed of contributing to the development of diabetic neurop@styi, 1995 and recent
studieshave reported that insulin can activate several signal transduction pathways to enhance
nerve repair in diabeté&rote et al., 2013tZochodne, 2016aThe present study supports this
concept and demonstrates that insulin modulates mitochondrial function and thus may contribute
to nerve repair. As all in vitro studies were performed with 10 nM insulin, weoafelent that
signal transduction via the insulin receptor accounts for the positive effects on mitochondrial

function. Interpretation of the in vivo data is not so straightforward. Given that insulin can cross

99



occupy IGF type 1 receptors at concentratiabhove 30 nMRecioPinto and Ishii, 1988t

cannot yet be discounted that some of the in vivo efficacy of insulin is a consequence of
stimulation of IGF receptor signaling. Ongoing studies are addressing this issue (manuscript in
preparation). Future work will attgpt to identify the signal transduction pathway activated by
IGF-1 to modulate mitochondrial function, for example Akt vs AMPK. It will be interesting to
see if this pathway is shared with K] cytokines or IGFL and a major goal will be to
characterize &y components of the mitochondrial respiratory chain, e.g. proteins such as
MTCO1 within Complex IV, and sites of regulation that may be commonly modulated by these

pathways.

100



Acknowledgements

This work was supported by grants MQB0282 and RPA 24953 fran the Canadian Institutes
of Health Research to P.F. and NIH award NS081082 to NAC. We are grateful to St Boniface

Hospital Research Foundation for support and to Alex Marquez for expert technical assistance.

Author contributions:

MRA performed the majaty of work including primary neuron cell culture, Western blotting,
reatTime PCR and immunocytochemistry. DRS and NAC maintained, treated, and performed
behavioral, electrophysiological and biochemical assays on groups of rats. MRA, SKR and MGS
performedSeahorse analysis of mitochondrial function and cell counting. MRA and SKR carried
out the mitochondrial enzymatic activities. MRA, NAC and DRS analyzed data. DRS and MRA
designed experiments. MRA contributed to write the first draft of paper. PF designed

experiments, analyzed data and wrote and edited the paper.

101



Supplementary Materials:

A Ctrl Db Db+ins
39 kDa - e - Complex IV-MTCO1
30 kDa L Complex II-SDHB
53 kDa (S SN SN SN S G—— e eewn GWED GEND emmm ammm  Complex V-ATP5a
44 kDa T-ERK
B Complex IV-MTCO1 Complex II-SDHB
« 207 . — i « 107 —
4 o
Wi 15 i 8.
= Esol
> =0\
< 10 x i
E Sao T
Q.
504 _~1T_ = e
E 2.0
Q2 0
Ctrl Db Db+ins Ctrl Db Db+ins
Complex V-ATP5a
157 *
e I —
o I
]
= 101
>
< P
o.5.07
£
(@]
($)
Ctrl Db Db+ins

Figure 2.9. Supplemental Figure.lnsulin treatment of DRG cultures from diabetic rats
elevates mitochondrial electron transport chain proteins above baseline controls levels.
DRG neurons derived from ageatched control (Ctrl) and STdiabetc rats (Db) were cultured

in the presence of 5mM and 25mM glucose, respectively. DRG neurons frordi&iedic were
treated with/without 10 nM insulin for 24h. Complex | and Il subunit proteins were not
detectable. Protein band intensity was normalize@-ERK. This figure illustrates that insulin
elevates the expression of subunits of Complexes Il, IV and V compared-tceatad diabetic

and the control group. There was no significant difference in protein levels for subunits of
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Complexes 1l (SDHB) ah IV (MT-CO1) in untreated diabetic vs. control group. This was
different than observed in vivodata where there were deficits in diabetic samples. This may be
due to an axotomy effect on primary adult DRG neurons under culture conditions. In response t
axonal loss the diabetic cultures may epevduce components of electron transport chain to
drive neurite outgrowth. Data are mean + SEM of N=4 replicates; *= p<0.05 or **= p<0.01,;

analyzedbyonway ANOVA wiptsthoclest.k ey 6 s
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Figure 2.10. Supplemental Figure. Correction of mitochondrial protein expression in DRG

of insulin-implanted diabetic animals (normalized to porin).DRG tissues from control (Ctrl),
diabetic (Db) and insulimplanted diabetic (Db+ins) rats were isolated snbjected to

Western blotting. Complex | and Il subunit proteins were not detectable. Western blot band
intensity of proteins was normalized to porin bands on the same blot. Data are mean £ SEM of

N=5-6 animals; *= p<0.05 or **= p<0.01 analyzedbyemay A NOVA wi fpdsthdcu k ey 6 s

test.
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Figure 2.11. Supplemental
Figure. RT-PCR dissociation
curves for control samples in
Figure 2.8A. DRG tissues from
control (Ctrl), diabetic (Db) and
insulinrimplanted diabetic (Db+ins
rats were derived and used for
RealTime PCR assay. Complex I
SDHB, Complex IVMMT-CO1 and
porin amplified PCRh r odu ct
di ssoci ated by
starting at 55
recorded. The dissociation curves
from just the control animals are
shown. The different colored
curves are each derived from one

sample.
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Figure 2.12. SupplementaFigure.
Complex activity absorbance curves
for Figure 2.8B. DRG tissues from
control (Ctrl), diabetic (Db) and insulin
implanted diabetic (Db+ins) rats were
isolated ad used for cytochrome ¢
oxidaseenzymatic activity assay. The
rate of cytochrome c oxitian in 10 pg
DRG homogenates was measured by
absorbance decrease at 550 nm for 2

min.
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Transition Statement One

Aims 1 and 2 of the part (thapter 2)pf this thesis were to determine the effect of insulin as a
therapy on mitochondrial function and nerve degeneration in sensory neudigisatesFirstly,

we showed that insulin signaling exists in sensory neurons of the adult rat by detection of Akt
and P70S6K activation. Consistent with previous studies, insulin enhanced neurite outgrowth in
cultured DRG neurons from rats. We also destiated that a physiologically relevant
concentration (10 nM) of insulin raised the expression of mitochondrial electron transport system
proteins and enhanced respiration in DRG tissue from both control and diabetic rats. Insulin
implants in STZdiabeticrats improved thermal hypoalgesia and IENF profile. Insulin therapy in
a subgroup of ST-diabetic rats also recovered the protein expression of subunits of
mitochondrial Complexes Il, IV and V and activity of Complex IV. This part of the study
supports ths concept and demonstrates that insulin modulates mitochondrial function and thus
may contribute to nerve repair. However, the mechanism through which insulin implements its
role as a neuroprotective and neurotrophic factor was not determined. For ploisepuve

studied its analog, IGE, to investigate the mechanism through whmgtochondrial function

and nerve repair are regulated by these neurotrophic factors. Sensory neurons respofd to IGF
via IGF-1 receptors they express. IGHs more potent thansulin and can be a therapeutic

option in type 1 and 2 diabetes where there is insulin resistaribeeé aims of part Zhapter

3) of this thesisIGF1 effect on AMPK activity, mitochondrial function and nerve structure and

function is investigateth cultured sensory neurons and in animal model of diabetic neuropathy.

107



Chapter 3: Insulin-like growth factor-1 activates AMPK to augment
mitochondrial function and correct neuronal metabolism in sensory neurons

in type 1 diabetes

Mohamad-Reza Aghanoort' 2 Darrell R. Smith*, Shiva Shariatilevari®, Andrew Ajisebutu’, Annee

Nguyert, Fiona Desmond, Carlos H.A. Jesud, Xiajun Zhou?, Nigel A. Calcutt, Michel Aliani*>°

and Paul Fernyhoughtt?

! Division of Neurodegenerative Disorders, St Boniface Halsplbrechtsen Research Centre, Winnipeg,
MB, Canada

2 Department of Pharmacology and Therapeutics, University of Manitoba, Winnipeg, MB, Canada
% Department of Pathology, University of California San Diego, La Jolla, CA, USA

* Department of Human Nutiitnal Sciences, University of Manitoba, Winnipeg, MB, Canada

® Canadian Centre for AgiFood Research in Health and Medicine, St. Boniface Hospital Albrechtsen
Research Centre, Winnipeg, Canada

® Department of Physiology and Pathophysiology, UniversiMariitoba, Winnipeg, Canada

Corresponding authorPaul Fernyhough, R4046351 Taché Ave, St Boniface Hospital
Albrechtsen Researc@entre, Winnipeg, Manitoba, R2H 2A6, Canada. Telephone: (204) 235
3692; Email: pfernyhough@sbrc.ca

Published: Molecular Metabolism, 2019 Febv/olume 20: Pages 149 65.

108


mailto:pfernyhough@sbrc.ca

Abstract

Objective: Diabetic sensorimotor polyneuropathy (DSPN) affects approximately half of diabetic
patients leading to significant morbidity. Therengiaired neurotrophic growth factor signaling,
AMP-activated protein kinase (AMPK) activity and mitochondrial function in dorsal root ganglia
(DRG) of animal models of type 1 and type 2 diabetes. We hypothesized tieadtsubl

insulin-like growth factor (IGF-1) signaling in diabetes drives loss of AMPK activity and

mitochondrial function, both contributing to development of DSMBthods: Age-matched
controlSpragueDawleyrats and streptozotocin (STF#)duced type 1 diabetic rats with/without

IGF-1 theapy were used fdn vivo studies. Fom vitro studies, DRG neurons from control and
STZ-diabetic rats were cultured and treated with/without-IGR the presence or absence of

inhibitors or siRNAsResults: Dysregulation of MRNAs for IGE, AMPKU2, ATP5a1l (
of ATPase)andPGEC b occurred i n DRG of -ldpregidagedt mMRNAvV s . cC
levels of these genes in cultured DRGs from control or diabetic ratsl l&atment of DRG

cultures sigificantly (P<0.05) increased phosphorylationAét, P70S6K, AMPK andcetyt

CoA carboxylase (ACCMitochondrial gene expression and oxygen consumption rate (spare
respiratory capacity), ATP production, mtDNA/nDNA ratio and neurite outgrowth were

augmere¢ d ( P<0.05). AMPK i nhi bispegific SiRNAGupmessech d C, o0
IGF-1 elevation of mitochondrial function, mtDNA and neurite outgrowth. Diabetic rats treated

with IGF-1 exhibited reversal of thermal hypoalgesia and in a separate study reherdeéicit

in corneal nerve profiles. In diabetic rats, Kbelevated the levels of AMPK and P70S6K
phosphorylation, raised Complex-MTCO1 and Complex \MATP5a protein expression, and

restored the enzyme activities of Complex IV and | in the DRG:1@Fevented TCA

metabolite buileup in nerveConclusions:In DRG neuron cultures IGE signals via AMPK to
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elevate mitochondrial function and drive axonal outgrowth. We propose that this signaling axis

mediates IGFL-dependent protection from distal dyibgck of fibers in diabetic neuropathy.

Key words: IGF-1; AMPK; axon regeneration; diabetic neuropathy; oxygen consumption rate
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Introduction

Diabetic sensorimotor polyneuropatfiySPN) frequently presents with a stocking and glove
distribution that is prposed to reflect the dying back of the longest peripheral nerve fibers.
Incidencecan range from 10% to 90% in diabetic patients, depending on the criteria and methods
used to define neuropatliyinik et al., 2016. In humans and animal models of type 1 and type 2
diabetes, the level of available insulike growth factorl (IGF1) in serum is substantially
decreased, primarily a neequence of suppressed expression in the(lArerang et al., 1997

Palta et al., 2014shii et al., 1994Ekstrom et al., 1989 Thus, impaired neurotrophic support by
insulin signaling and insuliike growth factors (IGFL and IGF2) have been proposé¢al

contribute to neurodegeneration in diabétslii, 1995 Rauskolb et al., 201 Zochodne,

20168. In addition to a critical role for IGE during nervous system development and early
postnatal growtliZackenfels et al., 19951GF1 promotes neurite outgrowth in sensory
(Fernyhough et al., 199RecicPinto et al., 1986 motor(Caroni et al., 1994and sympathetic
(Zackenfels et al., 199%RecicPinto et al., 198pneurons. Further, Schwann cells also require
IGF-1 and IGF type 1 receptor signaling for survival, motility, cell proliferation and phenotypic
remaleling and myelinatio(Syroid et al., 1999Chattopadhyay and Shubayev, 20R8ssell et

al., 200Q Cheng et al., 2000

Following peripheral nerve injury, the local or systemic delivery of-IGfproves the
rate of sciatic nerve regeneration in aggched control or streptozotocin (STidjluced type 1
diabetic ratgIshii and Lupien, 199%kstrom et al.1989 Sjoberg and Kanje, 1989
Hyperalgesia was also prevented/reversed in-B@ldced diabetic rats treated with IGF
(Zhuang et al., 1996Lumbar intrathecal injection of IGE reversed indices of neuropathy
including the deficiin intraepidermal nerve fiber (IENF) density, sural nerve axonal
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degeneration, and reduced sensory and motor nerve conduction velocitiesimd&detl type 1
diabetic ratgToth et al., 2006Brussee et al., 2004Adenovirusmediated IGFL expression via

an intrathecal route or through the liver improved nerve regeneration, myelination, and motor
and sensoryerve conduction velocities in mouse models of diabetic neurogidts et al.,

2014 Chu et al., 2008 Finally, IGF binding protein 5, an endogenous inhibitor of {G&ction,

is upregulated in sural nerve biopsies from persons with diabetic neuropathy, and-its over
expression in transgenic mice induced motor and sensory neurdfation et al., 2015 Thus,
there is extensive evidence of the therapeutic potential ofli@GFanimal models of diabetes.
However, less is known about the cellular mechanisms by which IGkopes neuroprotection

in diabetes.

IGF type 1 receptor mobilizes two widely known pathways, the Akt/phosphoine8itide
kinase (P43K) and the mitogesactivated protein (MAP) kinase pathways, mediated by insulin
receptor substrate (IRS) 1 and IRS 2 phosghation following ligand bindindLe Roith and
Zick, 2007, Cheng et al., 20)0The Akt/P+3K pathway activies the mammalian target of
rapamycin (MTOR) pathway which directs protein synthesis and cell growth via downstream
effectors, P70S6K and 4nding protein 1(4EBP1)(Cheng et al., 20)0The MAPK pathway
incorporates activation of extracellular signagulated kinase (ERK)/2 and target
transcription factors such as Elkio regulag¢ cell survivalLe Roith and Zick, 2001 IGF1 also
activates AMPactivated protein kinase (AMPK) during osteoblast differentiafioret al.,

2016. The AMPKU subunit is phospho-iipanataeadelaagedasia ct i v
mutated (ATM}dependent manner in a human pancreatic cancer ce(Bureiki et al., 2009a
Alternatively, IGF1 suppressed AMPK activity in vascular smooth muscle cells mediated

through Aktl which phosphorylated an inhibitory site on AMPK at SMBBg et al., 2011

112



Any or all of these pathways could be pertinent to the neuroprotective actions-bfd@fnst

diabetic neuropathy.

It may be particularly pertinent that IGIFactivates AMPK as theMPK/peroxisome
proliferatora c t i v at e d -actieatoreltp t 6 A MPB K1E Br@@y sensing pathway
augments mitochondrial function in a range of cell tyj@mnto and Auwerx, ZID). A well-
characterized upstream activator of AMPK i€ @@lmodulindependent protein kinase kindse
(CaMKK b) (Green et al., 2001 A small range of studies have demonstrated thatl@&n
regulate cellular metabolism and bioenergetics in neurons and assracyl protect against
Hunt i ngt o(hogan etcli, 20€3dam et al., 2016Gazit et al., 201,&Ribeiro et al.,

2014. In human tissues derived from persons with diabetes there isreégwiation of the
AMPK/PGG-1 Upathway(Mootha et al., 200FPatti et al., 2008 In animal models of DSPN,

the levels of expression aadtivity of AMPK and PGElUare also significantly depressed in

the dorsal root ganglia (DRQ)nder hyperglycemic conditions it has been proposed that
nutrient stress triggers this dowegulation of AMPK(Fernyhough, 201)5However, the
mechanistic interactions between K&EFAMPK and mitocbndrial function are poorly defined
and the contribution of impaired IGFsignaling and associated pathways to the pathogenesis of
DSPN remain to be characteriz&de therefore investigated whether exogenous 1&6uld
optimize AMPK activity and mitochatrial function to promote axonal repair in DRG neurons in
type 1 diabetes. We used Sirdluced type 1 diabetic rats/mice which represent the most
commonly utilized animal models to study diabetic neuropathy and exhibit many clinically

relevant features.
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Materials and methods

Induction of type 1 diabetes

As mentioned in chapter 1, we used type 1 diabetic rats because of low cost of maintenance and
ease of use while reflecting most of neuropathy indices seen in human. To be consistent
throughout our stud we focused on one gender (male) in the present dilalg. Sprague

Dawley rats obtained thouse were maintained 2 per cage on-&mps bedding (P.J.

Murphey, Montville, NJ, USA) in &anadian Council of Animal Car€CAC)-accredited

vivarium under d2hr light:dark cycle with free access to diet (5001, LabDiet with fat content of
not less than 4.5%, MO, USA) and municipal water. Rats were obtained from our facility at a
weight of 201225g. A randomly selected cohort of rats (BZ%g) were made diabetnon

fasting blood glucose > 19 mmol/l) by a single 90mg/kg i.p. injection of STZ (Sigma, St. Louis,
MO, USA). A randomly selected cohort (N=12) afrtbnth diabetic rats received thrice weekly
subcutaneous injections of 20 pg K&kKrecombinant humanr&protech Inc., Rocky Hill, NJ,

USA) per rat (at home cage) betweehIRAM as previously describdtiupien et al., 2008for

three months. Fasting blood glucasmcentration was monitored halfy through the injection
period and at study end using an AlphaTRAK glucometbb(t Laboratories, lllinois, USApP
ensure that IGR injection did not affect hyperglycemia. At the end of 24 weeks, blood glucose,
glycaed hemoglobin (HbAlc MuHiest system, HealthCheck Systems, Brooklyn, NY, USA)

and body weight were recorded before tissue collection (Table 1). No rats died during the study
period and at study end all SFiZjected rats remained hyperglycemic (ffasting blood glucose

> 19 mmol/l). Animal procedures were approved by the University of Manitoba Animal Care

Committee and followe@CAC rules
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Hind paw thermal sensitivity test in adult rats

Hind paw thermal response latencies were measured using a Hargnepaegus (UARD, La

Jolla, CA, USA) as previously describghblivalt et al., 2015 Briefly, between BPM rats

were placed in plexiglass cubicles on top of the thermal testing system. Theureatvgas

placed below the middle of one of the hind paws and latencies of the paw withdrawal to the heat
source were automatically measured. Response latency of each paw was measured three times at

5 min intervals and the mean values were determined.
Intraepidermal nerve fiber density in hind paw footpads

The plantar dermis and epidermis of the hind paw were removed and placed in 4%
paraformaldehyde. Tissue was coded, processed to paraffin blocks, cut as 6um sections,
immunostained using an antibody toP@.5 (1:1000, Biogenesis Ltd. Poole, UK) and the
number of immunoreactive intgpidermal nerve fibers (IENF) and sapidermal nerve profiles

(SNP) per unit length quantified under light microsc{ylivalt et al., 2016
Corneal nerve density

Adult (20-30g) female Swiss Webster mice (Envigo, CA, USA) were maintairede® cage on
TEK-Fresh bedding (7099, Envigo) in an AALAd&Ecredited vivarium under a 12hr light:dark
cycle with free access thiet (5001, LabDiet, MO, USA) and municipal water. A randomly
selected cohort of mice was made diabetic {fasting blood glucose >15 mmol/l) by injection

of STZ (75 mg/kg i.p. on 2 consecutive days) following overnight fast. This cohort was
maintained utreated for 8 weeks, along with the remaining-age sexmatched control mice.
After 8 weeks of diabetes, the cohort was divided into 2 groups of mice, one of which (N=10)

received daily delivery of IGR to one eye by eyarop (50ul of 25ng/ml solutiom 0.9%
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saline) while the other diabetic group (N=9) and the control group (N=9) received saline vehicle
alone. Treatment was given betweeh(&m each day to manually restrained unanaesthetized
animals in their home cage and continued for 4 weeks. Ne dred during the study period and

at study end all STzhjected mice remained hyperglycemic (Aasting blood glucose >15

mmol/l). Corneal nerves of the sblasal nerve plexus were imaged in isofluoranesthetized

mice at 3 time points: before onsétdmabetes, at week 8 of diabetes, and after 4 weeks of
treatment using a Heidelberg Retina Tomograph 3 with Rostock Cornea Module (Heidelberg
Engineering, Heidelberg, Germany). Images were collected from randomly selected animals by
an investigator unawa of the treatment groups and the image stack from each animal was
coded. Nerve occupancy of 5 consecutive i mage
superficial corneal epithelium and the stroma was calculated using an 8 x 8 grid superimposed
on randomized and coded imadgé&hen et al., 20)3as described in detail elsewhélelivalt et

al., 2016. These studies were carried out using protocols approved by the Institutional Animal

Care and Use Committee of the University of California, San Diego.

Adult DRG sensory neuron culture

DRGs were isolated from adult male Spra@asvley (3063509) rats andidsociated using

previously described metho{Salcutt et al., 201)7 Neurons were cultured in fgdJucose Hams

F12 media supplemented with Bottensteinds N2
progesterone, 100 uM putrescjrd® nM sodium selenite 0.1 mg/ml BSA, all additives were

from Sigma, St Louis, MO, USA; culture medium was from Caisson labs, USA). DRG neurons
from control rats were cultured in the presence of 5 miglugose and DRG neurons derived

from STZinduced diabtic rats with 25 mM Bglucose. No neurotrophins or insulin was added

to any DRG cultures. The following pharmacological inhibitors were used: Compound C, a
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selective and reversible AMPK inhibitor (Abcam, Cambridge, MA, USA),-BB06, a highly
selective pa-Akt inhibitor (Santa Cruz Biotechnology, Texas, USA), U0126, a selective non
competitive inhibitor of MAP kinase kinase (Abcam, Cambridge, MA, USA),SI@-609, a

sel ecti ve Ca(Bedtd GruziBiotachriologly, dexas, USA).
AMPK isoform -specific knockdown

DRG neurons were dissociated and subjected to AMPK isedpenific knockdown according

to the instruction manual of the Amaxa® Rat Neuron Nucleofector Kit (LonzeBasel,

Switzerland. Briefly, the neuron pelletvea r esuspended at room temper
Nucl eofectorE solution with 200 nM si RNA spec
CGAGUUGACUGGACAUAAATT-3 6 (si RNA 1 D: 194424, Ther mo Sc
USA) , or AQGRPUBGACAAUGGEISAGCUAUTT3 6 (si RNA | Bmos 13496 2,
Scientific, Pittsburgh, PA, USA), or a scrambled siRNDai(#:4390843 Thermo Scientific,

Pittsburgh, PA, USA) as a negative control. The suspension was transferred into a certified

cuvette and Nucleofector® program(D3 on Amaxa Nucleofector machifieonza Inc. Basel,

Switzerland was used to electroporate/transfect the cells with the corresponding siRNA.

Neurons were then plated for further experimentation.
Luciferase-based ATP assay in DRG culture

To measure ATP prodtion by DRG neurons, Luminescent ATP detection assay kit (ab113849:
Abcam, Cambridge, MA, USA) was used. In brief, cultured DRG neurons and an ATP standard
dilution series were treated with detergent supplied in the kit and shaken for 5min. A solution
coniining D-Luciferin and firefly luciferase were added to the reaction mix and shaken on a

plate stirrer for 5min. After 10min adaptation to the dark, luminescence from luciferase activity
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was measured and recorded using the Glemalti detection system (Bmega, Wisconsin,
USA). A standard curve was plotted and luminescent units from each sample were interpolated

in order to calculate the absolute ATP concentration per mg of total protein lysate.
Quantitative Western blotting

Rat DRG neurons were harvesteain culture or isolated intact from adult rats and then

homogenized in iceold RIPA buffer containing: 25mM Tris pH=8, 150 mM NaCl, 0.1% SDS,

0.5% sodium deoxycholate, 1% TritonIX0 and protease phosphatase inhibitorstetrs (220

€eg total protein/lane) were resolved and sepa
polyacrylamide gel electrophoresis (SPBGE). The proteins were subsequently transferred to

a nitrocellulose membrane (B®ad, CA, USA) using TrarBlot TurboTransfer System (Bio

Rad, CA, USA) and immunoblotted with specific antibodies against pP70S6K T389 (1:1000,

Cell Signaling Technology, Massachussetts, USA), pAkt S473 (1:1000, Santa Cruz

Biotechnology, Texas, USA), total Akt (1:1000, Abcam, Cambridge, M®4), pAMPK T172

(1:1000, Cell Signaling Technology, Massachussetts, USA), total AMPK (1:800, Santa Cruz
Biotechnology, Texas, USA), total OXPHOS (1:2000, MitoSciences, Abcam, Cambridge, MA,
USA),PGG1U (1: 1000, Abcam), pACGch8olo§y, (1: 1000, Ce
Massachussetts, USA) and total ERK (1:1000, Santa Cruz Biotechnology, Texas, USA). Of note,
total protein bands were captured by chemiluminescent imaging of the blot after gel activation
(TGXStainFr eeE Fast Cast Ac r-Ral, @niSd)en additibnuotthie ase sf, Bi o
T-ERK levels for target protein normalization (to adjust for loading). The secondary antibodies

were HRPconjugated goat antabbit IgG (H+L) or goat artinouse 1gG (H+L) from Jackson
ImmunoResearch Laboratories, PA, USAe blots were incubated in ECL Advance (GE

Healthcare) and imaged using a #tad ChemiDoc image analyzer (Biad, CA, USA).
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Realtime PCR array

RNA was extracted from cultured neurons or previously frozen tissue samples using TRIzol®
Reagent (Invitrogn, California, USA). Complementary DNA (cDNA) was synthesized from

RNA samples by using the iScri pRad, CADSM Cl ear
according to the manufacturer's instructions. Quantitativetirmal PCR (QRTPCR) was
performedusingi@ SYBRE Gr e en -Rad,CA, USN) or Bright Green Master

mix (Abmgood Co., Richmond, Canada) compatible with the iQ5 Cycler machind@ipCA,

USA). The o@opCt met hod was used to quantify ge

and B2m were usedr normalization.
Mitochondrial DNA/Nuclear DNA (mtDNA/nDNA) ratio

Total DNA was extracted from DRGs by using a modified salingDNA extraction method

and subjectedtoQRPCR using i QE SYBRE-R&} @eWSASToper mi x (
calculate mtDNA/nDNAratio, we designed primers specific teld@p regions on rat

mitochondrial DNA, and to ApoB and B2m genes on the rat nuclear DNA. PCR product size and
specificity were validated using melt curve and 4% agarose gel (Figure 3.10A and

B.Supplemental Figure).
Mitochondrial respiration in cultured neurons

An XF24 analyzer (Seahorse Biosciences, Billerica, MA, USA) was used to measure the basal
level of mitochondrial oxygen consumption rate (OCR), the maximal respiration, the spare
respiratory capacity and theupling efficiency. In short, DRG culture medium was changed 1h
before the assay to unbuffered DMEM (Dulbecco's modified Eagle's medium, pH 7.4)

supplemented with 1 mM sodium pyruvate, and 5 miglizose. For diabetic rat DRG cultures,
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25 mM D-glucose wasised. Four mitochondrial complex inhibitors including oligomycin (1

puM), FCCP (1 uM) and rotenone (1 pM) + antimycin A (1 uM) were injected sequentially

through ports in the Seahorse Flux Pak cartridges. Oligomycin acts as an irreversible ATP
synthase infitor, FCCP as an uncoupler, rotenone as Complex | inhibitor, and antimycin A as

an inhibitor of Complex Il of the mitochondrial electron transport system. After OCR
measurement, cells were subjected to protein assay (DC protein assay, BioRad, USA) for
normalization purpose and, in some cases, Western blotting. OCR measures from each well were

normalized to total protein levels and are presented as pmoles/min/mg protein.

Neurite outgrowth in DRG cultures

DRG neurons were cultured on glass coverslipsnTtiey were fixed with 4%

paraformaldehyde in PBS (pH 7.4) for 15 min at room temperature then permeabilized with
0.3% Triton %100 in PBS for 5 min. Neurons were incubated with 5% BSA in PBS for 1 h and
with neuronspecifich-tubulin Il antibody (1:1000; from Sigma, St Louis, MO, USA) overnight.
Following three washes with PBS, cells were incubated withdypugated secondary antibody
(1:1000, Jackson ImmunoResearch Laboratories Inc., PA, USA) for 1 h at room temperature.
Coverslips were mounted on slides using VECTASHIELD antifade mounting medium with

DAPI (Vectorlabs, inc. CA, USA) and imaged using a Carl Zeiss Axios2agaight

fluorescence microscope equipped with AxioVision3 software. The fluorescent signal was
collected as total pixel area for neurites and was measured by the high throughput NeurphologyJ
plugin in ImageJ software after image enhancement. Total pixel area was normalized to humber

of cell bodies to calculate total neurite outgrowth per neuron.
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Mitochondrial isolation and enzymatic activity of respiratory Complexes | and IV in DRG

DRG tissues were homogenized in mitochondrial isolation buffer (MIB) consisting of 70 mM
sucrose, 210 mM mannitol, 5.0 mM HEPES PH 7.2, 1.0 mM EGTA, and 0.5 % (w/v) fatty acid
free BSA using a Dounce homogenizer. Supernatant from a double centrifugation of the tissue at
800 g for 15 min was centrifuged twice at 8000 g for 10 min and the pellet subjected to
enzymatic activity assays. Enzymatic activity of cytochr@rogidase (asubunit of Complex IV

of the mitochondrial electron transport system) was measured by a temperature controlled
Ultrospec 2100 UYWvisible spectrophotometer equipped with Biochrom Swift Il software
(Biopharmacia Biotech). Briefly, 0.02% lauryl maltoside waged with 10 ug purified
mitochondria and incubated for 1 min before addition of 40 uM reduced cytocleranie50

mM KPi to the mixture. The resulting absorbance decrease of reduced cytoctabf& nm

was monitored for 2 mi{Roy Chowdhury et al., 20)2Enzymatic activity of mitochondrial
Complex | was measured according to the instruction manual of the kit (Cat #1K068
BioVision, California, USA. Data was collected at 5 min by reading the absorbance of the
mixture (10 pg mitochondria, Complex | assay buffer, Decylubiquinone and Complex | dye) at
600 nm using a Ultrospec 2100 biNsible spectrophotometer and the kinetic reduction of

Complex | dyewas calculated as Complex | activity.

Metabolomic analysis of nerve

The tibial nerve tissue from rats was utilized for biochemical analyses. The nei3@ 1(1§)

was homogenized with 500l ultrapure water (MliH20, EMDMillipore, Billerica, USA)

using a bead homogenizer (Omni Bead Ruptor 24, OMNI, USA). The same volume of methanol
(500ul) was added to the homogenized tissue, and the mixture was vortexed, sonicated and

centrifuged at 10500 g for 5 min. The supernatant was dried under a gentle flitnoggm and
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reconstituted in 100ul deionized water:methanol (1:1) containing 150 ng of each of the following
internal standards:-Iryptophand5, L-Valine-d8, L-Alanine-d4, L-Leucined10, Citric Acidd4

and DFructose (all from Sigma, USA). Metabolomicgadysis was performed on a 1290 Infinity
Agilent high performance liquid chromatography (HPLC) system coupled to a 6538 UHD
Accurate Quadrupole timef-flight liquid chromatography/mass spectrometry TQF LC/MS)

from Agilent Technologies (Santa Clara, G4SA) equipped with a dual electrospray ionization
source as described elsewh@tanson et al., 2038A Zorbax SBAq 4.6x100mm, 1.8U, 600

bar column (Agilent Technologies) was used to separate metabolites while tim& colu
temperature was maintained at 55AC. Il n brief,
column by maintaining the HPLC flow rate at 0.6 ml/min. The mass detection was operated

using dual electrospray with reference ions of m/z 121.050873 an@09288 for positive

mode, and m/z 119.03632 and 980.016375 for negative mode. Targeted MS/MS mode was used
to identify potential biomarkers using Agilent MassHunter Qualitative (MHQ, B.07) and Mass
Profiler Professional (MPP, 12.6.1). The Molecular FeaExtraction (MFE) parameters were

set to allow the extraction of detected features satisfying absolute abundances of more than 4000
counts. The data were normalized using a percentile shift algorithm set to 75 and were adjusted

to the baseline values d¢fé median of all samples.
Statistical analysis

Data were analyzed usingtwoa i | e d -Bstuodamavt § s ANOVA f ol l owed by
or Dunnettds post hoc tests, as appropriate a
Software). A P value < 0.05 wasnsidered to be significant. The HeatMap was made using

GraphPad (GraphPad Prism 7, GraphPad Softwlne) metabolomics data were analyzed using
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One Way ANOVA (P< 0.05) followed bBenjaminitHochberg multiple testing corrections

(Mass Professional Prodit 12.6.1 and XLSTAT).

Results

IGF-1 enhances mitochondrial respiration and ATP production in cultured DRG neurons

from control and diabetic rats

DRG neurons derived from control rats were cultured and treated withh (&6 nM) for 224 h.

This concentron of IGR1 does not crossccupy the insulin receptor in neurdif®ecioPinto

and Ishii, 1988 Mitochondrial oxygen consumption rate (OCR) was enhanced at 24h but not at
2h or 6h (Figure 3.1A). Bioenergetic parameters of maximal respiration and spare respiratory
capacity were significantly (P<0.05 and P<0.01, respectively) increased 24h afteér IGF
treatment (Figure 3.1B). Nevertheless, IGHid not affect corrected oligomyeinsensitive
mitochondrial respiration (proton leak) (Figure 3.11. Supplemental FigGie)l treatment of

DRG neurons derived from ageatched diabetic rats showedtggulation of mitochondrial
maximal respiration at 2h and 24h treatment. Spare respiratory capacity was elevated-at least 3
fold, although not reaching statistical significanaed respiratory control ratio was significantly
increased at 2h and 24h of I@Rreatment (Figure 3.1C). To confirm that the mitochondrial

OCR was reflected by similar alterations in cellular ATP production, DRG neurons from control
rats were treated i various doses of IGE for 24h and ATP production was measured in live
cells. At doses of 1, 10 and 100nM, but not 0.1nM,-IG&Rugmented ATP production (P<0.05)

(Figure 3.1D).
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Genes linked to mitochondrial function were dysregulated in DRGs from comol vs.

diabetic rats andin vitro were up-regulated after IGF-1 treatment

The mRNA levels of a number of genes downstream of1Gkgnaling that are linked to

mi tochondrial function, including Akt2, Akt 3,

IGF-1 ard Kif5B, were dowrregulated in DRG of diabetic rats when compared to control rats

(P<0.05) (Figure 3.1F). Some mRNAs including those for Sic2al (Glutl), Pda(B&aGCG1 b )

and DNAI1 were upegulated in DRGs of diabetic rats (Figure 3.1F).-lGEOnM) teatment

of cultured DRGs from control rats for6h-upe gu |l at ed Akt 1, Akt2, Akt 3,
IGF-1R, GSK3b, Betactin, RPS6Kb1 (P70S6K), CPT1a, Glutl, PFKp, P53, Ppargcla-(PGC

10) ,-1BGCSrebplc, MFN1, Nrf1l and VDAé&tkd mRNA | e
DRG neurons (P<0.05) (Figure 3.1E). DRGs derived from diabetic rats and treaitea with

IGF-1 showed a significant (P<0.05)-vggulation in mRNA levels of Aktl, Akt2, Akt3,

AMPKU1, AMPKU?2 -actiG RRSSKb]l (PB86aKR Glutl, PFKp,3Ppargcla

(PGG1 U) ,-1BGCUQCRC2, MTCO1, ATP5al, MFN1, Opal,

vs. untreated cultured DRG neurons (Figure 3.1G).
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Figure 3.1. Mitochondrial function-related genes are dysregulated in DRG neurons from
diabetic rats, andexogenous IGF1 modulates them and upregulates mitochondrial
respiration and ATP production in cultured adult sensory neurons DRG neurons derived

from (A, B, D) adult control or (C) diabetic rats were treated with/without1Gér 2-24 h. In
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(A, B, C) the culture plate was then inserted into the Seahorse XF24 Analyzer and oligomycin,
FCCP and rotenone+AA (antimycin A) added sequentially. In (D) ATP concentration was
calculated from proportional luminescent reads by GloMaa®@ti Detection System. Data wer
normalized to protein concentration units per well prior to statistical analysistiRedPCR

array derived mRNA levels for (F) DRG tissues or (E and G) cultured DRG neurons treated with
IGF-1 for 6h, from control (ctrl) and diabetic (Db) rats. All mRI\evels were calculated

relative toGAPDHor B2ZmmRNA levels using delta dela Ct method. Data are mean = SEM of
N=3-5 replicates; *= p<0.05 or **= p<0.01 or ***= p<0.001 or ***= p<0.0001; analyzed by

unpai r ed -téSttonodeway ANOYA with Dunnet @asthoctest.
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IGF-1 augments AMPK, Akt, ACC phosphorylation and respiratory protein expression in

cultured neurons from control rats

DRG neurons from age matched control rats treated with 10 nML.I1&#hibited elevated
phosphorylation oAkt (at S473) within 15min (Figure 3.2A and B) and at 2h this was
associated with enhanced phosphorylation of pP70S6K (a downstream substrai&tjor P
(Figure 3.12D.Supplemental Figure). IGFelevated phosphorylation of AMPK at T172 and also
its phosphoylation target acetyCo-A carboxylase (FACC) at 2h and 6h (Figure 3.2A and B).
These effects were dose dependent; with 10 nM1@kving the highestfAMPK and RACC

levels, whereas 100 nM induced the highest activation of Akt (Figure 3.12A and B.
Suppgemental Figure). Treatment for up to 24h with 10nM 1GE&p-regulated the total protein
levels for AMPK and Akt (Figure 3.12C. Supplemental Figure). The stimulatory effect ef IGF
on total protein expression levels for AMPK and Akt at 6h and 24h wasdken we

normalized all data to total protein levels. Mitochondrial OXPHOS proteins, components of the
electron transport system (ETS), including Complex componerdTEO1 and VATP5a

were significantly elevated after 6h to 24h of Kefreatment (Figw 3.2C and D). IGH also
elevated these same Complex proteins and CompB®RHB in DRG neuron cultures derived
from STZinduced type 1 diabetic rats (Supplementary Figure 3.4A and B). Overall, the impact
of IGF-1 on the level of expression of these megpry chain proteins was greater in the diabetic

cultures compared with control ageatched cultures.
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Figure 3.2. IGF1 treatment increases Akt and AMPK phosphorylation, and the expression

of electron transport chain proteins. DRG neuronslerived from adult control rats were

treated with/without 10 nM IGR for (A, B) 15min6h or (C, D) 224 h and lysates subjected to
Western blotting. Specific proteins from each respiratory Complex were quantified and

expressed relative to total protePomplexesINDUFB8 and 11HUQCRC2 subunit proteins

were not detectable. Data are mean + SEM of-M=+8plicates; *= p<0.05 or **= p<0.01 or

***= p<0.001 or ***= p<0.0001 vs ctribyonavay ANOVA wi posthobtashnet t 6 s
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AMPK inhibitor, AMPK U1 knockdown or Akt inhibitor suppress the IGF-1 induced up

regulation of mitochondrial function in DRG neurons from control rats

The stimulatory effect of IGRE on AMPK activity and respiratory chain protein expression
provided a good rationale to study putativieetls on mitochondrial function. To identify the
signaling pathway utilized by IGE to modulate mitochondrial function DRG neurons from
control rats were cultured and pretreated with 1 uM compound C (AMPK inhildi&r)2206

(Akt inhibitor) or STG609 CavMK K b i n)R2h pbidr tb &0rnM IGFL treatment for 24h.
Seahorse XF24 assay for oxygen consumption rate (OCR) revealed tihul@Egulated
mitochondrial function with respect to augmented maximal respiration and spare respiratory
capacity (Figure 3A and B). This effect was completely suppressed by the AMPK inhibitor and
partially suppressed by the Akt inhi b60or (Fi
also prevented induction of mitochondrial function by 1GBut this effect did not reach

statistical significance (Figure 3.3A and B). To specifically knockdown isoforms of AMPK,
DRG neurons were also transfected with siRNAs specific to AMPKr AMPK (2 (and in
combination) for 24h prior to IGE treatment and then for another 24h. AMPK ¢4aown
efficiencies were 780% for the specific isoform mRNAs and 73% for the total AMPK protein
when both siRNAs were combined (Figure 3.1€ASupplemental Figuje 2D gel

electrophoresis revealed that the isoforms of ANIPKmw 63.97 kDa) and AMPKR (mw

62.26 kDa) could be visualized (Figure 3.18dpplemental Figuje Supplementary Figure 5D

and E shows that sSiRNA knockdown for each isoform was relatively specific. SIRNA to
AMPKUL caused a 77% knockdown and only reduced AMPEy 16% (Figure 3.14F.
Supplemental FigujeFor siRNA to AMPKR, the values were 61% for its own isoform and

16% for the AMPKIL. SDSPAGE revealed effective knockdown of phosphorylated AMPK and
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its target PACC with the combined siRNAs in the presence/absence oflIF 24h(Figure
3.15A.Supplemental FigujeUnder the same experimental conditions siRNA to AMRK
blocked phosphorylated AMPK. However, its targeA®C was not significantly affected
(Figure 3.15BSupplemental FigujeWith the same experimental paradigm O@Rasurements
showed suppression of IGEFdriven upregulation of maximal respiration and spare respiratory
capacity in neurons treated with AMRK siRNA (Figure 3.4A and B) and AMPWL(2

siRNAs combined (data not shown), but not with SIRNA to AMBXK(Figure 3.16AD.

Supplemental Figuje
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Figure 3.3. Compound C (AMPK inhibitor) suppresses the IGFL upregulation of

mitochondrial respiration. (A, B) DRG neurons derived from control rats were cultured,
pretreated with inhibitors 2hripr to IGF1 treatment and maintained for 24 h. Mitochondrial
respration was measured using Seahorse XF24 Analyzer. CC (compound C, 1uM): AMPK
inhibitor, MK (MK-2206, 1uM): Akt inhibitor and STO(ST®6 09, 10OM): CaMKKDbD
Data were normalized to protein concentration units per well prior to statistical anabtsisar®
mean + SEM of N=3 replicates; *= p<0.05 or **= p<0.01; analyzed by aveey ANOVA with

T u k eppsbhectest.
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Figure 3.4. IGF-1 acts through AMPKUL and U2 to augment mitochondrial function and

mtDNA copy number. (A, B) DRG neuronglerived from adult control rats were transfected

with AMPKUL- or (R-specific SiRNASs, cultured for 24 h and treated with/without 10 nM-1IGF

for another 24 h. Mitochondrial respiration was measured using Seahorse XF24 Analyzer. Data
were normalized to proteconcentration units per well prior to statistical analysis. (C) DRG
neurons from control rats were cultured and treated with differentli@dses (10nM and

100nM) for 2448 or transfected with AMPHL- or (R-specific sSiRNAs, cultured for 24 h and

treatel with/without 10 nM IGF1 for another 24 h. mtDNA/nDNA ratio was analyzed using
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RealTime PCR and calculated using tipeSt method. Data are mean + SEM of N&3
replicates; *= p<0.05 or **= p<0.01; analyzed byam&ay ANOVA wi th Tukeyds

posthoctest.
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AMPK knockdown and Akt inhibitor impede IGF -1 enhancement of neurite outgrowth

and mtDNA copy number in DRG cultures from control rats

To investigate the inhibitory effect of AMPK on mitochondrial DNA copy number and neurite
outgowth, DRG cultures derived from control rats were transfected with siRNA to AlIRK

LR and treated with IGE. IGF1 (10 nM or 100 nM) significantly (P<0.05) increased mtDNA
copy number after 24h and 48h (Figure 3.4C). This effect ofl®R mtDNA was significantly
suppressed following treatment with siRNA to AMBX(Figure 3.4C)Knockdown of either
AMPKUL or AMPK(R isoforms also prevented the I@FRenhancement of neurite outgrowth
(Figure 3.5A). In a complementary experiment, neurite outgrowth was enhanced-by IGF
treatment (P<0.01) and pretreatment with Akt inhibitor or AMPKhitbr Compound C

suppressed this neuritogenic effect of {GEFigure 3.5B).
Topical IGF-1 to the eye of diabetic mice reversed the loss of corneal nerve profiles

To address whether the relatively rapid effects of-IG# regulation of mitochondrial

respiration and neurite outgrowth from adult sensory neurousro predict neurotrophic and
neuroprotective properties vivo, we delivered IGH. topically to the eye of SFihiduced

diabetic mice daily for 4 weeks, following 8 weeks of untreated diabdtse density of the

subbasal nerve plexus was measured iteratively by corneal confocal microscopy across the study
period. Nerve density did not change over thavé2k study period in control mice (Figure

3.5GD). Eight weeks of diabetes induced #édmeduction in nerve density that progressed in

the subsequent 4 weeks. Initiation of topical {G&eatment prevented this progression such

that by the end of the study the vehitiieated diabetic group had values that were significantly

(P<0.05) lover than the IGH. treated group.
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Figure 3.5.AMPK and Akt inhibition suppresses the axonal regeneration triggered by

IGF-I in cultured DRGs from rats and topical IGF-1 prevents progressive loss of corneal
nerves in diabetic mice DRG neuronslerived from adult control rats were (A) transfected with
AMPK Ul- or LR-specific siRNAs, cultured for 24 h or (B) pretreated with inhibitors for 2 h and
treated with/withouflO nM IGFR1 for another 24 H-tubulin 11l immunostaining was used to

stain sensory neurons and NeurphologyJ was used for automated nacinte {€C (compound
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C, 1uM): AMPK inhibitor and MK (MK-2206, 1uM): Akt inhibitor. Total neurite outgrowth

data is presented relative to neuron number. Data are mean + SEM of N=4 replicates; *= p<0.05
or **= p<0.01 or ****= p<0.0001; analyzed by ongay ANOV A wi t h pdsthéctest.0 s

(C) Reveals the time line for the topical delivery of {GFo the eye of SThduced diabetic

mice. (D) Line chart showing nerve density (as % occupancy) in thbagdb nerve plexus of

control (blue line), diabetic (STZed line) and IGFL treated diabetic (STZ+IGE; green line)

mice at 0, 8 and 12 weeks of diabetes.-lGiFeatment was initiated at 8 weeks. Data are group
mean + SEM of N=4.0/group. At week 12 *=p<0.05 for Db vs Db+I&FRgroup and **p=<0.01

for Db vs agenatched control groupbytwway ANOV A wipbsthoclest.k ey 6 s
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IGF-1 therapy reverses thermal hypoalgesia and corrects impaired activities of

mitochondrial Complexes | and IV in DRG of diabetic rats

Age-matched control and STidduced diabic rats were maintained for 3 months, and then a
cohort of diabetic rats received injectiasfshuman recombinant IGE (20 wg/rat per day s.c.)

for the final 11 weeks (Figure 3.6A). Body weight, blood glucose and glycated hemoglobin
values were not anyifterent between untreated and IGHRreated diabetic rats (Table
3.1.Supplemental Table). Thermal testing on the hind paw was performed at three time points
and revealed development of hypoalgesia in diabetic rats and significant improvement in the
IGF-1-treated diabetic rats at the end of study (Figure 3.6A). Analysis of IENF density and SNP
levels in the hind paw revealed no significant loss of fibers at the end of this study and no effect
of IGF-1 treatment on IENF whereas a significant rise in SNHIpsofvas observed compared to
control rats (Figure 3.6B). Mitochondria isolated from DRGs of diabetic rats exhibited depressed
activity levels of mitochondrial Complexes | and IV compared with age matched control and

these activities were significantly gkted by IGF1 therapy (Figure 3.6C).
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Figure 3.6. IGF-1 therapy restored the activity of Complexes | and IV, and prevented

thermal hypoalgesia in diabetic rats.Control (ctrl), diabetic (Db) and IGE-treated diabetic
(Db+IGF1) rats wee tested for their thermal response latency according to the timeline in (A).
(B) IENF and SNP were analyzed in hind paw footskin in the three groups of animals. (C) DRG
tissues from control (Ctrl), diabetic (Db) and I&Freated diabetic (Db+IGE) ratswere

isolated and subjected to Complex | and Complex IV enzymatic activity assays. Data are in
muU/mg tissueln (A, B and C)Yata are mean = SEM of N=®); *= p<0.05 or **= p<0.01 or

***= p<0.001 or ***= p<0.0001; analyzed by orneay ANOVA or twoway ANOVA with

T u k eppsbhectest.
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IGF-1 therapy increases the expressionof PGCU and respiratory- chain

regulates AMPK, Akt and P70S6K phosphorylation in DRG of diabetic rats

Due to low tissue availability, each animal group was divided into differengsups to

performWestern Blotting, enzymatic assay and mRNA measurements on DRGs. Levels of
expression of mitochondrial Complex-MTCO1 and Complex \ATP5a, andPGA@ U pr ot ei ns
were suppressed in DRGs derived from diabetic rats by approximately 40% and these deficits

were prevented by IGH therapy (Figure 3.7A). IGFtherapy also significantly increased the
phosphorylation of critical effector proteins upstream of mitochondria including AMPK and

P70S6K compared to both control and untreated diabetic rats, while atreledated Akt

activation was also observed (P=0.08 vs. control: Figure 3.7B). It should be noted, that only a

partial depression of-RMPK and RP70S6K levels were observed in DRGs of the diabetic

group versus agmatched control in this study. Consist with Western blotting data, mRNA

l evel s of AMPKU2 -UQCRG2and Nl w&eresiprecindiabeticlrat DRGs

after IGFI therapy (Figure 3.1Suppl ement al Figure). AMPKU1, Ak

not significantly different between grps (Figure 3.17Supplemental Figure).
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Figure 3.7. IGF-1 therapy restored the expressionof PG& U and ETS proteins
regulated AMPK, P70S6K and Akt phosphorylation in diabetic rats.DRG tissues from

control (Ctrl), diabetic (Db) and IGE-treaed diabetic (Db+IGHR) rats were isolated and

subjected to (A, B) Western blotting. Western blot band intensity of target proteins was

normalized to total ERK bands of the same blot. Data are mean + SEM of Arifnals;

*= p<0.05 or **= p<0.01; analyzed byongay A NOVA wipobsthoclestk ey 6 s
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IGF-1 therapy reinstates components of the Krebs cycle, amino acid metabolism, ketosis
and oxidant status, but does not correct aberrant glucose metabolism in tibial nerve of

diabetic rats

A targeted metabolomics approach was used to monitor 35 selected metabolites (Table
3.2.Supplemental Table) related to energy generation by mitochondrial function, carbohydrate
metabolism and protein metabolism, as recently rep@fieman et al., 20L6A total of 13
metabolites were significantly different and exhibited a similar trend between the 3 groups
(Figure 3.8A). The metabolomics analysis of tibiaiveetissues showed that Krebs cycle
intermediates including fumaric acid, succinic acid, malic acid and citric acid, and free amino
acids or fragmented peptides such as leucine, aspartic acid afysep, were significantly
(P<0.05) upregulated in nefes of diabetic rats and were returned to the normal range with IGF
1 therapy (Figure 3.8A). IGE injections did not correct the levels of sorbitol, glucose and
myoinositol 4phosphate, which all represent aberrant glucose metabolism (Figur88.8A
indicating that IGFL did not alter glucose uptake or metabolism within the local environment of
the nerve. However, diabetegluced elevation of oxidized glutathione and ketone bodies

i nc | u-lhydroxgbutlric acid in nerve was reduced by {GEeatment bdiabetic animals
(Figure 3.8A). Other metabolites such as isocitrate (TCA metabolite), homoserine (amino acid
precursor) and acryloylglycine (fatty acid metabolism) did not differ or show any consistent
trends between groups (Table 3.2.Supplemental T.alihe Krebs cycle metabolites, free amino
acids, ketone bodies and oxidized glutathione levels showed similar trends, as illustrated for

citric and aspartic acid (Figure 3.90).
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Figure 3.8. IGF-1 therapy reinstates the Krebs cycle, amim acid metabolism, ketosis and
oxidant status in tibial nerve of diabetic rats.Tibial nerve tissues from control (Ctrl), diabetic
(Db) and IGF1-treated diabetic (Db+IGE) rats were dissected and weighed. Total metabolites
were extracted using methanehter mixture, dried and subjected to metabolomic analysis using
HPLC system coupled to tir@-flight liquid chromatography/mass spectromeigprmalized
intensity value of each compound was estimated by usiaghal standards (I ryptophand5,
L-Valine-d8, L-Alanine-d4, L-Leucined10, Citric Acidd4 and DFructose). The final value for
each metabolite was normalized to its corresponding tibial nerve weight and illustrated in (A)
HeatMap. The trends for (B) sorbitol, (C) citric acid and (D) asparticaeighown as
examplesData are mean + SEM of N=I2 animals; *= p<0.05; analyzed by eway ANOVA,

followed by BenjaminiHochberg multiple testing corrections.
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Discussion

We demonstrate for the first time that K&Ractivates and upegulates AMPK to augent

mitochondrial function, ATP production, mtDNA copy number and expression of ETS proteins

in cultured rat DRG neurons (Figure 3.9). KEHkitilizes this AMPK pathway and, possibly in

parallel, the Akt pathway to drive axonal outgrowth. Further, we shatMGF1 therapy

prevented diabeteaduced progressive loss of sensory nerves in the cornea and ameliorated paw
thermal hypoalgesia. Correction of these clinically relevant endpoints was associated with
suppression of buildip of TCA intermediates in m&e and optimization of mitochondrial

phenotype in the DRG of type 1 diabetic rats. The stimulatory effect ofLi@Gfon

mitochondrial oxygen consumption rate can be explained by signaling via the AMPK

isoform. The elevation in mtDNA copy numbevre al ed t he i nvoliseferment of

downstream from IGH signaling.

For more than two decades, a variety of studies have demonstrated Hiapt@rotes
neurite outgrowth and protects framultiple functional and structural indices of diabetic
neuropathy in animal modglernyhough et al., 1992Zackenfels et al., 199Zhuang et al.,
1997. The emergence of corneal confocal microscopy as a technique to visualize human sensory
nervesn situhas provided a nemvasive and sensitive biwarker of DSPN that offers the
opportunity to track progression of neuropathy and efficacy of therapeutic interventions
(Tavakoli et al., 2013 Diabetic rodents also develop loss of corneal ngf®@bsen et al., 2013
Davidson et al., 20)and topical delivery of potential therapies to the eye provides a useful
transhtional model that bridges vitro and traditionaln vivotherapeutic studies. Our
demonstration that topical delivery of I&Fprevented progressive corneal nerve loss in diabetic

mice providesn vivovalidation of outin vitro model using adult sengoneuron cultures and
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adds a novel index of the therapeutic potential of-1GEgainst a structural manifestation of

DSPN using an assay that reflects the human condition.

The mechanisms through which I@Foperates to implement nerve growth and reguar
not completely understood. It has been proposed that optimal mitochondrial function is a key
factor for axonal outgrowth and repé&@howdhury et al., 201&ashman and Hoke, 201%or
instance, modulating mitochondrial dynamics by overexpression of-RIBNnhibition of DRP
1 regulated the direction and rate of neurite outgrowth in cultured retindlayaoglls from rat
embryos(Steketee et al., 20)1L2Mitochondrial biogenesis triggered by the AMIPGG1 U
NRF1 pathway and energy supplementation was required for axonal outgrowth in rat cortical
neurongVaarmann et al., 2016 Resveratrol, an activator of AMPK, drives axonal outgrowth
and was protective against diabetic neuropathy in-fadidced diabetic rat®asgyta and
Milbrandt, 2007 Roy Chowdhury et al., 20)2Growth factors IE1 b ,-17A, tiliary
neurotrophic factor and insulin enhanced mitochondrial function and promoted neurite
outgrowth, which correlated with protection from development of DSPN in animal models of
type 1 diabete@Habash et al., 2015aleh et al., 2013&aleh et al., 2013\ghanoori et al.,

2017). Studies with modulators of heat shock protein function revealed that improved
mitochondrial function was associated with prevention and reversal of diabetic neuropathy in
type 1 and type 2 model$ diabetegMa et al., 2014Urban et al., 2010 In the present work in
cultured DRG neurons, we demonstratertbeel finding that a physiologically relevant
concentration of IGHA, which does not stimulate the insulin recejRecioPinto and Ishii,

1988, upregulated mitochondrial respiration together with a eteggendent stimulation of

ATP production.
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Recent studies algeport IGF1-mediated optimization of mitochondrial phenotype in
other cell types and diseases. iGEherapy corrected mitochondrial ATPase activity and
inhibited caspase 3 and 9 activation in liver cells from agingPatshe et al., 2008Glutamine
knockin in striatal cells from the mutant Huntingtin (mHtt) mouse displayed a reduction in ROS
production and caspase 3 activity, and an elevation in Tfam @odhondrialencoded
cytochrome c oxidase Il proteins when treated with-kqRibeiro et al., 2014 In cancer cell
lines, exogenous IGE sustains cell viabily by stimulating mitochondrial biogenesis and
BNIP3-induced mitophag{Lyons et al., 201) In the current study in cultured DRG neurons
derived from control odiabetic rats, IGR. exerted a novel upegulatory effect on
mitochondrial respiration, with a significant stimulatory effect on spare, or reserve, respiratory
capacity. This effect occurred over 24h in control cultures and, in diabetic cultures, waettigg
within 2h. This may suggest that IdFenhances the electrochemical gradient, as observed
previously with insulin in DRG culturg$luang et al., 2003 and aeobic glucose metabolism to
elevate mitochondrial oxygen consumption i@&eburko et al., 201 Lardoso etlg 201Q
Okorodudu et al., 1995In contrast to mitochondrial basal respiration, spare respiratory capacity
is normally utilized when cells have excessive ATP demands or are stressed, as wmiter chr
hyperglycemia. It is most likely that defects in expression or activity of respiratory chain
complexes (or supercomplex formation) in diabetic conditions, essentially nutrient stress, drives
suppression of spare respiratory capacity thus inducingengedeficit(Sansbury et al., 2011
Rossignol et al., 200Fernyhough, 2005 IGF1 may raise spare respiratory capacity through
high ATP demand due to accelerated neurite outgrowth (thus optimizing the electrochemical
gradient), and/or by normalizing aerobic glucose metabolism and/or via Adép&dent

modulation of gene expression of ETS components.
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Comparative mRNA quantitation of selective genes revealed that JBMPK and Akt
isoforms, ATP5al, MFM and RHOT1 were suppressed in DRG in diabetic rats.-IGF
treatment of cultured DRGs from Ihotontrol and diabetic rats improved the expression of these
dysregulated genes with a higher impact in DRG neurons derived from diabetic rats. The most
prominent finding of our gene expression analysis was thatliGFregulated AMPK {IL and
LR) and Akt(Aktl, Akt2 and Akt3) functional isoforms in cultured DRGs derived from diabetic
rats. The transcriptional upregulation of these genes byll®F6h could be the main driving
factor for enhanced mitochondrial respiration after 24h1Gfeatment in culed DRGs from
both control and diabetic rats. Nevertheless, this does not seem to be the case for enhanced
mitochondrial respiration after 2h IGFtreatment which is observed in diabetic cultures
implying the involvement of post translational modificasarf metabolisrregulating proteins

including AMPK and Akt.

AMPK and Akt pathways are modulated by K&HRn other cell types. In vascular smooth
muscle cells, IGH activates Akt to suppress AMPK activity by stimulating AMPK S485
phosphorylation, thusistigating AMPK T172 dephosphorylatigNing et al., 2011 There are
two common upstream kinases,LKB and CaMKKDb, known to phospho
activation site, T172, and activate this enzy{idawley et al., 2005Shaw et al., 2004 Our
preliminary data (not shown) reveal that LKIBvas not activated by IGE, and CaMKKD
inhibition by STG609 did not significantly affect AMPK phosphorylation/activity (data not
shown) or mitochondrial function in the presence of {GEFig. 4B). In addition, we have
preliminary data showing that IGEdid not induce a rise in intracellularCin cultured DRG
neurons (where a rise in €&ould be surmised to trigger activatioh@aMKKb). AMPK is

also reported to be phosphorylated on T172 and activated in and&p®hdent manner by IGF
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1 in HelLa, PANG1 and TIG103 cell line€Suzuki et al 20043 and so future studies will focus

on this pathway.

Among different pharmacological inhibitors used to block-1G#ownstream effectors,
the AMPK inhibitor, Compound C, completely abolished the-I&afRediated ugregulation of
mitochondrial maxiral respiration and spare respiratory capacity. Neurite outgrowth was also
blocked (Fig. 6). ®NA-b as ed i nhi bi t 1isoformpbutndt AMPKR isbRin, U
exhibited a similar suppression of the Kklenhancement of mitochondrial respiration and
neurite outgrowth. The IGE stimulation of mitochondrial DNA copy number was blocked by
eitherAMPK (2 or AMPK UL knockdown, which implicates both isoforms in mtDNA
replication. A variety of functions have been reported for these two AMPK isoforms in other
ti ssues. In striatal cells in mice witltetd Hunt i
in AMPK UL overactivation and nuclear translocation causing cell death through-down
regulation of Bcl2 (Ju et al., 2011 AMPK UL promotes contractile functicof cardiomyocytes
by phosphorylating troponin(Chen et al., 2004 and myogenesis through myogenin gene
expressior{Fu et al., 2013 AMPK (2 knockout mice show deficient Complex | activity and
lower cardiolipin content correlating with decreased cardiolipin synthetic enzymes in
cardiomyocytegAtheaet al., 2007. In endothelial cells, AMPKR activates andinflammatory

pathways by phosphorylating PARPand induction of Beb (Gongol et al., 203).

Acute (30 min) intrathecal application of I&Factivated Akt in DRG and this effect was
diminished inob/obtype 2 diabetic micéGrote et al., 2013aln ourin vitro studies the Akt
inhibitor, MK-2206, suppressed the I@Fdependent augmentation of mitochondrial function
and neurite outgrowth (Fig. 4B and Fig. 6). Previous work in smooth muscle cells and cancer cell

lines revealed an inhibitory effect Akt on AMPK via phosphorylation on S485/S487 and
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subsequent suppression of phosphorylation on TH#R) et al., 2011Hawley et al., 2014

Moreover, we also found that inhibiting Akt results in higher AMPK T172 phosphorylation in
cultured DRGs (data not shown). However, we have observed that the Akt inhibitor suppressed
the IGF1 upregulation of mtDNA copy nubyer (data not shown). In the present study,-IGF
enhanced phosphorylation of P70S6K (Supplementary Fig. 3D) and Akt directly elevates
P70S6K activity and eukaryotic translation initiation factor 4E (elH#iRgling protein 1 (4E

BP1) function to augmentTES gene expressid&oo et al., 201R Thus, these studies utilizing
pharmacological blockade of Akt reveal (i) in DRG neurons treated withlIBkK is acting

upsteam from AMPK to suppress AMPK activity, and (ii) upon kGEeatment, Akt is

mediating parallel or alternative pathways from AMPK that regulate mitochondrial function and

neurite outgrowth.

Previous studies reveal a role of impaired {G&ignaling inthe etiology of diabetic
neuropathy, or as a protective facfishii, 1995 Simon et al., 201 FRauskolb et al., 20)7Mice
with overexpression of neurespecific IGF binding protein 5 (IGFBP5: an inhibitory IGF
binding protein) or with depleted IGF1R expression displayed a progressive neurodegeneration
similar to that seen in diabetic neuropathy. These deficits included motor axonopathy and
sensory disorders such as thermal hypoalgesia and epidermal nerve fikBmhusset al.,
2015. Osmotic minipump implants releasing 43 pg/day IGF1 or IGF2 for two weeks
prevented hyperalgesia and promoted nerve regeneration hi8Bétic rats that had a sciatic
nerve crush injuryZhuang et al., 1996shii and Lupien, 1996 In a similar study, STzhduced
diabetic rats exhibited loss of IENF after three months of diabhebesh was prevented by one

month intrathecal delivery of IGE (Toth et al., 2006 Five micromolar (5 uM) intrathecal
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infusion of IGF1 for one month also improved sensory and motor nerve conduatlocities in

diabetic ratg§Brussee et al., 2004

We previously reported a significant loss of nerves of paw skin and concurrent
hypoalgesia in 5 month diabetic rats when comparedritras, and that insulin implants for the
last four months prevented IENF loss and thermal hypoalgesia without correcting hyperglycemia
(Aghanoori et al., 2017 In the present study, maintaining diabetic rats for 5 months did not
cause significant nerve fiber loss in the foot skin compared tonagehed control rats, despite
concurrent thermal hypoalgesia. There is some precedence for this disassociationas the
hypoalgesia precedes detectable IENF loss in-@@Betic micgBeiswenger et al., 2008vhile
acute depletion of IENF in humans using topical capsaicin does not produce loss of heat
discrimination until oveb60% of IENF are ablate@Malmberg et al., 2004 The anelioration of
thermal hypoalgesia by IGFE in diabetic rats could be due to enhanced sensitivity of afferents
via such known properties as stimulation efype channel§éZhang et al., 20)4r sensitization
and translocation of the vanilloid recep(®dfan Buren et al., 2005 Alternately, as IGR
enhances substance P and CGRP expression in DRG cyliures al., 2010k it may protect
against the diabetesduced depletion of sensory neuron neuropeptide expreg$iemel et al.,
1994 and stimulusevoked spinal releag€alcutt et al., 200that is assciated with early

stages of thermal hypoalgegBeiswenger et al., 2008

Nutrient flux analysis irlb/dbtype 2 diabetic mice at 24 weeks of age showed an
increase in flux of TCA intermediates in kidney but ardase in sciatic ner{&as et al., 2006
Metabolomic analysis of tibial nerves in the current study exhibited an increase in TCA
intermediates in diabetic rafBhus, if reduced flux of metabolites is occurr{@as et al., 2006

this buildup of TCA intermediates suggests that a deficiency in ETS electron flow and/or
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enzyme activities is causing impaired utilization of the excessive available energy sources
provided by the Krebs cycle under diabetic conditions. The diabetased suppression of

spare respiratory capacity combined with reduced ETS protein expressiortiaityl @f

Complexes | and IV support the last statement. Despite no effectr@gulated intracellular

sorbitol and glucose in nerve in diabetes, {Gtherapy reinstated ketosis, lowered TCA
intermediate buileup, and normalized oxidant status. Moregpwecreased free amino acids or
fragmented peptides in tibial nerves of diabetic rats demonstrate disturbed protein synthesis and
metabolism, which were restored by K&Rherapy, correlating with higher phosphorylation of

P70S6K in DRGs.

Given the estaldhed role of IGFL in neurite outgrowth, differentiation and
development, a plethora of nervous systelm | at ed di seases including F
Al zhei mer 6s disease, multiple sclerosis, amyo
Rett syndome have become candidates for i{Gtherapy(Costales and Kolevzon, 2016\
doubleblind clinical trial of IGF1 therapy in ALS patients receiving IdF05-3 € g/ kg every
two weeks for 40 weeks) resulted in beneficial effects with no adverse éMageno et al.,
2005. A phase 1 clinical trial of IGH therapy (-1 20 e€g/ kg twice daily f ol
girls with Rett syndrome improved measures of anxiety, mood and apnea with no serious adverse
effects(Khwaja et al., 204). IGF1 therapy remains a potential therapeutic option in diabetic
neuropathy but has been hindered by other potential systemic actions of the peptide. Our studies
reveal a novel aspect of IGFsignaling to augment the AMPK pathway to drive nervairep
Specific targeting of the IGE signaling axis in neurons could offer an alternative or

complementary approach to treating neurological disease.
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Figure 3.10.Supplemental Figure. PCR products of our mtDNA/nDNA assay are validated
using melt curve and agarose gel analyseBRG neurons derived from adult control rats were
treated with IGFL for 2448 h and underwent Re@lme PCR to measure mtDNA copy number
relative to nuclear DNA. (A) Melt curve and (B) agarose gel of the PCR prodwmtsm dere

indicate the validity of the target sequences (two mtDNA and two nDNA sequences) and the

method. Data are mean = SEM of N43eplicates.
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Figure 3.11.Supplemental Figure. IGFL does not change proton leak in DRGs from

control rats. DRG neurons derived from adult control rats were treated with/withoutLI®&F

2-24 h. OCR was measured using Seahorse XF24 Analyzer. Proton leak was calculated by
subtracting normitochondrial respiration from oligomyecinsensitive mitochondrial resption.

Data are mean + SEM of N=&lreplicates; analyzedbyomeay ANOVA wi post Dunnet
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Figure 3.12.Supplemental Figure. IGF1 doses increase Akt and AMPK activity, and total
AMPK and Akt protein expression in long time treatment. DRG neurons derived from adult
control rats were treated with/without (A, B) different I&Floses for 2 h or (C, D) 10 nM IGF

1 for 224 h and lysates subjected to Western blotting. Specific bands from each protein was
guantified and expresd relative to total protein of the same blot. Data are mean + SEM eof N=3
4 replicates; *= p<0.05 or **= p<0.01 or ****= p<0.0001 vs ctrl by eway ANOVA with

D u n n @dsthactest.
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Figure 3.13.Supplemental Figure. IGF1 treatment upreguates the expression of electron
transport chain proteins in cultured DRGs from diabetic rats. (A, B) DRG neurons derived
from adult diabetic rats treated with/without 10 nM KEFor 24 h and lysates subjected to
Western blotting. Specific proteins froradah respiratory Complex were quantified and
expressed relative to total protein. ComplexBIUFB8 and IIHUQCRC2 subunit proteins
were not detectable. All data are mean + SEM of M¥8plicates; *= p<0.05 or **= p<0.01 vs

ctrl by oneway ANOVA with Dunre t po8tBoctest.
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Figure 3.14.Supplemental Figure. Supplemental Figure 5: AMPK isoform knockdown
efficiency and specificity in DRG neuronsDRG neurons derived from adult control rat
transfected with (A) siRNAs specific to AMPK specific isoforrat @nd(R) were cultured for
36-48 h and subjected to (B) Western blotting, (C) Reale PCR and (D, E, F) 2D gel
followed by blotting. In (A), the target sequence map (ANIRKnd(2 mRNAs) for each

siRNA is shown. The image is adopted frdimermo Scienfic (Thermo Scientific, Pittsburgh,
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PA, USA)website. In (B), Western blotting for total AMPK was used to calculate the knock
down efficiency of AMPK isoforms alone and together. In (C), krdown efficiency for each
AMPK isoforms at mRNA levels was anabd using Realime PCR and normalized to

GAPDH mRNA level. In (D), theoretical molecular size and isoelectric point for AMPK

isoforms was calculated using EXPASYy software (ExPASYy Bioinformatics Resource Portal) and
validated using ImagelLab software afé@-gelbased isoform separatioim (E), all AMPK

blots were imaged with the same amount of antibodies and exposure time, and normalized to
corresponding ERK1 blots. In (F), normalized AMPK blot intensities were plotted. In (C) ***=

p<0.001 or ****= p<0.0@1, analyzedbyoneay ANOVA wi posthobteshnet t 0 s
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Figure 3.15.Supplemental FigureDRG neurons used for Seahorse assay presented in Figure 5
d underwent Western blotting. (A) AMP#nd(R siRNAs cetransfection or

(B) AMPKUL siRNA transfection was performed prior to seeding and1@&fatment. Band
intensity of proteins were normalized to total protein of the same blot. Data are mean = SEM of
p<0.05 or **= p<01 or ***= p<0.001; analyzed by ongay ANOVA with

T u k eppsbhectest.
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Figure 3.16.Supplemental Figure. AMPKJ2 knockdown does not block IGF1 up-
regulation of mitochondrial respiration. DRG neurons derived from adult control rats were
transfected with AMPKR-specific siRNA, cultured for 24 h and treated with/without 10 nM

IGF-I for another 24 h. (A, B) Mitochondrial respiration was measured using Seahorse XF24
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Analyzer. Data were normalized to protein concentration units per welltprspatistical
analysis. (C, D) DRG neurons were harvested and subjected to Western blotting. Data are mean

+ SEM of N=45 replicates; *= p<0.05 or **= p<0.01; analyzed by amey ANOVA with

Tukeyods.
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Figure 3.17.SupplementaFigure. IGF-1 therapy restores the mRNA level of AMPK

alpha2, Nrf-1 and Complex 111-UQCRC2 genes in diabetic ratsDRG tissues from control
(Ctrl), diabetic (Db) and IGH-treated diabetic (Db+IGE) rats were isolated and subjected to
RealTime PCR. All nRNA levels were calculated relative ®APDHmMRNA levels using delta

dela Ct method. Data are mean + SEM of M=@luplicate test tubes in ReBiime PCR); *=

p<0.05; analyzed by paired or unpaired-@na y
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Table 31.Supplemental Table: IGF1-treated diabetic rats showed no change in their blood
glucose and HbAlc compared to untreated diabetic rat®Animals were maintained for five
and a half months. Blood glucose, HbA1C and body weight were recorded at tissciéooolle
Data are mean + SEM of N=1iB; " = p<0.001 vs. other groups by eway ANOVA with

T u k eppsbhectest.

Blood glucose | HPALC
Group N Body weight (g)

(mmol/L) (%)
Control 10 |797.17+#16.44 |8.83+0.27 4.88+0.11
Diabetic 13 | 479.71£18.65 36.554.09 11.97+0.43
IGF-1-treated diabetic | 12 | 451.18+15.39 35.87+£1.90 11.39+0.37
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Table 3.2.Supplemental Table. Targeted analysis of 35 metabolites linked to mitochondrial
function, carbohydrates and protein metabolisms in tibial nerve of animalsAnimals were
maintained for 24 weeks. Tibial nerve tissues from control (Ctrl), diabetic (Db) antl-IGF

treated diabetic (Db+IGHE) rats were dissected and subjected to targeted metabolomic analysis.
Data are mean + SEM of N=2 animals; p< 0.05; analyzed bgeway ANOVA followed by
Benjamini Hochberg FDR and Tukey HSD tests (low case letters a, b and c indicates significant

changes).

Notes:* indicates the detected sodium adduct [M+Nd]+ndicates formate adduct
[M+HCOO]-, ¥ indicates that all values aagerage Log 2 abundance for each individual

metabolite.
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ESI

No Metabolite Formula m/z Polarit | [Ctrl] [Db] [Pb+IG | Corr. P
y F-1] value
Carbohydrate metabolism
11.88
1 Sorbitol C6 H14 06 183.0846 " 3.37 a 1.2z 0.028
11.63 | 15.65
2 Glucose C6 H12 06 203.0526 " b a 15.07 0.029
10.00
3 Myoinositol 4phosphate C6 H13 09 P | 283.0188* * 5.43 a 739 0.028
4 D-Glycerate 2phosphate C3H707P 184.9855 _ 3.30 | 3.61 5.29 NS
5 UD-Xylose kphosphate C3H706 P 168.9908 _ 17.75 | 18.07 15.28 NS
alphaD-Glucose 1,6
6 biphosphate C6 H14 012 P2 338.9891 _ 7.35 7.14 6.86 NS
. 13.37 | 16.45
2 D-Mannitol C4 H10 04 181.0720 _ b a 16.00" 0.000001
11.63 | 15.65
8 D-Tagatose C6 H12 O6 181.0709 + b a 15.07 0.032
9 L-Fuculose C4 H8 03 163.0614 _ 059 | 9.86 | 6.54 0.0001
10 Sorbose C6 H12 O6 179.0561 _ 15.37 | 15.63 13.16 NS
17.46 | 18.40
11 D-Hexose éphosphate C6H13 09 P 259.0226 _ a a 15.80° 0.032
TCA metabolites
10.92
12 Citric acid C6 H8 O7 215.0160 * 6.8% a 737 0.030
13 Succinic acid C4 H6 O4 119.0354 * 132 | 283 156 0.029
14 Fumaric acid C4 H4 04 134.0419 " 03¢ | 2.58 162 0.030
» | 12.09
15 Malic acid cameos | 1350303| | 8L | a 3148 1 032
16 Methylmalonic acid C4 H6 04 117.0192 _ 2.73 | 5.92 4.41 NS
17 3-DehydroL-threonate C3 H4 03 133.0145 _ 8.47 7.84 9.97 NS
18 Isocitrate C4 H4 05 191.0195* _ 16.0 | 16.28 | 13.77 NS
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Protein metabolism

12.85

b
19 Leucine C6 HI3N O2 | 132.1016 6.51 a 728 0.027
10.73
20 Aspartic acid C4H7NO4 134.0450 5.04 a 4.07 0.030
10.35 (| 12.91 1227
21 N-Hydroxy-L-phenylalanine CO9H11NO3 | 182.0812 b a ' 0.028
C10 H17 N3 06 11.96
22 Ala Cys Asp s 308.0909 719 | 758 |00
23 D-Aspartic acid C4H7NO4 132.0302 12.27 | 13.26 12.16 NS
(R)-2-Amino-3-
24 hydroxypropanoic acid C3HIN O3 150.041% 338 | 901 6.26 NS
25 DL-Homoserine C4HI9NO3 118.0509 8.92 3.10 6.07 NS
26 DL-b-Leucine C6 H13 N 02 130.0870 1.21 0.05 0.29 NS
57 (3S)3,6-Diaminohexanoate | C6 H14 N2 O2 147 1127 7.27 | 10.15 10.70 NS
. 10.34 | 12.91
28 N-Hydroxy-L-phenylalanine | C9 H11 N O3 180.0661 b A 12.27 0.032
Oxidant status
. - C20 H32 N6 11.42 b
29 Glutathione, oxidied 012 So 6131591 5.49 N 6.81 0.031
Ketosis metabolites
¥
30 b-hydroxy butyric acid C4 H8 O3 127.0378* 412 | 7.78 5.23 0.027
31 Erythronol,4-lactone C4 H6 04 117.0192 132 | 283 155 0.032
32 | Dihydroxyacetone (glygrone) C3 H6 03 135.0306 1.28 | 556 8.87 NS
33 4-(3-Pyridyl)-butanoic acid C9H11 N O2 164.0714 15.60 | 15.41 13.07 NS
Fatty acid metabolism
. 16.37 | 16.
34 N-Acryloylglycine C5H7NO3 | o o, 6a3 6a66 13.9¢ 0.032
14-Methylheptadecanoic acid| C18 H36 02 036 | %099 138
35 yihep 285.2790 : a ' 0.032
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Transition Statemerfwo

Aims 1, 2 and 3 of the part @hapter 3 of this thesis were to determine the effeck@F-1 as a

therapy orAMPK activity, mitochondrial function and nerve degeneration in sgnseurons in
diabetesThe mechanism of IGE regulation of mitochondrial function and nerve repair was

also investigated. ¥ demonstrated for the first time that K&Rctivated and upegulated

AMPK to augment mitochondrial function, ATP production, i#copy number and

expression of ETS proteins in cultured rat DRG neurons:1@#lized this AMPK pathway

and, possibly in parallel, the Akt pathway to drive axonal outgrowth. Further, we showed that

IGF-1 therapy prevented diabetesiuced progressivess of sensory nerves in the cornea and
ameliorated paw thermal hypoalgesia. Correction of these clinically relevant endpoints was
associated with suppression of beiid of TCA intermediates in nerve and optimization of
mitochondrial phenotype in the DR$3 type 1 diabetic rats. The stimulatory effect of {GBn
mitochondrial oxygen consumptin  r at e can be expl ained by sign
isoform. The elevation in mtDNA copy number r
downstream from IGHR signalingHowever, endogenous IGFin sensory neurons, its

regulation and function were naddressed in chapter 3. Since the level of endogenou$ IGF

the liver and DRGs is low in animal models of diabetic neuropathy, we investigated if

endogenous IGE contributes to the pathogenesis of diabetic neuropathy. In three aims of part 3
(chapterd) of this thesis, we address how endogenousl@FDRG tissue is suppressed in

diabetic condition and which cells in DRG tissue produce-1GHd what the function is.
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Abstract

The level of insulidike growth factor 1 (IGFL) in serum of diabetic patients and animal models
with type 1 and 2 diabetes declines significantly as the disease progresses. RecedtlyasGF
beenused fortreaennt of neurodegenerative disorders
amyotrophic lateral sclerosis. We hypothesized that impaired autocrine/paracrih@ri@brsal

root ganglia (DRG) was a contributing factor to progressive neurodegeneration and impaired
nerve regeneration in diabetic sensory neuropathy. DRG neuron cultures and tissues-from age
matched control or streptozotocin (STidyluced type 1 diabetic rats were usediforitro and

in vivostudies. Despite no difference in IdReceptor level, IGA protein and mRNA levels in
liver and DRG tissues were significantly (P<0.05) lower in type 1 diabetic rats wsagked

control rats. DRG neurons derived from control rats secreted a higher amountbfritéRhe
culture media compared to culturesrh diabetic rats (P<0.05). IGEMRNA was expressed in
neurons of the DRG and brain rather than in glial cells or sciatic nerve tissue as determined by
RNA-FISH and Northern blot analysis. The hyperglycemic state suppressedmBGNA

expression in DRG neons after 2 days which was relieved by treatment with (L0nM)L1GF

an aldose reductase inhibitor, Sorbinil (blocks polyol pathway activity under high [glucose]).
Bioinformatic screening and chromatin immunoprecipitation assay revealed NFAT1 and CEBP
b functional binding sites on the IGEFgene promoter in rat DRG neurons. In growth fatries
media, either IGR neutralizing antibody or two IGE-targeting encapsulated siRNAs (in

cationic nanoparticles) downregulated KkFeceptor and Akt S473 phospiglation, and

lowered background neurite outgrowth in cultured DRG neurons. In conclusion, downregulation

of endogenous IGE in DRG neurons in diabetes may contribute to pathogenesis of progressive
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distal dyingback neurodegeneration andnggulation ofneuronal IGFL at the mRNA level

may be a promising target for therapy.

Key words: Endogenous IGH; dorsal root ganglia; axon regeneration; diabetic neuropathy;

neurite outgrowth.
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Introduction

Insulin-like growth factorl (IGF1) functioning as a neutr@phic factor has been a therapeutic
target in many disorders including Al zhei mer o
amyotropic | ateral scl er (@sstalssafdXKbl&jon, a0ighaPar ki n
clinical trial, ALS patients who received IGFtwice weekly for 40 weeks exhibited improved

motor nerve function and there were no adversediigets(Nagano et al., 2005 IGF1

therapy in 12 female Rett syndrome patients improved mood stability, apnea and anxiety after 4

weeks of treatment in a phase 1 clinical tfiéhwaja et al., 2014

Suppressed IGE expression and subsequent depression of its signaling pathway have
also been proposed to contribute to neurodegeneration in diélsbies 995 Rauskolb et al.,
2017 Zochodne, 2016ksince theével of systemic or background I&dHs markedly
diminished in humans and animal models of type 1 and type digdétesng et al., 199Palta
et al., 2014Ishii et al., 1994Ekstrom et al., 1989 Overexpression of IGF binding protein 5 (an
intrinsic IGF1 inhibitor) or depletion of IGH receptor (IGF1R) in mice enhanced the
development of neurodegeneration which resembled the nerve damage observed in diabetic

sensorimotor polyneuropathy (DSP{®imon et al., 20156

IGF-1 therapy has been a tool utilized to augment nerve regeneration and neuro
protection in various studies. For example, iGpeptide improved nerve regeneration in normal
and streptozotocin (STZAhduced type 1 diabetic rats after sciatic nerve c(lsshi and Lupien,
1995 Ekstrom et al., 198%joberg and Kanje, 1989Nerve regeneration was accelerated in
STZ-induced type 1 diabetic rats with sciatic nerve injury following-GIKF2 therapy using
mini-osmotic pump implants (Ishii and Lupien, B9Zhuang et al., 1996). Hyperalgesia was

also reversed in these animals. Intrathecal delivery ofll@&versed sensory and motor nerve
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conduction velocities and prevented ir¢@dermal nerve fiber (IENF) loss and sural nerve

axonal degeneration in STidduced diabetic ratd oth et al., 2008Brussee et al., 2004GF1

gene therapy using adenovifbased dévery of IGF1 improved indices of neuropathy

including myelination, nerve conduction velocities and nerve regeneration in mice with diabetes

(Homs et al., 2014Chu et al., 2008

In vitro, IGF-1 promoted neurite outgrowth of axotomized DRG neu(Besnyhough et al.,

1993, RecicPinto et al., 1986 motor(Caroni et al., 1994and sympatheti(Zackenfels et al.,
1995 RecicPinto et al., 198pneurons. IGFL and IGF1R signaling are also implicated in
survival, proliferation, migration and myelinating properties of Schwann (&}®id et al.,

1999 Chattopadhyay and Shubayev, 20B8ssell et al., 20Q@henget al., 200). Upon IGF1
binding to IGF1R, the receptor was phosphorylated/activated and recruited insulin receptor
substratel (IRS 1) to further activate two survival/growth pathways, the Akt/phosphoinositide
3 kinase (RBK) and the extracellulaignhalregulated kinase (ERK)/mitogeactivated protein
kinase (MAPK) pathwayf_e Roith and Zick, 2001Chenget al., 201D In neurons, IGF1Rs are
expressed by all cell typéBernyhough et al., 1998luang et al.2005 Singh et al., 201Z5rote

et al., 2013pand can activate the same survival messengers and signaling pathways (Grote et

al., 2013b; Huang et.alR005; Kim et al., 2011).

Despite a plethora of evidence of systemic-{Gé&ffects on cell phenotypes such as neuronal and
nortneuronal survival and growth, less is known ab@Uf-1 gene regulation and its function,
especially with regard to the rabé endogenous IGE in sensory neurons. Th@F-1 gene

consists of 6 exons and 5 introns in human (chromosome 12) and rodents which is differentially
spliced to produce six different protein precursors from various transcript vaRagein,

2017. IGF1 produced in the liver makes up the major portion of-13#& the circulation;
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however, other peripheral tissues produce and secrete autocrine/paracrin@ &edn, 200).

In the liver, growth hormone (GH) stimulaté3F-1 gene expression via mobiligrETAT5b

transcription factor which triggers its binding to enhancer elements dG kg gene

(Rosenfeld and Hwa, 20R9GH receptor olGF-1 gene mutations can cause growth failure such

as Dwarfism, and overproduction of GH and GEause Acromegaly syndror(@iustina et al.,

2014 Ren et al., 2016 Several other transcription factors including hepatocyte nuclear factors
(HNF)-1, HNF3, CCAAT/enhancebinding proteifl C/ EBP) U, b and U have
IGF-1 gene and regulate its transcriptidiolten et al., 1994Nolten et al., 1996Nolten et al.,

1995 Umayahara et al., 1999

Endogenous IGHR promotes neuronal growth and differentiation in cultured btaim sells
from adult micgBrooker et al., 2000 Explants from the lateral ventricle of bovine brain
produce and release endogenous-IGkhich promotes survivén proliferating neurongPerez
Martin et al., 2008 IGF1 release from Muller cells stimulated by tranmgneal electrical
stimulation (TES) delays theeuronal degeneration in retina in adult Wistar (sisrimoto et

al., 2005.

We hypothesized that impaired autocrine/paracrine1@idorsal root gangli€(DRG) was a
contributing factor to progressive neurodegeneration and impaired nerve regeneration in diabetic
sensory neuropathy. The mechanism of suppression el IGfler hyperglycemic condition

was also tested.hus, in this study we addressed the ragoh of endogenous IGE gene in

DRGs from control and STFdiabetic rats under normal and hyperglycemic conditions and its

effect on sensory neuron phenotypes.
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Materials and methods

Animals

As mentioned in chapter 1, we used type 1 diabetic rats beaBlose cost of maintenance and
ease of use while reflecting most of neuropathy indices seen in human. To be consistent
throughout our study, we focused on one gender (male) in the preseni\lelBprague

Dawley rats (276325 g) were used as a modelyje 1 diabetes after delivery of a single
intraperitoneal injection of 90 mg/kg STZ (Sigma, St Louis, MO, USA) and were compared with
agematched control rats. A subgroup of diabetic animals received 20ughpeptide

(peritoneal injection) thrice weekfor 11 weeks after 3 months of diabetes. Fasting blood
glucose concentration was monitored vadfy through the injection period and at study end
using an AlphaTRAK glucometer Phott Laboratories, lllinois, USAp ensure that our
treatment did not affg hyperglycemia. At the study end, blood glucose, glycated hemoglobin
(HbAlc Multi-test system, HealthCheck Systems, Brooklyn, NY, USA) and body weight were
recorded before tissue collection. Animal procedures were approved by the University of
Manitoba Aimal Care Committee and followé&thnadian Council of Animal Care (CCAC)

rules

Adult DRG sensory neuron, Schwann cell and S¥6Y5Y cell culture

DRGs were isolated from adult male Spra@avley (3063509) rats and dissociated using
previously described mebdds(Calcutt et al., 201)7 Neurons were cultured in fglucose Hams
F12 media supplemented with Bottensteinds
progesterone, 100 uM putrescine, 30 nM sodium selenite 0.1 mg/ml BSAlditives were

from Sigma, St Louis, MO, USA; culture medium was from Caisson labs, USA). DRG neurons

174



from control rats were cultured in the presence of 5 miglugose and DRG neurons derived
from STZinduced diabetic rats with 25 mM-glucose. No neuradphins or insulin were added
to any DRG cultures. For Schwann cell culture, a previously described method wéSyusat

et al., 1999 Briefly, freshly disseted sciatic nerve from adult control rats were cut inforin
pieces, incubated with collagenase and trypsin and seeded on@-poiithinecoated plate.

Dul beccod6s Modi fied Eagledbs Medium ( DMEM) med
containing 5% étal bovine serum (FBS), 2uM forskolin (F3917, Sigma, St Louis, MO, USA)
and 10nM IGF1 (Schumacher et al., 19p®as used to culture Schwann cells. Eve @ays
medium was changed up to one week until when Schwann cells reached more than 70%
confluence. The human neuroblastomaS¥bY cell line (ATCC CRE2266, Virginia, USA;

we thank Dr. JuiFeng Wang, University of Manitoba for providing this cell line) was cultured
in DMEM/F12 (1:1) media containing 10% FBS. The following pharmacologic@iiohs were
used in this study: Sorbinil, an inhibitor of aldose reductase (Sigma, St Louis, MO, USA), MK
2206, a highly selective pakkt inhibitor (Santa Cruz Biotechnology, Texas, USA), U0126, a

selective norcompetitive inhibitor of MAP kinase kinagdbcam, Cambridge, MA, USA).

Nanoparticle-siRNA packaging for IGF-1 knockdown

NanoparticlesiRNA packaging was used to knock down endogenousli®FDRG neurons.

For this purpose, a mixture of SiRNA9 ,-GCRJIBAAGCCUACAAAGUCAL3 6 (si RNA | D:
s127929, Theno Scientific, Pittsburgh, PA, USA) and siRNA1 ,- 5 0
GAAGUACACUUGAAGAACALt-36 (si RNA |1 D: s127931, Ther mo S
USA) specific to rat IGHL, or a scrambled siRNAC@t #:4635Thermo Scientific, Pittsburgh,

PA, USA) as a negative contwere used. SIRNA benchtop transfection kit (Precision

NanoSystems, Vancouver, BC, Canada) was used to encapsulate siRNAs according to the
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instructions. Briefly, 20 nmol of each siRNA was reconstituted in 1 ml buffer 1, was drawn into
a 3 ml syringe anchserted into the left inlet of the NanoAssemblr microfluidic cartridge. The 1
ml syringe was filled with 375 pl SIRNA nanoparticle mix solution and inserted into the right
inlet of the cartridge. The NanoAssemblr instrument mixed both solutions into ¢haflmdic

chip and the encapsulated siRNAs were collected, mixed with buffer 2 and centrifuged for
purification. The concentrations of encapsulated siRNAs were measured using NanoDrop 2000
(Thermo Scientific, Pittsburgh, PA, USA) before adding to thertreat groups in cultured DRG

neurons.
Quantitative Western blotting

Rat DRG neurons were harvested from culture or isolated intact from adult rats and then
homogenized in iceold RIPA buffer containing: 25mM Tris pH=8, 150 mM NaCl, 0.1% SDS,

0.5% sodiundeoxycholate, 1% Triton 400 and protease phosphatase inhibitors. Proteig8 (2

€eg total protein/ |l ane) -20% sodumrdedscyglbulpleatt and sepa
polyacrylamide gel electrophoresis (SPBGE). The proteins were subsequently transfietwe

a nitrocellulose membrane (BRad, CA, USA) using TrarBlot Turbo Transfer System (Bio

Rad, CA, USA) and immunoblotted with specific antibodies against pAkt S473 (1:1000, Santa

Cruz Biotechnology, Texas, USA), total Akt (1:1000, Abcam, Cambridge, V8%, pP70S6K

T389 (1:1000, Cell Signaling Technology, Massachussetts, USA), total OXPHOS (1:2000,
MitoSciences, Abcam, Cambridge, MA, USA) and total ERK (1:1000, Santa Cruz

Biotechnology, Texas, USA). Total protein bands were captured by chemiluminesagimg

of the blot after gel activation (TGX Stafhr e e E Fast Cast Acr-Rad,&€Mmi de So
USA) in addition to the use of-ERK levels for target protein normalization (to adjust for

loading). The secondary antibodies were Hi®Rjugated goantirabbit IgG (H+L) or goat
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antrmouse 1gG (H+L) from Jackson ImmunoResearch Laboratories, PA, T#"blots were
incubated in ECL Advance (GE Healthcare) and imaged using-R&iocChemiDoc image

analyzer (BieRad, CA, USA).
ELISA assay

Homogenized tisues or collected media from DRG cultures were assayed using the Mouse/Rat

IGF-1 Quantikine ELISA kit (R&D Systems, Minnesota, USA) according to the kit instructions.
RealTime PCR

RNA was extracted from cultured neurons or previously frozen tissyglesaosing TRIzol®

Reagent (Invitrogen, California, USA). Complementary DNA (cDNA) was synthesized from

RNA samples by using the iScri pRaf, C4DBA Cl ear
according to the manufacturer's instructions. QuantitativetimmalPCR (QRTPCR) was
performed using i QE SYM®EA G3Apce BrighBGreee Masterx ( Bi o
mix (Abmgood Co., Richmond, Canada) compatible with the iQ5 Cycler machind&R@ipCA,

USA). The opCt met hod was usedAlevelof@cARDRt i fy ge

18s rRNA and B2m were used for normalization.
Chromatin immunoprecipitation (ChlP) assay

DRG tissues from rats were dissected, weighed and underwent ChIP analysis assay using the
Chr oma F | a-SandtivittiChiPIKit (Catalog #-2027,Epigentek, Farmingdale, NY,

USA). Briefly, 100mg amounts of DRG tissues were cut into small pieces;ltrkasd using 1%
formaldehyde for 15 min, quenched by 1.25mM glycine, centrifuged, washed and homogenized
in lysis buffer using a Dounce homogeniZEne chromatin pellet was resuspended in ChIP

buffer and sonicated three times (15sec each) with 40sec intervals. Chromatin from this step was
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added to prencubated antibodies (nammune IgG or CEBP Beta antibo@p32358 or NFAT1
antibodyab2722 by AbcantCambridge, MA, USA) in each assay strip well and incubated on an
orbital shaker for 2 hours. A portion of this chromatin (10% dilution) was also saved to use as
input for RealTime PCR experiments as control. Following stringent washes, DNA fragments
werecollected in RNase Aroteinase kKcontaining DNA releasing buffer. Different regions of

rat IGR1 promoter using specific primers and DNA samples from each group were used for
RealTime PCR. Finally, fold enrichment was calculated using the formula #gE£5 samele €T)

to test if there were binding sites for NFAT1 or CEPB Beta on thell@fomoter.
RNA FISH

We designed 28 oligonucleotide probes,2688op in length, spanning the whole rat H6F

MRNA. They were fluorescently labeled with Quasar 57018 RNA FISH, Biosearch
Technologies, Petaluma, CA, USA) so that we could image using a Carl Zeiss Axi@scope
upright fluorescence microscope equipped with AxioVision3 software. To visualiz&é IGF
MRNA inside the cultured DRGs, we used the protocohdibrerent cells (Stellaris RNA FISH,
Biosearch Technologies, Petaluma, CA, USA). Briefly, cells seeded on coverslips were fixed
with 3.7% formaldehyde for 10 min, permeabilized with 70% ethanol for 1 houdCaart
washed. Then, coverslips were mountetb@100ul hybridization buffer (made of sodium
citrate buffer, formamide, salmon sperm DNA and dextran sulfate in nudleaseater)
containing 125nM probe mixture in a humidified chamber for 16 hourslat Eoverslips were
washed in wash buffer A (rda of sodium citrate buffer and formamide in nuclefase water)

for 30min at 33C, stained with Hoechst and washed in buffer B (made of sodium citrate buffer,
Tween20 and formamide in nucleagee water) for 5min prior to mounting on slides for

imaging To visualize IGFL mRNA in DRG and liver tissues, we snap froze the @@ibedded
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tissues on dry ice, sectioned at a thickness of 10um using a cryostat and followed the protocol
for frozen tissues (Stellaris RNA FISH, Biosearch Technologies, Petalum&]S3), Finally,

we captured 20 images per group with a magnification of 63X. As a negative control we used a
culture/section group without any probe or treated with RNase A (50 pg/mL) for 30 min at 37

°C, prior to the hybridization step.

Northern blotting

RNA was extracted from DRG, sciatic nerve and brain tissues from rat using TRIzol® Reagent
(Invitrogen, California, USA). A modified protocol from the Hackett lab
(https://cbs.umn.edu/hackétb/protocols/northerblotting) for Norther blotting and

hybridization was used. In brief, twenty micrograms (20ug) of extracted RNAs were mixed in
RNA sample buffer containing 62.5% formamide, 1.14M formaldehyde, 1.25X TAE buffer, 200
png/ml Xylene Cyanol FF and 200 pg/ml bromophenol blue, heated at 65°C for 15tnkeain

on ice to prevent renaturation of RNA. Denaturing gels were made by adding 1.2g agarose into
72ml nucleasdree water, heated and mixed with 10ml 10X TAE buffer and 18ml 37%
formaldehyde (12.3M). Samples were run on the gel at 5V/cm in 1X TAE bGiémwas

washed in RNas&ee water and in transfer buffer (20X sodium citrate buffer) for 20min. In a
pool of 20X transfer buffer, RNAs were transferred from the gel to nitrocellulose overnight,
baked in oven at 80°C for 2 hours and subjected to hyhtidiz (IGF1 fluorescent probe mix

see RNA FISH above) for 16 hours at 42°C. The nitrocellulose filter was washed in 0.2X sodium
citrate buffer containing 0.1% SDS for multiple times before visualization using-R&lo
ChemiDoc image analyzer (BiRad, CA USA). Two micrograms (2ug) of total RNA was used
and run on a 1.2% agarose gel to visualize 5S, 18S and 28S rRNA from each tissue sample for

normalization of Real'ime PCR and Northern blotting results.
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| mmunocytochemistry

DRG neurons were culted on glass coverslips and were fixed with 4% paraformaldehyde in
PBS (pH 7.4) for 15 min at room temperature and permeabilized with 0.3% Trit00 ¥ PBS

for 5 min. Neurons were incubated with 5% BSA in PBISIft» and with neurospecificb-

tubulin Il antibody (1:1000; from Sigma, St Louis, MO, USA)or KERb anti body ( Sanr
Biotechnology, Texas, USA) overnight. Cells were incubated withc@ygugated secondary
antibody (1:1000, Jackson ImmunoResearch Laboratories Inc., PA, USAhfat room
temperature following three washes with PBS. Coverslips were mounted on slides using
VECTASHIELD antifade mounting medium with DAPI (Vectorlabs, inc. CA, USA) and imaged
using a Carl Zeiss Axioscogzupright fluorescence microscope equippéith vixioVision3
software. Alternatively, confocal microscope (Zeiss LSM 510) was used to image live cells
transfected with tubulhGFP plasmid in the Amaxa® Rat Neuron Nucleofector Kit (Lonza Inc.,

Basel, Switzerlandusing Amaa Nucleofector machine (Lonza Inc., Basel, Switzerland). To

quantify neurite outgrowth, the fluorescent signal was collected as total pixel area for neurites
and was measured by the high throughput NeurphologyJ plugin in ImageJ software after image
enhancment. Total pixel area was normalized to number of cell bodies to calculate total neurite

outgrowth per neuron.

Statistical analysis

Data were analyzed usingtwoa i | e d -festuiodaavt § s ANOVA foll owed by
or Dunnett 0s appomiate amdirdicated GtaghPad Brsm 7, GraphPad

Software). A P value < 0.05 was considered to be significant.
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Results

All cell types in the DRG express IGFLR subunits, and the receptor level is not different in

DRG from control or type 1 diabeticrats

IGF-1 receptor subunits (U and Bb) in cultured D
neuroblastoma SI$Y5Y cell line were analyzed using Western blotting. All these cells express

IGF1R subunits enabling them to respond to-IGpeptide (Figure 4.1A). IDRG neuron

culture, all cell types including neurons, satellite cells and Schwann cells were positive when
stainedforIGFLRb ( Fi gure 4. 1-BRb WwWae hewvedi bfet &Rt be
isolated from control, hIGH-treated and untreatedoty 1 diabetic rats (Figure 4.10).

However, a significant increase (P<0.05) in the level ofgpoal GF-1 protein was observed in

the DRG of hIGFl-treated diabetic rats vs. other groups (Figure 4)C
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Figure 4.1. All cell typesin the DRG express IGF1R subunits, and the receptor level was

not different in DRG tissue from control and diabetic rats.(A) IGF-1 r ecept or subuni
and b) in cultured DRG rb¥celllioas were afatydedvusingn cel | s
Western blotting. In (B), DRG neurons from control (Ctrl) rats were cultured stained for IGF

1RD. In (C) and (D), trhDHGF1-treateds(DbendGHA)and m cont r ol

untreated diabetic (Db) rats were homogenized and underwent Western blotting-foai@dF
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IGFF1Rb proteins. ERK band i ntDataaseimean + 8EMof used f

N=7 replicates; *= p<0.05; analyzed byesvay A NOV A wipobsthoctest.k ey 0 s
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The level of IGF-1 is reduced in the liver and DRG tissue from diabetic rats and is restored

by treatment with exogenous hiGF1

There was a suppression of the level of {Gprotein in the liver frm hiIGF1-treated and

untreated diabetic rats compared to control (P<0.01) (Figure 4.2A). EndogenelLipiGtEIn

was restored in DRG from hiGEtreated diabetic rats (Figure 4Z8. Importantly, DRG
expressed mRNA for IGE, and this endogenous expressiwas reduced in the diabetic state

and significantly upregulated by exogenous hi&Rreatment. We collected the conditioned
media from DRG cultures derived from control or diabetic rats and measured endogendus IGF
production and secretion using arFG& ELISA assay. There was a significant reduction

(P<0.05) of IGF1 protein secretion in DRG neuron cultures derived from diabetic rats when
compared to control rats (Figure 4.2D). Of the note, thel@&Rnscript variants 3 and 4 were
expressed at highéevels compared with transcript variants 1 and 2 in rat DRG tissue (Figure

4.10A.Supplemental Figure).
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Figure 4.2. The level of endogenous IGE was reduced in the liver and DRG tissue from
diabetic rats and was restored by exogems hiIGF-1. In (A) and (B), liver and DRG tissues
from control (Ctrl), hIGF1-treated (Db+hIGF) and untreated diabetic (Db) rats were
homogenized and underwent ELISA for IGFletection. In (C), DRG tissues were used for-IGF
1 mRNA measurement using Réaime PCR. In (D), DRG neurons derived from Ctrl and Db
rats were cultured and media was collected after 2 days to measutepl@tein levels in the
media using ELISAData are mean + SEM of N=@lreplicates; *= p<0.05 or **= p<0.01,;

analyzed by Studenttéstoronevay A NOV A wiposthoclest.k ey 6 s
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Endogenous IGF1 mRNA is expressed at higher levels in DRG neurons compared with

associated satellite cells within the ganglia

To investigate the expression of endogenous1®ly DRG neurons, we condadtRNAFISH

assay to detect IGE mRNA using specific fluorescent probes within DRG neurons and
associated satellite cells. Endogenous-IGRRNASs were detected in liver sections from control
rats (Figure 4.3A). A punctate pattern of endogenousl@mRNAwas also clear in DRG

sections from control rats (Figure 4.3B). As a control, tissue sections and cells were exposed to
RNase enzyme before hybridizing with IGFprobes. In cultured DRG neurons, endogenous
IGF-1 mRNAs were expressed most highly in neuraspecially large diameter sensory

neurons, compared with satellite cells and othermeuronal cell types within the ganglia

(Figure 4.4AB). Sciatic nerve is comprised of mostly Schwann cells and connective tissue.
Using quantitative Northern blottinge found that brain cortex tissue and DRG tissue expressed
higher levels of IGFL mMRNA compared to sciatic nerve (Figure 4.5A). The RNA integrity of

brain cortex, DRG and sciatic nerve tissues were assessed and the 5S rRNA, 18S rRNA and 28S
rRNA bands wer@ised for normalization (Figure 4.5B). IGFMRNA detected by Redlime

PCR, was significantly (P<0.001) higher in DRG tissue versus sciatic nerve (Figure 4.5C). The
highest level of IGFL mMRNA was detected in the brain cortex compared to DRG tissue and

sdatic nerve (Figure 4.5D).
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Figure 4.3.Localization of endogenous IGFL mRNA in the liver and DRG tissues from
rats. (A) Liver or (B) DRG sections from control rats underwent RRISH assay for IGA
MRNA detection and localizatioA punctate pattern of IGE mRNA was clear in these
sections. As a control, tissue sections and cells were exposed to RNase enzyme before
hybridizing with IGF1 probes. Representative images from each group are sbatenare

mean + SEM of N=145 (sectims).
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